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Abstract 

Amyloids are proteinaceous aggregates best known for their role in degenerative diseases 

involving protein misfolding. Research into amyloid has intensified in recent times due to its 

prominence in many debilitating human diseases and limited understanding of the causes. The 

discovery of functional amyloids in a broad range of species has enhanced our understanding of 

amyloid, of these the curli system of E. coli has been extensively studied, in this system CsgC was 

identified as a potent inhibitor of amyloid. An additional protein was discovered in some curli 

operons in other species termed CsgH and warrants further study. A morphologically similar but 

genetically distinct bacterial functional amyloid system was identified in Pseudomonas encoded by 

the fapABCDEF operon and termed amyloid-like fibres (Alf). The study of functional amyloid has 

the potential to provide insights into how amyloid can be controlled. 

The aims of this thesis were to investigate the novel functional amyloid system of 

Pseudomonas with a view to structural and functional characterisation of the individual 

components. The structure and function of the CsgH protein were also studied by nuclear magnetic 

resonance (NMR) and the ThioflavinT (ThT) amyloid fibrillation assay. Constructs were produced 

for all the Alf proteins and the more structured components, FapD and FapF, were optimised to 

produce constructs for structural study. The structure of CsgH was solved successfully using NMR 

and showed that the protein shared a similar tertiary structure to CsgC. The function of the CsgH 

was shown to be similar to CsgC inhibiting amyloid formation by CsgA at substoichiometric 

concentrations. Mutagenesis, ThT assay and NMR were used to show that CsgH and CsgA interact 

and that several charged residues have an important role in function. It was also interesting to note 

that CsgH was capable of inhibiting amyloid formation by the FapC amyloid protein of 

Pseudomonas. 
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1 Introduction 

1.1 Amyloid 

1.1.1 History and Identification of Amyloid 

The name amyloid comes from the Latin word for starch amylum, this was the result of the 

early mistaken identification of amyloid as a starch deposit based on iodine staining [1, 2, 3]. This 

misapprehension continued until 1859 when it was shown that amyloid deposits were actually 

proteinaceous aggregates [4]. Traditionally amyloids had been viewed as amorphous aggregates 

composed primarily of beta-strand and they have been identified by their histological properties 

such as binding to the dyes ThioflavinT (ThT) or Congo Red [2, 3] (Figure 1.1). ThT exhibits a 

change in fluorescence in the presence of amyloid fibres as the dye binds the β-strand structure 

which can be detected as an increase in intensity around 500 nm [5, 6]. Congo Red also binds to 

amyloid where it has been described as producing apple-green birefringence under polarised light 

[7], however other colours can often be seen and the spectra cannot be explained simply be 

birefringence, this has led to the description that Congo Red staining produces anomalous colours 

[8]. Congo Red has also been shown to bind various other factors including sugars [9]. More 

recently a broader definition has been used based on the, now better understood, biophysical 

properties of amyloid [10]; this biophysical definition of amyloid extends the range to include 

proteinaceous deposits which don't show traditional staining but do possess the characteristic 

fibrous cross-β structure [10]. 

 

Figure 1.1: Histological Staining of Tissues for Amyloid. a, Amyloid deposits stained with 
Congo Red and viewed under polarised light. b, Amyloid deposits stained with ThioflavinT and 
visualised by fluorescence with excitation 488 nm, and emission in the 510-600 nm range. Edited 
version of figure from del Mercato et al. [11] which showed staining of amyloid-like 
poly(ValGlyGlyLeuGly) fibrils. 
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1.1.2 The Cross-β Structure of Amyloid 

Structural studies have characterised amyloids as structurally ordered, non-branching fibrils 

which are rich in β-sheet [10]. Early work by Cohen and Calkin using electron microscopy showed 

that all the types of amyloid formed fibrous non-branching structures [12]. The structure of amyloid 

fibrils was further probed by Eanes and Glenner using synchrotron x-ray diffraction, which 

produced a characteristic cross-β diffraction pattern leading to the conclusion that amyloid fibres 

had an ordered cross-β structure, where the β-strands lie perpendicular to the long axis of the fibril 

[13, 14] (Figure 1.2). A wide range of proteins are now known to form amyloid in vivo and in vitro, 

because of the broad range of proteins now known to be capable of forming amyloid and the fact 

the amyloid structure, as observed by Professor Christopher Dobson, “does not depend primarily on 

highly evolved side-chain interactions, but rather on universal physical and chemical characteristics 

that are inherent in the nature of all polypeptide molecules” [15], it has been suggested that the 

structure of amyloid represents a basic low-energy protein structure available to many different 

polypeptides [15, 16, 17]. Although no common sequence motifs have been identified between 

amyloidogenic proteins, intrinsic disorder or unstable structure in amyloidogenic domains is 

common [18]. Despite the low sequence identity and lack of clear motifs amyloids can be loosely 

grouped based on the residues which appear to be important for aggregation for example glutamine-

rich proteins such as Huntingtin and hydrophobic such as amylin and Alzheimer's β-protein [18, 19, 

20, 21]. Study of the structural nature of amyloids has been advanced by the discovery of bacterial 

functional amyloids, particularly, the Curli system of Escherichia coli (E. coli), which has been 

used as a model for functional amyloid formation [22, 23]. 
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Figure 1.2: General Cross- β Structure of Amyloid. Viewed a, The Side and b, The Top Cartoon 
Diagram, β-strands are shown in red, loops in green. Based on model structure provided by Dr 
Jonathan Taylor (Unpublished) c) X-ray diffraction pattern of B2-microglobulin amyloid fibres 
(Figure From Magdalena I. Ivanova et al. 2004 [212]), showing characteristic diffraction pattern of 
amyloid with ~5 Å meridional and ~10 Å equatorial diffraction, the related distances in the model 
structure are indicated in A and B with arrows. [13, 14] 
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1.2 Amyloids and Proteopathic Human Diseases 

1.2.1 Overview 

Amyloid formation has been observed in a vast range of human diseases (Table 1.1) 

including several important neurodegenerative diseases such as Alzheimer's, Huntington's and 

Parkinson's. These diseases involve the misfolding of human proteins and are therefore 

proteopathies [18, 24]. Generally these involve a process where specific soluble, folded, functional 

protein monomers are converted into insoluble, non-functional, ordered, fibrillar aggregates. The 

discovery that amyloid diseases involved the aggregation of proteins into fibrous deposits was an 

important step in the study of amyloid diseases. Although the fibrous amyloid deposits both 

intracellular and extracellular certainly can contribute to cell death and dysfunction evidence 

suggests that soluble oligomeric assemblies of the amyloid forming proteins are sufficient to cause 

cellular dysfunction before the appearance of mature amyloid deposits [25, 26]. This is supported 

by the observations that the amyloid load does not correlate strongly with neurological dysfunction 

in Alzheimer's disease, that amyloid deposits often localise separately to sites of neuron loss and 

that deposits can develop in individuals who have no evidence of neuron damage [26]. 

Table 1.1: Human Diseases Putatively Involving Amyloid. A non-exhaustive list of diseases 
which have been associated with amyloid formation in humans. [27, 28, 29, 30, 31, 32, 33, 34] 

Disease Amyloid-forming Protein 

Alzheimer's Disease Beta Amyloid 

Huntington's Disease Huntingtin 

Parkinson's Disease Alpha-synuclein, Beta Amyloid 

Atherosclerosis Apolipoprotein AI 

Familial Amyloid Polyneuropathy Transthyretin 

Finnish Amyloidosis Gelsolin 

Cerebral amyloid angiophathy Beta Amyloid 

Diabetes mellitus type 2 Islet Amyloid Polypeptide (Amylin) 

Rheumatoid Arthritis Serum amyloid A 

Hereditary non-neuropathic systemic amyloidosis Lysozyme 

Systemic AL amyloidosis Immunoglobulin light chain AL 

Medullary carcinoma of the thyroid Calcitonin 

Prolactinomas Prolactin 

Dialysis related amyloidosis Beta 2 microglobulin 

Creutzfeldt-Jakob Disease PrP 
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1.2.2 Alzheimer's Disease 

Alzheimer's Disease (AD) is a major cause of dementia, accounting for almost 70 % of cases 

[35] and is the 6th most common cause of death in the United States [36]. AD is a chronic 

neurodegenerative disease which generally starts in old age (>65 years), the disease progresses 

gradually generally from minor short term memory loss to loss of bodily functions and finally to 

death. AD is characterised by the accumulation of both amyloid-β (Aβ) into senile plaques (Figure 

1.3) and hyperphosphorylated tau into neurofibrillary tangles. The molecular mechanism underlying 

AD is still unclear with several theories, including protein misfolding and amyloid deposition of Aβ 

protein [37, 38], hyperphosphorylation of tau protein [39], problems with acetylcholine production 

[40], a viral cause [41] or a combination of some or all of these factors. Genetic evidence from 

familial forms of AD strongly supports a role for Aβ in the disease [42]; however  neither the load 

nor the localisation of amyloid plaques correlates with cognitive impairments in patient [43, 44, 45] 

and an experimental vaccine which could clear the amyloid plaques in early human trials had no 

significant effect on dementia [46]. Neurofibrillary tangles of Tau protein do correlate with 

cognitive decline and neuron death [44, 45, 47, 48], however genetic evidence indicates that tau 

causes frontotemporal dementia rather than AD [49, 50]. It has been suggested that both Tau and 

Aβ act together at the neuronal synapses where, when dysfunctional they disrupt the synaptic 

structure and function [51, 52, 53]. This suggested molecular basis for AD is supported by the 

suggestion that toxic intermediates of Aβ protein are responsible for AD rather than the mature 

amyloid fibres [54, 55], interestingly putative targets of these intermediates include the receptor 

Prion Protein implicated as the cause of Creutzfeldt-Jakob disease (CJD) [56].  

 
Figure 1.3: Histological samples of Alzheimer's plaques. a, Bielschowsky stained section of the 
frontal cortex from an Alzheimer's disease brain showing the presence of numerous plaques. b, 
Thioflavin S stained section of the same brain showing plaques (indicated with arrows) but 
detecting fewer of them. c, Bielschowsky stained classical plaque showing dense core and 
peripheral halo. d, ThioflavinS stained classical plaque showing staining only of the dense core. 
Images taken from Wisniewski et al., 1989 [57]. 
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1.2.3 Creutzfeldt-Jakob Disease 

Creutzfeldt-Jakob disease (CJD) is an incurable and highly unusual transmissible human 

neurodegenerative disease which can be directly linked with a group of animal diseases known as 

transmissible spongiform encephalopathies. The spongiform description comes because as the 

disease causes rapid neurodegeneration it causes neurons in the brain to die forming holes in the 

brain tissue resulting in a more sponge-like texture. These diseases can occur in genetic, 

spontaneous or acquired forms; in the acquired forms the transmissible agent, according to the prion 

hypothesis, is an epigenetic pathogen: the Prion Protein (PrP), with the diseases being, in a sense, 

forms of transmissible amyloidosis [58, 59]. In this suggested model for transmissible spongiform 

encephalopathies misfolded copies of the PrP replicate by converting correctly folded molecules in 

their host to the misfolded phenotype, the number of these molecules increases exponentially 

disrupting cell function and causing cell death (Figure 1.4) [59]. Studies have shown that mutations 

in the gene for PrP, which cause a change in secondary structure propensity from alpha helical to 

beta pleated sheets, appear to contribute to the protease resistant, amyloid forming structure of the 

disease causing protein [60]. CJD causes a rapidly progressing form of dementia often resulting in 

death within 6 months although various strains have been reported with a diverse range of 

incubation periods and life expectancies [61]. Although the prion hypothesis for CJD has been 

generally accepted and is broadly supported experimentally there is also evidence from some 

studies of a potential viral involvement or cause for the disease [62]. 

 
Figure 1.4: Conversion of PrP from normal form to scrapie form in CJD and related diseases. 
Prion Protein has two main structural forms for which structural data has been elucidated. A largely 
𝛼𝛼-helical structure, with a long unstructured N-terminus, labelled here as PrP, discovered by Biljan 
et al., 2012 [2LSB] [63], and a β-strand rich structure described, and labelled here, as PrPsc a model 
of which has been suggested by Govaerts et al., 2004 [64]. The prion hypothesis suggests that PrPsc 
encounters native PrP and converts it to the PrPsc form, these molecules propagate and can 
aggregate into PrPsc β-rich aggregates. The PrPsc and PrPsc β-rich aggregate model structures shown 
here are taken from Govaerts et al., 2004 [64]. 
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1.3 Functional Amyloids In Nature 

1.3.1 Overview 

Interestingly in addition to disease causing amyloids composed of malfunctioning proteins, 

amyloids have also been shown to be functionally employed by a broad range of species including 

bacteria, insects and mammals (Table 1.2). In these systems specific proteins are produced that 

natively form filamentous aggregates with many of the biophysical properties of amyloids, 

sometimes with their own devoted export machinery (Type VIII Secretion System) [65]. These 

amyloids include the curli system of E. coli, [22, 66] the chaplin proteins of the bacterium 

Streptomyces [67], and the TapA/TasA spore coat component of Bacillus subtilis [68]. The presence 

of amyloid in the biofilm of many different species of bacteria suggests that it has an important role 

in biofilm structure [69], some amyloids have also been implicated in pathogenesis [70, 71, 72, 73]. 

The physical properties of amyloid, insoluble, aggregative fibres, resistant to thermal and chemical 

denaturation capable of forming under a broad range of conditions, are likely to make them 

especially useful when their formation can be controlled, their potential for biotechnological 

purposes is also interesting and is currently being explored [74, 75]. 

Table 1.2: Functional Amyloid Systems in Nature. Table illustrating both the broad range of 
species possessing some form of functional amyloid and some of the functional roles of amyloid. 

Functional Amyloid Species Role 

Curli/Tafi E. coli/Salmonella Biofilm/Pathology 

GvpA Anabaena flos-aquae Gas Vesicles 

HpaG Xanthomonas Virulence Factor 

Fap System Pseudomonas Biofilm 

Chaplins Streptomyces coelicolor Aerial mycelium formation 

Swi1p Saccharomyces cerevisae Chromatin Remodelling 

Sup35 Saccharomyces cerevisae Translation termination 

Microcin E492 Klebsiella pneumonia Cytotoxin 

Merozoite Surface Protein 2 Plasmodium falciparum Attachment to Host  

MTP Mycobacterium tuberculosis Adhesion 

Spider Silk Proteins  Some Spider Species Silk Production 

Pmel17 Homo sapiens Melanin Production 

TasA/TapA system B. subtilus Spore Coat Component  
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1.3.2 Biofilm & Amyloid 

The importance of biofilm has only relatively recently been made clear, with most scientific 

research focussing on the planktonic forms of bacteria. In nature many micro-organisms form 

natural aggregates which have been described as biofilms, in this environment bacteria can behave 

very differently from their planktonic forms, possessing differentially altered gene expression, 

developing complex architecture, engaging in co-operative behaviour and frequently co-existing 

with a broad range of other microbes in a symbiotic relationship [76, 77, 78, 79]. With their 

complex structure and behaviour bacterial biofilm is similar to tissues formed of eukaryotic cells in 

multicellular organisms [80].  Biofilms serve several important roles for bacteria including 

increasing their resistance to desiccation, antibiotics, radiation, predation, host immune defences as 

well as both physical and chemical stress [81, 82]A variety of factors have been suggested to 

provide bacterial biofilm with increased resistance: the matrix provides a physical barrier which 

even retards the diffusion of small molecules such as antibiotics [83]; the heterogeneity of bacteria 

in the biofilm also confers further protection, with a sub-population of bacteria likely to be resistant 

to any particular metabolically targeted attack, additionally slow-growing or senescent cellular 

populations will be more resistant to many common antimicrobial agents; the physical properties of 

the biofilm itself also help protect the bacteria from physical stresses such as host clearance 

mechanisms or the flow of water. Biofilm formation and composition are of considerable interest in 

many fields, as they can block and corrode pipes, are involved in food spoilage and they are 

intricately involved in hospital acquired infections and disease [81, 84]. The majority of a biofilm 

by dry mass is composed of the extracellular matrix within which the cells are buried [85, 86]. The 

extracellular matrix is a complex mixture of different biopolymers: various sugars, nucleic acids 

and proteins including extracellular amyloid fibres [76, 84, 87, 88, 89, 90].  Pseudomonas biofilms 

develop in a series of stages (Figure 1.5) initiated by attachment of planktonic cells to a surface in 

response to favourable nutrient conditions, formation of microcolonies, maturation of these colonies 

and then dispersal, where planktonic cells are released again [91]. The presence of amyloid in 

Pseudomonas biofilm is particularly interesting as, although Pseudomonas is a model organism for 

the study of biofilm formation, the role of amyloid is uncertain [87, 92]. 
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Figure 1.5: Pseudomonas Biofilm Maturation. Cartoon diagram illustrating the steps in the 
formation, maturation and propagation of Pseudomonas biofilm. 1) Association planktonic bacteria 
encounter a surface and reversibly attach themselves. 2) Adherence, after attachment bacteria can 
irreversibly adhere to the surface, switch their gene expression (indicated by colour change) and 
begin secreting biofilm polymers, the biofilm matrix is shown here in green. 3) Microcolony 
Development, bacteria some of their motility (indicated by loss of flagellum), biofilm develops into 
microcolony. 4) Maturation, the bacterial colony matures forming a mushroom like structure, 
bacteria show differential gene expression (indicated by the range of colours), some form the stalk 
(light green), some prepare to switch back to planktonic expression (orange), differentially 
expressing bacteria close to the surface (grey) have been suggested to express amyloid. 5) 
Dispersal, a subset of the bacteria are released to return to their planktonic lifestyle. 6) Planktonic 
bacteria migrate through the environment until conditions favour biofilm formation. 

 

 

 

 

 

 

 

 

 

 

 

25  
 



 

1.4 Curli 

1.4.1 Escherichia coli 

Escherichia coli (E. coli) is a common Gram-negative commensal bacterium and a model 

organism in microbiology, however there are several pathogenic strains which can cause serious 

diseases such as gastroenteritis and haemolytic-uremic syndrome [93]. E. coli infections are 

generally extracellular with bacteria colonising the lumen of the gut and adhering to the surface of 

epithelial cells; biofilm formation is an important element for both commensal and pathogenic E. 

coli allowing increased survival in the environment, resistance to antibiotics, the immune system, 

and host clearance mechanisms [94]. The developing world suffers disproportionately from the 

gastrointestinal diseases with up to 4 billion people infected each year [95] leading to approximately 

2.2 million deaths per year [96]. 

1.4.2 Curli System 

The Curli functional amyloid from E. coli has been studied extensively as the model for 

functional amyloid formation in bacteria. The curli system produces aggregative extracellular fibres 

(Figure 1.6) that have been shown to be involved in biofilm formation, comprising the major 

proteinaceous component of the matrix, as well as having a role in colonisation and the binding to 

host cell proteins including fibronectin, laminin, plasminogen and human contact phase proteins 

[72, 73]. Curli expression in biofilms is restricted to a distinct subpopulation, for example within 

rugose colony biofilm the curli expressing cells localise to the air-colony interface [97]. In addition 

to their role in biofilms curli fibrils have been implicated in pathogenesis and infection due to their 

adhesive properties and since they may be involved in internalizing E. coli into eukaryotic cells 

[70]. Curli fibres appear to be produced by many bacterial species as homologs to the fibre 

component CsgA are found in many families of bacteria and even the fungus Beauveria bassiana 

(Figure 1.7). Many of these bacteria are widespread and several have been identified as 

opportunistic pathogens. 

The curli system (Figure 1.8) is encoded by two divergently transcribed operons csgAB and 

csgDEFG. The csgDEFG operon is carefully regulated, reflecting Curli's specific spatiotemporal 

expression and the diverse range of environmental signals guiding expression [98, 99]. CsgD itself 

is a transcriptional regulator from the LuxR family involved in regulating expression of many 

biofilm components and repressing the flagellar genes [100, 101]. CsgA has been shown to be the 

main component of the fibre and is secreted into the extracellular space as an unstructured, soluble, 

monomer where its polymerisation is nucleated by CsgB on the extracellular surface [102], indeed 

the two proteins show interbacterial complementation between colonies a few millimetres apart 

[102]. This mechanism of secretion has been described as nucleation-precipitation or as a Type VIII 

secretion system [65]. CsgE and CsgF have been shown to act as assembly factors of some kind 
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ensuring the polymerisation of CsgA on the cell surface and anchoring the fibres to CsgG [103, 

104]. The structure of CsgG has been solved recently showing that the lipoprotein oligomerises to 

form a large B-barrel structure which presumably provides the channel through which the other 

extracellular curli components exit the cell [105].  The role of CsgC was unclear despite a high-

resolution structure of the protein, initially it was suggested that it modifies CsgG at position C230 

via its oxido-reductase activity and could have a role in regulating the system [106]. More recently 

functional studies of CsgC's role in amyloid fibre formation have indicated that it inhibits amyloid 

formation by an unknown mechanism [107]. Interestingly analysis of Curli protein conservation 

across a broad range of bacterial classes showed the existence of a seventh curli component CsgH 

present in some species which the authors suggested may compensate for the absence of CsgE and 

CsgF in these bacteria [108].  

 
Figure 1.6: Morphology of Curli Fibres. a, TEM images of polymerised CsgA amyloid fibres. b, 
TEM images of mature Curli fibres on the surface of E. coli cells. Microscopy images from Wang 
et al., 2008 [109], scale bars are both 500 nm in size. 
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Figure 1.7: CsgA Phylogenetic Tree. Generated using PSI-BLAST and Clustal Omega, 
ClustalW2-Phylogeny. Homologs of CsgA were identified using PSI-BLAST [110] and 
representative sequences were selected, Clustal Omega was used to produce an alignment from 
which a phylogenetic cladogram was produced ClustalW2-Phylogeny.  CsgA can be seen to be 
present across a broad range of species including several human pathogens (†), several plant 
pathogens (‡) and even a fungus which is pathogenic to insects (*).  
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Figure 1.8: The Curli System. Cartoon Diagram illustrating current opinion on the molecular 
operation of the Curli system. The curli components are transported into the periplasm via the SEC 
machinery. In the periplasm the amyloid components are prevented from polymerising by the action 
of CsgC. The monomeric fibre subunits are transferred through the multimeric pore CsgG in a 
process which may involve CsgE acting on the periplasmic side. On the cellular surface CsgA is 
templated by CsgB which is anchored to the cell via CsgF. CsgG structure (PDB: 3X2R) from Cao 
et al., 2014 [111]. CsgC structure (PDB: 2Y2Y) from Taylor et al., 2011 [106]. 
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1.4.3 Curli Fibre Polymerisation 

The kinetics of Curli fibre assembly have been extensively studied in vitro, CsgA can be 

purified under denaturing conditions and readily forms amyloid at a broad range of pH values or 

ionic conditions, these fibres can be visualised by transmission electron microscopy (TEM) or 

measured by ThT binding [112]. CsgA polymerisation has been shown to be concentration 

dependent and can be divided into three phases, an initial lag phase where nucleation occurs, and 

elongation phase during which the fibres polymerise to form filaments and finally a stationary 

phase, where the pool of monomeric CsgA required for polymerisation is presumably expended 

(Figure 1.9) [112, 113]. The mature CsgA protein has an N-terminal sequence required for 

outermembrane secretion (22 amino acids) and a C-terminal amyloid core domain containing five 

imperfect repeats which have been described as R1 to R5 (Figure 1.10A) [114]. These repeats form 

the core of the amyloid, the repeating unit is Ser – X5 – Gln – X – Gly – X – Gly – Asn - X – Ala -

X3 -Gln, with the amyloid core possessing a conserved secondary structure of β-sheet -turn- β sheet, 

these repeating units are arranged in the cross-B structure to align the Gln and Asn residues in 

stacks to stabilise the fold [114, 115, 116]. Mutations of these residues in R1 and R5 extend the lag 

phase of CsgA polymerisation dramatically (~100x) compared to wild type [113, 116]. The 

conserved Gly and Ala residues in the repeats are also stacked in a consistent manner suggesting 

they have a role in amyloid assembly [81].  The effects of the individual repeats have been carefully 

studied individually as peptides and found to have different amyloidogenic properties, repeat R1, 

R3 and R5 are amyloidogenic, rapidly assembling into amyloid fibres in vitro, while the intervening 

repeats R2 and R4 do not [109]. Deletion of the first and last repeats (CsgAΔR1 & CsgAΔR5) do 

not assemble into curli fibres in vivo and cannot be seeded in vitro by CsgA or CsgB [117], this 

indicates that R1 and R5 are important for both amyloid formation and CsgA-CsgA and CsgA-

CsgB interactions. In addition to the conserved elements which promote amyloid formation several 

residues have been identified as “gatekeeper” residues (Gly78, Asp80, Gly82, Gly 123, Asp127) 

which repress the amyloid forming properties of the repeats [89]. Mutation of all the gatekeeper 

residues to their R1/R5 alternatives produce a variant of CsgA which polymerises without an 

observable lag phase in vitro and interestingly is capable of forming curli in vivo in a CsgB/CsgF 

independent manner, this indicates that the gatekeeper residues exert a form of intramolecular 

control over CsgA polymerisation [117]. 

CsgB, the nucleator protein has many features in common with CsgA, including 30 % 

sequence identity, an N-terminal domain and a C-terminal amyloid core. The amyloid core is 

similar to that of CsgA (Figure 1.10), with the initial four imperfect repeats possessing a similar 

sequence to those of CsgA: Ala – X3 – Gln -X – Gly - X2 – Asn - X – Ala – X3 – Gln, however the 

fifth repeat diverges significantly from the pattern with several residues no longer conserved and the 
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addition of four positively charged residues which appear to have a role in association of CsgB with 

the cell surface [118, 119].  Deletion of the fifth repeat has no impact on CsgB's ability to nucleate 

CsgA and the protein is able to form amyloid in vitro. Repeats 1-3 can be deleted without any 

apparent effect on amyloid formation or localisation, suggesting repeats 4 and 5 are critical for both 

amyloid nucleation and cell surface association [120]. How CsgB is associated with the membrane 

is still unclear but another curli system protein, CsgF, is required [104].  

 

 

 
Figure 1.9: Amyloid Fibre Fibrillation As Measured By ThT. This figure shows the stages of 
amyloid fibre fibrillation: 1) An initial lag phase where nucleation is occurring; 2) Elongation phase 
where fibres are polymerising rapidly; 3) Stationary phase where fibre polymerisation slows due to 
lack of available csgA. Fluorescence is normalised with the final intensity as 1. The curve is taken 
from my own data. 
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Figure 1.10: Amyloid Repeat Motifs of CsgA and CsgB. a, Diagram illustrating the conservation 
of residues in the five repeats of CsgA from species containing closely homologous sequences. b, 
Diagram illustrating conservation of residues in the first four repeats in CsgB from species 
containing closely homologous sequences c, Diagram illustrating conservation of residues in the 
divergent fifth repeat of CsgB from species containing closely homologous sequences. Homologs 
were identified using PSI-BLAST [110], aligned with clustal omega [121] and then their 
conservation plotted using webLOGO software. The main repeats of both proteins clearly share a 
Q-X-G-X2-N-X-A-X3-Q motif, while the fifth repeat of CsgB is clearly quite distinct; nevertheless 
all contain the Q-X10-Q motif, by which the three logo diagrams are aligned. Interestingly repeat 5 
of CsgB is also the best conserved between species. 
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1.4.4 Structural & Functional Insights Into Curli 

The structure of CsgG (Figure 1.11),was elucidated recently by two separate groups, 

interestingly the protein was found to form a large nonameric transport complex, with each 

monomer contributing 4 strands to a central 36 stranded B-barrel, forming the transmembrane 

channel, with a large domain extending into the periplasm [105, 111].  The central channel of CsgG 

is broad apart from a narrow chokepoint created by a series of loops projecting towards the centre 

of the barrel (Figure 1.11B).  The large empty cavity facing the extracellular space would allow for 

the possibility of CsgF binding into the barrel to allow CsgB to associate with the CsgG complex 

[122]. The chokepoint introduced by the loops would allow some control over substrate selection 

and is wide enough to allow some secondary structure elements (such as β-strands) [123]. Since 

CsgG is embedded in the outer membrane without adenosine triphosphate (ATP) or a chemical 

gradient to power the mechanism, it is currently unclear how the necessary energy is provided for 

curli secretion.  

 
Figure 1.11: Crystal Structure of membrane inserted CsgG. a, CsgG structure (PDB: 3X2R) 
from Cao et al., 2014 [111] viewed a, from the side (Parallel to membrane), b, from the top 
(extracellular side); coloured by secondary structure with strands in red, helices in blue and loops in 
green. CsgG forms a large nonameric B-barrel structure with a large domain extending into the 
periplasm. The channel is constricted by a series of loops clearly visible in the top down view, due 
to the narrow channel and based on molecular modelling it was suggested that the substrates pass 
through the barrel as fully extended polypeptide chains [105]. 

 

 

 

 

 

 

3 3  
 



 

Together with the CsgG structure Goyal et al., 2014 also conducted cryo-em and single 

channel current recordings which indicated that an oligomer of CsgE caps the channel, on the 

periplasmic side to regulate access, together with the knowledge that CsgE is capable of recognising 

CsgA/CsgB via the N-terminal or curli repeats [22], this data was used by the authors to suggest 

some putative models for amyloid secretion (Figure 1.12) [105]. It should be noted however that 

CsgE is not essential for the export of CsgA, as co-expression of CsgG and CsgA together is 

sufficient for export and CsgE is not conserved in all curli operons [108, 123]. Interestingly CsgE 

has been shown to have an inhibitory effect on amyloid formation, an activity common to several 

chaperones, but it is significantly less efficient than CsgC suggesting that amyloid inhibition is not 

the primary function of the protein [103, 124, 125]. 

The structure of the CsgC protein was solved by X-ray crystallography in 2011 (Figure 

1.13), the overall structure was an immunoglobulin-like (beta sandwich with seven strands forming 

two sheets [106]. The sequence of CsgC contains an interesting conserved CxC motif, due to the 

position of this motif in the “complementarity-determining region” of the Immunoglobulin (IG) 

fold, a common site of target recognition, and the structural homology to the redox protein DsbD it 

was suggested that the protein acts via a redox activity and prior to the elucidation of the structure 

of CsgG it was suggested that residue C230 in the membrane protein was an exposed potential 

target [105, 106]. Functional data has since revealed that CsgC is a potent inhibitor of amyloid 

formation, capable of inhibiting the polymerisation of both CsgA and α-synculein based amyloid 

fibres. The inhibition of CsgA fibrillation is effective at molar ratios as low as 1:500 (CsgC:CsgA), 

via a process which does not disassemble existing fibres but inhibits the transition of the pre-

amyloid structure into β-sheet [107]. It was shown that CsgC inhibition worked on a range of 

amyloid forming polypeptides, which Evans et al., 2015 suggested share a D-Q-ϕ-X0,1-G-K-N-ζ-E 

motif [107]; however observation of CsgA sequence conservation indicates this motif is not 

conserved and so may not be as specific as the authors suggest. The authors also found that CsgC 

does not direct CsgA into non-amyloid aggregates or degrade CsgA by proteolysis [107]. Based on 

the available data it appears that CsgC is likely to have a role in preventing the amyloid via 

unknown, novel mechanism.  
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Figure 1.12: Suggested Mechanisms for CsgG-CsgE mediated export of CsgA. Cartoon 
Diagrams illustrating suggested mechanisms for CsgG-CsgE mediated export of CsgA. The CsgG 
oligomeric B-barrel is shown here in red, CsgA in green and CsgE in tan. In the paper by Goyal et 
al., 2014, [105] the authors suggested 3 possible models for assembly and substrate recruitment of 
the CsgG complex. a, ‘Dock and trap’ CsgE binds CsgA and the complex associates with CsgG. b, 
A CsgE, CsgG constitutive complex recruits CsgA in what might be described as ‘Hook-and-Trap’ 
c, ‘Catch-and-cap’ CsgA associates with CsgG and then CsgE associates with the complex to 
promote translocation. 
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Figure 1.13: Structure of CsgC. a, Crystal structure of CsgC (2Y2Y, Taylor et al., 2011 [106]) 
with coils in green and β-strands in red, the N-terminal and C-terminal are indicated with N-term 
and C-term respectively, note that the signal peptide, and short regions of the N-terminal coil and C-
terminal coil are not present in the crystal structure, strands are labelled by their order from N-
terminus to C-terminus. b, Primary  & secondary structure of CsgC showing the protein sequence 
with the signal sequence indicated in purple, secondary structure is indicated by colour based on the 
crystal structure with coils in green and β-strands in red Figure based on structural information 
elucidated by Taylor et al., 2011 [106]. 
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1.4.5 CsgH 

Studies of the Curli operon's conservation between different bacterial species by Dueholm et 

al., 2012 led to the identification of an additional gene present in some curli operons which they 

termed CsgH [108]. CsgH possesses no sequence similarity to other members of the curli operon 

but due to its presence in several strains lacking CsgE and CsgF it was suggested it may play a 

similar role to those genes [108]. The predicted secondary structure for CsgH is similar to the 

known secondary structure of CsgC (Figure 1.14) and CsgC is also often absent in strains 

containing CsgH [108]. If these predictions are accurate it is possible that CsgH possesses a similar 

function to CsgC. A structural similarity between the two proteins, particularly conservation of β-

strands, is especially interesting because it has been suggested that the β-rich structure of CsgC may 

allow it to inhibit CsgA via an amyloid like interaction [107]. If CsgH is another amyloid inhibiting 

protein like CsgC further study of the protein will be useful for comparison and study of amyloid 

regulation and inhibition in functional amyloid. 

 
Figure 1.14: Predicted secondary structure of CsgH compared to CsgC. This cartoon diagram 
illustrates the similarity between the predicted secondary structure of CsgH (PSIPRED [126]) and 
the secondary structure of CsgC determined by Taylor et al., 2011 [106]. The strands are indicated 
with arrows and the loops by straight lines, the strands have been colour coded to indicate strands 
which are suggested to match each other between the two proteins. 
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1.5 Pseudomonas Amyloid-like fibres (Alf) 

1.5.1 Pseudomonas, fapABCDEF and Alf 

A novel amyloid and biofilm forming system of proteins which was shown to produce fibres 

morphologically similar to curli has been identified in Pseudomonas and described as Amyloid-like 

fibres (Alf) [92]. Pseudomonas is a Gram-negative, aerobic, bacterial genus, whose members cover 

a broad range of environmental niches, and possess a great deal of metabolic diversity, with many 

non-pathogenic species and including other pathogenic species such as the plant pathogen 

Pseudomonas syringae. Pseudomonas persistence is aided by its ability to form biofilms as well as 

its inherent resistance to a broad range of antibiotics and to readily acquire further resistance by 

mutation [127, 128, 129, 130]. Pseudomonas aeruginosa is a significant pathogenic bacterium 

involved in opportunistic and hospital acquired infections, indeed the species is responsible for 

around 20 % of all cases of nosocomial pneumonia [131] and is also the primary cause of chronic 

respiratory infections, at around 60 % of cystic fibrosis patients for whom the infection often leads 

to death by respiratory failure [132]. It was previously thought that Pseudomonas bacteria were 

obligate aerobes but it has been shown that in biofilm Pseudomonas aeruginosa engages in 

anaerobic metabolism [133]. While Pseudomonas syringae is a significant plant pathogen, well 

studied for its Type III secretion system, Pseudomonas fluorescens and Pseudomonas putida are 

both used to promote healthy plant growth, with the latter also showing potential for bioremediation 

[134, 135]. 

Duelholm et al., 2010 found that the Alf system itself is encoded by a single operon of six 

genes fapABCDEF (Figure 1.15), this operon is conserved among the pseudomonads [92] and is 

present in a range of bacterial species (Figure 1.16). Transformation of the fapABCDEF operon, in 

the vector pMMB190Ap, into E. coli was shown to be necessary and sufficient to produce pellicle 

formation, a sign of biofilm formation [92]; Electron microscopy of the E. coli cells showed 

extensive amyloid fibrillation on the surface of the E. coli cells, very similar to those observed on 

Pseudomonas (Figure 1.15) [92]. 
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Figure 1.15: Pseudomonas Amyloid-like fibres produced by the fapABCDEF operon. 
Negatively stained transmission electron microscopy images from Dueholm et al., 2010 [92]: a, of 
purified Pseudomonas UK4 amyloid fibres b,  of purified amyloid fibres from E. coli expressing the 
fapABCDEF operon showing that Pseudomonas produces fibres morphologically similar to curli 
and that similar fibres can be produced by E. coli expressing  the fapABCDEF operon [92]. c, 
Diagram showing the topography of the fapABCDEF operon which was necessary and sufficient 
for amyloid formation [92]. 
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Figure 1.16: FapC conservation among the Pseudomonad species. Phylogenetic Tree produced 
using PSI-BLAST and Clustal Omega [121], ClustalW2-Phylogeny [137]. Homologs of FapC were 
identified using PSI-BLAST [110] and representative sequences were selected, Clustal Omega was 
used to produce an alignment from which a phylogenetic cladogram was produced ClustalW2-
Phylogeny.  FapC homologs can be seen to be present across a broad range of gram negative 
bacteria and found in a diverse range of environments however it appears to be less widespread than 
CsgA (Figure 1.7). 
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1.5.2 The Alf System 

FapC was found to be the main component of the amyloid fibres analogous to CsgA in the 

curli system, similarly to CsgA it also contained a series of repeat motifs containing conserved 

glutamine and asparagine residues, connected by less well conserved loops, however FapC contains 

three 37 residue repeats rather than five 17 residue repeats and the loops between the strands are 

significantly longer [92] (Figure 1.17, 1.18). FapB is homologous to FapC and was shown to also 

contain the repeat motifs [92] comparison with the Curli system would suggest therefore that FapB 

is analogous to CsgB and serves as the nucleator for amyloid formation.  It has been suggested that 

the FapC proteins contain a N-X-A-X4-S-X5-G-N-X-G-X-N-X-3G-X2-N-Q-Q-X-N-X7 [92] or a 

more minimalistic X15-G-X4-N-X3-G-X6-N-X7 repeat [138], this latter result is supported by 

alignment of the homologous sequences found by PSI-BLAST using the FapC Pseudomonas UK4 

sequence as query (Figure 1.18). Dueholm et al., 2013 also showed that FapC from several strains 

may contain a conserved C-terminal CxxC motif and their respective FapE proteins contained C-

terminal Cys residues which they suggested may have a role in inter-molecular interactions [138]. 

The presence of this CxxC motif is interesting when you consider that CsgC contains a CxC motif 

which has been suggested to perform a functional role [106]. FapB’s repeats are similar to the core 

repeat of FapC with a X15- G – X4 – N – X3 – G – X6 – N- X7  motif (Figure 1.17, Figure 1.18), 

while the third repeat still has a similar motif it is more conserved and notably in the first position in 

Figure 1.18C where the other repeats generally contain a negatively charge Q/D residue the third 

repeat generally contains a positively charged arginine. It is possible that this positive charge is 

important for cell surface association because conserved positive charges in the final repeat of CsgB 

were found to be required for cell surface association [118]. 

 
Figure 1.17: Amyloid Repeat Motif of FapC. a, LOGO Diagram illustrating the conservation of 
residues in the three repeats of FapC Homologs were identified using PSI-BLAST [110], aligned 
with clustal omega [121] and then their conservation plotted using webLOGO software. b, 
Sequence of FapC from Pseudomonas aeruginosa PAO1 with the amyloid repeats illustrated in red, 
the CxxC motif is indicated in orange. The loop region between the second and third amyloid 
repeats is particularly large. 
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Figure 1.18: Amyloid Repeat Motifs of FapB. a, Diagram illustrating conservation of residues in 
the first repeat of FapB. b, Diagram illustrating conservation of residues in the middle repeat of 
FapB. c, Diagram illustrating conservation of residues in the last repeat of FapB.  Homologs were 
identified using PSI-BLAST [110], aligned with clustal omega [121] and then their conservation 
plotted using webLOGO software. d, Sequence of FapB from Pseudomonas aeruginosa PAO1 with 
the three amyloid repeats illustrated in red. e, Sequence of CsgA from E.coli with the five amyloid 
repeats illustrated in red.f, Sequence of CsgB from E.coli with the five amyloid repeats illustrated in 
red.  
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Although the Curli and Alf systems are genetically distinct both of the nucleators possess a 

set of repeats similar in number and sequence to the main amyloid component but with a more 

conserved and slightly different C-terminal repeat containing conserved positive charge. The 

sequence of the repeats is very distinct from the repeats found in CsgA however it can be observed 

that all four motifs themselves contain a Q/N – X10 – Q/N motif which is perhaps important in 

determining the similar behaviour and ultrastructure of the two fibres (Figure 1.19).  

 
Figure 1.19: Potential conserved amyloid repeat between the Alf and Curli amyloid systems. 
Core amyloid motifs of FapB, FapC, CsgB and CsgA have been aligned to show a potential Q/N – 
X10 – Q/N motif common to all four proteins.  

FapD and FapF, were shown to possess homology to proteins of known function: FapF 

showed strong homology to β-barrel membrane proteins and presumably is the pore through which 

the amyloid fibre components exit the cell, analogous to CsgG of the curli system; FapD appeared 

to be a member of the C39-like peptidase family, this family of cysteine proteases are often found in 

ABC transporters and are involved in bacteriocin processing and Quorum sensing cleaving a 

double-glycine motif [92 , 139, 140, 141]. Notably a double-glycine motif was identified in FapF by 

Dueholm et al., 2010 which the authors suggested may encode some form of signal peptide or 

bacteriocin [92]. This prediction should be treated cautiously however as even using a generously 

broad double glycine motif (L-S-X2-E-L-X2-I-X-G-G) to search for the site it could not be 

identified in many FapF sequences from various strains of Pseudomonas. It should be noted 

however that some C39 peptidases have been shown to be inactive proteolytically but are believed 

to have a role in substrate recognition [142] so FapD could be acting as a chaperone or it could be 

processing and/or regulating FapF or other Alf components. 

FapA and FapE did not have sufficient homology to any proteins of known function to help 

identify their function; however a point mutant, introducing a premature stop codon, in FapA was 

shown to significantly alter the properties of the mature fibres, with FapB becoming the 

predominant and FapC the minor component of the resulting amyloid, which appeared as short 

fibril-like aggregates [138]. Study of the composition of the Alf amyloid using mass spectrometry 

showed that small amounts of FapE were present in the mature fibre, possibly modulating the 

function [138]. 

Although our present knowledge of the Alf system is limited the predicted functions and 

current functional data can be used together with our knowledge of the curli system to suggest a 
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basic view as to the molecular basis for Pseudomonas Alf formation (Figure 1.20). The Alf 

components are transported across the inner membrane via the SEC machinery, in the periplasm the 

fibre components are processed, chaperoned or recognised by a combination of FapA, FapD and 

FapF. FapD may also process FapF to release a small signal peptide or bacteriocin which is likely to 

be secreted into the extracellular space. FapB, FapC and FapE are found in the amyloid fibres and 

are presumably secreted into the extracellular space via FapF. On the surface of the cell FapC is 

probably nucleated by FapB in a process similar to the curli system, FapE associates with the 

amyloid fibre in some way.  Notably there is no obvious equivalent to CsgF and so the means by 

which FapB associates with the cell is unclear. Further study of this alternative Type VIII secretion 

system should provide useful insight into the operation of this devoted export machinery and 

bacterial functional amyloid. 

 
Figure 1.20: Speculative Cartoon Diagram illustrating the suggested molecular operation of 
the Alf system. The suggested roles of the Alf components is based on the functional roles 
suggested by Dueholm et al., 2010 [92] & Dueholm et al., 2013 [138] and comparison with the curli 
system (Figure 1.8). The Alf components are in to the periplasm via the SEC machinery, they are 
then processed, chaperoned or recognised by a combination of FapA, FapD and FapF. FapD may 
process FapF to release a signal peptide or bacteriocin. FapB, FapC and FapE are then secreted into 
the extracellular space via FapF where FapB nucleates the FapC fibre in a process similar to the 
curli system. FapE associates with the amyloid fibre. 
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1.6 Project Aims 

1.6.1 Pseudomonas Alf 

Current knowledge on the structure of Pseudomonas Alf components is limited with little 

known about the role of the various proteins encoded by the fapABCDEF operon. As a starting 

point for structural studies we have aimed to produce purified proteins recombinantly and used 

these samples to probe the structure and function of Alf components. Since many components of the 

system were likely to be unstructured and challenging to study with structural techniques we looked 

to focus on structured components for NMR and crystallography. 

 

1.6.2 CsgH 

CsgH was recently identified as a novel component of the curli system which may be related 

to the amyloid inhibitory protein CsgC. In this research we have investigated whether the tertiary 

structure and function of CsgH are similar to CsgC by solving the structure of CsgH using NMR 

and testing the wild type protein and mutants’ ability to inhibit CsgA polymerisation. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Plasmids  

pET28c, pRSF-1B and pET46EK-LIC plasmids were all provided by novagen. pNIC28-

Bsa4, pNIC-CTH, pNH-TrxT and pNIC-GST plasmids were kindly provided by the Structural 

Genomic Consortium. The pMMB190Ap:UK4fapA-F full operon plasmid [92] was generously 

provided by Professor Otzen. Dr Sebastian Lambert provided both the pHAT2csgH10-106 and 

pET28csgH10-106 plasmids. Dr Jonathan Taylor provided the pET28csgA plasmid. pLemo plasmid 

was extracted (2.2.7) from pLemo21 cells (NEB). pSHOM-1, a vector containing the OmpA 

sequence, was provided by Dr Stephen Hare. 

2.1.2 Media 

Lysogeny Broth (LB): (1 % (w/v) tryptone, 0.5% (w/v) Yeast Extract, 1 % (w/v) NaCl. 

Terrific Broth (TB): 1.2% (w/v) tryptone, 2.4% (w/v) Yeast Extract, 55 mM NaPO4, 15 mM 

KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 10 mM NaCl, 2mM MgSO4, 0.5 % (w/v) Glycerol. M9 

Minimal Media: 42.3 mM Na2HPO4, 22 mM KH2PO4, 0.7 M NaCl, pH 7-7.4, 13 mM NH4Cl, 2 

mM MgSO4, 10 µM CaCl2, 0.02% (w/v) Glucose, Vitamins solution (0.2 mg Choline Chloride, 0.5 

mg Folic acid, 0.5 mg Pantothenic acid, 0.5 mg Nicotinamide, 1 mg Myo-inositol, 0.5 mg Pyridoxal 

HCl, 0.5 mg Thiamine HCl 0.05 mg Riboflavin, 1 mg Biotin), 1ml micronutrients solution (3 µM 

Ammonium Molybdate, 400 µM H3BO3 30 µM CoCl2 10 µM CuSO4 80 µM MnCl2 10 µM 

ZnSO4), 66 µM FeSO4) supplemented with 15N NH4Cl, 13C Glucose and/or Deuterium Oxide as 

appropriate. Bacterial plates were grown on LB media or M9 minimal media 1.5 % (w/v) agar plates 

as appropriate. 

2.1.3 Cell Strains 

Several different Escherichia coli strains were used for cloning and expression purposes. 

Primarily NEB5α (NEB) was used for cloning methods. For protein expression Shuffle (NEB), 

BL21 (NEB) and Lemo21 (2.2.9) were used as indicated in the results. Pseudomonas aeruginosa 

(PAO1) was used in genomic extraction (2.2.8) to provide the genomic DNA (gDNA) template for 

the Fap operon of genes from PAO1. 
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2.2 Molecular Biology 

2.2.1 Cloning 

2.2.1.1 Cloning Using LIC-system 

2.2.1.1.1 In-House LIC-System 

Polymerase chain reaction (PCR) was conducted using Pfu DNAP (Promega) according to 

the manufacturer's instructions, supplemented with 10 (v/v) % Dimethyl sulfoxide (DMSO), 0.4 

ng/µl gDNA (Pseudomonas PAO1 Self-Extracted (2.2.8) or Pseudomonas PA7 provided by Dr 

James Garnett as appropriate and the appropriate primer pair from Tables 2.1 and 2.2. The product 

was visualised by agarose gel electrophoresis (2.2.3) DNA fragments of the correct length were gel 

extracted (2.2.4). 5 µl of the insert was treated with 1 unit T4 DNAP in NEB Buffer 2 (NEB), 

10mM deoxycytidine triphosphate (dCTP), 2.5 mM DTT, 1 mg/ml Bovine Serum Albumin (BSA) 

and made up to 10 µl with ddH2O. The reaction was incubated at 22°C for 30 min and then the 

enzyme was denatured by incubation at 75°C for 20 min. 1 μg of pNIC vector was digested with 

BsaI-HF (NEB, UK) according to manufacturer's instructions. The digested vector was analysed by 

agarose gel electrophoresis (2.2.3) and then gel extracted (2.2.4) before treatment with T4 DNAP 

polymerase: 10 units T4 DNAP in NEB Buffer 2 (NEB), 10mM deoxyguanosine triphosphate 

(dGTP), 2.5 mM Dithiothreitol (DTT), 1 mg/ml Bovine Serum Albumin and made up to 100 µl 

with ddH2O. The vectors and inserts were mixed in 1:3 molar ratio and incubated for 1h at room 

temperature before transformation into DH5α (2.2.6). The transformed plasmids were then purified 

and sequenced (2.2.7). 

2.2.1.1.2 Using pET46-EK LIC Kit 

PCR was conducted using Q5 DNAP (NEB) according to the manufacturer's instructions, 

using 0.5 ng/µl Pseudomonas PA7 gDNA or pMMB190Ap:UK4fapA-F plasmid (UK4 genes) as 

appropriate using the appropriate primer pair from Table 2.3.  
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2.2.1.2 Cloning Using Restriction Enzymes 

PCR was conducted using Q5 DNAP (NEB) according to the manufacturer's instructions 

and using the appropriate primer pair Table 2.4 and the appropriate template, Pseudomonas PA7 

provided by Dr James Garnett, pMMB190Ap:UK4fapA-F for UK4 and pSHOM-1 for OmpA signal 

sequence. The product was visualised by agarose gel electrophoresis (2.2.3) DNA fragments of the 

correct length were gel extracted (2.2.4). The vector and inserts were treated with the appropriate 

restriction enzyme pair according to the manufacturer’s instructions (NEB), the mixtures were 

incubated at 37°C for 3 h, the products were then visualised by agarose gel electrophoresis (2.2.3) 

DNA fragments of the correct length were gel extracted (2.2.4). The vectors and inserts were then 

combined at a 1:4 molar ratio and treated with T4 DNA ligase (NEB) according to the 

manufacturer’s instructions.  The mixture was incubated for 1 h at room temperature before 

transformation into DH5a (2.2.6). The transformed plasmids were then purified and sequenced 

(2.2.7). 

Table 2.1: PCR Primers used for initial investigations into Alf in Pseudomonas PAO1. 
Annealing temperatures used for PCR are indicated. The LIC sequence is indicated in blue while 
the annealing sequence is indicated in black, stop and start codons are shown in lower case. These 
primers were used to produce pNIC-NTH, pNIC-GST and pNIC-TRX constructs which are vectors 
which provide an N-terminal poly-histidine tag (NTH), Glutathione S-transferase (GST) tag and 
thioredoxin (TRX) tag respectively. ΔSS indicates that the signal sequence has been removed. 
 

Construct Direction Sequence 5' to 3' Annealing 

FapA  RV TATCCACCTttaCTG tca TTG ACC CCC GAG C 54 

FapA ΔNT FW TACTTCCAATCC  atg GCG ACT CTC AAC CAA GGC 54 

FapB  RV TATCCACCTttaCTG tca TTC CAT GAC CCT GAC GCT 55 

FapB ΔNT FW TACTTCCAATCC atg GCT CTG GTT CAC CTG CAC CAC G 55 

FapC  RV TATCCACCTttaCTG tca GAA GCC AAG GCT CTC GC 55 

FapC ΔNT FW TACTTCCAATCC atg CTG GTT GCC GCC ACC GGC 55 

FapD RV TATCCACCTttaCTG tca GAA GAA ATC GCT CTG GAT G 53 

FapD FW TACTTCCAATCC atg CGC ACG CTC ATC CTT 53 

FapE  RV TATCCACCTttaCTG tca GTA GCC GCT GGG GCG 56 

FapE ΔNT FW TACTTCCAATCC atg GAG CAT CAC CTC GAG CGC CGC 56 

FapF RV TATCCACCTTTACTG tca GAA GTA GTA GGG GAA TTT C 55 

FapF ΔNT FW TACTTCCAATCC atg  GGG CAC GAT GCT GAA CCT GTT G 55 

FapF FL FW TACTTCCAATCC atg ACC CAG ACA CTC  55 
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Table 2.2: Table of PCR Primers for pNIC-NTH Pseudomonas PAO1 constructs. The LIC 
sequence is indicated in blue while the annealing sequence is indicated in black, stop and start 
codons are shown in lower case. The template used was the appropriate gene cloned into pNIC-
NTH using the primers in Table 2.1. These primers were used to produce pNIC-NTH constructs. 
Annealing temperature was 55 ̊ C for all primers. Bracketed numbers indicate specific amino acid 
residue the primer commences at it the native sequence. 
 
Primer Direction Sequence 
FapA (24) FW TACTTCCAATCC atg CTCCCCGCGCATGCGGC 

FapA (120) RV TATCCACCTttaCTG GACCGTCGCCGGGTTCGCC 

FapA (98) RV TATCCACCTttaCTG GCGAATCCCGGAACCGCTGG 

FapA (113) RV TATCCACCTttaCTG CTGGCTGGCGAAACCCGGC 

FapA (86) RV TATCCACCTttaCTG GGCATCGCCCAGTTCGCGG 

FapB (80) FW TACTTCCAATCC atg CAG CCG ATC GCA GCC AGC 

FapB (86) RV TATCCACCTttaCTG GGCGCTGGCTGCGATCG 

FapB (120) RV TATCCACCTttaCTG GCTGAGACTCAGCCGGAAGGC 

FapB (137) RV TATCCACCTttaCTG CAGCGCCACGCTTTGCGC 

FapB (100) RV TATCCACCTttaCTG GGC AGC GGC ATC CTC GGC 

FapB (100) FW TACTTCCAATCC atg GGCGTCAACCAGGGCGCCG 

FapC (268) RV TATCCACCTttaCTG GTCGCCCTTTTCCTTGAAGGCGAAC 

FapC (268) FW TACTTCCAATCC atg GACGTCGACCTGAAAGGCACGG 

FapC (149) FW TACTTCCAATCC atg CTG GGC GTG AAC GTC GCC G 

FapC (148) RV TATCCACCTttaCTG GTTGCCCGAGACGTTGTTGGCC 

FapC (320) RV TATCCACCTttaCTG GTTGCTCTGCTGGTTGCCGCC 

FapC (82) FW TACTTCCAATCC atg GTCGGGGTCAACGTCGCCGC 

FapC (77) RV TATCCACCTttaCTG ATCCTTGATCGAGCCGCTCACC 

FapC (106) FW TACTTCCAATCC atg CAG CTT CGT GTT CGG CAC CG 

FapC (171) RV TATCCACCTttaCTG GTTGGAGACGGCGGCGGCC 

FapC (191) FW TACTTCCAATCC atg GTC AAC AGC GCC AAC TAC GCC TAT 

FapC (300) RV TATCCACCTttaCTG CTGCAACGAGTTGCTCAGGCTG 

FapC (125) FW TACTTCCAATCC atg AAT ACG CTG AAC AAC TAC TCC AAC CCC 

FapE (90) RV TATCCACCTttaCTG GAGGACCGGGCGCGCCAG 

FapE (150) RV TATCCACCTttaCTG CGGCGCCTCGCCGTGG 

FapE (165) FW TACTTCCAATCC atg CTC AGC GGC GAG ACC GGC 

FapE (185) RV TATCCACCTttaCTG GATCGCCAGTTGCAGGGCGC 

FapF (130) FW TACTTCCAATCC atg CTCACCTACAGCCACTACGACACCC 

FapF (99) FW TACTTCCAATCC atg GAC GAT GGC GCG CCC GC 

FapD (23) FW TACTTCCAATCC atg TTTCCCGCCCTGCCCGGC 

FapD (46) FW TACTTCCAATCC atg GAC CTG GTC GAG CAG AAG ACC G 
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Table 2.3: PCR Primers for pET46 (All annealed at 50 C). The LIC sequence is indicated in blue 
while the annealing sequence is indicated in black, stop and start codons are shown in lower case. 
These primers were used to produce pET46-EK/LIC constructs for the Pseudomonas UK4 strain 
unless otherwise indicated. ΔSS indicates that the signal sequence has been removed, ΔR indicates 
the numbered amyloid repeat has been removed, NTD indicates the N-terminal domain, bracketed 
numbers indicate specific amino acid residue the primer commences at it the native sequence. PA7 
indicates that the gene was the Pseudomonas PA7 version of the gene. 
 
Primer Direction Sequence 
FapA ΔSS FW GAC GAC GAC AAG atg GAG GAC GGC ATC ATC GTG AC 

FapA RV GA GGA GAA GCC CGG tta tca TGG CTG GAC CCC CAT CAT C 

FapB ΔSS FW GAC GAC GAC AAG atg GAC AGC AAC AAT CAG GCC CTG 

FapB RV GA GGA GAA GCC CGG tta tta CTT GAT AGT TAC ACC GAG GGT G 

FapB ΔR1 FW GAC GAC GAC AAG atg GCC AGT GCG GCA ATC CAG 

FapB ΔR3 RV GA GGA GAA GCC CGG tta tag AGG GGG ATC GCG AGT C 

FapC ΔSS FW GAC GAC GAC AAG atg GGT CCT GCC GAA AAA TGG AAA CC 

FapC RV GA GGA GAA GCC CGG tta tca GAA CGC CAG TTT GCT GC 

FapC ΔR1 FW GAC GAC GAC AAG atg AAG GGC ACG CAA AAC AAC GC 

FapC ΔR2 RV GA GGA GAA GCC CGG tta TTT GCC GTC AGC CGT CAC 

FapD ΔSS FW GAC GAC GAC AAG atg GGG CAA ATG GCG ATT TCC GC 

FapD RV GA GGA GAA GCC CGG tta cta GAA GAA GTC GCT CTG GAT G 

FapD 58 FW GAC GAC GAC AAG atg AGC ATC CGC GAA CGC CG 

FapD CT 200 RV GA GGA GAA GCC CGG tta CAC GGC GAA GAC GAT GCC 

FapE ΔSS FW GAC GAC GAC AAG atg GCC TCG GCG TTC AAG CC 

FapE  RV GA GGA GAA GCC CGG tta tca ATA ACC GAG CG TGC GTA G 

FapF ΔSS FW GAC GAC GAC AAG atg GCG CCA GAC GTG GAT ATC G 

FapF RV GA GGA GAA GCC CGG tta tta GAA GTA GTACGGGAATTTCAGGC 

FapF (107) FW GAC GAC GAC AAG atg AAG GAT GAT TCG GAG CCG GC 

FapF (117) FW GAC GAC GAC AAG atg AGC AAC TTG TAC AAC GAA GCC AG 

FapF NTD RV GA GGA GAA GCC CGG tta CTT GAG CGA TTG CCC GTA GG 

FapD PA7 ΔSS FW GAC GAC GAC AAG atg ACG GTC GAC ACC AAG CCG 

FapD PA7 (44) FW GAC GAC GAC AAG atg TCC GTG CAG CTG GAA CCG 

FapD PA7 (57) FW GAC GAC GAC AAG atg AAC GTC ATC CGC CAG GCC 

FapD PA7 CT (243) RV GA GGA GAA GCC CGG tta ACC GCT GCC CAA CTC ACG G 

FapD PA7 RV GA GGA GAA GCC CGG tta CTA CTT GGT GCG CAG GTG TAT C 

FapF PA7 ΔSS FW GAC GAC GAC AAG atg GAG GAG GCC TCG GTC GAC C 

FapF PA7 (45) FW GAC GAC GAC AAG atg GAG GAG GCC TCG GTC GAC C 

FapF PA7 (56) FW GAC GAC GAC AAG atg AAG GCG CTG GAA GAG GTC TTC 

FapF PA7 (63) FW GAC GAC GAC AAG atg AAG AGC TAC ACC TTG CTG AAG AAG 

FapF PA7 RV GA GGA GAA GCC CGG tta tta CTG GGC CTT CAG CCC TTT G 
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Table 2.4: PCR Primers for Restriction Cloning. (All annealed at 50 ̊ C). The restriction sites are 
colour coded: green for NcoI, purple for SpeI, blue for HindIII, orange for BamHI; the his tag 
encoding sequence is coloured red and the G/C overhang residues to improve enzyme binding are 
shown in pink, while the annealing sequence is indicated in black capitals, stop and start codons are 
shown in lower case. ΔSS indicates that the signal sequence has been removed, ΔR indicates the 
numbered amyloid repeat has been removed, NTD indicates the N-terminal domain, bracketed 
numbers indicate specific amino acid residue the primer commences at it the native sequence. 
Primer Direction Sequence 
WJH_OmpA FW GG CC atg GCC atg AAA AAG ACA GCT ATC GCG ATT G 

WJH_OmpA_R1 RV ATG ATG ATG ATG ATG ATG ACT AGT GGC CTG CGC TAC GGT AGC 

WJH_OmpA_R2 RV CC GGTACC ATGATGATGATGATGATG ACTAGT GG 

FapA dSS FW GGCC GGTACC GAG GAC GGC ATC ATC GTG AC 

FapA RV CCGG AAGCTT tca TGG CTG GAC CCC CAT CAT C 

FapB ΔSS FW GGCC GGTACC GAC AGC AAC AAT CAG GCC CTG 

FapB RV CCGG AAGCTT tta CTT GAT AGT TAC ACC GAG GGT G 

FapB ΔR1 FW GGCC GGTACC GCC AGT GCG GCA ATC CAG 

FapB ΔR3 RV CCGG AAGCTT tta TAG AGG GGG ATC GCG AGT C 

FapC ΔSS FW GGCC GGTACC GGT CCT GCC GAA AAA TGG AAA CC 

FapC RV CCGG AAGCTT tca GAA CGC CAG TTT GCT GC 

FapC ΔR1 FW GGCC GGTACC AAG GGC ACG CAA AAC AAC GC 

FapC ΔR3 RV CCGG AAGCTT tta TTT GCC GTC AGC CGT CAC 

FapD ΔSS FW GGCC GGTACC GGG CAA ATG GCG ATT TCC GC 

FapD RV CCGG AAGCTT cta GAA GAA GTC GCT CTG GAT G 

FapE ΔSS FW GGCC GGTACC GCC TCG GCG TTC AAG CC 

FapE RV CCGG AAGCTT tca ATAACCGAGCGTGCGTAG 

FapF ΔSS FW GGCC GGTACC GCGCCAGACGTGGATATCG 

FapF RV CCGG AAGCTT tta GAAGTAGTACGGGAATTTCAGGC 

FapF (107) FW GGCC GGTACC AAG GAT GAT TCG GAG CCG GC 

FapF (117) FW GGCC GGTACC AAG GAT GAT TCG GAG CCG GC 

FapD PA7 ΔSS FW GGCC GGTACC ACG GTC GAC ACC AAG CCG 

FapD PA7 RV CCGG AAGCTT tta CTA CTT GGT GCG CAG GTG TAT C 

FapF PA7 ΔSS FW GGCC GGTACC GAG GAG GCC TCG GTC GAC C 

FapF PA7 RV CCGG AAGCTT tta tta CTG GGC CTT CAG CCC TTT G 
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2.2.2 Mutagenesis 

2.2.2.1 Quikchange Mutagenesis 

PCR was conducted using Pfu DNAP (Promega) according to the manufacturer's 

instructions using the appropriate plasmid and primer pairs from table 2.5. The PCR product was 

purified by PCR purification (2.2.5). 10 units DpnI were then added to the eluted PCR products and 

incubated at 37°C for 1 h. 1 μL of the mixture was then transformed into NEB5α (2.26). The 

transformed plasmids were then purified and sequenced (2.2.7). 

 

Table 2.5: Quikchange mutagenesis primers for pET46-Fap plasmids. Genes from UK4 unless 
otherwise indicated. Annealing step of PCR was conducted using touchdown PCR from 72 to 55 C 
and with the inclusion of 10 % DMSO in the Reaction. 
Primer Direction Sequence 
FapA M43- FW CAATGTGCAAGGCTTCTAAGTCGGCCGGCCTTCC 
FapA M43- RV GGAAGGCCGGCCGACTTAGAAGCCTTGCACATTG 
FapB M17- FW CTTGGCTGCTCAGCCGCCTAAGCCGACAGCAACAATCAG 
FapB M17- RV CTGATTGTTGCTGTCGGCTTAGGCGGCTGAGCAGCCAAG 
FapC M18- FW CTCTGGCTGCGCTCTAAGCTGTTGCTGCACAG 
FapC M18- RV CTGTGCAGCAACAGCTTAGAGCGCAGCCAGAG 
FapC C237A C240A FW CACCCTGGGCAGCGGCGCAACAGTAGCAGCAGCGGGCACTGGCAG 
FapC C237A C240A RV CTGCCAGTGCCCGCTGCTGCTACTGTTGCGCCGCTGCCCAGGGTG 
FapD M46- FW CAAATGGCGATTTCCGCCTAACCCGGCGGTGCGGTGATC 
FapD M46- RV GATCACCGCACCGCCGGGTTAGGCGGAAATCGCCATTTG 
FapD C76A FW GAAAACCGATTTCAGCGCAGGTGCTGCTGCCCTC 
FapD C76A RV GAGGGCAGCAGCACCTGCGCTGAAATCGGTTTTC 
FapE M60- FW GTTTCGGCATTGTCTAGAGTACCACCTGGAC 
FapE M60- RV GTCCAGGTGGTACTCTAGACAATGCCGAAAC 
FapE C241A FW GGGGGCCTTGAACGCCAATCTGGATCAAC 
FapE C241A RV GTTGATCCAGATTGGCGTTCAAGGCCCCC 
FapF Y23- FW GAGTCTGTTGTAGGCAGCGCCAGAC 
FapF Y23- RV GTCTGGCGCTGCCTACAACAGACTC 
FapF PQ213AA FW GCCAGTGGCGGAGACGCAGCGGCCACTTCAGAAGAG 
FapF PQ213AA RV CTCTTCTGAAGTGGCCGCTGCGTCTCCGCCACTGGC 
FapF EE218AA FW CCCAGGCCACTTCAGCAGCAAGCGTGAGCCGGGATC 
FapF EE218AA RV GATCCCGGCTCACGCTTGCTGCTGAAGTGGCCTGGG 
FapD PA7 C67A FW GGCCTACGACTACAGCGCAGGCTCGGCGGCCCTTAC 
FapD PA7 C67A RV GTAAGGGCCGCCGAGCCTGCGCTGTAGTCGTAGGCC 
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2.2.2.2 Q5 Mutagenesis 

Q5 mutagenesis was carried out using the Q5 mutagenesis kit (NEB) according to the 

manufacturer’s instructions using the primer pairs described in table 2.6. 

Table 2.6: Q5 mutagenesis primers for pET28csgH10-106 plasmid. Designed and used according 
to the manufacturer’s instructions (NEB). Capital letters indicate annealing sequence, lower case the 
sequence encoding the substitution(s). 
Primer Direction Sequence 
K32A FW AGGTAGCTATgcaCTGGCAGTTGATAAAG 
K32A RV GCACCATCACGAACTGCG 
R45S FW AGGCACCAGCagtATTAAACAGG 
R45S RV GCTGCACCGGCTTTATCA 
K47E FW CAGCCGTATTgaaCAGGCAGGCG 
K47E RV GTGCCTGCTGCACCGGCT 
D35S FW ACTGGCAGTTtctAAAGCCGGTG 
D35S RV TTATAGCTACCTGCACCATC 
K32A D35S FW agtttctAAAGCCGGTGCAGCAGGC 
K32A D35S RV gccagtgcATAGCTACCTGCACCATCACG 
E57K FW CGCAATTGCAaaaCAGCGTGTTA 
E57K RV GTAAATGCGCCTGCCTGTTTAATA 
D93A FW GTGTAATCTGgctCCGGAAACCG 
D93A RV TGAATGGTAACGCTACCAAAG 
E95K FW TCTGGATCCGaaaACCGTTAAATAAG 
E95K RV TTACACTGAATGGTAACGC 
R25E FW TACCGCAGTTgaaGATGGTGCAG 
R25E RV ATAACACCCTGCAGTGTAAC 
N64W FW TACCGTTGGTtggGTTGTTCTGGATTATAG 
N64W RV ACACGCTGTTCTGCAATTG 
E95K FW GTGTAATCTGaaaCCGGAAACCGTTAAATAA 
E95K RV TGAATGGTAACGCTACCAAAG 
F83A FW GGATGTTAGCgctGGTAGCGTTACC 
F83A RV AGACGTGCTGCATAACGA 
R45S K47E FW tgaaCAGGCAGGCGCATTTACCG 
R45S K47E RV atactGCTGGTGCCTGCTGCACC 

K32A D35S  
R45S K47E FW GTGATGGTGCAGGTAGCTATgcactggcagtttcaaaagccgg 

tgcagcaggcaccagctccattgatCAGGCAGGCGCATTTACC 

K32A D35S  
R45S K47E RV CACTACCACGTCCATCGATAcgtgaccgtcaaagttttcggcca 

cgtcgtccgtggtcgaggtaactaGTCCGTCCGCGTAAATGG 

R45K FW AGGCACCAGCaaaATTAAACAGGCAG 
R45K RV GCTGCACCGGCTTTATCA 
H14A FW TAGCGGTGGTgctGTTACACTGC 
H14A RV ACTGCTGCTTCAACTTCAC 
 

 

 

5 3  
 



 

2.2.3 Agarose Gel Electrophoresis 

Gels were composed of 1 % (w/v) agarose in Tris-acetate-EDTA (TAE) Buffer (40 mM 

Tris-acetate, 1 mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0), 0.05 µl/ml sybrsafe) were 

used to visualise DNA and separate it by molecular weight. Samples were loaded with 6 x loading 

buffer (40% (w/v) sucrose, 0.25% (w/v) bromophenol blue). The gels were run in TAE buffer at 120 

V. Size and concentration of DNA were estimated by running 2-Log (NEB), 1KB (NEB) and 100bp 

(NEB) ladders as appropriate. 

2.2.4 Gel Extraction 

DNA was extracted from agarose gels using GeneJet Gel Extraction Kit (Thermo Scientific) 

according to the manufacturer’s instructions. 

2.2.5 PCR Purification 

PCR products were purified using the GeneJet PCR Purification Kit (Thermo Scientific) 

according to the manufacturer’s instructions.  

2.2.6 Transformation 

The appropriate competent cells and plasmids were mixed and incubated on ice for 20 min. 

The cells were then heat shocked at 42°C for 1 min, incubated on ice for 10 min. The cells were 

mixed with LB and incubated for 1h at 37°C before plating on LB/M9 agar plates overnight at 

37°C. 

2.2.7 Plasmid Purification and Sequencing 

Plasmids were purified using GeneJet plasmid miniprep kit (Thermo Scientific) according to 

the manufacturer’s instructions and sequenced by Source Bioscience (UK) or GATC Biotech 

(Germany) using their T7 and pET-reverse primers. 

2.2.8 Genomic DNA Extraction 

gDNA was purified using Genomic DNA Purification Kit (Thermo Scientific) according to 

the manufacturer’s instructions. 

2.2.9 Making pLemo21 cell strain for expression. 

pLemo plasmid was extracted from the purchased pLemo21 strain (NEB) (2.2.7) and 

transformed into BL21 DE3 cells (NEB) (2.2.6). The cells were then made chemically competent 

for transformation (2.2.10) 
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2.2.10 Making Competent Cells 

 The selected strain of E. coli was streaked onto a LB-agar plate with no-antibiotic and 

grown overnight at 37 °C. A single colony was then picked from the plate and inoculated into 10 

mL LB media and incubated shaking overnight at 37 °C. The overnight culture was then used to 

inoculate 500 mL of LB at 1:100 dilution. The cells were then grown to an Optical Density at 600 

nm (OD600) of approximately 0.4 before pelleting by centrifugation 3000g 10 min 4 °C. The cell 

pellet was resuspended on ice into cold 0.1 M CaCl and incubated on ice for 30 min. The cells were 

then pelleted again at 3000g 10 min 4 °C and then resuspended on ice into cold 0.1 M CaCl 15 % 

Glycerol. The resuspended cells were then aliquoted in 100 µL volumes into 1.5 mL 

microcentrifuge tubes and flash frozen in liquid nitrogen to be thawed when needed for 

transformation. 
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2.3 Protein Expression and Purification 

2.3.1 Protein Expression Trials 

10 mL LB cultures were inoculated with the desired expression strain transformed with the 

appropriate plasmid and incubated overnight (~16h) at 37 °C. The OD600 of the overnight was 

measured and diluted to a standard OD600 of 0.05 into wells containing 5ml LB media with the 

appropriate antibiotic (and the appropriate concentration of Rhamnose if Lemo21) in a 24-deepwell 

block (GE healthcare). The cultures were incubated shaking at 37 °C until they reached OD600 ~0.5, 

the temperature was then reduced to the induction temperature and the cultures were induced with 

0.1-1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.6-0.8 and incubated 

overnight at the induction temperature. 1 mL samples were then taken and analysed using Bacterial 

Protein Extraction Reagent (Thermo Scientific) according to the manufacturer’s instructions to 

fractionate soluble and insoluble expression. The resulting samples were then analysed by Sodium 

dodecyl sulfate- Poylacrylamide Gel Electrophoresis (SDS-PAGE) (2.4.1). 

2.3.2 Large Scale Protein Expression 

2.3.2.1 Unlabelled Proteins 

10 mL LB cultures were inoculated with the desired expression strain transformed with the 

appropriate plasmid and incubated overnight (~16h) at 37 °C. These overnights were inoculated 

1:1000 into LB or TB media with the appropriate antibiotic.  The cultures were incubated shaking at 

37 °C until they reached OD600 0.6-0.8, they were then cooled to induction temperature and induced 

with 0.5-1 mM IPTG and incubated overnight at the induction temperature. 

2.3.2.2 Isotopically Labelled Proteins 

100 mL M9 cultures were inoculated with the desired expression strain transformed with the 

appropriate plasmid and incubated overnight (~16h) at 37 °C. . These overnights were inoculated 

1:100 into M9 media with the appropriate antibiotic and labelled components. The cultures were 

incubated shaking at 37 °C until they reached OD600 0.6-1.0, they were then cooled to induction 

temperature and induced with 0.5-1 mM IPTG and incubated overnight at the induction 

temperature. 

2.3.3 Standard Protein Purification 

Cells were pelleted at 4500x, 6 °C for 15 minutes, resuspended in resusupension buffer (300 

mM NaCl, 50 mM TrisHCl, pH 8), with phenylmethanesufonylfluoride (PMSF) or β-

mercaptoethanol as required, and the cells lysed by sonication at 70 % amplitude for 15 min. The 

lysate was pelleted at 15,000x, 4 °C for 1 h. The supernatant was then used for native purifications. 

While the pellet was dissolved in 8 M urea or 8 M guanadinium hydrochloride overnight for 

denaturing purifications and then clarified by spinning down at 15,000x 16 °C for 30 min. The 
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proteins of interest were then purified from these supernatants using Ni affinity chromatography 

2.3.7. 

2.3.4 Purification of FapF 

2.3.4.1 Denaturing Purification 

The protein was expressed using the standard method (2.3.2) with an induction temperature 

of 30 °C and an IPTG concentration of 1 mM. Cells were pelleted at 4500x, 6 °C for 15 minutes, 

resuspended in resusupension buffer (300 mM NaCl, 50 mM TrisHCl, 1 mM PMSF, pH 8) and 

lysed using a Constant Systems TS series cell disruptor (Constant Systems) at 25 kPsi. The lysate 

was pelleted at 15,000x, 4 °C for 1 h, the supernatant was then discarded and the pellet dissolved in 

8 M urea overnight and then clarified by spinning down at 15,000x 16 °C for 30 min.  The protein 

was then refolded by pulse refolding (2.3.8.1) into 5 % n-dodecyl-N,N-Dimethylamine-N-Oxide 

(LDAO), 300 mM NaCl, 20 mM TrisHCl pH 8, PMSF. The refolding mixture was then dialysed 

into 0.5% LDAO, 300 mM NaCl, 20 mM TrisHCl pH 8, PMSF overnight 8 °C. Refolded FapF was 

then purified out by gel filtration (2.3.9) using an HiLoad 16/600 superdex S200 column (GE 

Healthcare)  into 0.1 % LDAO, 300 mM NaCl, 20 mM TrisHCl pH 8. 

2.3.4.2 Membrane Purification 

10 mL LB cultures were inoculated with the Lemo21 cells transformed with the appropriate 

plasmid and incubated overnight (~16h) at 37 °C. These overnights were inoculated 1:1000 into 

autoinducing TB medium 100 μg/ml carbenicillin, 25 μg/ml chloramphenicol, 0.2 mM rhamnose. 

The cultures were incubated shaking at 37 °C for 4 hours before reducing temperature to 25 °C for 

incubation overnight. Cells were pelleted at 4500x, 6 °C for 15 minutes, resuspended in 300 mM 

NaCl, 50 mM TrisHCl, 1 mM PMSF, pH 8 1 mM PMSF 10 μg/ml DNase I. Cells were lysed using 

the Constant Systems TS series cell disruptor (Constant Systems) at 25 kPsi. The lysate was 

pelleted at 15,000x, 4 °C for 1 h, discard the pellet and transferred the supernatant to ultracentrifuge 

tubes, spin down at 41,000x 1 hour, discard supernatant, resuspened the pellet in  in 300 mM NaCl, 

50 mM TrisHCl 0.5 % (w/v) sarcosine. Incubate shaking for 1 hour 8 °C. Ultracentrifuge again 41k 

1.5 hours, discard s/n and resuspend pellet in 1% (w/v) detergent, 200 mM NaCl, 20 mM TrisHCl 

pH 8.0, incubate overnight, stirring 8 °C. Centrifuge 41k 25 °C 30 mins. The proteins of interest 

were then purified from these supernatants using Ni affinity chromatography 2.3.7 with the 

inclusion of the appropriate detergent at 2x critical micelle concentration (CMC). 
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2.3.5 Purification of CsgA 

The protein was expressed using the standard method (2.3.2) with an induction temperature 

of 37 °C, 3h incubation after induction and an IPTG concentration of 0.5 mM. Cultures were 

separated into 300 mL aliquots and cells pelleted at 4500x, 4 °C for 15 minutes, and flash frozen in 

liquid nitrogen. On the day CsgA was required the cells were thawed and resuspended in 300 mL 

Guanadinium HCl,  50mM KPO4 pH 7.8, 100 mM NaCl, sonicated and then 70% Amplitude 5 min 

before incubation shaking at room temperature for 30 min. The lysate was then clarified by 

centrifugation 15,000x 16 °C 30 min and sonicated again at 70% Amplitude 5 min. 500 uL TALON 

Metal Affinity Resin (Clontech) was then added to the supernatant and incubated shaking at room 

temperature for 1 h. Resin was pelleted at 500g 3 min 16 °C, supernatant was discarded and the 

resin transferred to a polypropelene column, the resin was washed in 3 mL of 8 M Guanadinium 

HCl 100 mM NaCl 50 mM KPO4, the column was then moved to 4 °C cold room and washed in 3 

mL 1.6 M Guanadinium HCl 100 mM NaCl 50 mM KPO4 pH 7.5  and then 3 mL 100 mM NaCl 50 

mM KPO4 pH 7.5  2 mM imidazole. The protein was then eluted 200 uL at a time in 2 mL 100 mM 

NaCl 50 mM KPO4 pH 7.5  500 mM imidazole. The elution was filtered through a 30 kDa 

Molecular Weight Cut-off (MWCO) concentrator (Generon) 4500x, 4 °C centrifugation. The flow-

through was then de-salted into 50 mM KPO4 pH 7.5 using a Hi-trap desalting column (GE 

Healthcare). The concentration of CsgA was measured by Absorbance at 280 nm using a nanodrop 

1000 spectrophotometer (Thermoscientific) before use in assays. 

2.3.6 Purification of CsgH 

Cells were pelleted at 4500x, 6 °C for 15 minutes, resuspended in resusupension buffer (300 

mM NaCl, 50 mM TrisHCl, 1 mM PMSF, pH 8). Cells were lysed either using the sonicator, with 

the addition before of 0.1 mg/ml Lysozyme at 70 % amplitude, 10 min (Unlabelled) or using the 

cell disruptor at 25 kPsi (Labelled) adding 0.1 mg/ml Lysozyme after lysis. Lysate was clarified by 

centrifugation 4500x 1h 4 °C and CsgH purified by Ni-affinity Purification (2.3.7). The elution was 

then further purified by gel filtration (2.3.9) using a HiLoad 16/600 superdex S75 pg column (GE 

Healthcare) using the desired buffer for further experiments. 

2.3.7 Ni-affinity Purification 

2mL Ni-NTA superflow resin (Qiagen) was equilibrated in 300 mM NaCl, 20 mM TrisHCl 

pH 8 the sample mixture containing the protein was applied to the column and allowed to pass 

through by gravity flow, the column was then washed with 20 mL 300 mM NaCl, 20 mM TrisHCl, 

5 mM Imidazole and then the protein eluted in 5 mL 300 mM NaCl, 20 mM TrisHCl pH 8, 500 mM 

imidazole. For denaturing purification all three buffers also contained either 8 M urea or 8 M 

guanadinium HCl. 
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2.3.8 Protein Refolding 

2.3.8.1 Pulse Refolding 

Protein samples for refolding were purified under denaturing conditions with either 8 M 

Urea or 8 M guanadinium HCl. The purified sample was dripped into a stirring solution of the 

chosen refolding buffer diluting the protein around 20 fold. The resulting solution was then 

concentrated on a Ni-IDA (Bio-Rad, USA) column and eluted in the desired buffer with the 

addition of 500 mM imidazole. The sample was then gel filtered (2.3.9) to remove aggregates.   

2.3.8.2 Matrix Assisted refolding 

Protein samples for refolding were purified under denaturing conditions with either 8 M 

Urea or 8 M guanadinium HCl, the purified sample was bound to a Ni-IDA column and then 

washed in 300 mM NaCl, 20 mM TrisHCl pH 8 with decreasing concentrations of denaturant in 10 

mL volumes: 8 M, 7 M, 6 M, 5 M, 4 M, 3 M, 2 M, 1 M, 0 M. The protein was then eluted with 300 

mM NaCl, 20 mM TrisHCl pH 8, 500 mM Imidazole. The sample was then gel filtered (2.3.9) to 

remove aggregates.   

2.3.8.3 Refolding by Dialysis 

Protein samples for refolding were purified under denaturing conditions with either 8 M 

Urea or 8 M guanadinium HCl, the purified sample was placed in dialysis tubing (Spectrum, USA) 

and then dialysed into 100 fold volume buffer 300 mM NaCl, 20 mM TrisHCl pH 8 with decreasing 

concentrations of denaturant: 8 M, 7 M, 6 M, 5 M, 4 M, 3 M, 2 M, 1 M, 0 M. The resulting solution 

was then concentrated on a Ni-IDA (Bio-RAD, USA) column and eluted in the desired buffer with 

the addition of 500 mM imidazole. The sample was then gel filtered (2.3.9) to remove aggregates.   

2.3.9 Gel Filtration 

Gel filtration was conducted on AKTA purifier, AKTA prime or AKTA pure gel filtration 

systems (GE Healthcare) using the appropriate size exclusion column for the protein size in 

accordance with the manufacturer’s instructions (GE Healthcare). The column was equilibrated in 

the appropriate buffer before use, the protein sample was then applied in around 1-4 mL volume 

and the flow rate was 0.5-1.5 mL/min depending on time constraints. 
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2.4 Analytical Techniques 

2.4.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein samples for analysis were mixed with 6x loading buffer (250 mM Tris-HCl pH 6.8, 

10% Sodium dodecyl sulfate (SDS), 0.05 (w/v) % bromophenol blue, 5 % (v/v) β-mercaptoethanol 

and 30 % (v/v) glycerol) to produce a 1x final concentration. The mixture was heated at 100 ºC for 5 

minutes and spun down before loading onto the gel. To allow MW to be estimated the gel was also 

loaded with Mark12™ Standard (Invitrogen, USA) or Protein Marker Broad Range (2-212 kDa) 

(NEB).Gels used were either self-cast and composed of stacking (4.5% polyacrylamide 

(Acrylamide:Bisacrylamide = 37.5:) 0.35 M bis-Tris HCl pH 6.7, 0.67% (w/v) ammonium 

persulphate (APS), 0.33% (v/v) Tetramethylethylenediamine (TEMED)) and a resolving gel (12% 

polyacrylamide ( Acrylamide:Bisacrylamide = 37.5:) 0.35 M bis-Tris HCl pH 6.7, 0.38% (w/v) 

APS, 0.1% (v/v) TEMED); or were pre-cast 10, 12 or 16 % RunBlue gels (Expedeon). The self-cast 

gels were run in MOPS buffer (250 mM MOPS, 250 mM Tris, 5 mM EDTA , 0.5% (w/v) SDS, pH 

6.5) at 150 V and the precast gels were run in accordance with the manufacturer’s instructions 

(Expedeon). To visualise the protein, gels were stained with InstantBlue (Expedeon). 

2.4.2 Western & Dot Blotting 

For western blotting SDS-Gels were blotted onto Polyvinylidene fluoride (PVDF) 

membrane (GE Healthcare, USA) in transfer buffer (Tris-glycine-SDS (TGS) (25 mM Tris, 192 

mM Glycine, 0.1 % (w/v) SDS, pH 8.6), 20% Methanol) at constant current of 400 mA for 1 hour in 

a BioRad Mini Trans-Blot Cell (BioRad, USA). For the dot blot 10 μL of sample was applied 

directly to the PVDF membrane and allowed to dry. For either method the membrane was then 

blocked with Phosphate Buffered Saline (PBS), 0.05 % (v/v) Tween20, 2 % (w/v) BSA) overnight, 

shaking at 4 °C, and then incubated with 1:1000 Anti-polyHistidine-Peroxidase labelled antibody in 

PBS, 0.05 % (v/v) Tween20 (Sigma, UK) for 1 h at room temperature excess antibody was removed 

by washing three times with PBS, 0.05 % (v/v) Tween20 10 min at room temperature. The 

membrane was then developed using ECL Western Blotting Reagents   (GE Healthcare, USA) and 

imaged on a LAS-3000 Fujiimager (Fujifilm, Japan). 

2.4.3 Limited Proteolysis 

FapF was digested in a mixture containing 1 mg/ml FapF, 100 µg/ml of protease in 0.1 % 

(w/v)  LDAO, 300 mM NaCl, 20 mM TrisHCl pH 8.0, samples were taken periodically as indicated 

and analysed by SDS-PAGE (2.4.1). 
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2.4.4 Size Exclusion Chromatography Multiple Anomalous Light Scattering (SEC-MALS) 

Size Exclusion Chromatography Multiple Anomalous Light Scattering (SEC-MALS) was 

conducted using 1260 infinity (Agilent Technology), S200 analytical column (GE Healthcare), 

MiniDawn TREOS (Wyatt Technology) and OptiLab T-rEX (Wyatt Technology) in various buffer 

conditions described in results. 

2.4.5 Amyloid Assays 

2.4.5.1 ThT Fibrillation Assay 

Freshly purified amyloid protein ~20 µM was combined with a stock solution of ThT (20 

µM final concentration) and a concentrated stock of any other additives being used to produce 100 

uL samples which were loaded on a 96 well clear bottomed plate for analysis of a spectromax 

spectrophotometer. The plate was incubated at 22 °C, with readings every 15 min with periodic 

shaking between readings. The emission was at 495 nm and the excitation was at 438 nm with a 

cut-off at 455 nm unless otherwise described. 

2.4.5.2 Congo Red Assay 

To observe amyloid formation in E. coli specialised YESCA agar plates (10 g/L casamino 

acids, 1 g/L yeast extract, and 20 g/L agar) were prepared with 50 μg/L Congo Red dye and varying 

concentrations of IPTG (0-1 mM). Cells were incubated over a few days at room temperature to 

allow time for cell growth and protein expression. 

2.4.6 Circular Dichroism (CD) 

The samples for analysis by Circular Dichroism were dialyzed into 20 mM phosphate buffer 

pH 8.0, 150mM NaF. The samples were then loaded into a quartz cuvette 100-QS with 1mm path 

length. The spectrum was obtained on Chirascan CD Spectrometer (Applied Photophysics) at 22°C, 

wavelengths 180 nm to 260 nm, with intervals 0.5 nm, 1 nm bandwidth and 1 sec time per point. 

2.4.7 Differential Scanning Fluorimetry (DSF) 

Protein samples to be analysed by Differential Scanning Fluorimetry (DSF) were prepared at 

2 μM in their specific buffer to be tested and then combined with SYPRO orange (Invitrogen) 

according to the manufacturer's instructions to make 40 μL samples. Samples were transferred into 

a 96 well plate and analysed using a Stratagene Mx3005P (Agilent Technologies) with Excitation 

492 nm and Emission 610 nm over a temperature range 25 °C to 95 °C. 
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2.5 Structural Techniques 

2.5.1 NMR 

2.5.1.1 NMR spectroscopy 

The majority of NMR experiments were performed on a sample containing 0.4 mM protein 

in 10 mM MES (pH 6.5), 150 mM NaCl and 10% D2O, while the 13C Nuclear Overhauser Effect 

Spectroscopy Heteronuclear Single Quantum Coherence (NOESY-HSQC) and H-H Nuclear 

Overhauser Effect Spectroscopy (NOESY) were carried out in 100 % D2O. All NMR spectra were 

acquired at 292 K on Bruker Avance-III HD 950, Avance-II 800 and Avance-III 600 spectrometers. 

Triple resonance HNCACB, CBCA, HNCO and HN(CA)CO spectra were used together with a 1H-
15N HSQC spectrum to obtain the backbone assignments. Side chain chemical shift assignments 

were obtained using HBHA(CO)NH, CC(CO)NH and HCCH Total Correlation Spectroscopy 

(HCCH-TOCSY), 1H-13C HSQC and H-H NOESY spectra. Structural distance constraints were 

obtained from 15N NOESY-HSQC, 13C NOESY-HSQC and H-H NOESY spectra (each with a 

mixing time of 100 ms). Spectra were processed using NMRPipe [143].  

2.5.1.2 Structure calculation 

Spectra were analysed and chemical shifts were assigned using CcpNmr 2.4.0 [144], MARS 

1.1 [145] and a modified version of NMRview 5.2.2 [146].  Dihedral angles were obtained from the 

chemical shift assignments using TALOS + [147], the resulting predictions were used for the 

structure calculation. NOE peaks were picked manually in CcpNmr 2.4.0 without any manual 

assignments. Automatic NOE assignment and structure calculation was carried out using ARIA 2.3 

[148]/CNS 1.1 [149] software packages. An additional constraint was included to direct the 

formation of a disulphide bond between Cys4 and Cys90 in the protein structure. 300 structures 

were calculated in the final iteration and the 30 best structures were refined in water from which the 

20 lowest-energy structures were selected and then validated using the MolProbity structure-

validation web service [150, 151]. The coordinates of CsgH have been deposited to the Protein Data 

Bank (www.rcsb.org) under PDB-ID accession number [2N59]. 

2.5.1.3 Calculating changes in chemical shift 

The co-ordinates of the peaks in the two spectra being compared were recorded and the 

difference in Nitrogen chemical shift (δN) and proton chemical shifts (δH) extracted for each 

residue assigned in both spectra. The overall displacement of the peak (D) was calculated using 

Equation 2.1. Note that the difference in Nitrogen is weighted 0.14 relative to the proton, this has 

been suggested to be an appropriate general weighting to compensate for the difference in chemical 

shift range between the different nuclei [153].   

Equation 2.1 

𝐷𝐷 =  �δH2 + 0.14δN2 
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2.5.2 X-ray Crystallography 

2.5.2.1 Crystal Screens  

2.5.2.1.1 Initial Screens 

Crystal trays were laid in sparse matrix screens (Imperial College Screens ICL1-14) using a 

Mosquito Nanodrop crystallisation robot (TTP LabTech, UK) under conditions indicated in the 

results. Crystal trays were incubated at 20 or 4 °C as indicated. 

2.5.2.1.2 Optimisation Screens 

Crystal conditions from the initial screens were then used to design optimisation screens 

which were set up manually in 48 well MRC Maxi Plates (Molecular Dimensions) as indicated in 

the results. 

2.5.2.1.3 Lipdic Cubic Phase (LCP) 

Lipidic Cubic Phase (LCP) samples were prepared using 60 % (w/w) Monoolein using the 

method described by Caffrey & Cherezov 2009 [154] and were laid in sparse matrix screens 

(Imperial College Screens ICL6  & ICL9) using a Mosquito Nanodrop crystallisation robot (TTP 

LabTech, UK) and incubated at 20 °C. 

2.5.2.1.4 Bicelles 

Bicelles were prepared from 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) 

(Affymetrix) and 3-([3-Cholamidopropyl]dimethylammonio)-2-hydroxyl-1-propanesulfonate 

(CHAPSO) (Affymetrix) at a 2.8:1 molar ratio to produce a 40 % (w/v) bicelle solution. To combine 

with detergent-solubilised FapF, the bicelle mixture was then added to the protein solution to 

produce an 8 % (w/v) bicelle, 0.05 % (w/v) LDAO solution. 
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3) Results 

3.1 Bioinformatics Pseudomonas aeruginosa (PAO1) Alf 

Little was known about the structure or function of most of the components of the Alf 

system, to help guide construct design and experimental approaches the sequences of the genes 

were used in a range of bioinformatics programs: Phyre2 [155], I-TASSER V4.3 [156], The 

PSIPRED Protein Sequence Analysis Workbench [157], BLAST [110], SignalP [158] and PRED-

TMBB [159]; the results are summarised in this section. 

3.1.1 FapA 

FapA is predicted to be an unstructured protein with ~60 % of the protein predicted to be 

disordered by Phyre2 (secondary structure predictions are ~65 % accurate for proteins with limited 

homologs [155]), with no significant homologs of known function, limited secondary structure 

elements and a signal sequence from residues 1-28 (Figure 3.1). A construct was designed with the 

signal sequence removed and replaced with an NTH-tag for expression to the cytoplasm and to ease 

purification. 

 

Figure 3.1: Summary of Bioinformatics results for FapA. a, Diagram illustrating PSIPRED 
[126] predicted secondary structure of FapA with helices indicated with a cylinder, B-strands as 
arrows and disordered regions as lines.b, Chart illustrating likelihood that the residues are in a 
disordered region of the protein generated using DISOPRED [160]. The likelihood that the residue 
is disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange.  
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3.1.2 FapB 

FapB is predicted to be an unstructured protein with ~66 % of the protein predicted to be 

disordered by Phyre2 (secondary structure predictions are ~65 % accurate for proteins with limited 

homologs [155]), with no significant homologs, few secondary structure elements and a signal 

sequence from residues 1-20 (Figure 3.2). Three amyloid repeats, could be identified by manual 

inspection based on the characteristic motif X15- G – X4 – N – X3 – G – X6 – N- X7 (23-61, 82-120, 

150-188). A construct was designed with the signal sequence removed and replaced with an NTH-

tag for expression to the cytoplasm and to ease purification. 

 

Figure 3.2: Summary of Bioinformatics results for FapB. a, Diagram illustrating PSIPRED 
[126] predicted secondary structure of FapB with helices indicated with a cylinder, β-strands as 
arrows and disordered regions as lines. b, Chart illustrating likelihood that the residues are in a 
disordered region of the protein generated using DISOPRED [160]. The likelihood that the residue 
is disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange. 
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3.1.3 FapC 

FapC is predicted to be a very unstructured protein with ~81 % of the protein predicted to be 

disordered by Phyre2 (secondary structure predictions are ~65 % accurate for proteins with limited 

homologs [155]), with no significant homologs, no major structural elements and a signal sequence 

from residues 1-29 (Figure 3.3). Three amyloid repeats could be identified by manual inspection 

based on the characteristic motif X15-G-X4-N-X3-G-X6-N-X7 (67-103, 134-170, 291-327) (Figure 

3.3C). A simple construct was designed with the signal sequence removed and replaced with an 

NTH-tag for expression to the cytoplasm and to ease purification 

 
Figure 3.3: Summary of Bioinformatics results for FapC. a, Diagram illustrating PSIPRED 
[126] predicted secondary structure of FapC with helices indicated with a cylinder, β-strands as 
arrows and disordered regions as lines. b, Chart illustrating likelihood that the residues are in a 
disordered region of the protein generated using DISOPRED [160]. The likelihood that the residue 
is disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange. 
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3.1.4 FapD 

FapD is predicted to be a member of the C39-like peptidase family with homology to many 

members including the peptidase subdomain of the Streptococcus protein ComA (Figure 3.4C). 

Structural predictions indicate that FapD is a structured protein with a compact structured core 

flanked by a disordered N-terminus and a shorter but possibly also disordered C-terminus (Figure 

3.4). 

  
Figure 3.4: Bioinformatics results for FapD. a, Diagram illustrating PSIPRED [126] predicted 
secondary structure of FapD with helices indicated with a cylinder, β-strands as arrows and 
disordered regions as lines. b, Chart illustrating likelihood that the residues are in a disordered 
region of the protein generated using DISOPRED [160]. The likelihood that the residue is 
disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange. c, 
Table of Selected FapD Homologs with features of interest based on Phyre2 results [155] and 
manual inspection d, Chart of Dompred [161] results for FapD where the aligned sequences are 
used to produce a plot of the density of aligned termini (Blue), this indicates that there is a 
conserved core domain to the protein from residues 55 to 160 
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Both Phyre2 and I-TASSER produced predicted structures with Phyre2 producing a model 

with 72 % of residues modelled at >90 % accuracy (Figure 3.5A), and I-TASSER producing a 

model with a C-score of -1.09 (Figure 3.5B). The core domain of FapD predicted by Phyre2 aligns 

well with the core domain of the I-TASSER model (Figure 3.5C), suggesting that this prediction is 

reliable. Both prediction servers suggest that the N-terminus of FapD is unstructured while the C-

terminus appears to contain some secondary structure but may be extended or partially disordered. 

The suggested extended C-terminal helix in the I-TASSER model is interesting as it could 

conceivably be capable of forming extensive contacts with interaction partners with other 

components of the Alf system. FapD is predicted to be a cysteine peptidase from the C39-like 

peptidase family, these proteins contain an active site tetrad of proximal Glutamine, Cysteine, 

Histidine and Glutamate/Aspartate, with Cysteine and Histidine comprising the catalytic residues, 

these can be observed to be conserved in FapD (Q50, C56, H140, D156) and are positioned close 

together in the predicted structure (Figure 3.5D). Both I-TASSER and Phyre2 predict that C56 and 

H140 are the active residues in the protein. The protein is predicted by SignalP [158] to contain a 

signal peptide (Residues 1-19). The secondary structure prediction (Figure 3.4A) supports the 

suggestion that FapD has disordered regions at the N-terminus and C-terminus although the 

boundaries of the secondary structure suggest a larger central domain perhaps residues 30-185.  

 
Figure 3.5: Further Bioinformatics Predictions for FapD. a, Cartoon model structure of FapD 
generated by Phyre2 [155] coloured blue to red from N-terminus to C-terminus.  b, Cartoon model 
structure of FapD generated by I-TASSER [156] coloured blue to red from N-terminus to C-
terminus. c, Overlay of FapD model of conserved core domain based on PDB structure 4RY2 [162] 
(Blue) and I-TASSER model structure (Red). d, Cartoon diagram of FapD structure predicted by 
Phyre2 [155] illustrating the predicted catalytic site residues in dark red sticks.   
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For initial work a simple construct was designed with the signal sequence removed and 

replaced with an NTH-tag for expression to the cytoplasm and to ease purification; additional 

constructs were designed with truncations to the N-terminus FapD23-226 and FapD46-226. The C-

terminus of FapD in these constructs was not truncated because although PSIPRED suggests the 

region to be largely random coil (Figure 3.5A), DISOPRED does not confidently predict the region 

to be disordered (Figure 3.4B). The I-TASSER model also suggests a long helix or pair of helices 

suggesting some structure to the C-terminus (Figure 3.5B). 

3.1.5 FapE 

FapE is predicted to be an unstructured protein with ~64 % of the protein predicted to be 

disordered by Phyre2 (secondary structure predictions are ~65 % accurate for proteins with limited 

homologs [155]), with no significant homologs, limited secondary structure elements and a signal 

sequence from residues 1-28 (Figure 3.6). A construct was designed with the signal sequence 

removed and replaced with an NTH-tag for expression to the cytoplasm and to ease purification. 

 

Figure 3.6: Summary of Bioinformatics results for FapE. a, Diagram illustrating PSIPRED 
[126] predicted secondary structure of FapE with helices indicated with a cylinder, β-strands as 
arrows and disordered regions as lines. b, Chart illustrating likelihood that the residues are in a 
disordered region of the protein generated using DISOPRED [160]. The likelihood that the residue 
is disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange. 
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3.1.6 FapF 

FapF is predicted to be a β-barrel membrane protein, with homology to many members of 

the FadL family of B-barrels involved in fatty acid transport (FadL, TodX, TbuX) (Figure 3.7D). 

Structural predictions indicate that FapF is a structure protein with a large C-terminal domain, likely 

to be the β-barrel, and an extended, largely disordered N-terminal region but which contains a long 

helix near the N-terminus after the predicted signal sequence (SignalP) is removed (Figure 3.7). 

 
Figure 3.7: Bioinformatics results for FapF. a, Diagram illustrating PSIPRED [126] predicted 
secondary structure of FapF with helices indicated with a cylinder, B-strands as arrows and 
disordered regions as lines. b, Chart illustrating likelihood that the residues are in a disordered 
region of the protein generated using DISOPRED [160]. The likelihood that the residue is 
disordered is shown in blue, probability of a disordered region being involved in protein binding 
based on evolutionary sequence conservation and amino acid composition is shown in orange. c, 
Chart of Dompred [161] results for FapF where the aligned sequences are used to produce a plot of 
the density of aligned termini (Blue), this indicates that there is a conserved core domain to the 
protein from residues 80 to 350 d, Table of Selected FapF Homologs with features of interest based 
on Phyre2 results [155] and manual inspection 
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Both Phyre2 and I-TASSER produced predicted structures with Phyre2 producing a model 

with 82 % of residues modelled at >90 % accuracy (Figure 3.8A), and I-TASSER producing a 

model with a C-score of -1.36 (Figure 3.8D). Alignment of the two model structures (Figure 3.8E) 

shows that the predictions for the β-barrel domain are consistent while the loops and N-terminal 

domain are not, consistent with the lack of conservation, structure and homology in these regions. 

 
Figure 3.8: Further Bioinformatics results for FapF.  a, Cartoon model structure of FapF 
generated by Phyre2 [155] coloured by secondary structure with loops in green, strands in red and 
helices in blue.b, Cartoon model structure of FapF generated by Phyre2 with transmembrane 
strands predicted by PRED-TMBB [159] coloured in red. c, Cartoon model structure of FapF 
generated by Phyre2 coloured by according the PSIPRED [126] secondary structure prediction with 
loops in green, strands in red and helices in blue. d, Cartoon model structure of FapF generated by 
I-TASSER [156] coloured by secondary structure with loops in green, strands in red and helices in 
blue. e, Overlay of FapF model generageted by Phyre2 (Blue) and I-TASSER model structure (Red) 
f, Cartoon model structure of FapF generated by I-TASSER with transmembrane strands predicted 
by PRED-TMBB [159] coloured in red 
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Comparison of the structural predictions for the β-barrel from different sources indicates 

that predictions of the transmembrane strands and the core domain of FapF are inconsistent (Figure 

3.8). The homology based structure produce by Phyre2 [155] (Figure 3.8A) contains several strands 

which are predicted to be disordered or loops regions by PRED-TMBB (Figure 3.8B) and 

PSIPRED (Figure 3.8C); this inconsistency is also present in the I-TASSER predicted structure 

(Figure 3.8F).Conversely PRED-TMBB also predicts some sequences to be transmembrane strands 

which are not modelled as such by Phyre2 or I-TASSER. In general the structure predictions for 

FapF suggested a β-barrel with between 12 and 14 strands and containing a large disordered N-

terminal domain. The domain prediction for FapF does indicate that there is a core domain starting 

somewhere around residue 80 but the C-terminal boundary is unclear, probably because the barrel 

domain is consistently predicted to extend to the end of the protein.  

A construct was designed with the signal sequence removed and replaced with an NTH-tag, 

without the signal sequence FapF should not be transported into the periplasm and so we would not 

expect it to be integrated into the outer membrane. The resulting protein expression will be expected 

to be in inclusion bodies but it should be possible to refold the protein as B-barrels have proven 

amenable to refolding protocols [163]. A full length construct was also designed retaining the native 

N-terminal signal sequence which together with the use of a CTH tag may allow expression to the 

membrane. 
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3.1.7 Summary of Bioinformatics Results 

Bioinformatics predictions are heavily reliant on homology to proteins of known structure or 

function, as a result proteins with no strong genetic relationships such as FapA, FapB, FapC and 

FapE predictions are limited to more basic analysis such as secondary structure, signal peptides and 

disorder predictions. These proteins were predicted to be highly disordered proteins with limited 

structural features, they were all predicted to be transported into the periplasm via the SEC 

machinery due to the presence of the characteristic signal peptide. Construct design of these 

proteins was aimed at simply producing the full length protein with the signal sequence removed 

and a hexahistidine-tag replacing it to allow purification from the cytoplasm. No functions could be 

reliably predicted for any of these proteins, however it is known that FapC and FapB are amyloid 

proteins [92] and the repeats could be identified by manual inspection, and additional constructs 

were therefore designed with particular repeats deleted. 

For proteins with clear relationships to proteins of known structure and function more 

meaningful information can be obtained from bioinformatics, this was the case for FapD and FapF. 

FapD was predicted to be a structured protein from the C39-like peptidase family as reported by 

Dueholm et al., [92], these proteins are found in both proteolytically active and inactive forms, 

FapD is predicted to be active based on the presence of the catalytic tetrad. Domain, disorder and 

structural predictions all suggest that FapD has disordered regions in the C-terminus and N-

terminus. Caution must be exercised when using the bioinformatics to design truncations without 

experimental evidence so a conservative, full length, construct was initially designed with the signal 

peptide replaced with a hexahistidine tag, later some additional constructs were produced with 

truncations to the disordered regions and with a point mutations targeted at the active cysteine 

residue. FapF is predicted to be a β-barrel protein as reported by Dueholm et al., [92]. Predictions 

suggest the possibility of an N-terminal disordered region which may be a plug domain, the exact 

pattern of β-strands in the β-barrel are not consistently predicted by the four software packages (I-

TASSER, PSIPRED, TMBB-PRED and Phyre2), although the overall size and boundaries of the β-

barrel domain are reasonably consistent. The signal peptide was removed and replaced with a 

hexahistidine tag, the consequence of which would be insoluble expression requiring refolding as 

the protein would be unable to integrate with the outer membrane, this decision was taken in the 

knowledge that β-barrels have been successfully refolded at high yields [163]. If refolding is 

unsuccessful a CTH construct retaining the signal sequence could be used for extraction of FapF 

from the membrane. The disorder predictions were incorporated with experimental data later during 

construct optimisation to produce truncated constructs. 
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3.2 Expression and Characterisation of Pseudomonas Alf 

3.2.1 Expression Trials 

Initially pNIC-NTH constructs of the individual Alf components with their signal sequences 

removed and replaced with NTH-tags were designed, cloned, transformed into BL21 and tested for 

soluble and insoluble expression over a range of temperatures. pNIC-NTH-FapB19-189 showed both 

soluble and insoluble expression of protein at a range of temperatures, the highest levels of soluble 

expression were seen with 3 hour incubations at 30 or 37 ̊ C, while the highest levels of insoluble 

(and overall) expression were seen at 30 or 37 ̊ C overnight (Figure 3.9). Interestingly the FapB in 

the soluble fraction showed different migration properties to that in the insoluble, migrating more 

slowly on the gel, indicating either a difference in size or some difference in SDS-binding or 

denaturation (Figure 3.9).  The other proteins only expressed in the insoluble fractions (Figure 

3.10, 3.11) except for perhaps a small amount of soluble expression of FapC (Figure 3.10). 

 
Figure 3.9 FapB Expression Trials. SDS-PAGE gels of FapB expression following induction at 
22, 30 and 37 degrees after 2 hour (2h), 3 hour (3h) and overnight (o/n) incubation compared to 
uninduced (U) sample incubated at 30 degrees for 2 hours. The samples were fractionated into 
soluble (Sol) and insoluble (Ins) fractions. Relevant bands in the molecular weight ladder (MW) are 
indicated with their weight and the FapB bands are indicated with a blue arrow for the size of the 
insoluble bands (clearly visible) and with individual yellow arrows indicating the soluble FapB 
bands which are seen at a slightly different MW.  
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Figure 3.10 Expression Trials of FapC, FapD and FapE. a, FapC, b, FapD and c, FapE, showing 
protein expression over a range of indicated temperatures and incubation times. The samples were 
fractionated into soluble (Sol) and insoluble (Ins) fractions. Notably all the proteins expressed well 
insolubly as indicated with the blue arrow. FapC also showed some limited soluble expression, 
indicated with the yellow arrows. Notably, the final two lanes of the right FapE gel have merged 
due to a well defect. Molecular weight of relevant markers are indicated for each gel. 
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Figure 3.11 Expression Trials of FapF and FapA. Showing protein expression over a range of 
indicated temperatures and incubation times. The samples were fractionated into soluble (Sol) and 
insoluble (Ins) fractions. a, FapF expression trial, FapF shows strong expression in the insoluble 
fraction at all temperatures as indicated with the blue arrows. b, FapA expression trial, the FapA 
expression trial is less conclusive, since there appears to also be some expression in the uninduced 
sample (bands of correct molecular weight indicated with blue arrow). FapA expression was not 
tested at 37◦C and the uninduced sample was whole cell lysate rather than fractionated. 
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3.2.2 Purification of FapB samples 

Since some soluble FapB could be expressed the protein was purified using Ni-Immobilised 

Metal Affinity Chromatography (IMAC) under both native and denaturing conditions, both of 

which produced similar samples of FapB as visualised on an SDS-PAGE gel (Figure 3.12), unlike 

the FapB bands in the whole cell lysate (Figure 3.9). 1D NMR of the natively purified FapB 

indicated the protein was largely unstructured in solution (Figure 3.13). 

 
Figure 3.12 Purification of FapB under Native and Denaturing Conditions. SDS-PAGE gel of 
FapB purified under both Native and Denaturing (8 M Urea) conditions. Using the same culture of 
cells the protein was fractionated following lysis into Supernatant (S/N) and Pellet (Pel) fractions by 
centrifugation, these were used in native and denaturing purifications respectively and purified by 
Ni-IMAC. The fractions shown are the initial flow-through (FT), the wash fraction (W) and the 
final elution (E). Both elution fractions are enriched for FapB but the denaturing elution fraction did 
have greater purity than the native. The supernatant and flow through of the native purification had 
much greater concentrations of protein causing the overloading seen on the gel in these lanes. 
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Figure 3.13 1D 1H NMR of FapB purified under native conditions. The 1D spectra of FapB 
(300 mM NaCl, 20 mM TrisHCl pH 8), indicates that the protein is unfolded due to the poor 
dispersion of the amide proton peaks and the absence of ring shifted methyl proton peaks. The 
relevant regions have been labelled and indicated with arrows. 
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3.2.3 Denaturing Purification of Alf Components 

Since all the proteins expressed largely in the insoluble fraction they were purified under 

denaturing conditions (8M urea) by Ni-IMAC, this produced protein samples were which were 

relatively pure and contained proteins of the expected molecular weight (Figure 3.14). These 

samples could be used for various experiments and attempts were made to refold the proteins 

(3.2.4). 

 

 

Figure 3.14: Samples of Alf components purified under denaturing conditions. Gels of elution 
fractions of Alf components with relevant molecular weight markers labelled with their size and 
with the protein of interest indicated with an arrow. Samples are reasonably pure with the protein of 
interest constituting the majority of the sample except for FapD where yields were lower. 
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3.2.4 Refolding PAO1 NTH Constructs 

Various refolding methods were attempted with the purified Alf proteins, including pulse 

refolding, dialysis and matrix assisted refolding. Evidence of limited refolding could be observed 

for FapA, FapB and FapE as soluble protein could be produced by matrix assisted refolding (Figure 

3.15), but was not as effective by dialysis or pulse refolding (data not shown). FapD PAO1 could 

not be successfully refolded, possibly due to degradation of the tag (Figure 3.15). These proteins 

were generally unstable however, precipitating or aggregating within hours or days of purification 

CD and NMR conducted on these samples shortly after purification indicated that although the 

proteins may have some degree of structure they were largely unfolded Figure 3.16, Figure, 3.17, 

Figure 3.18). FapF could be refolded by pulse refolding (3.4.1). 

 

Figure 3.15: Matrix Assisted Refolding of Alf Components. a, FapA, b, FapB, c, FapD, e, FapE. 
SDS-PAGE gels showing the fractions collected during matrix assisted refolding of several Alf 
component proteins, E is the elution from a denaturing purification of the protein of interest after 
dialysis to remove the imidazole, FT is the flow through of the Ni column after application of the 
previous elution, 7M-1M are wash fractions of 7-1 M urea respectively while R is the final eluted 
fraction without any urea. The relevant MW of the protein of interest is indicated with a blue arrow. 
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3.2.5 CD and NMR of Alf Components 

3.2.5.1 FapA 

Refolded FapA was transferred into CD buffer by serial dilution and a CD spectra was 

collected. The accurate data collection was limited to a range from 200-250 nm (Figure 3.16A), 

secondary structure was estimated from the CD data using the BeStSel webserver [174].  The 

secondary structure based on the CD data was largely unstructured (~59 %) with some β-strand and 

α-helical structure (Figure 3.16B). Comparable results were obtained with the K2D webserver 

[214] which predicted the protein to be ~46 % disordered although it only used the data range from 

200-240 nm. These results support the suggestion that FapA is an intrinsically unstructured protein. 

1D 1H NMR was also used to study the structure of FapA and indicated that the protein was 

unfolded with poor peak dispersion and no ring-shifted methyl peaks (Figure 3.16C). 

 
Figure 3.16: Structural studies of FapA. a, CD Spectra of FapA, 200 nm to 250 nm. b, Pie Chart 
showing the percentage of basic secondary structure elements (β-strand,α-helical and disordered) as 
estimated from the CD Spectra using BeStSel [174]. c, 1D 1H NMR spectra of FapA (300 mM 
NaCl, 20 mM TrisHCl pH 8), poor amide proton peak dispersion and the absence of ring shifted 
methyl protein peaks suggests that the protein is unfolded. 
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3.2.5.2 FapB 

Refolded FapB was transferred into CD buffer by serial dilution and a CD spectra was 

collected. The accurate data collection was limited to a range from 190-250 nm (Figure 3.17A) and 

this was used to predict the secondary structure using the BeStSel webserver [174].  The secondary 

structure based on the CD data was largely unstructured (~58 %) with some β-strand (22 %) and α-

helical structure (20 %) (Figure 3.17B). Comparable results were obtained with the K2D webserver 

[214] which predicted the protein to be ~70 % disordered although it only used the data range from 

190-240 nm. These results support the suggestion that FapB is an intrinsically unstructured protein 

in solution. 1D 1H NMR was also used to study the structure of FapB and indicated that the protein 

was unfolded with poor amide proton peak dispersion and no ring-shifted methyl proton peaks 

(Figure 3.17C). 

 
Figure 3.17: Structural studies of FapB. a, CD Spectra of FapB, 190 nm to 250 nm. b, Pie Chart 
showing the percentage of basic secondary structure elements (β-strand,α-helical and disordered) as 
estimated from the CD Spectra using BeStSel [174]. c, 1D 1H NMR spectra of FapB, poor amide 
protein peak dispersion and the absence of ring shifted methyl proton peaks suggests that the 
protein is unfolded. 
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3.2.5.3 FapE 

Refolded FapE was transferred into CD buffer by serial dilution and a CD spectra was 

collected. The concentration of FapE was lower than FapB and FapA resulting in a much lower 

signal for the CD experiment, accurate data collection was still limited to a range from 190-250 nm 

(Figure 3.18A) and this was used to predict the secondary structure using the BeStSel webserver 

[174]. The signal in CD was very low and so the results are less reliable however the secondary 

structure from the available data indicated the protein was largely unstructured (~66 %) with some 

β-strand (34 %) and α-helical structure (0.5 %) (Figure 3.18B).  Comparable results were obtained 

with the K2D webserver [214] which predicted the protein to be ~50 % disordered although it only 

used the data range from 190-240 nm. These results support the suggestion that FapE is an 

intrinsically unstructured protein. 1D 1H NMR was also used, however no protein peaks were 

observed structured or unstructured (Data Not Shown), either because the concentration was too 

low or the protein as aggregated for the signal to be detected. 

 

Figure 3.18: Structural studies of FapE. a, CD Spectra of FapE, 190 nm to 250 nm. b, Pie Chart 
showing the percentage of basic secondary structure elements (β-strand,α-helical and disordered) as 
estimated from the CD Spectra using BeStSel [174]. 
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3.2.5.4 FapF 

Refolded FapF was transferred into CD buffer, containing 0.05 % (v/v) LDAO by serial 

dilution and a CD spectra was collected, accurate data collection was still limited to a range from 

190-250 nm (Figure 3.19A) and this was used to predict the secondary structure using the BeStSel 

webserver [174]. The secondary structure based on the CD data was largely structured with β-strand 

(40 %), α-helical structure (22 %) and disordered regions (38%) (Figure 3.19B), this supports the 

suggestion that FapF is a structured protein which may contain a largely disordered domain. 

Interestingly the K2D2 [214] prediction for FapF produced significantly different results with a 

prediction that the protein was ~84 % α-helical with only 0.6 % of the protein predicted to form β-

strands. 1D 1H NMR was also used to study the structure of FapF, although the relaxation 

properties of a large protein in a micelle caused line broadening the data still indicates that the 

protein is folded as evidenced by ring-shifted methyl peaks (Figure 3.19C). 

 
Figure 3.19: Structural studies of FapF. a, CD Spectra of FapF, 190 nm to 250 nm. b, Pie Chart 
showing the percentage of basic secondary structure elements (β-strand,α-helical and disordered) as 
estimated from the CD Spectra using BeStSel [174]. c, 1D 1H NMR spectra of FapF (300 mM 
NaCl, 20 mM TrisHCl pH 8, 0.1 % (w/v) LDAO), the protein appears to be at least partially folded 
as evidenced by the presence of ring shifted methyl protons which have been highlighted in the 
inset indicated with the red box. 
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3.2.6 ThT Assay 

3.2.6.1 ThT Assays by Dilution 

To test whether FapB and FapC could form amyloid in vitro, FapB and FapC were purified 

under denaturing conditions and the ThT assay was used to measure the creation of amyloid fibres. 

The protein solutions were diluted directly into the ThT buffer and the fibrillation measure. An 

exponential curve of increasing fluorescence was observed for FapC, FapB and a sample containing 

both proteins, while the Chymotrypsin control showed no rise in fluorescence (Figure 3.20), this 

indicates that FapC and FapB are both capable of forming amyloid. Notably no lag phase is 

observed which indicates that nucleation of the fibres has already occurred, this means it is not 

possible to conclude whether FapB is a nucleator for FapC fibrillation or not. Since FapB is capable 

of forming amyloid alone but is only a minor fibre component in vivo [138] these results do support 

the hypothesis that FapB shares a similar role to CsgB as a fibre nucleator. The absence of a lag 

phase may indicate that the samples may contain oligomers before dilution leading to rapid 

nucleation. 

 

Figure 3.20: ThT Assay for FapB and FapC by Dilution from Urea. Graph showing the relative 
fluorescence of FapB, FapC and FapB + FapC together, along with the chymotrypsin control. The 
fluorescence of the buffer alone has been subtracted from all four curves. For this experiment 
excitation was at 485 nm and emission was measured at 520 nm due to the available filters. Protein 
samples were used at high concentrations ~5 mg/mL. 
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3.2.6.2 Fibrillation of FapC UK4 

Purified FapC (UK4) was generously provided by Dr Maria Andreasen in 8 M Guanadinium 

HCl, the sample was transferred into phosphate buffer using a desalting column 75 µM ThT added 

and then fibrillation measured using the ThT assay. FapC (UK4) shows a sigmoidal curve of ThT 

fluorescence with a lag, exponential and stationary phase similar in nature to the curves seen for 

CsgA (Figure 3.2A). Similarly a time course experiment was conducted using NMR, a series of 1D 
1H NMR spectra were collected of FapC in solution over time, (Figure 3.21B), these showed a 

decline in signal with no change in peak position presumably reflecting amyloid fibrillation 

progressing rapidly from monomer to aggregate with no detectable change to an intermediate 

structure. 

 
Figure 3.21: Fibrillation of FapC (UK4). a, Graph showing the ThT fluorescence of FapC (UK4) 
over time showing that FapC forms amyloid. b, 1H NMR timecourse showing the decline in peak 
intensity of selected peaks from FapC over time, presumably reflecting fibrillation. 
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3.2.7 Interaction Studies 

3.2.7.1 Pulldown experiments with pNIC-GST and pNIC-NTH constructs. 

To probe the possible interactions between the components and potentially form complexes 

which might be more amenable to structural studies attempts were made to refold the pNIC-NTH 

constructs of proteins from the fapABCDEF operon together with pNIC-GST constructs, however 

most showed no evidence of interactions (data not shown). There was some evidence of FapB and 

FapE interacting in a pull down experiment where the denatured proteins were refolded by rapid 

dilution together and then purified by Ni-affinity which appeared to support the suggestion that 

FapB and FapE interact (Figure 3.22). Since FapE-GST still appears in the wash the result is not 

conclusive.  

 

Figure 3.22: SDS-PAGE gel of FapB-NTH:FapE-GST pull down experiment. The fractions 
shown are the mixture before Ni-purification (Pre), the initial flow-through (FT), the wash fraction 
(W) and the final elution (E). FapB-NTH band molecular weight is indicated with a red arrow, 
FapE-GST bands are indicated with a blue arrow. FapB-NTH is purified to a high concentration as 
expected by the Ni-purification and appears to pull-down some FapE-GST, however the FapE-GST 
appears to continually be leaching off the column during the wash so the binding to FapB may be 
weak and/or an artifact of mixing two disordered proteins at such a high concentration. 
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3.2.7.2 Co-refolding for Co-elution by Gel Filtration 

The proteins, (FapA, FapB, FapD and FapE), were purified individually under denaturing 

conditions as described previously (3.2.3). The samples were then combined and refolded by 

dialysing out the Urea as described in the methods (2.3.8.3). The solution was then concentrated to 

a volume less than 2.5 mL, filtered and applied to a S-200 gel filtration column, the resulting 

fractions were collected and run on an SDS-PAGE gel for analysis (Figure 3.23). FapD appears 

only in the void suggesting the protein has aggregated. Interestingly there are also some signs of 

association between FapB and FapE as they appear to co-elute on the column and the elution 

volume (~73 mL) is significantly higher than would be expected for the individual proteins. The 

peak (~73 mL) is non-symmetrical suggesting that the proteins are in polydispersed states. FapE is 

also at a very low concentration. The trailing peak (~88 mL) appears to contain a small quantity of 

FapA alone, indicating it doesn’t interact with the other components. 

 

Figure 3.23: Co-refolding and gel filtration of FapA, FapB, FapD and FapE. a, Gel Filtration 
trace of CsgH purified by gel filtration on an S75-superdex column, fractions were collected and ran 
on an SDS-PAGE gel. b, SDS-PAGE gel showing the dialysed sample before gel filtration (PRE), 
the protein in the void volume (V) and fractions 18-29 collected from 70-94 mL. Bands 
corresponding to particular Alf components are indicated with coloured arrows with letters 
indicating the relevant protein, the bands corresponding to FapA and FapE are particularly faint. 
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3.2.8 Pull-down experiments with OmpASS constructs 

3.2.8.1 Construct Design 

An alternative to searching for the interactions entirely in vitro was to look for interactions 

between the components of Alf within E. coli. To achieve this a series of new constructs were 

designed with an OmpA signal sequence for export to the periplasm followed by a histidine tag for 

purification; these constructs were designed for the Pseudomonas UK4 strain, this was to allow for 

the proteins produced to interact with the proteins produced by the pMMB190Ap:UK4fapA-F full 

operon plasmid [92] provided by Professor Otzen. Co-expression of the tagged proteins with the 

full operon should allow us to pull-down untagged proteins from the working Alf system, to this 

end the plasmid used for the periplasmic constructs was selected to have a different origin of 

replication from the pMMB190 plasmid. The FapF constructs designed in this system were also 

useful to allow extraction of the β-barrel protein directly from the membrane which will be 

discussed later (3.4.5.3). The necessary plasmid was constructed successfully using pRSF-1B 

plasmid with an inserted OmpA signal sequence (MKKTAIAIAVALAGFATVAQA) followed by a 

hexa-histidine tag followed by a site for the protein of interest. Several constructs were designed 

and made in this plasmid using the primers in Table 2.4 (2.2.1.2) including each of the Alf genes 

FapA-F from Pseudomonas UK4.  
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3.2.8.2 Pull down results 

Pull-down experiments were conducted for FapA-E by co-expression of the individual 

proteins with the full operon followed by lysis and native purification. Distinguishing individual 

interacting proteins on the SDS-PAGE gels was complicated by the large number of different 

proteins present in the elution (Data Not Shown). It is possible that this is a result of the large scale 

expression of the amyloid system producing large amounts of agglutinative protein. Attempts were 

made to improve the purity of the elution by increasing the amount of imidazole in the wash steps 

but there was no improvement in purity (Figure 3.24). These results could be interpreted as 

indicating that many components of the Alf system are pulled down during the purification, 

including amyloid components in an oligomeric state but it is also possible that there is a very high 

level of background binding. 

 

Figure 3.24: Examples of pull-down experiments conducted with the periplasmic constructs 
and the full operon. SDS-PAGE gels labelled with the initial flow-through (FT), the wash fraction 
10 mM imidazole (W1), the second wash fraction 20 mM imidazole (W2) and the final elution (E). 
Specific bands are enriched during the pull-down but the diverse range of different molecular 
weights make it difficult to identify the bands and suggesting a high degree of non-specific binding.  
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3.2.9 Summary 

A broad range of different constructs were designed and produced for the Alf components 

from several Pseudomonas strains. Protein expression and refolding was optimised allowing some 

biophysical experiments to be conducted on all the Alf components. CD and 1D NMR experiments 

indicated that FapB, FapE and FapA were all unstructured proteins in keeping with the 

bioinformatics predictions. The function of the Alf components was probed with ThT assays on 

FapB and FapC samples. Both proteins could form amyloid on their own in vitro which is 

consistent with the idea that FapC and FapB are analogous to CsgA and CsgB. Interactions of the 

Alf components were probed using several different approaches but although there was some 

indication of an interaction between FapB and FapE, no convincing proof of interactions was 

obtained. Nevertheless a broad range of constructs from several homologs have been produced 

which can be used for future study of these proteins. 

Although soluble FapD could not be produced in these initial experiments, the protein was 

successfully expressed and since it was expected to be a structured protein further optimisation was 

conducted (3.3). FapF was successfully refolded to produce soluble, structured protein which was 

used for further structural study (3.4). 
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3.3 FapD 

3.3.1 FapD PAO1: Refolding Experiments & Construct Redesign 

Attempts to refold FapD PAO1 by pulse refolding or dialysis both produced large amounts 

of insoluble precipitation with no soluble protein produced (data not shown). Matrix assisted 

refolding also produced no soluble FapD product (Figure 3.7C). Bioinformatics, using TMHMM 

[175], suggested that FapD may contain a transmembrane helices near the N-terminus (Figure 

3.25). A truncated version of FapD PAO1 with this N-terminal sequence deleted to produce a 

FapD45-226 construct was tested for soluble expression. The protein remained insoluble over the 

range of temperatures tested (Figure 3.26A) but could be purified under denaturing conditions 

(Figure 3.26B).  In an attempt to refold FapD the protein was pulse refolded into various buffers at 

pH 9, 8 and 5, LDAO was tested as an additive as was the simultaneous addition of FapF (Figure 

3.26C). Some FapD could be recovered but only in the absence of detergent, these samples 

precipitated gradually overnight with the amount of precipitation seemingly increasing with pH. 

The refolding experiment was then attempted with a pH 4 acetate buffer but precipitated 

immediately. Since the pH 5 sample appeared slightly more stable than the others a large scale 

purification and refolding of FapD was conducted at this pH producing a pure sample of the 

truncated FapD construct despite considerable precipitation during and after refolding (Figure 

3.17D).  

 

Figure 3.25: Transmembrane Helices Predictions for FapD PAO1 and UK4. Although the 
TMHMM [175] prediction for a transmembrane helices for FapD PAO1 suggests that a 
transmembrane helix is unlikely the UK4 homolog of the protein is predicted to contain a 
transmembrane helix. This suggests either that the proteins may contain a transmembrane helix 
rather than an N-terminal signal sequence or that the annotation of the UK4 construct is not reliable. 
The vertical red lines indicate the probability of the residue being in a transmembrane helix, the 
blue line indicates the probability of the residue being on the inner side of the inner membrane and 
the pink line indicates the probability of the residue being on the outer side of the inner membrane. 
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Figure 3.26: Expression, Purification and Refolding of FapD45-226. a, SDS-PAGE gel of FapD 
expression trial showing the soluble (Sol) and insoluble (Ins) expression of FapD across a range of 
temperatures compared to the uninduced whole cell lysate (U), FapD is expressed insolubly at all 
three temperatures. b, SDS-PAGE gel of FapD denaturing purification showing Flow-through of 
Ni-purification (FT), the wash fraction (W) and the elution fraction (E), the protein is purified 
although a considerable amount of protein is lost in the wash, however this may be due to 
overloading of protein onto the column as overloading has also blurred the Flow-through. c, SDS-
PAGE gel of FapD small scale refolding trials in 300 mM NaCl, at pH 9, 8, 5 and with LDAO at 
pH 9 and pH 5 as well as in LDAO with FapF present. The gel also shows the denaturing 
purification with the Flow-through of Ni-purification (FT), the wash fraction (W) and the elution 
fraction (E) showing FapD could be purified to a very good standard by Ni-IMAC but is unstable in 
the presence of LDAO. d,  SDS-PAGE gel of FapD large scale refolding  including the purification 
showing Flow-through of Ni-purification (FT), the wash fraction (W) and the elution fraction (E), a 
sample of the precipitant created during the refolding (Ppt), the concentrated protein after refolding 
(Conc) and the void (V) and the purified protein (GF) from gel filtration. Molecular Weight Ladder 
(MW) with the bands of relevant size labelled and blue arrows indicating the relevant protein bands 
are included on all the gels. 
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3.3.2 Expression Trials of Homologs 

Homologs of FapD were identified in Pseudomonas PA7, Pseudomonas UK4, Burkholderia 

and in the Thermophilic Rice Compost Metagenome (TRCM). The genes were cloned into a pET46 

vector, including some truncated versions of the PA7 and UK4 genes, based on bioinformatics 

predictions of disorder and domain boundaries. Expression trials showed that although several of 

the constructs including both the Burkholderia and TRCM FapD proteins expressed insolubly (Data 

Not Shown) was soluble expression of some truncations of both the PA7 and the UK4 versions of 

the genes, the constructs which expressed in the soluble fraction were successfully purified by Ni-

IMAC (Figure 3.27).  A periplasm targeted protein based on the OmpA signal sequence and 

pRSF1b was also produced and was shown to produce soluble protein (Figure 3.27C). The yield of 

FapD from the purifications was good for most of the constructs and the protein was relatively pure 

following gel filtration. The main exception to this was the periplasmic FapD construct which 

showed significantly lower levels of expression (3.27C), although the purity was good. It is not 

uncommon for proteins expressed to the periplasm to exhibit lower expression levels than the 

cytoplasm-targeted versions, although it is not always the case [176]. The soluble proteins were 

expressed and purified on a large scale, although the protein samples were somewhat unstable at 

room temperature precipitating gradually over time, 1D spectra were collected for the proteins 

showing they were at least partially folded (Figure 3.28). 
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Figure 3.27: Example Purifications of FapD UK4 & PA7 Constructs. a, SDS-PAGE gel of PA7 
FapD19-253 native purification showing Flow-through (FT), the wash fraction (W), and the elution 
fraction (E) of Ni-purification as well as the gel filtered sample (GF). b, SDS-PAGE gel of PA7 
FapD58-243 and PA7 FapD58-253 native purifications showing Flow-through of Ni-purification (FT), 
the wash fraction (W), the elution fraction (E) showing both proteins could be purified from the 
soluble fraction. c, SDS-PAGE gel of UK4 FapDOmpAS-39-246 native purification showing Flow-
through of Ni-purification (FT), the wash fraction (W), the elution fraction (E) showing that 
periplasmic FapD could be purified from the soluble fraction. d, SDS-PAGE gel of UK4 FapD58-246 

native purification showing the Flow-through (FT), the wash (W) and the elution fractions from Ni-
purification. The proteins generally were produced with good yield, (apart from FapDOmpA39-246. and 
purity sufficient for NMR however there was some precipitation overnight. Molecular Weight 
Ladders (MW) with the bands of relevant size labelled and blue arrows indicating the relevant 
protein bands are included on all the gels. 
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Figure 3.28: 1D Spectra of Soluble FapD Homologs. a, FapD19-253 PA7 b, FapD58-236 UK4 c, 
FapD58-246 UK4  d, FapD39-236 UK4 e, FapD58-253 PA7 f, FapD58-243 PA7. The spectra all show the 
protein to be at least partially folded, apart from FapD58-236 UK4 and FapD58-243 PA7 (both 
containing C-terminal truncations) which appears unfolded, with the best peak dispersion and 
number of peaks present for FapD58-253 PA7 construct. All six constructs were in 250 mM NaCl, 20 
mM HEPES pH 7.5. 
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3.3.3 Optimisation of FapD PA7 Stability 

For NMR experiments it is necessary for a protein to be stable for a minimum of 3 days and 

preferably a couple of weeks to allow time for data collection. Since FapD58-253 PA7 showed good 

expression, was the most stable and produced one of the better NMR spectra it was used for 

optimisation experiments. Additives were screened to test their effect on the protein stability, a 

broad range were initially added during the purification on a small scale and the amount of soluble 

protein measured qualitatively by SDS-PAGE (Data Not Shown). Additives were then selected 

from these results and DSF was used to test the quantitative effect on protein stability (Figure 

3.29). The DSF results indicated that although the additives may improve the soluble yield of FapD 

many did not improve the thermal stability of the protein and several had a detrimental effect; 

however high concentrations of Glycerol (10 % w/v), Potassium Phosphate (100 mM) or Sodium 

Chloride (425 mM) did improve the thermal stability. 

9 7  
 



 

 
Figure 3.29: FapD Thermal Stability – Differential Scanning Fluroimetry (DSF). Graphs 
showing the normalised thermal denaturation curves of FapD in the presence and absence of a 
selection of additives. The results are separated into two separate graphs are included for clarity, 
despite the experiments being carried out concurrently. Notably Triton X-100 and Ethanol have a 
detrimental effect on the Stability of FapD as measure by the melting temperature (Tm) values 
(temperature at 0.5 relative fluorescence). While similarly Glycerol, Potassium Phosphate and a 
higher concentration of NaCl increased the Tm of the protein. 
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Since the best additives identified in the DSF screen were additional NaCl, potassium 

phosphate and glycerol. FapD was purified in the presence of these additives and tested for long 

term stability by 1D NMR. The potassium phosphate and increased NaCl samples precipitated 

before data could be collected but 1D data for glycerol was collected (Figure 3.30A). Glycerol 

appears to stabilise the protein over the period of several days, however it has an adverse effect on 

the spectra due to relaxation. Some alternative NMR buffers such as a Glutamine-Arginine buffer 

[177] were also tested (Figure 3.30B) but none produced a beneficial effect on stability. 
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Figure 3.30: Stability Trials of FapD. a, Overlay of 1D spectra of FapD58-253 PA7 in 10 % 
glycerol 250 mM NaCl, 20 mM HEPES pH 7.5 before (Blue) and after (Red) 5 day incubation at 
room temperature, showing no significant changes in signal. b, Overlay of 1D spectra of FapD58-253 
PA7  in Glutamine-Arginine NMR Buffer [177] before (Blue) and after (Red) 3 day incubation at 
room temperature showing a significant loss of signal due to sample precipitation. 
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To improve the NMR spectra but retain the stabilising effect glycerol was compared at 10% 

(v/v) (Figure 3.30A) 5 % (v/v) (Figure 3.31A) and 2 % (v/v) (Figure 3.31B) and the effects on 

stability compared, 2 % (v/v) glycerol was insufficient to stabilise the protein for a 5 day period but 

both 10 % (v/v) and 5 % (v/v) effectively stabilised the protein and produced well dispersed 15N 1H 

2D spectra (Figure 3.31C). 

 
Figure 3.31: Stability of FapD in glycerol. a, Overlay of the amide proton region of 1D spectra of 
FapD58-253 PA7  in 250 mM NaCl, 20 mM HEPES pH 7.5, 5 % (v/v) glycerol before (Blue), after 1 
day (Red) and after 3 days (Green) incubation at room temperature, showing no significant changes 
in signal. b, Overlay of the amide proton region of 1D spectra of FapD58-253 PA7 in 250 mM NaCl, 
20 mM HEPES pH 7.5, 2 % (v/v) glycerol before (Blue), after 1 day (Red) and after 3 days (Green) 
incubation at room temperature showing a perceptible (~30 %) loss of signal due to sample 
precipitation. c, 15N 1H HSQC 2D spectra of FapD58-253 PA7 in 250 mM NaCl, 20 mM HEPES pH 
7.5, 5 % (v/v) glycerol showing the protein is stable and the spectra relatively well dispersed. 
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FapD contains a conserved cysteine residue in the active site which should be exposed and 

may affect the stability of the protein. Two approaches were adopted for dealing with this, the 

reducing agent DTT was used to reduce the cysteine and prevent potential intermolecular disulphide 

bridges forming and a C67A mutant version of the gene was made to eliminate any potential 

protease activity (although the precipitant showed no evidence of degradation (Figure 3.26D).  1D 

NMR was used to test the effect of the DTT and C67A mutant on the stability of FapD, some minor 

improvement was seen with the addition of DTT to glycerol, although DTT alone was insufficient 

to stabilise the protein for NMR (precipitated in hours) in the presence of 10 % (v/v) glycerol the 

protein was stable over a week at room temperature (Figure 3.32A). The FapD C67A mutant was 

also stable in the presence of 10 % (v/v) glycerol for at least 5 days (Figure 3.32B). The FapD 

C67A did not show any improvement in stability as the protein was still unstable over a time course 

of days in the absence of glycerol (Figure 3.33A). Comparison of the spectra of FapD C67A and 

FapD (Figure 3.33B) indicated that although there were some small differences the proteins 

displayed a similar degree of structure and probably retained the same fold. Since FapD C67A 

behaved similarly to the wild type protein this suggests the protease activity, if present, had little 

effect on FapD stability.  

 
Figure 3.32: Stability Trials of FapD58-253 PA7 with DTT and C67A substitution. a, Overlaid 
1D 1H NMR spectra of FapD58-253 PA7  250 mM NaCl, 20 mM HEPES pH 7.5, with 5 mM DTT 
and 10 % (v/v) glycerol showing the spectra before (blue) and after (red) one week incubated at 
room temperature (~20 ◦C). b, Overlaid 1D 1H NMR spectra of FapD58-253 PA7 with C67A 
substitution in 250 mM NaCl, 20 mM HEPES pH 7.5, 10 % (v/v) glycerol showing the spectra 
before (blue) and after (red) five days incubated at room temperature (~20 ◦C). The spectra both 
show almost no change in the peak intensities or positions indicating the proteins remain stable over 
the period of the incubation. 
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Figure 3.33: NMR of FapD C67A. a, Overlay of 1D spectra of FapD58-253 C67A in 250 mM NaCl, 
20 mM HEPES pH 7.5, 0 % (v/v) glycerol before (Blue) and after (Red) 1 day incubation at room 
temperature showing a significant loss of signal, probably due to precipitation b, Overlay of FapD58-

253 15N (Blue) and FapD58-253 C67A (Red) 15N 13C 2H, 1H 15N Transverse Relaxation optimised 
spectroscopy (TROSY) 2D spectra in 250 mM NaCl, 20 mM HEPES pH 7.5, 10 % (v/v) glycerol 
showing the proteins possess similar structure.  
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3.3.4 Backbone experiments for FapD PA7 

Since FapD was stabilised by glycerol and DTT and produced a reasonably dispersed 

spectrum with a peak number close to that expected for FapD, triple labelled FapD was prepared, 

exchanged back into water and used to collect a TROSY spectra and some backbone experiments 

were conducted to see if assignment was feasible (Figure 3.34). Although the 2D was good enough 

for assignment (Figure 3.34A) the backbone data was incomplete with some strips lacking carbonyl 

peaks which will make the protein backbone difficult to assign (Figure 3.34B). 

 
Figure 3.34: Backbone experiment data for FapD C67A. a, 1H 15N TROSY 2D spectra of FapD 
C67A in 250 mM NaCl, 20 mM HEPES pH 7.5, 10 % (v/v) glycerol, the protein is structured but 
with some large unstructured regions indicated by the clustering of peaks near the centre of the 
spectrum. b, 2D Projection of the HNCO data showing the low peak intensity and absence of 
several peaks which would be expected to be present at the same position as 15N 1H amide peaks in 
the HSQC (Figure 3.34A).  
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3.3.5 Summary 

Various approaches were made in an attempt to produce refolded soluble FapD (PAO1): 

adjustment of the construct boundaries, removal of potential N-terminal transmembrane helix and 

optimisation of refolding conditions. Soluble FapD could be produced using an N-terminally 

truncated construct refolded at pH 5 but was highly unstable, precipitating rapidly over time. 

Constructs of homologs of FapD from Pseudomonas UK4 and PA7 strains were designed, 

incorporating the truncations used in PAO1, and produced successfully. These FapD homologs 

were successfully purified under native conditions and were shown to be folded using 1D NMR. 

The protein was still observed to be unstable and so the construct which produced the best NMR 

spectra (FapD58-253 PA7) was used for buffer optimisation using a combination of DSF and NMR. 

Glycerol was identified as the best additive for stabilising FapD for NMR experiments at a 

concentration between 5 and 10 % (v/v). A point mutation was also made to remove the predicted 

active cysteine this was shown to have no effect on stability. HNCO experiments were conducted 

using the mutated, truncated PA7 construct with 10 % (v/v) Glycerol, but the relaxation in such a 

high concentration of glycerol would limit our ability to collect data from less sensitive experiments 

making backbone assignment difficult. 
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3.4 FapF 

3.4.1 Refolding and Purification of FapF 

The pNIC-NTH-FapF construct with the signal sequence removed could be expressed in 

large quantities in BL21 E. coli cells where the protein was found to be present in the insoluble 

fraction (Figure 3.3). This protein could be purified by lysing cells expressing FapF, pelleting the 

insoluble material, dissolving the protein in 8 M urea and then purifying by denaturing Ni-IMAC 

(Figure 3.35). 

 

Figure 3.35: Denaturing Purification of FapF PAO1. SDS-PAGE gel of FapF Ni-IMAC 
purification conducted under denaturing conditions. The band of purified FapF in the elution (E) is 
indicated with the blue arrow, some protein is lost in the wash step (W) and the initial flow through 
from the column (FT), however the final fraction from the elution is purer than the pellet fraction 
(Pel). 
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Following the denaturing purification FapF was sufficiently pure to attempt to refold by 

pulse refolding. The purified fraction of FapF in 8 M urea was dripped slowly into 20x volume of 

5 % (v/v) LDAO, 300 mM NaCl, 20 mM TrisHCl pH 8. This diluted the urea below the 

concentration where it is likely to denature a given protein and provided a large concentration of 

detergent to form micelles containing FapF. This refolding solution was dialysed to reduce the 

concentration of LDAO and remove the excess imidazole and urea. The sample was then 

concentrated using Ni-IMAC and the resulting elution gel filtered to remove any remaining 

impurities (Figure 3.36). This sample could be checked for folding by 1D 1H NMR and could be 

seen to be well folded (Figure 3.37). 

 

Figure 3.36: Purification and Refolding of FapF. SDS-PAGE gel of FapF refolding. Showing 
Molecular Weight Ladder (MW), Uninduced Cells (U), Induced Cells after overnight expression 
(I), Insoluble Pellet from Fractionation (Pel), Flow through of Ni-NTA column (FT), Wash (W), 
Elution (E), Refolding Solution (R) blank due to high dilution, FT of second Ni-NTA and then 
elution from second Ni-NTA purification (E), blurred due to high LDAO concentration and finally 
gel filtration fraction (GF). The molecular weight corresponding to FapF is indicated with blue 
arrow. 
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Figure 3.37: 1D 1H NMR spectra of FapF. The spectra shows that the protein is folded as there 
are peaks above 9 ppm and below 0 ppm, as illustrated by the red and purple insets respectively, 
however due to the large size of the protein-micelle complex, (expected to be around 77 kDa with 
the 45 kDa protein in an LDAO micelle which is ~22 kDa in isolation), the peaks are broader than 
would be seen for a smaller protein. Spectra was collected at 310 ̊ K in 0.1% (v/v) LDAO, 250 mM 
NaCl, 20 mM TrisHCl pH 8 on the Avance II 800 MHz. 
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3.4.2 SEC-MALS Analysis of FapF 

FapF was transferred into three different detergent buffers LDAO, β-Octyl-Glucoside βOG 

and Tetraethylene Glycol Monooctyl Ether (C8E4). The samples were then analysed by Size 

Exclusion Chromatography – Multi-Angle Light Scattering Analysis (SEC-MALS) to determine the 

oligomeric state and to estimate the amount of detergent bound to the protein. MALS is an 

analytical technique that allows the determination of absolute molar mass and size of 

macromolecules based on the scattering of light by a protein solution with a known concentration. 

The oligomeric state observed for the protein appeared to vary with the detergent used with LDAO 

appearing to be dimeric, βOG trimeric and C8E4 tetrameric with bound detergent varying only from 

around 60 kDa to 75 kDa (Figure 3.38, 3.39, 3.40). Out of the three samples the FapF in LDAO 

appeared to be the best sample with a cleaner trace and the most accurately determined molecular 

weight. It is possible that this difference may reflect incomplete exchange of detergent when 

transferring from the FapF solubilised in LDAO to the other detergents rather than purely the 

quality of the sample in those detergents. To avoid this solubilisation of FapF directly into other 

detergents was attempted during the purification but was not efficient resulting in very poor yields 

(data not shown). Based on this data LDAO was used as the primary detergent for both 

solubilisation and crystal studies for most of the experiments involving FapF. 

 

Figure 3.38: SEC-MALS data for FapF in LDAO. The light scattering is shown in olive green, 
with the estimated overall mass, protein mass and micelle mass shown in red, green and blue 
respectively. The data indicates that FapF is a dimer in LDAO (250 mM NaCl, 20 mM TrisHCl pH 
8, 0.1 % (w/v) LDAO) which is bound by a similar mass of detergent. The sample appears 
reasonably mono-dispersed. 
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Figure 3.39: SEC-MALS data for FapF in C8E4. The light scattering is shown in olive green, 
with the estimated overall mass, protein mass and micelle mass shown in red, green and blue 
respectively. The data indicates that FapF may be a tetramer in C8E4 (250 mM NaCl, 20 mM 
TrisHCl pH 8, 16 mM C8E4), which is bound by around 50 kDa detergent however there is 
considerable overlap with a large peak in the void and a smaller molecular weight shoulder, 
indicating the sample is polydispersed. The large void may be due to instability in C8E4 and the 
smaller shoulder may indicated the retention of some LDAO bound protein both of which may add 
to the polydispersity.  
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Figure 3.40: SEC-MALS data for FapF in βOG. The light scattering is shown in olive green, 
with the estimated overall mass, protein mass and micelle mass shown in red, green and blue 
respectively. The data indicates that FapF may be a trimer in βOG (250 mM NaCl, 20 mM TrisHCl 
pH 8, 50 mM βOG) which is bound by around 70 kDa detergent however there is overlap with a 
large peak in the void which may be increasing the apparent scattering and so the protein may still 
be dimeric as in LDAO. The third peak shows no UV absorbance in the original data and so is 
likely to be the isolated βOG micelle. 
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3.4.3 NMR of FapF 

The stability of FapF was tested at a range of temperatures using the unlabelled protein and 

the results indicated the protein was stable at to 37 ̊ C under the conditions tested (Figure 3.41). 15N 

labelled FapF was purified and refolded using the same method as the unlabelled protein and was 

used to conduct a 2D 1H 15N TROSY experiment. The Spectra showed that the protein was folded 

with well dispersed peaks (Figure 3.42), however the number of clearly defined peaks is lower than 

expected for a protein of FapF’s size and the clustering of many peaks near the centre of the spectra 

indicates that there is a considerable disordered region in the protein. Many β-barrels contain long 

N-terminal plug domains which may be disordered in solution [178, 179, 180], it is possible that 

this is the large disordered region in the protein. 

 
Figure 3.41: Overlay of 1D NMR spectra showing stability of FapF at 310 ̊ K. FapF before 
(Blue) and after (Red) overnight incubation at 310 ̊ K. The protein appears to be stable as there is no 
decrease in peak intensity or change in peak position. Spectra were collected at 310 ̊ K in 0.1% (v/v) 
LDAO, 250 mM NaCl, 20 mM TrisHCl pH 8 on the Avance II 800 MHz. 
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Figure 3.42: 2D 15N 1H TROSY spectra of FapF. The distribution of peaks indicates that there is 
a folded domain in the sample but there is a large disordered region, perhaps corresponding to the 
predicted long disordered N-terminal extension. Due to the peak clustering in the centre it is hard to 
count the peaks exactly but it is likely that there are less peaks than expected for the 45 kDa protein. 
Spectra were collected at 310 ̊ K in 0.1% (v/v) LDAO, 250 mM NaCl, 20 mM TrisHCl pH 8 on the 
Avance II 800 MHz. 
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3.4.4 Crystal Trials FapF 

FapF was expressed, refolded and purified as previously before transferring into a low salt 

buffer for crystallisation (50 mM NaCl, 10 mM TrisHCl, 0.1 % (v/v) LDAO, pH 8.0) by gel 

filtration. The sample was concentrated to ~13 mg/ml using a 50 kDa MWCO concentrator. Crystal 

trials were conducted using a series of commercial screens at 13 mg/ml and 6.5 mg/ml 

concentration in 200 nL to 200 nL drops. The trays were incubated at 20 ̊ C and microcrystals were 

identified after one week in a single condition (0.02 M TrisHCl pH 7.5, 22 % (w/v) PEG 550 MME) 

at 6.5 mg/ml (Figure 3.43). The crystals were tested for diffraction at diamond using the microfocus 

beamline but only diffracted weakly to around 20 Å (Data not shown).  

 

 

Figure 3.43: Microcrystals of FapF PAO1 viewed under polarised light. FapF formed crystals 
in 1 week at 20 ̊ C,  with the drop conditions, (including the protein buffer solution) 0.02 M TrisHCl 
pH 7.5, 22 % (w/v) PEG 550 MME, 0.1 % (v/v) LDAO, 5 mM TrisHCl pH 8.0, 50 mM NaCl. The 
crystals were very small, most around 1 µm in size. 
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3.4.5 Optimisation of FapF Constructs 

To improve the properties of FapF for structural studies limited proteolysis was used to 

identify a stable fragment of the protein, chymotrypsin, trypsin and subtilisin were used and the 

results indicated that stable fragments of FapF could be produced of around 35 and 31 kDa (Figure 

3.44). Bioinformatics predictions indicated that the N-terminus has a disordered N-terminal domain 

of more than 100 amino acids (Figure 3.7) and the NMR data also showed evidence of a disordered 

region, perhaps the plug (Figure 3.42). Based on these data new FapF constructs were designed 

with N-terminal truncations to remove the disordered region and produce a more structured protein 

for study. Two of these constructs were designed based on the predicted chymotrypsin and trypsin 

cleavage sites (Figure 3.44C) corresponding to the stable fragments produced by limited 

proteolysis and the other was based on bioinformatics predictions of the β-strands (3.1.6). Another 

approach to find an improved construct that we used was to clone a series of homologs for study, 

for these purposes we made constructs for the Pseudomonas PA7, Pseudomonas UK4, 

Burkholderia and a version of the gene identified in the Thermophilic Rice Compost Metagenome 

(TRCM). An additional construct was also made for FapF retaining the native signal sequence and 

containing a C-terminal hexahistidine to allow membrane extraction of FapF. 
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Figure 3.44: Limited Proteolysis of FapF. a, SDS-PAGE gel showing samples of FapF digested 
over a range of time periods with Trypsin and Chymotrypsin with samples taken periodically over 
the course of 180 minutes as indicated. b, SDS-PAGE gel showing samples of FapF digested over a 
range of time periods in minutes with Subtilisin. The protein is processed to produce stable 
fragments by all three proteases. The original protein molecular weight is indicated with the blue 
arrow and the protein appears to be digested to produce fragments around 35 kDa (Red Arrow) or 
30 kDa (Yellow Arrow). Trypsin largely produces the larger fragment with a smaller quantity of the 
smaller one slowly being created. Chymotrypsin and Subtilisin both produce the smaller fragment, 
both are more rapid at digesting FapF than trypsin with the latter digesting the protein down to the 
smaller fragment within 15 min. c, Sequence of FapF (PAO1) with predicted cleavage sites for 
chymotrypsin and trypsin, (PeptideCutter [181]), coloured for trypsin (Red) and chymotrypsin 
(Blue); the signal peptide not present in the construct is coloured in green; suggested cleavage sites 
corresponding to the stable fragment produced by each enzyme are underlined and in bold. 
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3.4.5.1 Truncations of FapF PAO1 

3.4.5.1.1 Purification and Refolding of Truncated FapF PAO1 

Each of the FapF truncated constructs were expressed and purified using the same method as 

previously (3.4.1). FapF99-421 and FapF130-421 both expressed and refolded successfully (Figure 3.45) 

however the FapF130-321 truncation appeared to be less stable with lower yields and a lower 

molecular weight contaminant which may have been a significant degradation product. The 

truncation trimming the N-terminus to the start of the β-barrel did not refold successfully indicating 

that the truncation may have affected the structure of the barrel (data not shown).  

 

Figure 3.45: Purification and Refolding of FapF Truncations. SDS-PAGE gels of FapF 
purifications and gel filtered samples. Showing Molecular Weight Ladder (MW), Uninduced Cells 
(U), Induced Cells after overnight expression (I), Refolded protein (blurred due to high 
concentration of detergent), Elution of FapF from Ni-resin (E), Gel filtered FapF (GF) and the 
individual gel filtration fractions from the FapF130-421 (F1 and F2). The protein of interest on each 
gel is indicated with a blue arrow, while the lower molecular weight contaminant is indicated with 
the yellow arrow. 
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3.4.5.1.2 Crystallisation trials of FapF truncations 

3.4.5.1.2.1 Micelles 

FapF99-421 samples were expressed, refolded and purified as previously before transferring 

into a low salt buffer for crystallisation (50 mM NaCl, 10 mM TrisHCl, 0.1 % (v/v) LDAO, pH 8.0) 

by gel filtration. The samples were concentrated to ~10 mg/ml using a 30 kDa MWCO 

concentrator. Crystal trials were conducted using a series of commercial screens at 10 mg/ml and 5 

mg/ml concentration in 200 nL to 200 nL and 200 nL to 100 nL drops (Protein:Preciptant). The 

trays were incubated at 20 ̊ C and microcrystals could be seen growing after one day, these were 

allowed to grow for a couple of weeks before images were taken (Figure 3.46). Although the 

protein appears to crystallise more readily and in a broader range of conditions the size of the 

crystals remains very small.  To test whether changing the detergent will improve the crystal size 

and diffraction crystal trays were also set up using protein samples prepared in βOG (50 mM NaCl, 

10 mM TrisHCl, 50 mM βOG, pH 8.0) and Decyl Maltoside (DM) (50 mM NaCl, 10 mM TrisHCl, 

3.6 mM DM, pH 8.0). Some crystals formed in both DM (Figure 4.46E) and βOG (Figure 3.46F) 

but they were similar in size to the crystals formed in LDAO detergent. 

 

Figure 3.46: Microcrystals of FapF99-421 viewed under polarised light. a, 0.1 M NaCl, 0.1 M 
MES pH 6.5 30 % (v/v) PEG 400, b, 0.1 M MgCl2, 0.1 M Na Acetate pH 4.6, 30 % (v/v) PEG 400, 
c,0.05 M NaCl, 0.02 M MgCl2, 0.1 M Sodium Citrate pH 6, 22 % v/v PEG 400, d, 0.2 M 
Ammonium Sulphate, 0,1 M Na Acetate pH 4.6, 12 % (w/v) PEG 4000, e, 0.05 M NaSO4 0.05 M 
LiSO4, 0.05 M Tris PH8.5, 35 % PEG 400, f, I0.2 M MgCl2, 0.1 M Tris pH 8.5. 25 % w/v PEG 
4000. 
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3.4.5.1.2.2 Bicelles and Lipidic Cubic Phase (LCP) 

When crystallising membrane proteins it is important to consider the environment that the 

protein is embedded in, so far we have been using a micelle of detergent but other options such as 

the use of Bicelles or Lipidic Cubic Phase (LCP) are available and we investigated both. 

Bicelles can be considered as lipid bilayer disks formed from the combining of an 

amphiphile (e.g. CHAPSO) and a long chain detergent (e.g. DMPC) under aqueous conditions, the 

ratio of the components determining the dimensions of the discs [182]. Bicelles have successfully 

been used in membrane protein purification and the change in protein contacts can alter 

crystallisation [183, 184]. Purified FapF99-421 was combined with DMPC and CHAPSO (2.8:1) 

bicelles to produce a solution of 8 % bicelles 0.05 % (w/v) LDAO as described in methods 

(2.5.2.1.4). This sample was used in crystal trials were conducted using a series of commercial 

screens at 10 mg/ml, crystals formed readily in a wide range of conditions, however control plates 

of the buffer alone were found to form crystals in exactly the same conditions, suggesting that the 

bicelles themselves were crystallising (data not shown). This is supported by the absence of 

diffraction from the crystals (data not shown). 

LCP is another option for embedding the membrane protein of interest for crystallisation. 

The cubic phase consists of a single lipid bilayer, usually composed of the lipid monoolein, 

organized into a three dimensional lattice. Protein embedded in LCP is free to diffuse through the 

bilayer where it can form crystals. LCP has been used to solve the structure of several membrane 

proteins including G-protein coupled receptors [185]. Purified FapF99-421 was used in LCP crystal 

trials as described in the materials and methods (2.5.2.1.3), but no crystals were observed to form in 

these screens (data not shown). 
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3.4.5.2 FapF Homologs 

Homologous versions of the fapF gene were identified in Burkholderia and TRCM and 

ordered from Invitrogen with codon optimisation for E. coli. The genes were cloned into pRSF-1B 

vector and transformed into BL21, the proteins expressed successfully showing a similar pattern of 

insoluble expression to FapF PAO1 (data not shown). The proteins were then purified and refolded 

using the same method as FapF PAO1 pNICNTH with similar results, producing a sample pure 

enough for crystal trials (Figure 3.47).  

 

Figure 3.47: Purification and Refolding of FapF Homologs. Homologs of FapF from 
Burkholderia and the Thermophilic Rice Compost Metagenome (TRCM) were expressed, purified 
and refolded. SDS-PAGE gels of FapF purifications and gel filtered samples. Showing Molecular 
Weight Ladder (MW), The flow-through from the Ni-Column (FT), the wash from the Ni-column 
(W), the elution from the Ni-Column (E), the elution from the Ni-column after refolding (R) and the 
Gel filtered sample of FapF (GF). The protein of interest on each gel is indicated with a blue arrow. 
Both proteins express well and emerge relatively pure after the denaturing purification and is further 
purified following the gel filtration step. 
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3.4.5.3 Periplasmic FapF UK4 

To produce a higher quality sample of FapF for crystallisation and in order to conduct in 

vivo experiments involving the full operon additional constructs were designed based on the 

truncations of the FapF PAO1 construct but for the FapF UK4 homolog with the N-terminal signal 

sequence replaced with the leader sequence from the E. coli membrane protein OmpA followed by 

a hexahistidine tag after the cleavage site. In principle this should produce a membrane embedded 

FapF with an N-terminal his-tag for purification. The decision to switch to the OmpA signal 

sequence was based on the fact that it is known to allow for high efficiency translocation into the 

periplasmic space in E. coli which may not be the case for the native sequence. The tag was placed 

on the N-terminus due to the poor yield of FapF PAO1 CTH which may have resulted from the tag 

obstructing the potential C-terminal consensus sequence for membrane integration [186, 187]. The 

plasmid the construct was based on (pRSF-1b) was chosen based on its OriR and resistance markers 

being compatible with those of the fapABCDEF operon plasmid. The base plasmid with the OmpA 

signal sequence and N-terminal hexa-histidine tag was also used to produce periplasm targeted 

versions of each of the Alf genes (3.2.6.1). The periplasmic constructs were given to Dr Sarah 

Rouse and Dr Sebastian Lambert for further study. FapF was expressed and purified successfully 

from the membrane under native conditions (Figure 3.48).  

 

Figure 3.48: Purification of FapF UK4 from the membrane. SDS-PAGE gels of FapF 
purification and gel filtration. Showing Molecular Weight Ladder (MW), the flow-through from the 
Ni-Column (FT), the wash from the Ni-column (W1), the second wash (W2), the elution from the 
Ni-Column (E), samples before purification (PRE), the void fraction (V) and after gel filtration 
(GF). The band corresponding to FapF is indicated with a red arrow, the protein is purified to a high 
degree but there are some lower molecular weight contaminants which could be degradation 
products.  These gels were provided by Dr Sarah Rouse who purified these samples. 
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3.4.6 Crystallisation of FapF UK4 

FapF UK4 was purified from the membrane using a mixture of LDAO and C8E4 as the final 

detergent for crystallisation. The use of C8E4 as an additive was based on the solution of the 

structure of CsgG using a C8E4-LDAO detergent mixture and the discovery that it formed a β-

barrel, as predicted for FapF [105]. Crystal trials were conducted by both Dr Sebastian Lambert and 

Dr Sarah Rouse using a series of commercial screens and successfully produced crystals in a range 

of conditions (Figure 3.49). The addition of C8E4 does appear to improve crystal quality as the 

same screens using LDAO alone did not produce as large crystals (Figure 3.49). 

 

Figure 3.49: Crystallisation and Diffraction of Membrane Extracted FapF. A-E) Crystals of 
FapF UK4 viewed under polarised light. a, 0.1 M NaCl, 0.1 M Sodium citrate pH 5.5, 30 % (v/v) 
PEG 400; b, 0.1 M NaCl 0.1M Sodium citrate pH 5.5, 0.1 M Li2SO4, 30 % (v/v) PEG 400; c, 0.1 M 
NaCl, 0.1 M sodium citrate pH 5.6, 30 % PEG 400; d, 0.1 M NaCl, 0.1 M sodium citrate pH 5.5, 
0.1 M Li2SO4, 30 % (v/v) PEG 400; e, 1.6 M (NH4)2SO4, 0.1 M MES pH 6.5, 10 % (v/v) 1,4-
dioxane; f, Example of FapF diffraction in this case extending to around 4 Å as indicated with the 
red arrow. Images courtesy of Dr Sebastian Lambert who purified and crystallised these samples. 
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3.4.7 Summary 

FapF (Pseudomonas PAO1) was successfully expressed insolubly and refolded by pulse 

refolding. The refolded protein could be crystallised but the resulting microcrystals of refolded 

protein were not of sufficient quality for structure solution. The construct of FapF was tested by 

NMR and limited proteolysis in an attempt to optimise the construct. A truncation of the N-

terminus, which evidence suggested was unfolded, produced some improvement in the 

crystallisation process but the resulting diffraction was still insufficient. Attempts were made to 

crystallise the protein using either LCP or bicelles but neither approach yielded protein crystals. 

Constructs based on FapF homologs from other species were designed, expressed and were shown 

to be refolded using the same method as the PAO1 version of the protein; these sample may prove 

useful for future work however work on producing a membrane expressed version of the 

Pseudomonas UK4 version of FapF was successful. This construct was used to produce promising 

crystals with diffraction sufficient for structure solution, a promising step towards structure 

solution. There were no sufficiently close structures in the PDB to phase the data by molecular 

replacement and so new crystals will need to be produced and further data collected to solve the 

phase problem by direct methods. 
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3.5 CsgH Structure 

3.5.1 Selection of CsgH construct 

3.5.1.1 Purification of CsgH10-106NTH and CsgH10-106CTH Constructs 

Two CsgH constructs were provided by Sebastian Lambert, CsgH10-106CTH (CsgH-CTH) 

and CsgH10-106NTH (CsgH-NTH) for comparison with previous data collected by Dr Jonathan 

Taylor. Both proteins were purified under native conditions by Ni-affinity chromatography 

producing relatively pure samples (Figure 3.50) which were further purified by gel filtration 

(Figure 3.51).  

 

Figure 3.50: Purification of CsgH-NTH and CsgH-CTH constructs. SDS-PAGE gels showing 
samples from Ni-IMAC purification of the CsgH-NTH and CsgH-CTH constructs. The bands 
corresponding to CsgH-NTH are indicated with blue arrows and CsgH-CTH with red arrows. The 
yield and purity of CsgH-CTH was significantly better than the CsgH-NTH construct. 
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Figure 3.51: Gel Filtration of CsgH. Example Gel Filtration trace of CsgH in 100 mM NaCl, 20 
mM HEPES pH 7.5, purified by gel filtration on an S75-superdex column. The peak centred at 
around 77 mL contains our protein of interest and the corresponding fractions were pooled. 

3.5.1.2 Comparison of spectral quality 
15N labelled samples were purified and 2D 15N HSQC spectra collected for both CsgH 

constructs in 100 mM NaCl, 20 mM HEPES pH 7.5 and compared to previous data collected by Dr 

Jonathan Taylor (Figure 3.52A). Notably the truncated constructs both produced better spectra than 

the longer construct previously studied, despite having fewer amino acids they both possess more 

peaks. Out of the three constructs arguably CsgH-CTH produced the best spectra, with the peaks in 

the spectra well dispersed, well defined and close in number to what would be expected for the 

protein. Although the spectra of the N-terminally tagged construct was similar in quality to the C-

terminally tagged one, the yield of the protein is worse, a potential problem for structural solution 

where higher protein concentration is more favourable. The thermal stability of CsgH-CTH was 

then tested by 1D NMR and showed the protein was stable at 303  ̊K for 5 days with no loss of 

signal or change of peak frequency (Figure 3.52B). Due to the high quality of the 1H 15N HSQC 

spectra and the good thermal stability of CsgH-CTH the protein was selected for structure 

determination.  
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Figure 3.52: Selection of construct for structural study by NMR. a, Overlay of 1H 15N HSQC 
spectra of CsgH10-106-CTH (Blue), CsgH10-106NTH (Green) and data previously collected by Dr 
Jonathan Taylor for CsgH1-106CTH (Red) showing the dispersion, number of peaks and peak 
sharpness of the spectra for comparison. b, Comparison of 1D spectra of CsgH-CTH before (Blue) 
and after (Red) 5 days at 303 ̊K, showing the spectra to be essentially identical. The NMR buffer 
used for the experiments was 100 mM NaCl, 20 mM HEPES pH 7.5. 
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3.5.2 Backbone Assignment CsgH-CTH 

A double labelled 15N 13C sample was expressed and purified by the same methodology as 

the 15N labelled samples. The purified sample (400 µM) was used to record 3D  HNCACB, CBCA, 

HNCO and HN(CA)CO spectra at 292 ̊K required for backbone assignment. The spectra were 

processed using NMRPipe (156) and rendered using CcpNmr analysis 2.4.0 (153). The chemical 

shifts of the HN and N atoms of the backbone are provided by a 15N 1H HSQC experiment, 113 

peaks were initially selected and inspection later identified 10 peaks overlapping these for a total of 

123 peaks. The HNCACB experiment provides chemical shift values of Cα and Cβ atoms 

associated with each peak in the HSQC (where present), importantly it also includes the Cα and Cβ 

atoms of the preceding residue. Separating the carbon peaks of the current residue from those of the 

preceding residue is aided by the CBCA experiment which only shows the Cβ and Cα atoms of the 

preceding residue. Similarly the HNCO experiment provides the chemical shifts of the backbone 

carbonyl carbon atom associated with a particular HN and N in the backbone as well as the atom 

from the preceding residue. Together, the chemical shifts and sequential information provided by 

these experiments, combined with our knowledge of the protein sequence and the probable 

chemical shifts of a given residue, (From BMRB database [144]), it becomes possible to assign the 

chemical shifts to specific residues. The chemical shifts were selected using CcpNmr analysis 2.4.0 

[188].  The program MARS [145] was used to automatically assign the chemical shifts to specific 

residues based on the pattern of Cα and Cβ chemical shifts, the data on the preceding residue’s 

chemical shifts and the protein sequence. MARS was run with 0.25 ppm tolerance for C’ and 0.5 

ppm tolerance for Cα and Cβ residues. The resulting assignments could be displayed and inspected 

in CcpNmr (Figure 3.53). The data was generally of good quality although there were some heavily 

overlapped amide peaks and some peaks were absent from the 3D experiments, particularly in the 

HNCACO spectra.  
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Figure 3.53: Backbone Assignment Strips. Strips from NMR spectra used for backbone 
assignment showing the data from the HNCACB (Positive Blue, Negative Green), CACB (Red), 
HNCO (Purple) and HNCACO (Orange). Peaks linking the strips are illustrated with black lines, 
the data is of good quality but there are still some gaps such as between alanine 34 and leucine 33 in 
the carbonyl region. 
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While the bulk of the protein could be assigned quickly (~70 %) some peaks were more 

difficult to assign, generally due to peak overlap, inaccurate chemical shifts or sequence similarity 

causing some degree of ambiguity. Through cycles of inspection, addition of new peaks, 

adjustments to the chemical assignments and automated assignment by MARS the assignments 

were gradually improved, overlapping peaks distinguished and the backbone assigned as completely 

as possible. The final backbone assignment (Figure 3.54) was ~99 % complete for the protein 

backbone excluding proline residues, the linker and the poly-histidine tag (95 % for entire protein). 

MARS uses the chemical shift values for the spin systems, the polypeptide sequence and the 

secondary structure prediction and attempts to assign the full backbone to satisfy the available data, 

the consistency with which a particular spin system is assigned to a particular residue is used as an 

estimate of confidence. The final MARS run assigned 97 residues with a high confidence, 4 with 

medium confidence (Glu100, His101, His102, His103) and 5 were unassigned (Met1, Pro94, 

His104, His105, His106).  Notably most of these less confidently assigned and missing residues 

occur in the tag (Residues 99-106), it is likely that overlap makes it impossible to distinguish 

between the Histidine residues in the tag after His101 as they are likely to have similar chemical 

environments. Proline will not produce a peak due to its distinct structure and so it is an anticipated 

gap in the assignment. The N-terminal methionine residue is absent from the spectra because its -

NH3+ group is in fast exchange with the solvent and so cannot be observed. 
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Figure 3.54: Backbone Assignments of 15N 1H HSQC. The 2D HSQC spectra of CsgH used to 
solve the protein structure is shown here with the assignments made using CcpNmr Analysis and 
MARS. The central regions of the spectra are shown labelled in the separate boxes on the right for 
clarity. The spectra is well dispersed and 95 % of the backbone amides has been assigned. The 
unassigned peaks are likely to be side chains or noise. Note that the 1H 15N peak for Alanine 23 is 
folded explaining its unusual chemical shifts. 
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The assigned chemical shift values of the 15N, Hα, Cα, Cβ and C’ of each residue can be 

used together with the sequence to predict the Phi and Psi angles together with the secondary 

structure of the protein. The secondary structure predicted from the assigned chemical shifts using 

DANGLE (155) compared favourably to the predicted structure of the protein (PSIPRED [126]) 

with strands positioned almost exactly as predicted based on the protein sequence (Figure 3.55). 

The consistency of the secondary structure prediction supports the accuracy of the assignments and 

the dihedral angles predicted were useful for the structural calculations, although the final structure 

used dihedral angles predicted by Talos+ [189].  

 

Figure 3.55: Comparison of secondary structure predictions. Cartoon figure comparing the 
secondary structure of CsgH based on sequence only (PSIPRED [126]) and the secondary structure 
predicted from the measured chemical shift data (DANGLE). The structures appear to be very 
similar with strands in approximately the same position. Note that the construct used for NMR lacks 
the presumably disordered N-terminal region and so this is not included in the prediction by 
DANGLE. Although the C-terminus of CsgH according to DANGLE has been shown as disordered 
but the prediction is more indeterminate with some evidence of both helical and coiled 
conformations. 
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3.5.3 Sidechain Assignment CsgH-CTH 

To assign the sidechain atoms of the protein it was necessary to conduct another series of 3D 

NMR experiments using the same protein sample as before: HBHA(CO)NH, CC(CO)NH and 

HCCH-TOCSY. The CC(CO)NH experiment in provides the chemical shifts of all the carbon 

atoms, bound to a hydrogen in the preceding sidechain (Figure 3.56). The quality of the data from 

the CC(CO)NH experiment was generally good and provided the chemical shifts of most of the Cγ 

and Cδ carbon atoms. 

 

Figure 3.56: Strips for Sidechain Carbon Atom Assignments. Strips from NMR spectra used 
while working on sidechain assignment showing the data from the HNCACB (Positive Blue, 
Negative Green), CC(CO)NH (Light Blue). Sidechain peaks assigned using this spectra have been 
indicated with a cross and a description of the atom assigned. Note the peaks correspond to carbon 
atoms on the preceding residue. 

The HBHA(CO)NH spectrum provides in turn the chemical shift values of the Hβ and Hα 

atoms of the preceding residue (the specific residue is known from the backbone assignment) 

(Figure 3.57A. The information from these experiments is useful but not essential for assigning the 

side chain atoms, the main experiment was the HCCH-TOCSY which provides all the carbon and 

carbon attached protons in the same sidechain as a particular CH atom. From the carbon and proton 

atoms already assigned the other side chain atoms can therefore be found in the HCCH-TOCSY 

(Figure 3.57B). 

 

13 2 
 



 

 

Figure 3.57: Strips for Sidechain Atom Assignments. a, Strips from HBHA(CO)NH spectra, 
labelled by the relevant 15N 1H resonance, illustrating data used to assign Hα and Hβ atoms for 
individual residues. The relevant peaks are marked with a cross and the exact atom labelled. b, 
Strips from HCCH-TOCSY spectra for assignment of Ile55 illustrating data used to assign the 
sidechain atoms of each residue. The relevant peaks are marked with a cross or linked by a line if 
present in adjacent strips, the carbon atom corresponding to the 13C resonance on the vertical axis is 
labelled. 

 

Assignment of the atoms in the aromatic residues required some additional experiments a 
2H-Heteronuclear multiple quantum coherence (HMQC) and an H-H NOESY which were duly 

conducted. Note that in order to improve the spectra for the H-H NOESY the protein was 

transferred into D2O by dilution and concentration. Together these experiments allow us to 

cautiously assign the protons and carbon atoms in the aromatic rings from prior assignments, this is 

aided in this case by the presence of only five aromatic residues in CsgH. CcpNMR analysis was 

used for the sidechain assignments initially but they were then checked and some corrections made 

using scripts designed for sidechain assignments by Marchant et al., [146] in NMRview [190]. The 

majority of the 1H, 13C and 15N atoms in CsgH were successfully assigned; 88.5 % not including the 

tag, 81.6 % including the tag. 
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3.5.4 Structure Calculation CsgH-CTH 

Structure calculation was conducted using both the assignments as well as some structural 

constraints. To provide distance constraints a 15N-NOESY-HSQC and a 13C-NOESY-HSQC were 

conducted the former in H2O and the latter in D2O. Further distance constraints were available from 

the H-H NOESY used during the assignment process. These distance constraints consisted of 

picked peaks in the NOESY spectra with known chemical shifts and with the distance derived from 

the peak height. Dihedral angle constraints were also used during the structural calculation, these 

were derived by TALOS using the chemical shift data from the assignments. Furthermore since 

Cys4 and Cys90 were expected to form a disulphide bridge and their chemical shift assignments 

supported this arrangement an additional force constraint was added for a disulphide bridge 

between the two residues. The structure was calculated using ARIA, the resulting violations in the 

structures were checked and the NOESY spectra curated by inspection to eliminate spurious or 

ambiguous peaks, the calculation methods were also adjusted to produce the best results (minimal 

violations). The final calculation was carried out as described in materials and methods (2.5.1.2). 

The ensemble of the best 20 structures was produced (Figure 3.58A, Figure 3.58B) and the lowest 

energy structure was also selected to best illustrate the structure (Figure 3.58C). The statistics for 

the final ensemble of NMR structures for CsgH are shown in Table 3.1. 

 

Figure 3.58: Calculated CsgH Structure. a, Ensemble of 20 calculated CsgH structures aligned 
over the entire structure, showing the protein backbone and coloured from Blue to Red from N-
terminus to C-terminus. b, Ensemble of 20 calculated CsgH structures aligned over the entire 
structure, cartoon diagram showing the secondary structure and coloured from Blue to Red from N-
terminus to C-terminus. c, Lowest Energy Structure of CsgH viewed from opposite sides, cartoon 
diagram of the secondary structure with sheets coloured in red, loops in green and helices in blue 
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Table 3.1: NMR and Refinement statistics for final CsgH structure ensemble. 

NMR Distance and Dihedral Constraints 
Total Unambiguous NOE Constraints 1202 
Intraresidue 575 
Interresidue 627 
Sequential (|i-j|)=1 200 
Medium range (|i-j|)<4 54 
Long range (|i-j|)>5 373 
Ambiguous Distance Constraints 519 
Talos+ Dihedral Angle Restraints 
ψ 85 
φ 85 
Structural Statistics Violations (Mean (SD)) 
Distance Constraints (Ǻ) 0.25 (0.55) 
Dihedral Angle Constraints ( ̊ ) 0.5 (0.61) 
Maximum Dihedral Angle Violation ( ̊ ) 4.93 
Energies 
Mean Constraint Violation Energy 283 (14.1) 
Mean Amber Energy -2680 (43.5) 
Maximum distance constraint violation (Ǻ) 0.4871 (0.257) 
Mean Deviations From Idealised Geometry 
Bond Length (Ǻ) 0.00616 (0.00015) 
Bond Angle ( ̊ ) 0.629 (0.0167) 
Average Pairwise RMSD (Ǻ) (Residues 1-98) 
Heavy 1.01 (0.1) 
Backbone 0.42 (0.11) 
Ramachandran Plot 
% in most favoured regions 94.5 % (1.3 %) 
% in allowed regions 99.4 % (0.6 %) 
% in disallowed regions 0.6 % (0.6 %) 
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3.5.5 Unusual Chemical Shifts & Ramachandran Outliers 

3.5.5.1 Ramachandran Outliers 

The Ramachandran plot was developed in 1963 [191], essentially a plot of ψ and φ angles 

from the backbone of the protein. The possible angles are restrained physically to a narrow range of 

conformation and study of many protein structures has shown that actual angles cluster to an even 

narrower range of favoured angles. The Ramachandran plot of the structural ensemble for CsgH is 

show in Figure 3.59 and shows that the vast majority of peaks are in the favoured region but there 

are some outliers, these correspond to the C-terminus and the loop containing Glycine 12, these 

residues are likely to be artifacts, present in less structured regions with less constraints to define 

the structure. 

 
Figure 3.59: Ramachandran outliers. a-c, Ramachandran plots (Generated by Molprobity [151]) 
of selected residues from the Structure Ensemble of CsgH. The plot shows theoretically favoured 
regions in light blue and allowed regions in dark blue. The outliers are labelled in square brackets 
with the individual model within the ensemble (1-20) and then the specific residue in the structure. 
Note that for the sake of clarity the plots for pre-proline and proline residues have been excluded as 
they include no outliers. d, Cartoon Structure of CsgH showing residues which appear as outliers 
are highlighted in red (G12, V97, K98, L99, E100). 
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3.5.5.2 Unusual Chemical Shifts 

The measured chemical shifts of CsgH and the co-ordinates of the lowest energy structure 

were analysed using the BMRB tool Coordinates versus Assigned Chemical Shifts Checker [144]. 

This software indicated no issues between the chemical shift file and the co-ordinates but did 

highlight that Ala23 N (104.959 ppm) and Val62 Hβ (0.339 ppm) possessed chemical shifts more 

than five standard deviations away from the average chemical shift. The average chemical shift for 

alanine N is 123.26 ppm with a standard deviation of 3.47 ppm and valine Hβ has an average 

chemical shift of 1.98 ppm with a standard deviation of 0.32 ppm The chemical shift of the Ala23 

nitrogen can be easily explained as the shift is folded back onto the spectrum and so actually has a 

shift of 132 ppm. Val62 Hβ is unusual but may result from its close proximity to Tyr31 in the 

structure (Figure 3.60B) and may be being ring current shifted. Further analysis using ShiftX [192] 

to predict the chemical shifts from the structure indicated that most chemical shifts were close to 

those predicted from the structure, however Ser70 HN is in an unusual position on the HSQC at 

around 6.7 ppm (Figure 3.54). Ser70 lies in a loop near two tyrosine residues (Figure 3.60A), since 

the loop is flexible and relatively weakly constrained it is possible that the Serine residue is closer 

to one of the aromatic rings and a strong ring current shift is causing the unusual chemical shift. 

 

Figure 3.60: Unusual chemical shifts and proximal aromatic residues. a, Cartoon Structure of 
CsgH in green, with Ser70 shown as sticks in red and Tyr69 and Tyr75 shown as sticks in blue b, 
Cartoon Structure of CsgH green, withVal62 shown as sticks in red and Tyr31 shown as sticks in 
blue. 
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3.5.6 The Structure of CsgH 

The final structure of CsgH is remarkably similar to that of CsgC as anticipated from the 

secondary structure prediction (Figure 1.14), adopting a compact immunoglobulin-like β-sandwich 

with the β-strands forming two sheets (Figure 3.61). The C-terminus of CsgH contains a short 

helical region not present in CsgC (Figure 3.61) but it is unclear whether this is a significant 

feature.  

 

Figure 3.61: Comparison of the structures of CsgC and CsgH. a, Cartoon diagram illustrating 
the structure of CsgH in two orientations as indicated by the arrow, the secondary structure is 
highlighted by colour with the strands in red, loops in green and helices in blue. b, Cartoon diagram 
illustrating the Crystal Structure of CsgC 2Y2T as solved by Dr Taylor the secondary structure is 
highlighted by colour with the strands in red, loops in green and helices in blue showing the 
similarity in overall structure to CsgH. c, Cartoon diagrams of CsgH (Red) and CsgC (Blue) aligned 
using Pymol (RMSD ~2.4) illustrating the similarity between the two structures. 
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The topology of CsgH is illustrated in Figure 3.62A, showing the arrangement of what are 

effectively seven β-strands forming two sheets, these sheets are bound together by a disulphide 

bridge between the most N-terminal and most C-terminal strands. Although the topology of CsgC is 

the same the cysteines in CsgC do not connect these strands, instead forming a CxC motif which 

has been suggested to have some sort of functional role [106], the cysteines in CsgH are much 

further apart and are not present at the same location in the structure. The position of the conserved 

cysteines in CsgH suggest they perform an important structural role (Figure 3.62). 

 
Figure 3.62: Topology and Disulphide bond position in CsgH. a, Topology of diagram of CsgH 
with B-strands shown as red arrows and helices as blue cylinders, with their starting and ending 
residue positions numbered; linkers are shown as green lines. The disulphide bond is indicated with 
an orange line; and the N-terminus and C-terminus are indicated with boxes labelled N and C 
respectively. b, Cartoon diagram of CsgH structure with the secondary structure highlighted by 
colour with the strands in red, loops in green and helices in blue, the disulphide bridge has been 
shown as sticks and coloured in orange. c, Cartoon diagram of CsgC structure with the secondary 
structure highlighted by colour with the strands in red, loops in green and helices in blue, the 
disulphide bridge has been shown as sticks and coloured in orange. The two structures are aligned 
and show that the position of the bridge is different and show how the disulphide bridge links the 
first and last strands of CsgH with a covalent bond. 
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Interestingly both proteins appear to have a similar pattern of surface charge with clear 

separation between a largely negative patch on one face of the protein and a positively charged 

patch on another face (Figure 3.63). The positions of these patches are largely similar with the 

positive patch most conserved in position. Both positive and negative patches appear particularly 

distinct on CsgH and may have a role in function. 

 

Figure 3.63: Surface electrostatics of CsgH and CsgC. a, Structure of CsgH showing the surface 
coloured by electrostatics illustrating the positively charged patch on the surface of CsgH. b, 
Structure of CsgH showing the surface coloured by electrostatics illustrating the negatively charged 
patch on the surface of CsgH. c, Structure of CsgC showing the surface coloured by electrostatics 
illustrating the positively charged patch on the surface of CsgC. d, Structure of CsgC showing the 
surface coloured by electrostatics illustrating the negatively charged patch on the surface of CsgC. 
Note that the figures are oriented so that the perspective of A and B correspond to C and D 
respectively. The red shaded regions are negatively charged and blue shaded regions are positively 
charged while the white regions are uncharged. 
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3.5.7 Bioinformatics analysis of CsgH structure 

The structure of CsgH was used to search for structural homologs using Dali [192] (Table 

3.2) and BioXGEM 3D-BLAST (Table 3.3) [193, 194], the closest structural homolog according to 

both proteins was CsgC but a broad range of other proteins were also identified reflecting the 

ubiquity of the IG fold. Many of the proteins are involved in Protein-Protein interactions (e.g. 

Interleukin), particularly on the cell surface (e.g. ICAM-1), no proteins known to be involved in 

amyloid inhibition were detected as homologous other than CsgC. The BioXGEM results included 

several β-barrels in the results but these results can be explained, depending on the case on 

subdomains of the barrel having IG-like folds or as artefacts resulting from the high propensity of 

β-strands in both proteins. 

 

Table 3.2: Summary of Dali Results. Showing examples from each group of proteins identified by 
Dali [192] with a Z-score of 6 or higher. Displaying the protein name, the species the protein is 
from and the sequence identity to CsgH over the aligned sequence. Note that for many of these 
proteins CsgH aligns to an IG-like subdomain of a larger protein. 

Protein Source Sequence Identity 

CsgC Escherichia coli 20 % 

Transglutaminase Pagrus major 9 % 

Beta-mannosidase Bacteroides thetaiotaomicron 7 % 

Coagulation Factor XIII Homo sapiens 7 % 

Interferon Gamma Homo sapiens 9 % 

Beta-galactosidase Bacteroides fragilis 7 % 

Interleukin-22 Homo sapiens 9 % 

ApaG Bordetella pertussis 5 % 

Integrin beta-4 Homo sapiens 8 % 

CD2 Homo sapiens 8 % 

IG new antigen receptor Ginglymostoma cirratum 7 % 

RbmA Vibrio cholerae 11 % 
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Table 3.3: Summary of BioXGEN 3D BLAST Results. Showing examples from each group of 
proteins identified by BioXGEN 3D BLAST [193, 194] with an E-value below e-10. Displaying the 
protein name, the species the protein is from and the structural identity to CsgH over the aligned 
regions. Strangely these results include several β-barrel proteins, there is no evidence that CsgH is a 
membrane protein, this is likely due to the high propensity of β-strands in both proteins. 

Protein Source Structural Identity 

CsgC Escherichia coli 41 % 

ICAM-1 Homo sapiens 38 % 

SufD Escherichia coli 40 % 

PapC Escherichia coli 34 % 

OpmA Rhodopseudomonas blastica 36 % 

Alpha Adaptin-C Mus musculus 35 % 

NedA Micromonospora viridifaciens 38 % 

XynY Ruminiclostridium thermocellum 43 % 

DUF1425 Shewanella loihica 39 % 

M-keima Montispora sp. 20 42 % 

PEBP2 Homo sapiens 37 % 
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3.5.8 Summary 

Several CsgH constructs were expressed and compared using NMR to identify the best 

construct for further study. The C-terminally hexahistidine tagged version of CsgH with the first 

nine amino acids removed (CsgH10-106CTH) was selected for structure solution. The solution 

structure of CsgH was solved using NMR producing a well-defined structure with minimal 

violations. The structure of CsgH is an IG-like β-sandwich similar to CsgC, with a backbone RMSD 

between the proteins of ~2.4 Å despite only 19 % sequence identity. Similarly there is a 

conservation in surface charge between the two proteins with both proteins possessing distinct 

negative and positive patches on opposite surfaces of the protein. The structure of CsgH was used to 

probe the PDB for structural homologs, CsgC was detected as a close homolog but otherwise no 

interesting structural homologs were identified. 
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3.6 CsgH Function 

3.6.1 CsgH Inhibition of CsgA 

CsgH shares a similar structure to CsgC and is present in strains where CsgC is absent, 

CsgC is known to inhibit amyloid formation and by homology CsgH is expected to have a similar 

function. To test whether CsgH can inhibit amyloid formation the ThT amyloid fibrillation assay 

was used to measure amyloid formation of CsgA with and without CsgH. CsgA was purified under 

denaturing conditions, transferred into native buffer, filtered and exchanged into phosphate buffer 

(2.3.5). Purified CsgH was added at a range of concentration ratios and the amyloid formation 

monitored over a couple of days. CsgH was found to inhibit amyloid fibrillation with a similar 

efficacy to CsgC (Figure 3.64). Both inhibitory proteins increase the apparently duration of the lag 

phase and decrease the overall maximum level of fluorescence. 

 
Figure 3.64: ThT Fluorescence Curves showing CsgH Inhibition of Amyloid Formation. CsgA 
alone (Blue) shows the characteristic amyloid formation curve observed for curli amyloid 
formation. Interestingly CsgH (Red) and CsgC (Green) show almost identical levels of inhibition 
with an elongated lag phase and a lower final level of ThT fluorescence. 
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3.6.2 ThT assay of CsgH Mutants 

3.6.2.1 Initial CsgH Mutants 

To probe the function of CsgH a series of mutations were made to the sequence to test the 

effect of point mutations. Research by Dr Jonathan Taylor had already identified several regions of 

CsgC which appeared to be important for function, analogous sites were identified in CsgH and 

these residues (K32A, D36S, R45S, K47E) were mutated (Figure 3.65), in CsgC multiple point 

mutations were needed to detect a noticeable change in activity (Personal Communication From Dr 

Jonathan Taylor) so a quad mutant of all four residues and double mutants with pairs of mutations 

on each strand were designed. These four residues are all localised to a large positively charged 

patch on the surface of CsgH. The mutant proteins were expressed and purified using the same 

method as CsgH wild type (CsgH-WT) and tested for stability by 1D NMR. The proteins appear to 

be folded retaining peak dispersion and ring-shifted methyl peaks and overall showing minimal 

changes from the wild type protein (Figure 3.66). 

 
Figure 3.65: Initial CsgH Mutants. These mutants were selected based on CsgC mutants produced 
by Dr Jonathan Taylor. a, Cartoon diagrams with the mutated residues coloured with carbon atoms 
in orange, nitrogen atoms in blue and oxygen atoms in red and labelled with the residue number and 
amino acid type. b, Surface diagram of CsgH structure coloured by charge with negative patches in 
red, positive patches in blue and neutral patches in white and oriented to match the structures shown 
in section A. 
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Figure 3.66: Overlay of 1D NMR spectra showing mutants of CsgH retain overall structure. 
The 1D spectrum of CsgH WT is shown in blue, the quad (K32A, D36S, R45S, K47E) mutant in 
Red, the double mutant R45S, K47E in green and the double mutant K32A, D36S in pink. Spectra 
were collected at 295 ̊ K in 100 mM NaCl, 20 mM HEPES pH 7.5 on the Avance III 600 MHz. 
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The ability of the quad mutant and the double mutant (R45S, K47E) to inhibit amyloid 

formation was tested using the ThT assay for amyloid fibrillation. The mutant proteins were tested 

at a 1:500 ratio of CsgH:CsgA and compared to CsgA alone and the wild type protein at the same 

ratio. Both sets of mutations had a very strong effect on the ability of CsgH to inhibit amyloid 

formation (Figure 3.67). As the protein structure and stability does not appear significantly affected 

this indicates that these residues have an important role in the function of CsgH. 

 

 
Figure 3.67: Normalised ThT Fluorescence Curves for initial CsgH Mutants. The fluorescence 
curves are normalised so that the maximum observed fluorescence is 1. Both the quad mutant 
(K32A, D36S, R45S, K47E) of CsgH (Orange) and a double mutant (R45S, K47E) (Purple) show a 
significant decrease in their ability to inhibit amyloid with similar lag phase and final fluorescence 
to CsgA alone (Blue). CsgH wild type is included for comparison (Red). 
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3.6.2.2 Further CsgH Mutants 

Further point mutations were designed mutating individual residues based on mutants 

produced by Dr Taylor on CsgC and based on the NMR structure of CsgH as well as the initial 

chemical shift data (Figure 3.70). The residues R45, K47. R25. D93. T16, Q18 and V20 were all 

mutated in CsgH (Figure 3.68).  

 
Figure 3.68: Further CsgH Mutants. Based on CsgC mutants produced by Dr Jonathan Taylor 
and using the structure of CsgH. a, Cartoon diagrams with the mutated residues coloured with 
carbon atoms in orange, nitrogen atoms in blue and oxygen atoms in red and labelled with the 
residue number and amino acid type. b, Surface diagram of CsgH structure coloured by charge with 
negative patches in red, positive patches in blue and neutral patches in white and oriented to match 
the structures shown in section A with labels showing the location of the mutant residues on the 
surface. 
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The mutant proteins were purified and expressed using the same method as the wild type 

protein and were tested for their ability to inhibit CsgA amyloid fibrillation using the ThT assay. 

The multiple point mutations had a significant effect on the protein functions as did the mutations to 

individual charged residues such as K47 and D93, interestingly mutations to R45 and R25 did not 

have a significant effect on amyloid inhibition. (Figure 3.69). These results suggest that specific 

charged residues and the regions near the charged patches are important for function but that the 

bulk charge of the protein alone is not sufficient for function. 

 
Figure 3.69: Normalised ThT Fluorescence Curves for initial CsgH Mutants. The fluorescence 
curves are normalised so that the final observed fluorescence of CsgA alone is 1. Many of the 
mutations show a significant decrease in the ability of the protein to inhibit amyloid formation 
however, R25 and R45 mutants have minimal effect of the protein function.  
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3.6.3 NMR of CsgH with CsgA 

3.6.3.1 CsgH-CTH 

Since CsgH can inhibit CsgA in vitro without any additional factors it is likely that the 

protein must interact with CsgA at some point during the process of amyloid formation. To probe 

this process 15N labelled CsgH was expressed, purified and combined with freshly purified 

unlabelled CsgA. A series of 2D 1H 15N-HSQC spectra were collected for this mixture over time 

and then compared to the spectra of a sample of CsgH alone. Shifts can be observed between CsgH 

and CsgH with CsgA as well as between CsgH with CsgA samples over time (Figure 3.70, Figure 

3.71).  

 
Figure 3.70: 1H 15N HSQC spectra of CsgH-CTH in the presence and absence of CsgA. 
Overlay of 1H 15N HSQC spectra of CsgH-CTH (Black), CsgH-CTH with CsgA (1:5) 0 hour 
incubation (Red), CsgH with CsgA (1:5) 4 hour incubation (Green) and CsgH with CsgA (1:5) 10 h 
incubation (Blue). The majority of the peaks show no significant movement but some peaks shift 
significantly in the presence of CsgA, arrows indicate the movement of peaks exhibiting 
particularly notable changes in chemical shift. The peaks can also be seen to move over time in the 
presence of CsgA possibly due to changes in the effective concentration of CsgA. Further details of 
peak changes are shown in Figure 3.71. 

15 0  
 



 

 
Figure 3.71: Examples of peak changes between CsgH with and without CsgA. Individual 
peaks have been selected from the HSQC overlay shown in Figure 3.70, CsgH-CTH alone is shown 
in black, CsgH-CTH with CsgA 0 hour incubation in red, CsgH with CsgA 4 hour incubation in 
green and CsgH with CsgA 10 h incubation in blue. Several peaks (a-i) show significant shifts 
when CsgA is added and then are seen to gradually move back towards the position of the CsgH 
alone over time. Notably several of these peaks are in or near the tag (f-i) and it is possible that the 
tag is interfering with the interaction. Some peaks are observed to disappear when CsgA is added to 
CsgH (j-l) and then slowly re-appear over time. Note that the chemical shift axis have been 
removed for clarity. 
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The peak changes between CsgH alone and CsgH with CsgA can be mapped onto the CsgH 

structure (Figure 3.72). Many of the largest peak changes localise to the region near the C-terminal 

polyhistidine tag and linker which suggests that the tag may be interfering with the CsgH-CsgA 

interaction. It is possible that the tag has some interaction with the nearby charged patch on the 

surface of CsgH (Figure 3.72B) and the shifts may reflect the tag being displaced from this position 

by CsgA. The majority of the peak perturbations (Figure 3.71A, B, C, D, E, F, G, H and I) show 

evidence of fast exchange which is indicative of a weak interaction however there are some peaks 

which are undergoing intermediate exchange (Figure 3.71J, K and L) which suggests they are 

experiencing a slightly stronger interaction. As the effective concentration of CsgA is uncertain at 

each time point of the experiment it would not be possible to accutately estimate the dissociation 

constant (Kd) from this experiment although it does appear to be a weak interaction from the 

exchange mechanism. 

 
Figure 3.72: Chemical shift perturbations of CsgH-CTH and relationship to surface charge. a, 
Map of chemical shift perturbations of CsgH-CTH in the presence of CsgA. Residues which show 
no indications of change are shown in blue, peaks for which data was missing are shown in grey, 
peaks which disappear in the presence of CsgA are shown in purple, the remaining peaks show 
varying degrees of chemical shift changes in the presence of CsgA, the distances moved were 
calculated as described in the materials and methods (2.5.1.3, Equation 2.1), the structure was 
coloured from blue to red in order of ascending chemical shift displacement (D), with  less than 
0.02 shown in blue, 0.02-0.05 shown in light blue, 0.05-0.08 shown in green, 0.08-0.11 shown in 
yellow and more than 0.14 shown in red. b, Surface of CsgH coloured by charge with negative 
patches in red, positive patches in blue and neutral patches in white oriented to match the 
perspective of the images in section a. It is clear that the strong shifts observed at the C-terminus 
are near this negative patch. 
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3.6.3.2 CsgH-NTH 

To eliminate the issues with the C-terminal histidine tag we reverted to the N-terminal His-

tagged construct for the CsgA titration experiment. The CsgH-NTH construct was previously tested 

but not used for structure solution as described in section 3.5.1. 15N labelled CsgH-NTH was 

expressed and purified as before and then combined with freshly purified CsgA in the same manner 

as the CsgH-CTH construct. The strength of the chemical shifts was slightly smaller than those seen 

for CsgH-CTH (Figure 3.73), possibly reflecting a lower concentration of CsgA. Similar to the 

CsgH-CTH experiment the majority of peak perturbations still showing evidence of fast exchange, 

with a few showing evidence of intermediate exchange giving the overall indication that the 

interaction is weak. 

 
Figure 3.73: 1H 15N HSQC spectra of CsgH-NTH in the presence and absence of CsgA. 
Overlay of 1H 15N HSQC spectra of CsgH-NTH (Green) and CsgH-NTH with CsgA (1:3) 0 hour 
incubation (Red). The majority of the peaks show no significant movement but some peaks shift 
significantly in the presence of CsgA, arrows indicate the movement of peaks exhibiting changes in 
chemical shift. 
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A backbone assignment has not been completed for CsgH-NTH but the majority of peaks 

for the core protein (77/98) can be mapped directly from the CsgH-CTH assignments, these 

tentative assignments are shown in Figure 3.74. The missing assignments are a caused either due to 

the absence of peaks or ambiguity resulting from peak overlap or uncertainty over which peak has 

moved.  

 
Figure 3.74: Backbone Assignments for CsgH-NTH. Assignments are based on known 
assignments for CsgH-CTH. 2D 15N 1H HSQC of CsgH-NTH is shown in green and labelled with 
the tentative assignments based on CsgH-CTH (Figure 3.54). Many of the unassigned peaks occur 
near the centre of the spectra where peak overlap and poor dispersion make precise assignment 
more difficult. 
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The changes in chemical shift can then be mapped onto the CsgH structure (Figure 3.75) the 

results indicated that there may be an interacting region in the protein near the negatively charged 

region of the protein.  

 
Figure 3.75: Chemical shift perturbations of CsgH-NTH and relationship to surface charge. a, 
Map of chemical shift perturbations of CsgH-NTH in the presence of CsgA. Residues which show 
no indications of change are shown in blue, peaks for which data was missing are shown in grey, 
peaks which disappear in the presence of CsgA are shown in purple, the remaining peaks show 
varying degrees of chemical shift changes in the presence of CsgA, the shift deviations were 
calculated as described in the materials and methods (2.5.1.3, Equation 2.1), the structure was 
coloured from blue to red in order of ascending chemical shift displacement (D), with  less than 
0.02 shown in blue, 0.02-0.05 shown in light blue, 0.05-0.08 shown in green, 0.08-0.11 shown in 
yellow and more than 0.14 shown in red.  b, Surface of CsgH coloured by charge with negative 
patches in red, positive patches in blue and neutral patches in white oriented to match the 
perspective of the images in section A, the face of CsgH around the negatively charged region 
shows clustering of observed changes in chemical shifts, suggesting an interacting region, while the 
reverse face, where the positively charged patch is present shows minimal evidence of interaction. 

 

 

 

 

 

 

 

 

 

 

15 5  
 



 

To show that the N-terminally tagged CsgH was still active it was tested for inhibition of 

CsgA polymerisation using the ThT assay (Figure 3.76). The results showed that CsgH-NTH 

showed similar efficacy to CsgH-CTH. 

 
Figure 3.76: Comparing CsgH-CTH and CsgH-NTH Inhibition of Amyloid Formation. The 
fluorescence intensity is normalised so that the final measured fluorescence of CsgA alone is 1. The 
location of the hexahistidine tag on CsgH appears to have no significant effect on the ability of the 
protein to inhibit amyloid fibrillation, with the lag phase and overall intensity limited to a similar 
level. 
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Many of the chemical shifts showing shifts are conserved between the CsgH-CTH and 

CsgH-NTH. To try to eliminate the contributions from the tags in the two datasets were combined 

and then mapped onto the structure with all the chemical shifts averaged (Figure 3.77B) and also 

averaged and reduced to show only those peaks which shift significantly in both experiments 

(Figure 3.77A). This data can be compared to the charged surfaces of the protein illustrated in 

Figure 3.77C. Similar to the results for CsgH-NTH there is an indication of an interacting face near 

the negatively charged patch on the protein surface. 

 
Figure 3.77: Comparison and amalgamation of CsgH-CTH and CsgH-NTH chemical shift 
data. The shift deviations were calculated as described in the materials and methods (2.5.1.3, 
Equation 2.1), the structures in a and b were coloured from blue to red in order of ascending 
chemical shift displacement (D), with less than 0.02 shown in blue, 0.02-0.05 shown in light blue, 
0.05-0.08 shown in green, 0.08-0.11 shown in yellow and more than 0.14 shown in red. a, Map of 
chemical shift perturbations of CsgH in the presence of CsgA, with the D values averaged and a 
conservative cut-off is applied where if the chemical shift perturbation falls below 0.02 for either 
the experiment with CsgH-CTH or CsgH-NTH the residue in question coloured in Dark Blue 
(Indicating no significant shift). b ,Map of chemical shift perturbations of CsgH in the presence of 
CsgA, with the D values simply averaged, this should reduce the significantly reduce the impact of 
the tags on chemical shift perturbations but may not eliminate particularly large shifts, fortunately 
most of these large shifts are already discounted as the tag and linker cannot be compared between 
the CTH and NTH constructs. c, Surface of CsgH coloured by charge with negative patches in red, 
positive patches in blue and neutral patches in white oriented to match the perspective of the images 
in sections A and B. 
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3.6.4 CsgH and FapC 

To test whether CsgH can work on other bacterial functional amyloid the protein was 

combined with FapC over a range of concentrations and amyloid formation was monitored using 

the ThT assay. Interestingly CsgH was capable of inhibiting FapC, albeit less efficiently than it 

could inhibit CsgA fibrillation (Figure 3.78), indeed comparison with previously observed CsgA 

inhibition (Figure 3.67, Figure 3.78) it appears that CsgH is fivefold more effective at inhibiting 

CsgA. The ability of CsgH to inhibit FapC is particularly interesting as the two amyloid proteins 

share little sequence similarity even in their amyloid repeats indicating CsgH has a robust, 

promiscuous mechanism of amyloid inhibition. 

 
Figure 3.78: Normalised ThT Fluorescence Curves for FapC with varying concentrations of 
CsgH. The fluorescence curves are normalised so that the maximum observed fluorescence is 1. 
CsgH inhibits amyloid formation by FapC as it extends the lag phase and decreases the overall 
maximum fluorescence. The effectiveness of the inhibition increases with concentration. 
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3.6.5 Summary 

CsgH was shown to inhibit CsgA fibrillation with similar efficacy to CsgC indicating that 

the protein has a role in controlling amyloid fibrillation. Mutations of CsgH were made which 

reduced the ability of CsgH to inhibit CsgA fibrillation, these mutations include sets of mutations 

such as the double, triple and quad mutations described previously, single mutants include 

negatively charged residues such as D93 and K47 however some point mutations had no effect 

alone such as R25 and R45. These mutations suggest that surface charge is important for the 

function of CsgH but that the position of the charge is important as opposed to just the overall 

charge of the protein. NMR was used to probe the interaction between CsgH and CsgA, the results 

indicated that there was some form of specific interaction occurring and showing some localisation 

to a large negatively charged patch and the region around it on one side of the protein. Since the 

mutants which inhibited inhibition did not always exhibit strong shifts this may suggest that these, 

largely charged residues may have a role electrostatically attracting or orienting the molten form of 

CsgA before a more direct interaction which presumably leads to the adoption, in CsgA, of a less 

amyloidogenic fold. Interestingly CsgH was also shown to inhibit the Pseudomonas amyloid FapC 

despite the low sequence identity, indicating that the mechanism of CsgH/CsgC inhibition of 

amyloid is robust and promiscuous. 
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4) Discussion 

4.1 Insights into the components of the Alf system 

At the outset of this project our knowledge, at the molecular level, of Pseudomonas Alf was 

very limited.  Bioinformatics analysis of the proteins gave us some indications as to the nature of 

the various components. FapD and FapF were indicated to be the main structured components in the 

system and showed homology to C39-like peptidases and β-barrels respectively. For the other 

components, the lack of related proteins, of known structure and function, meant that bioinformatics 

could only provide the most basic information. We have shown that FapD and FapF are indeed 

structured proteins and our results support the suggestion that FapA, FapB, FapC and FapE are 

unstructured proteins when isolated in solution. It is possible that FapA and FapE perform roles as 

adapters or accessory proteins to the complex similar to CsgE or CsgF which are also predicted to 

be disordered proteins in isolation. FapC was known to be an amyloid forming protein and the main 

component of the fibre, by homology it has been inferred that FapB is also an amyloid protein, our 

results support this suggestion as FapB appears to form amyloid in isolation based on the ThT 

assay. Our attempts to identify interactions between the components have been hampered by the 

unstructured nature of many of the proteins. Homology with subdomains of β-barrel proteins and 

the suggestion that FapD acts on FapF both support the possibility that FapD interacts with FapF, 

however we were unable to prove this interaction due to the incompatible buffers. The instability of 

FapD over the range of conditions and even in the presence of detergents may support the 

suggestion that FapD is bound to other proteins in vivo and is unstable in their absence, an effect 

which has been seen in other protein complexes [196].  

The range of constructs produced for the system will prove useful for future work on 

Pseudomonas Alf. The repeat deletion constructs for FapB and FapC can be used to probe the effect 

of individual repeats on the amyloid fibrillation process.  The periplasmic constructs are useful for 

co-expression with the full operon despite the difficulty of purifying the proteins with the full 

operon active; this could be resolved with some deletion mutants for the individual proteins, in 

particular deletion of FapC should improve the purity as the amyloid fibres should then no longer be 

produced. Alternatively the specificity of the pull-down experiment could be improved by using a 

more specific tag such as streptavidin or maltose-binding protein (MBP). Additionally if a more 

stable construct or more stable conditions can be identified for FapD which allow it to remain 

soluble in the presence of detergents it would be interesting to probe for the potential interaction 

between the proteins which is implied by homology. Since FapC amyloid fibres could be produced 

they could be used to perform solid state NMR experiments to study the structure of the amyloid 

fibres themselves which could be interesting for comparison to known systems [197, 198, 199]. As 

observed in the introduction both the FapC and CsgA repeats contain a putative Q/N – X10 – Q/N 
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motif, notable as the proteins share little else in common (Table 4.1). Our experimental results 

support the suggestion of a common basis for amyloid fibrillation between the two proteins as CsgH 

is capable of inhibiting both amyloid proteins. The presence of these similar sequences between the 

proteins might implicate that this is the sequence which CsgH interacts with. FapC is a much larger 

protein than CsgA with long loop regions dividing its three repeats and so it may be useful to isolate 

the individual amyloid repeat of FapC, produce it as a peptide and use it for study of the system, 

possibly in NMR titrations with CsgH, where it could be used at a much higher molar ratio than the 

full length protein. Isolation of the short Q/N – X10 – Q/N peptide might also be interesting for 

study as whether or not it retains any amyloidogenic properties it may still be able to interact with 

the amyloid inhibitors CsgH and CsgC. 

 
Table 4.1: Properties of CsgA and FapC. Comparison of CsgA and FapC (UK4) features, using 
Protparam [181] to estimate MW and pI. 
Feature CsgA FapC 

pI 5 8.49 

MW 15 kDa 25 kDa 

Number of Amyloid Repeats 5 3 

Amyloid Repeat Sequence S-X5-Q-X-G-X-G-N-X–A-X3-Q X15-G-X4-N-X3-G-X6-N-X7 

Total Asp+Glu 10 14 

Total Lys+Arg 6 16 
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4.2 Towards an NMR structure of FapD 

The FapD PAO1 construct was too unstable for study however construct optimisation. 

However with a change of Pseudomonas strain to PA7, truncation of the protein to remove the 

potentially disordered N-terminus, followed by buffer optimisation using DSF and NMR has 

improved the stability considerably to the point where the protein is stable enough to conduct 3D 

NMR experiments. Significant progress has therefore been made towards the structure of FapD. 

With the current construct and buffer solving the NMR structure would be an intensive task, further 

optimisation of the buffer has good potential to resolve this issue, particularly titrating the level of 

glycerol and the experimental temperature or finding an alternative additive to stabilise the protein. 

Although many constructs were made in an attempt to stabilise the protein it could still be a 

productive avenue in pursuit of the protein structure. A fusion construct of the Pseudomonas PA7 

version of FapD with a stabilising protein such as MBP could serve the dual purpose of stabilising 

the protein and provide crystal contacts for crystallisation. Having a large additional domain is not 

ideal for NMR studies of the protein, an alternative approach would be to revisit the homolog 

constructs using the purification methods and additives which proved effective in stabilising the 

Pseudomonas PA7 version of FapD as these may show better long term stability. Interactions with 

other components of the Alf system might also improve the stability of the protein so if interaction 

partners are identified in the future these could be used to stabilise the protein either by combining 

the proteins in vitro or producing a fusion construct between them. The potential presence of a 

transmembrane helix in some homologs of FapD as well as the extended C-terminal helices 

predicted by I-TASSER hint at the potential for an interaction with FapF at the outer membrane, 

however it has not been possible to reconstitute a FapF-FapD complex, it is possible that another 

protein acts as an adapter between the two structured components. 

Since FapD has been suggested to cleave FapF [92], it would be interesting to test this 

process in vitro, unfortunately FapD is unstable in the presence of detergents tested so far. It may be 

possible to get around this aggregation problem by binding FapD to a surface and then exposing the 

FapF solution to this surface. To facilitate this process it would be desirable to produce an FapF 

construct (for Pseudomonas PA7) with an alternative binding tag, preferably one large enough to 

make N-terminal cleavage easier to observe, for example MBP or GST. The full operon plasmid 

might also be useful for testing this process in case accessory components are required, the problem 

with our current periplasmic construct for this purpose is that the tag is on the N-terminus and 

would be removed if the protein was cleaved, preventing us from observing cleaved species. To 

probe for FapF cleavage using the full operon we would ideally want a knock-out for FapF in the 

operon plasmid, a knock-out for FapD in the operon plasmid and a mutant of FapF with a histidine 

tag inserted into one of the loops. 
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4.3 Towards the crystal structure of the membrane protein FapF 

FapF was successfully expressed insolubly and purified to produce a sample which could be 

refolded and was shown to be folded by NMR. The protein could be crystallised but the crystal size 

was very small and the diffraction weak. Optimisation of the construct and work on homologous 

forms of FapF did produce some improvements but the main breakthroughs were to express the 

protein to the membrane and to use a C8E4-LDAO mixture. This combination could produce 

crystals which diffracted to high resolution, a critical step in getting the protein structure; phasing 

will require the production of further crystals for direct phasing. Phasing with will depend upon the 

success of heavy metal soaking or SeMethionine incorporation, the former can be screened to find 

conditions for isomorphous binding, the latter may be complicated by the slightly low proportion of 

Methionine in the native protein sequence. The sequence of our FapF construct is approximately 

420 residues long but contains only five methionine residues (as one was removed with the signal 

sequence), producing a ratio 1:84, it has been suggested that you need one methionine per 75 

residues to reliably phase [200]. One way to get around this problem would be to introduce 

additional methionine residues by mutagenesis, preferably into predicted loop regions of the 

protein. Another method to allow phasing is to introduce a lanthanide binding tag and using it to 

bind heavy atoms to phase the protein [201]. A further issue with our crystals is that they are still 

small and so enhancing the crystallisation of the protein could produce dividends in terms of 

diffraction, higher diffraction is also beneficial for phasing. Enhanced crystallisation could be 

achieved by the incorporation of lysozyme into loop regions as has been successful with some 

membrane proteins such as G protein-couple receptors [202]. Alternatively membrane expressed 

versions of FapF were also produced for the Burkholderia and TRCM homologs which might 

produce better quality crystals. 
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4.4 CsgH Solution Structure and Functional Insights 

CsgH was identified as a potentially interesting candidate for structural study due to its 

unknown function and the suggestion of a role as a CsgC substitute in some bacterial strains, the 

discovery that it is capable of inhibiting not only CsgA, but also FapC, a genetically distinct form of 

functional amyloid, only serves to increase the interest in the protein. A truncated construct for 

CsgH from Rhodopseudomonas palustris was selected for structural study using NMR. The 

structure of CsgH was found to be very similar to the crystal structure of CsgC both in terms of 

backbone position ~RMSD and in surface charge distribution. The implication being that the 

structure and charge distribution are important for the protein function. Function was further probed 

using mutagenesis with the ThT assay to test function. This indicated specific residues which 

effected the function including several surface charged residues, the position of the charge removed 

appears to be important as removal of charged residues on other parts of the surface did not impair 

function. NMR of labelled CsgH in the presence of CsgA allowed us to probe for an interaction 

interface, although the tag appears capable of interfering with the interaction, possibly due to its 

charge, there was certainly evidence of protein-protein interaction and some indication of an 

interface (Figure 4.1). The mutant residues on both faces are close to the charged patches on the 

protein and these regions also show some degree of conservation at least in terms of residue 

properties on the protein surface (Figure 4.1). Combining the conservation and chemical shift data 

does indicate that there may be two main regions of potential interaction, around the positively 

charged region near R45/K47 and on the end of the protein around E57 and T87. Interestingly K47 

was one of the mutants which effected the function of CsgH while R45 did not have an effect. The 

regions near E57 and T87 have not been probed much by our mutagenesis, apart from the R25 

mutant which did not have any significant effect. conservation of residues between CsgC and CsgH 

(ClustalW2 [137]) and between CsgH homologs (ConSurf [203, 204, 205, 206]) does not exactly 

match residues for which mutagenesis has been shown to effect CsgH activity, although there are 

certainly regions of the protein which are more conserved than others and these do show some 

relationship to our mapped chemical shifts. 
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Figure 4.1 Conservation between CsgH and CsgC & suggestion of an interaction interface. 
These surface diagrams, showing either side of the structure of CsgH, have been mapped with a 
range of different data sets to illustrate potential regions of interest on the surface for interaction. 
a,CsgH surface coloured by charge with negative patches in red, positive patches in blue and 
neutral patches in white; b, CsgH surface coloured according to conservation between CsgC and 
CsgH based on clustalw2 alignment [137] with non-conserved regions in grey, fully conserved 
residues in red, residues which conserve size and charge in orange and residues which conserve 
either size or charge in yellow. c, CsgH surface coloured to show residues which show averaged 
chemical shift changes of residues in both experiments with CsgH-CTH and CsgH-NTH, in grey 
are residues showing no significant conserved shift, in yellow are residues which show a weak shift 
(D<0.05) and in red residues with stronger shifts  (D>0.05).  d, CsgH surface coloured to show 
mutants which inhibit the function of CsgH in red and those which did not in blue; all other residues 
are shown in grey. e,CsgH surface showing in pink residues which both show chemical shift 
changes in the presence of CsgA and are conserved between CsgH and CsgC, other residues are 
shown in grey f, CsgH surface showing conservation between CsgH homologs as calculated by 
Consurf [203, 204, 205, 206], in red are fully conserved residues (Conservation Score 9), the other 
residues are coloured in decreasing conservation, in orange (Conservation Score 8), in yellow 
(Conservation Score 7), in green (Conservation Score 6), in blue (Conservation Score 5), in grey are 
all residues with a Conservation Score lower than 5. 
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The mechanism by which CsgH and CsgC inhibit amyloid formation is currently unknown 

and it is interesting to speculate how these potent amyloid inhibitors may work in the light of 

structural and functional insights. Comparison of the cysteine positions in CsgC and CsgH indicate 

that the CxC motif, which had previously been highlighted in CsgC [106], does not have a role in 

the inhibition of amyloid since the cysteine residues are not conserved and the cysteines in CsgH 

appear to fulfil a structural role. It is true that CsgC and CsgH, as proteins with an IG-like fold, are 

structurally similar to many chaperones, and many chaperone proteins are known to inhibit amyloid 

formation such as DnaK, αβ-crystalin, Hsp33 and Spy [207, 208]. However the potency of these 

inhibitors is far lower than CsgH generally with equimolar or near equimolar ratios [208], 

suggesting the chaperones merely sequester free monomers preventing aggregation. Similarly 

charge has been shown to play an important role in inhibiting amyloid fibrillation, in Aβ amyloid 

mutants altering the charge of small hydrophilic proteins scMN and CB, the number of charges 

were shown to correlate with the efficiency of inhibition with the most positively charged protein 

showing the best inhibition (1:100) [209]. CsgH is also a small hydrophilic protein and conserved 

patches of negative and positive charge are prominent on both CsgC and CsgH and several charged 

residues appear to be important for function, however mutations of charged residues at other 

positions have no effect on efficiency indicating the position of the charge is important rather than 

overall charge alone. This fits with data collected for CsgC by Dr Jonathan Taylor which indicated 

that specific charges in CsgC are important for function (Personal Communication, Unpublished 

Data). The NMR experiments conducted on CsgH in the presence and absence of CsgA indicate 

that there is a transient interaction between the proteins, but that the interaction extends to end of 

the protein around the protruding R25 as well as the charged patches which were the primary targets 

of our mutagenesis. This could suggest a mode of action where the electrostatics on the surface of 

CsgH/CsgC guide the CsgA as it moves in to interact, the CsgH/CsgC molecule then interacts more 

tightly. There is no decline in signal from CsgH in the presence of CsgA suggesting that CsgH is 

not depleted from the solution as seen for chaperone inhibitors such as DNAJB6 [198]. 

The high potency of CsgH/CsgC inhibition, capable of inhibiting amyloid formation at 

ratios of 1:1000, indicates that the proteins must have an efficient method of inhibiting the fibre 

formation beyond simply sequestering CsgA molecules via a chaperone-like activity, since only 

~0.1 % of the CsgA monomers could be directly bound by CsgH at a time. In principle this could be 

explained in several different ways: CsgH could act by capping the ends of nascent fibres inhibiting 

fibre extension as seen in Cytochalasin inhibition of actin [210]; CsgH could act on polymerised 

CsgA to stabilise the fibre to prevent new ends from forming or to destabilise the fibre breaking it 

down; CsgH could interfere with fibre nuclei, interfering with the initial templating steps of fibre 

formation; CsgH could also act to prevent the initial steps of fibre formation by sequestering or 

16 6  
 



 

altering CsgA which is in an intermediate state on the path to amyloid formation possibly 

converting CsgA to a transiently inactive form. Interestingly the DNAJB6 chaperon from the Hsp40 

family was shown to inhibit amyloid formation at substoichiometric ratios by interacting with 

oligomers [211]. It has been suggested that intrinsically disordered proteins that convert to amyloid 

have an inverted energy landscape where they are disordered at the energy minimimum sample a 

large range of conformations in their natively disordered state with more ordered states occupying a 

higher energy level [213], this could be the case for CsgA with the monomers interchanging 

between a broad range of non-amyloidogenic structures, a smaller subset of the protein may then 

sample the amyloid forming conformation seeding the nucleation-precipitation of the fibres; If 

CsgH acts on this partially structured subset of CsgA and the population of this group is small 

enough it may explain the ability of CsgH to inhibit despite a very low stoichiometric ratio. 

Although the ThT assay is a well established method for checking for amyloid fibre formation it 

was still important to show that fibre formation is in fact inhibited as it could conceivably be 

possible that CsgC/H has an effect on the fluorescence of the fibres themselves. Dr Jonathan Taylor 

conducted electron microscopy experiments showing that fibre formation was retarded by CsgC, 

and that the final fibres appear similar in the presence or absence of the inhibitor after 22 h (Figure 

4.2). It is noticeable that the formation of small almost spherical objects, possibly large oligomers of 

CsgA is significantly delayed in the presence of CsgC (up to 5 hours). The delay in the formation of 

these aggregates, possibly nuclei for fibre formation may suggest that CsgC/H acts early on in the 

pathway to amyloid formation. 

 
Figure 4.2 Electron Microscopy Images of CsgA aggregation over time in the presence and 
absence of CsgC. Samples of CsgA (35 uM) were purified and incubated at room temperature in 
the presence and absence of CsgC (1:200 CsgC:CsgA) for 22 h and small aliquots were used to 
produce EM grids. The grids were analysed and representiative images were selected for 
comparison. The scale bar indicates 200 nm. These images were kindly provided by Dr Jonathan 
Taylor who conducted the experiments (Unpublished data). 
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There are several methods which could be used to further probe the molecular mechanism 

by which CsgH inhibits amyloid. Although many mutants have been tested, further mutants could 

be made to probe the surface of CsgH more extensively. The conserved residues S85, R74, Q58, 

T16, Q3 and P94; the residues on the surface near interesting charged regions E5, E7, E57, E95, 

T87 and D80 as well as the residues which show distinct chemical shifts D68, G84 and T43 could 

all be mutated to test the effect on the protein function (Figure 4.3). E5 and E7 would be 

particularly interesting as they correspond to the largest negatively charged patch on the protein 

surface and are adjacent to the triple mutant which had an effect on protein function. The mutations 

to Q3, Q58, E57, S85 and G84 would probe a region of the protein where several residues showing 

chemical shifts and where there is conservation between CsgH and CsgC, which may therefore 

constitute and interaction interface. The NMR experiment combining CsgA with CsgH-NTH could 

be repeated with a higher concentration of CsgA to enhance the magnitude of chemical shifts which 

should improve the accuracy and detail of our chemical shift mapping. Alternatively it may be 

useful to change the approach of our NMR experiments and probe the interface using paramagnetic 

relaxation enhancement, a construct of CsgA tagged with paramagnetic species could be combined 

with labelled CsgH and distance constraints can then be derived from the changes in relaxation. 

 
Figure 4.3 Suggested Further Mutants of CsgH. Cartoon structure of CsgH with residues 
suggested for future mutation shown as sticks, with carbon atoms coloured orange, nitrogen atoms 
blue and oxygen atoms red and labelled with the residue number and type. The focus of these 
mutants are charged residues not tested so far, conserved residues and residues which show or are 
near regions which have been shown to exhibit chemical shifts in the presence of CsgA. 
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Although the potency of CsgH at inhibiting amyloid in vitro is interesting in its own right, to 

enhance our understanding of controlling amyloid and despite and undoubtedly a useful function for 

the protein in nature, this may not be its only role in vivo. In the curli system the CsgA molecules 

must be transported through the periplasm, where the inhibition of amyloid is certainly useful, it 

must be directed to the CsgG pore where it is transported through to form amyloid external to the 

cell. CsgH acts to keep CsgA in a transport competent state, keeping the CsgA monomeric, it may 

also perform a role both in chaperoning the CsgA molecules to CsgG and/or it may alter the 

properties of the resulting fibre, as we cannot tell from our experiment what the effect of exposure 

to CsgH is on the atomic structure of the fibre, both of these areas are interesting for future study. 

The fibre structure in the presence and absence of CsgH/CsgC could be probed using solid state 

NMR or electron microscopy and mutants of CsgC could be tested in the context of the Curli 

system to see the effect in vivo. Although interesting insights have been made into the function of 

CsgH/CsgC amyloid inhibition there are many details still to be elucidated; with the structure of 

CsgH solved and progress made towards our understanding of the Pseudomonas amyloid we are 

hopeful that that the molecular mechanisms underlying control of functional amyloid in bacteria 

may be revealed in the near future. 
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