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Abstract 
 

In the last decade, two new intramolecular covalent bonds were discovered in elongated, 

single molecule wide surface proteins that markedly changed our view of protein stability. 

Intramolecular isopeptide bonds were first discovered in 2007 in a surface adhesin from the 

Gram-positive bacterium Streptococcus pyogenes, and form spontaneously between lysine 

and asparagine (or aspartate) side chains. Another twist on spontaneously-forming 

intramolecular crosslinks was revealed in 2014 and featured an ester bond formed between 

the side chains of threonine and glutamine. This was reported in the surface protein Cpe0147 

of another Gram-positive bacterium, Clostridium perfringens, and was the focus of this PhD 

project. 

Just like the isopeptide bond, the ester crosslink forms spontaneously, in this case utilising a 

serine protease-like mechanism and a recognisable catalytic triad. However, unlike the serine 

protease mechanism where a water molecule attacks and hydrolyses the acyl intermediate 

to regenerate the active site, the ester bond in Cpe0147 is stable and does not react further. 

This earlier work by Kwon et al. using a single Cpe0147 domain, also showed that variants 

lacking the crosslink have little or no tertiary structure, suggesting an inherent instability 

without an ester bond in place. However, if the protein is so unstable without the ester bond, 

how do the reactive and accessory residues come together forming an intricate enzyme-like 

reactive site? 

To elucidate the mechanism by which this ester bond is formed in the Cpe0147 protein, and 

to further define the structural and chemical factors involved in this spontaneous reaction, 

we created a range of single- and three-domain Cpe0147 constructs, including split constructs 

enabling the bond formation and folding events to be captured. Using a combination of 

biophysical and biochemical techniques we explored the steric, chemical, and thermodynamic 

determinants of bond formation in Cpe0147. 

Site-directed mutagenesis experiments confirm a serine protease-like mechanism, whereby 

a histidine abstracts a proton from the bond forming threonine, and a stabilising aspartic acid 

plays a role equivalent to an oxyanion hole. Structural analysis of the wild-type Cpe0147 
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protein along with other ester domains from Mobiluncus mulieris, show that the accessory 

histidine is sequestered following ester bond formation, preventing ester bond hydrolysis. 

A conservative substitution of the bond forming threonine to a serine produces a hydrolysable 

variant at high pH, effectively completing the second half of the canonical serine protease 

mechanism.  Wild-type protein at high pH and even in the presence of 6M urea, shows 

negligible hydrolysis. The stability of the wild-type protein, along with the presence of 

conserved water molecules near the ester bond in our structures, suggest that the hydrolysis 

reaction requires a subtle rearrangement of the solvent structure in the reactive site, and that 

the reaction uses an hydroxide ion rather than histidine as nucleophile.  

The rate of ester bond formation was followed via 2D NMR (HSQC) using a single-domain 

Cpe0147439-587 T450S variant. NMR analysis shows ester bond formation is tightly coupled to 

folding, where the protein transiently samples many conformations, with the correct 

conformation subsequently trapped by rapid ester bond formation. Biophysical methods 

including SEC-MALLS, SAXS and NMR, probed folding further and showed that all single-

domain un-crosslinked Cpe0147 proteins (truncated and mutated) are unfolded or at least 

highly dynamic. However, when the same domain is attached to two intact domains, all three 

Cpe0147 domains appear folded, suggesting a cooperative folding mechanism with cross-talk 

between adjacent domains. Such cooperativity would explain folding and ester bond 

formation in the native secreted protein. 
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Chapter 1  
Introduction  

 

This thesis describes an investigation into the mechanism of intramolecular ester bond 

formation in Cpe0147, a surface protein isolated from the Gram-positive bacterium 

Clostridium perfringens, and how this occurs in the context of the cell and a secretion/folding 

pathway. In this introduction, protein folding and the interactions that help to stabilise 

protein structures are discussed briefly, with the focus shifting to covalent bond formation, 

and the details of serine protease mechanisms – an important overarching theme.  

 

1.1 Protein folding  
Proteins are biological machines that play important roles in all biological processes. At their 

simplest, they consist of long chains of amino acids joined together by peptide bonds. Most 

proteins fold into compact, three-dimensional shapes, with well-defined and specific 

structures to perform their unique functions. The structure of a protein dictates its function, 

and misfolding often leads to devastating diseases such as cystic fibrosis (Thomas et al., 1995) 

and some types of cancer (Bullock & Fersht, 2001).  

Protein structures can be described in four different levels of complexity: primary, secondary, 

tertiary, and quaternary structure, as illustrated in Figure 1.1. 

The primary structure of a protein is in essence the amino acid sequence of the polypeptide 

chain, which is in effect its structural formula. Anfinsen’s dogma states that for small globular 

proteins, the primary structure, i.e. the specific sequence of its amino acids, determines the 

final native structure of that protein (Anfinsen & Haber, 1961; Anfinsen et al., 1961; Anfinsen 

et al., 1962).  

Secondary structure describes discrete elements in the folding of the polypeptide chain that 

arise from interactions between atoms of the polypeptide backbone. These interactions, 

primarily hydrogen bonds, form common structures such as α-helices and β-pleated sheets 

(Pauling et al., 1951). Biophysical experiments and computational simulations all show that 
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the generation of protein secondary structure in protein folding is rapid, albeit transient at 

first: for example, α-helices can form in less than 100 ns, and β-sheets in ~1 µs (Snow et al., 

2002; Yang & Gruebele, 2003). 

The tertiary structure of the polypeptide is the three-dimensional arrangement of the full 

atomic structure of the protein in space. The folding of a polypeptide chain into its tertiary 

structure can bring together amino acids that are far apart in the protein sequence, enabling 

the final 3D structure to determines the biological function of the protein. The major driving 

force in forming the tertiary structure of a protein is the so-called hydrophobic effect, which 

describes the interaction of non-polar protein side chains with the aqueous environment and 

their subsequent burial in the interior of the protein (Dyson et al., 2006; Privalov & Gill, 1988; 

Rose, 1993; Tanford, 1962). 

 
Figure 1.1:  The structural hierarchy of proteins  
A. Primary structure comprises a linear polypeptide chain of specific size and sequence. B. 
Secondary structure describes the local folding of a polypeptide into structural forms including 
α-helices and β-pleated sheets, held together with specific arrangements of hydrogen bonds 
between the peptide backbone atoms. C. The tertiary protein structure of human AKR1C3 (PDB 
code: 4DZ5), the overall 3D arrangement of atoms in space and the complete set of bonding 
interactions including hydrogen bonds, hydrophobic and ionic interactions between functional 
groups in the protein. D. An example of quaternary structure, where more than one polypeptide 
chains combine to form a functional oligomeric protein structure. This specific example is the 
proteasome from Thermoplasma acidophilum (PDB code 1 PMA ). 
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Two or more polypeptide chains can come together into higher-order assemblies, generating 

homo- or heterooligomeric structures referred to as the protein quaternary structure. Not all 

proteins require a quaternary structure assembly to function.  

 

1.1.1 Protein folding pathways 

Anfinsen et al. (1961 & 1962) demonstrated that the amino acid sequence of a polypeptide 

chain determines the final tertiary structure of that protein.  Soon after, Levinthal noted the 

extremely large number of configurations and conformations that the unfolded polypeptide 

could theoretically adopt before the final native state is achieved in a biologically relevant 

time scale (Levinthal, 1968).  The impossibility of a protein sampling all possible configurations 

is known as Levinthal’s paradox. To resolve this paradox, Levinthal concluded that a protein 

must follow a specific folding pathway to achieve the final folded state of lowest 

configurational energy.  

 

The reversibility of in vitro folding has been shown extensively over the years and suggests 

that the native state of a protein is the most thermodynamically stable with the lowest global 

 
 
Figure 1.2:  Energy landscapes of protein folding 
A. A classical view of a defined folding pathway, where a protein folds through a single defined 
pathway. B. A contemporary view of a folding pathway, with an overall funnel topography. The 
folding funnel landscape allows the unfolded polypeptide chain to fold through different 
pathways and intermediates, rather than a single pathway. Figure modified from Englander & 
Mayne, (2014). 
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free energy (Dill & Chan, 1997; Dinner et al., 2000; Epstein et al., 1963; Kaya & Uzunoglu, 

2012; Wolynes & Thirumalai, 1995). The path to achieve lowest configurational energy during 

folding can be described by an energy landscape (Figure 1.2) that maps all possible 

conformations of a protein chain to corresponding Gibbs free energy levels. Generally, 

proteins fold energetically downhill, where the unfolded polypeptide generally begins at the 

top with the highest energy state, and finishes at the bottom when it reaches the lowest 

energy state in its native conformation.  

Levinthal’s paradox states that it is unlikely for a protein to find its native structure randomly, 

in the classical view of an energy landscape, and many scientists assumed that proteins must 

fold in a distinct sequential manner through a specific pathway (P. Kim & Baldwin, 1990; 

Levinthal, 1968) as illustrated in Figure 1.7 A. An alternative and more contemporary 

hypothesis, suggests that the folding landscape has the general form of a multidimensional 

funnel (Figure 1.7 B), in which a protein can fold through multiple pathways or intermediates, 

providing that it achieves the lowest energy state (Bryngelson et al., 1995; Dill & Chan, 1997; 

Englander & Mayne, 2014; Shea & Brooks, 2001; Wolynes et al., 1995). The “ruggedness” in 

the surface of the folding funnel represents local minima that trap the polypeptide chain in a 

metastable state (Honeycutt & Thirumalai, 1990; Thirumalai & Reddy, 2011).  

Beyond the entropically driven process of protein folding described above, the final native 

state of the protein is held together by numerous weak interactions as detailed below. 

 

1.1.2 Forces involved in maintaining protein structures 

Most proteins display only marginal stability (Dill, 1990; Jaenicke, 2000); the value of the 

Gibbs free energy for stabilising a medium size globular protein is ~50 kJ mol-1 (Pfeil, 1981). 

The forces that stabilise the native protein structure are a combination of many weak 

interactions such as hydrogen bonds (Baker & Hubbard, 1984; Stickle et al., 1992), 

electrostatic interactions (Hendsch & Tidor, 1994; Stigter et al., 1991) and van der Waals 

interactions (Holstein, 2001; Roth et al., 1996; Van Oss et al., 1986). In addition to these non-

covalent interactions, certain proteins are stabilised further by covalent disulfide bonds, 

formed between pairs of cysteine residues (Betz, 1993).  
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Hydrogen bonds 

Hydrogen bonds can be described as electrostatic dipole-

dipole interactions, where a hydrogen atom carrying a 

partial positive charge, attached to an electronegative 

donor atom such as nitrogen (N) or oxygen (O), interacts 

with the lone pair electrons of an electronegative acceptor 

atom (Figure 1.3). In a protein molecule, all polar and 

charged amino acid side chains, the  aromatic tryptophan 

and tyrosine, backbone carbonyl and amide groups, and 

terminal amino and carboxylate, can participate in 

hydrogen bonds (Baker & Hubbard, 1984).  

Hydrogen bonds play a crucial role in protein folding, starting with the formation of backbone 

hydrogen bonding in the secondary structure elements (α-helices and β-sheets), and finally 

in the formation of tertiary structure where protein side chains form numerous hydrogen 

bonds (Dobson, 2003; Rose, 1993; Stickle et al., 1992). 

 

Electrostatic interactions (ion pairs) 

Electrostatic interactions are often called ion 

pairs or salt bridges and occur between two 

charged functionalities. Electrostatic interactions 

are the strongest non-covalent bonds, and with 

bond energies of ~40-200 kJ/mol are almost as 

strong as a covalent C-H bond at ~430 kJ/mol. 

Compared to hydrogen bonds, electrostatic 

interactions are attractive over longer distances 

and are less dependent on specific geometries.   

Some of the most common electrostatic 

interactions in proteins are those between acidic and basic side chains, an example of which 

is shown in Figure 1.4 between a glutamate and a lysine. Electrostatic interactions that are 

solvent exposed are less strong compared to those that are buried within the protein 

 
 
Figure 1.3:  Hydrogen bonds. 

 
Figure 1.4:  Electrostatic interactions 
A glutamate and lysine residue form a salt 
bridge or ion pair on the surface of a 
glutamine phosphoribosylpyrophosphate 
amidotransferase from E. coli (PDB code 
1ECF). 
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structure, because they tend to be shielded by water molecules and other ions (Burley & 

Petsko, 1988; Hendsch & Tidor, 1994; Kumar & Nussinov, 2002). 

 

Van der Waals interactions  

Van der Waals interactions are the collective attractive forces (sometimes repulsive forces 

are included) between any pair of atoms at close range and are the weakest of the known 

non-covalent interactions, although collectively they are the most numerous. The attractive 

forces occur between permanent or induced dipoles and are optimal only at short distances. 

Most often we consider non-polar atoms primarily in relation to these interactions, hence van 

der Waals interactions are said to contribute to the strength of the hydrophobic effect 

(Holstein, 2001; Nir, 1977; Roth et al., 1996). Van der Waals interactions contribute ~0.4-4 

kJ/mol to the energy of a system, however the large numbers of these interactions provide a 

very significant stabilising effect.  

 

Hydrophobic effect 

Hydrophobic effect are considered the major 

driving force of protein folding (Kauzmann, 1959). 

Following transcription and translation, in the 

aqueous environment of the cell the newly 

synthesised polypeptide chains collapse to shield 

non-polar side chains from water molecules. The 

clustering of the non-polar side chains in the 

interior of proteins (Figure 1.5) increases entropy 

in the protein-solvent system (ΔS>0) and is 

energetically favourable (Dyson et al., 2006; 

Matthews, 2001; Privalov & Gill, 1988). 

  

 
Figure 1.5:  Hydrophobic interactions 
Non-polar side chains clustering within 
the FGFR4 protein kinase domain (PDB 
code 4XCU). 
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Disulfide bonds 

Disulfide bonds or disulfide bridges are a covalent 

posttranslational modification derived from two thiol 

groups (Figure 1.6). Intramolecular disulfide bonds 

stabilise the tertiary structure of a protein, while 

intermolecular disulfide bonds stabilise large protein 

complexes.  When Anfinsen et al.  discovered that 

disulfide bonds can form in vitro using reduced and 

denatured RNase A as their model protein in the 1960s, 

many assumed that the formation of these bonds in vivo 

would also occur spontaneously (Anfinsen & Haber, 

1961; Anfinsen et al., 1962). However, for effective disulfide formation in vitro, long 

incubation periods can be required, while disulfide formation in vivo usually occurs very 

rapidly, within minutes after the synthesis of nascent polypeptide chains.  Genetic studies of 

yeast and bacteria show that enzyme catalysed reactions in the extracytoplasmic 

compartment are often required for efficient disulfide bond formation.  

 

Disulfide bond formation and isomerisation in bacteria requires accessory proteins 

The formation of disulfide bonds in bacteria is catalysed by a small 21 kDa periplasmic protein 

called DsbA (Figure 1.7 A). DsbA contains a redox active sequence comprising a CXXC motif 

inside a thioredoxin-like fold (Martin et al., 1993). Both cysteines are found oxidised in vivo 

(Kishigami et al., 1995) but can be reduced by a thiol-disulfide exchange reactions, which are 

critical to their biological function (Darby & Creighton, 1995).  

DsbB is another small membrane protein (20 kDa) that is involved in disulfide bond formation 

in bacteria (Kadokura et al., 2003; Missiakas et al., 1993). The role of DsbB is to re-oxidise the 

reduced DsbA so that it can resume its function as a thiol exchanger.  DsbB employs the 

oxidising abilities of the electron transport chain by transferring the electrons from DsbA to a 

ubiquinone (under aerobic conditions) or a menaquinone (under anaerobic conditions) to 

restore the disulfide bond of DsbA (Kadokura et al., 2003; Kishigami et al., 1995).  

 
 
Figure 1.6:  Disulfide bond 
One of the six disulfide bonds 
found in Snakin-1 from Solanum 
tuberosum (PDB code 5E5Q). 
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Several studies showed that disulfide bond formation is not always perfect, with misfolding 

and the introduction of non-native disulfide bonds occurring regularly. The bacterial cell 

employs a disulfide bond isomerase DsbC with a chaperone function to promote the 

rearrangement of non-native disulfide bonds and proper protein folding (Goldstone et al., 

2001; Zapun et al., 1995).  The disulfide bond isomerisation pathway is represented in Figure 

1.7 B. 

The reduced state of DsbC is maintained by yet another enzyme, a membrane bound protein 

DsbD (Katzen & Beckwith, 2000; Missiakas et al., 1995). Each of the DsbD domains (N-terminal 

periplasmic domain, eight transmembrane central domain and a C-terminal periplasmic 

domain) contains a pair of conserved cysteine residues that is essential for the disulfide 

transfer activity (Stewart et al., 1999).  The reduction of DsbC by DsbD is mediated by the 

thioredoxin pathway in the cytosol. 

 
 
Figure 1.7:  A complex system for disulfide bond formation and isomerisation as found 
in E. coli 
A. The oxidative pathway of disulfide bond formation, in which the disulfide bonds are 
introduced to the substrate protein by reacting with DsbA, leaving DsbA reduced. DsbA is then 
re-oxidised by DsbB (a quinone reductase), regenerating the DsbA active site for the next 
substrate. The movement of electrons in the system are indicated by arrows. B. The disulfide 
bond isomerisation pathway, where the miss-formed bonds are rearranged in isomerisation 
reactions catalysed by DsbC. The reaction produces a correctly folded substrate, and an inactive 
oxidised DsbC. The reduction state of DsbC is maintained by a membrane bound DsbD, which in 
turn is reduced by cytoplasmic thioredoxin. Modified from Kadokura et al., (2003) 
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Disulfide bond formation and rearrangement has been described in this Section as an example 

of a relatively common occurrence in bacterial proteins that requires a complex set of 

accessory proteins. This serves as a contrast to the spontaneously-forming intramolecular 

bonds described later in the introduction and the main theme of the PhD project. 

 

1.2 Other Covalent bonds 
Despite the diversity of amino acid side chains (size, shape, chemical reactivity and hydrogen 

bonding capabilities) for a long time only cysteines were known to form covalent (disulfide) 

bonds that stabilise protein scaffolds (Betz, 1993). The discovery of intramolecular isopeptide 

bonds in a Gram-positive bacterial surface protein in 2007 (Kang et al., 2007) and more 

recently an intramolecular ester bond (Kwon et al., 2014) changed this paradigm. 

This Section of the introduction will discuss several intra- and intermolecular covalent 

bonding arrangements, primarily the isopeptide and ester bonds that aid in the stabilisation 

of tertiary and quaternary protein structure.  

 

1.2.1 Isopeptide bonds 

The isopeptide bond is an amide bond that is, similar to a peptide bond, but not formed 

between the -amino and -carboxy groups of amino acids in a polypeptide chain. Isopeptide 

bonds are most often formed between the carboxy terminal of a protein and a lysine side 

chain of another protein. Isopeptide bond formation is often an enzyme-catalysed reaction in 

which the bond links two proteins, or an enzyme and a substrate molecule. Isopeptide bonds 

can also form spontaneously in the interior of specific protein domains. So-called 

autocatalytic isopeptide bond formation was first described by Wikoff (2000) and occurs 

during capsid maturation in the HK97 bacteriophage.   

 

Intermolecular isopeptide bonds 

Intermolecular isopeptide bonds formed through a lysine residue are involved in a wide range 

of biological functions including transglutamination (Griffin et al, 2002; Lorand & Graham, 
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2003), ubiquitination (Pickart, 2001; Pickart & Eddins, 2004) and sortase-mediated cell surface 

protein anchoring and pilus formation (Swaminathan et al., 2007; Ton-That et al, 2004; Ton-

That & Schneewind, 2004). Almost all of the intermolecular isopeptide bonds are formed via 

enzyme-mediated reactions with the exception of the isopeptide bond in the HK97 

bacteriophage capsid (Wikoff et al., 2000). The reaction produces a transient thioester acyl-

enzyme intermediate that after a nucleophilic attack affords the final isopeptide bond.   

A summary of various enzyme-mediated isopeptide bond formation mechanisms is shown in 

Figure 1.8, and more detailed descriptions of each are described in the text that follows.  

 
 
Figure 1.8: Enzyme-mediated intermolecular isopeptide bond formation  
A. The transglutamination reaction is catalysed by a transglutaminase (TG) enzyme (green). B. 
The ubiquitylation reaction, catalysed by E1 activating enzyme (yellow), E2 conjugating enzyme 
(green) and E3 ubiquitin ligase (purple). C. Sortase-mediated cell surface protein anchoring and 
pilus formation, catalysed by a sortase enzyme (green). Adapted from Kang & Baker, (2011). 
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Transglutamination 

The family of transglutaminase (TG) enzymes catalyses transamination (Galli et al., 2001; 

Sivaramakrishnan et al., 2013), esterification (Nemes et al., 1999), and also hydrolysis 

reactions (Shan et al., 2002). A simplified representation of each reaction is shown in Figure 

1.8.  These posttranslational modifications of a protein normally increase its resistance to 

proteolytic degradation and mechanical shear forces. The most well characterised TG enzyme 

catalysed protein modification is the transamidation crosslinking reaction which produces an 

Nε(γ-glutamyl)lysine isopeptide bond between a specific glutamine residue and a 

deprotonated lysine residue (Figure 1.8 A and Figure 1.9 A).  

Almost all TG family members belong to the papain-like superfamily of cysteine proteases 

containing a highly conserved catalytic triad of Cys-His-Asp or Cys-His-Asn, with an important 

tryptophan residue nearby (Yee et al., 1994). The mechanism of action for transglutaminases 

is similar to that of a cysteine protease and starts with deprotonation of the thiol group of the 

catalytic Cys by the catalytic His. This is followed by nucleophilic attack of the ‘Q’ substrate 

(also known as the acceptor) forming a γ-glutamylthioester acyl-enzyme intermediate and 

releasing ammonia (Figure 1.8 A). The acyl-enzyme intermediate is stabilised by a nearby 

oxyanion hole. The second substrate containing a deprotonated lysine (also known as the 

donor), binds to the enzyme and attacks the thioester bond, forming the isoeptide bond and 

regenerating the active site cysteine (Folk & Cole, 1966; Liu et al, 2002; Lorand & Graham, 

2003)  
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Figure 1.9: Simplified transglutamination reactions catalysed by transglutaminases 
The red arrows indicate the movement of electrons from the nucleophilic attack. R represents 
the side chain in a primary amine. R’ represent a glutamine containing peptide, R’’ represents a 
ceramide, and R’’’ the side chains in a branched isopeptide. Adapted from Lorand & Graham, 
(2003). 
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Ubiquitylation 

Ubiquitylation adds a ubiquitin protein to a target protein. The isopeptide bond is formed 

between a lysine residue of the target protein and the terminal carboxylate from ubiquitin  

(Hershko et al., 1983; Pickart, 2001; Pickart & Eddins, 2004) as illustrated in Figure 1.8 B. 

Ubiquitin is a small 8.5 kDa protein found in all eukaryotic cells and contains seven lysine 

residues that are crucial to its role in posttranslational modification of substrate proteins 

(Capili & Lima, 2007; Pickart & Eddins, 2004). The maturation of ubiquitins requires 

proteolytic processing to expose the two glycine residues at the C-terminus of the protein, 

the ultimate glycine forming the isopeptide bond.     

Ubiquitin can be added as a single ubiquitin molecule (monoubiquitylation) or a chain of 

ubiquitin molecules (poly-ubiquitylation) (Pickart & Fushman, 2004), in which case each 

ubiquitin molecule is joined to the preceding one by an isopeptide bond between one of its 

seven lysines and the preceding ubiquitin C-terminus. This process determines the fate of the 

target protein depending on the number of ubiquitin moieties attached to the substrate 

protein and which specific lysine residue is involved in the crosslinking reaction. For example, 

poly-ubiquitylation through lysine 48 (K48) targets the substrate protein for proteasomal 

degradation (Hershko, 1988), while poly-ubiquitylation through K63 promotes autophagy 

(Nanduri et al., 2015). 

 

Ubiquitylation pathways 

The crosslinking of ubiquitin to its substrate via an isopeptide bond normally involves a 

number of sequential steps and is enzyme-mediated (Hershko, 1988; Hershko et al., 1983; 

Pickart, 2001). The pathway is illustrated in Figure 1.10. The first step is catalysed by an 

activating enzyme (E1) that adenylates the exposed G76 of the C-terminal region of the 

ubiquitin or ubiquitin-like (Ub/Ubl) protein (Figure 1.7 B). The conserved catalytic cysteine 

residue of E1 then attacks the adenylated UB/UBl to form a thioester intermediate (E1-Ub/Ubl 

thioester). The thioester intermediate recruits the conjugating enzyme (E2) which accepts the 

Ub/Ubl from E1 via thioester exchange. The third enzyme in this pathway is a ligase (E3), 

which catalyses the isopeptide bond formation between the Ub/Ubl Gly-76 and a lysine 

residue of the target protein (Capili & Lima, 2007). 
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Figure 1.10: Ubiquitylation pathways 
Ubiquitylation starts with the precursor of ubiquitin/ubiquitin-like (Ub/Ubl) in yellow being proteolysed to expose the C-terminal G-G motif. Ub/Ubl is 
then activated by E1 activating enzyme (pink) forming a thioester bond (represented by ~) to the E1 Cys residue. A second Ub/Ubl may bind to the 
adenylation site. The E2 conjugating enzyme (blue) is then recruited, and the Ub/Ubl is transferred to E2 via a thioester bond. E3 ligase (light green) 
catalyses the formation of the isopeptide bond (represented by   ͞   ) between the Ub/Ubl and a Lys residue from a target protein (red). Modified from 
Capili & Lima, (2007). 
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Sortase-mediated cell surface protein anchoring in Gram-positive bacteria 

Cell surface pili that decorate Gram-positive bacteria are quite different to those of Gram-

negative bacteria. There are several types of Gram-negative pili that include, type I and type 

P, type III, type IV and curli (Proft & Baker, 2009).  Most of these pili are multi-protein 

assemblies made up from pilin subunits held together by non-covalent interactions. In 

contrast, Gram-positive bacterial pili are covalent polymers where each of the pilin subunits 

is attached to each other through covalent modification mediated by a transpeptidase 

enzyme called a sortase (Danne & Dramsi, 2012; Krishnan, 2015; Proft & Baker, 2009; Ton-

That & Schneewind, 2004) (Figure 1.8 C).  

The roles of sortases are to “sort” each pilin subunit by covalently attaching them to the cell 

wall (SrtA, SrtB, SrtD and SrtE) and then to polymerise these proteins to form long, extended 

structures with terminal adhesin domains that promote bacterial adhesion to its host  

(Hendrickx et al., 2011; Swaminathan et al., 2007; Ton-That et al., 2004 Danne & Dramsi, 

2012).  

 

Pili assembly through sortase-mediated isopeptide bond formation 

The process of sortase-mediated pilus assembly is illustrated in Figure 1.11. Following the 

expression of the pilin precursors with an N-terminal signal peptide and a C-terminal sorting 

signal (LPxTG motif, hydrophobic domain, and a positively charged tail), the proteins are 

secreted through the membrane via the general secretion (SEC) pathways (Mandlik et al., 

2008; Natale et al., 2008). After the removal of the signal peptide, the C-terminal sorting signal 

of the protein (LPxTG motif) is recognised and cleaved between the Thr and the Gly residue 

by a pilin specific sortase. This cleavage reaction leads to an acyl-enzyme intermediate, in 

which the carboxyl group of the Thr residue is covalently linked via a thioester bond to the 

thiol group of a Cys residue in the sortase. Formation of the pilus polymer begins when a 

specific Lys residue of a second pilin subunit mounts a nucleophilic attack on the thioester 

acyl-enzyme intermediate, resulting in isopeptide bond formation between the Lys residue of 

the second pilin subunit and the Thr C-terminal residue of the preceding pilin subunit. This is 

repeated as many additional pilin subunits are added one at a time to the growing polymer 

chain.  The oligomerised pilin subunit is finally transferred on to a housekeeping sortase (srtA) 
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Figure 1.11: Mechanism of sortase mediated isopeptide bond formation 
The pilin specific sortase (SrtC in green) recognises and cleaves the sorting signal for the backbone pilin (light blue) and the tip pilin (dark blue) at the 
threonine of the LPXTG motif, which produces an acyl-enzyme intermediate. The amino group from the lysine (K) side chain of the backbone pilin (light 
blue), attacks the acyl-enzyme intermediate forming an intermolecular isopeptide bond between the tip pilin and the backbone pilin. The polymerisation 
of pilus formation continues with addition of each subsequent backbone pilin. The final incorporation of the second accessory pilin subunit (red) is 
recognised by the house keeping enzyme SrtA (pink), and pilus assembly terminates with the pilus covalently bound to the cell wall. Modified from Danne 
& Dramsi (2012). 
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for covalent attachment to the cell wall (Mandlik et al, 2007; Mandlik et al., 2008).  This occurs 

through nucleophilic attack by lipid II, covalently bonding the oligomerised pilin subunit to 

the cell wall envelope and terminating pilus assembly (Swaminathan et al., 2007) 

 

Intermolecular isopeptide bonds in the HK97 bacteriophage capsid  

The HK97 bacteriophage is an E. coli virus comprising a large icosahedral head and a long 

flexible tail (Juhala et al., 2000). The mature capsid head of HK97 consists of pentamers and 

hexamers of capsid protein gp5 (Xie & Hendrix, 1995) that are covalently crosslinked upon 

maturation (Figure 1.12).   

The structure of HK97 capsid not only reveals a covalent crosslink (isopeptide bond) between 

Lys-169 from one subunit and Asn-356 from another, but also another important residue Glu-

363 from a third subunit that forms a hydrogen bond to the carbonyl oxygen of the isopeptide 

bond (Helgstrand et al., 2003; Wikoff et al., 2000). Site-directed mutagenesis studies shows 

that the E363A variant of the gp5 protein still assembles, but lacks the isopeptide bond, 

indicating that Glu-363 plays an important role in isopeptide bond formation.  

Wikoff et al. (2000) proposed a spontaneous isopeptide bond formation between Lys-169 and 

Asn-356 residues of neighbouring subunits during the expansion phase of the capsid. The 

reaction occurs in a hydrophobic environment, where Glu-363 is protonated and aids in the 

polarisation of Asn-356 increasing its electrophilic potential. The deprotonated ε-amino group 

of Lys-169 attacks the polarised carbonyl carbon of Asn-356, forming the isopetide bond 

(Helgstrand et al., 2003; Wikoff et al., 2000). 
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Figure 1.12: Structure of E. coli HK97 bacteriophage capsid (PDB code: 1OHG) 
A. A monomer of HK97 capsid protein gp5. The monomer consists of the A and P domain, an 
extended arm at the N-terminus and the E loop, where the bond forming Lys-169 is located. B. 
The hexamer of gp5, showing the location of Lys-169, where the spontaneous isopeptide bond 
is formed between the capsid subunits.  
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Intramolecular isopeptide bonds  

The first example of an intramolecular isopeptide 

bond was discovered by Kang et al. in 2007, in the pilin 

protein that forms the repetitive shaft of the pili from 

the human pathogen Streptococcus pyogenes. The 

isopeptide bonds (Figure 1.13) are formed 

spontaneously between lysine and asparagine 

residues that are brought together in a hydrophobic 

environment in the interior of the protein (Kang et al., 

2007). Isopeptide bonds have subsequently been 

found in many similar immunoglobulin-like (Ig-like) 

domains of Gram-positive bacterial cell surface 

protein assemblies that are involved in adhesion. These include SpaA, the shaft-forming major 

pilin from Corynebacterium diphtheriae (Kang et al., 2009), BcpA from Bacillus cereus (Budzik 

et al., 2009), and RrgB from Streptococcus pneumoniae (Spraggon et al., 2010). Both Lys-Asn 

and Lys-Asp isopeptide bonds can be found and the accessory acidic residue can be Glu or 

Asp. 

The bacterial pili these crosslinks are found in are long, thin filamentous structures that 

extend out from the surface of bacterial cells and play major roles in colonisation, bacterial 

cell motility and in host cell adhesion (Proft & Baker, 2009). These structures are exposed to 

harsh environments and are under constant proteolytic, mechanical and thermal stress. The 

intramolecular isopeptide bonds within the protein domains or subunits have been shown 

through site-directed mutagenesis to provide exceptional mechanical, thermal and 

proteolytic stability (Kang & Baker, 2009, 2011). 

 

The mechanism of intramolecular isopeptide bond formation  

The mechanism of isopeptide bond formation in Spy0128 is similar to the spontaneous 

reaction in the HK97 capsid except it is an intramolecular reaction rather than between capsid 

subunits (Helgstrand et al., 2003; Wikoff et al., 2000). In Spy0128, the bond-forming residues 

 
 

Figure 1.13: Intramolecular 
isopeptide bond. Crystal structure 
of major pilin from S. pyogenes (PDB 
code: 3B2M). 
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are located on different β-strands of the same protein domain (Kang et al., 2007, 2009; 

Vengadesan et al., 2011). 

The three residues involved in the bond formation are again brought together in a 

hydrophobic environment that critically promotes a dramatic alteration of pKa of charged 

residues such as lysine, glutamic acid and aspartic acid, such that their neutral forms are 

favoured (Ho et al., 2009).  

The protonated Glu/Asp polarises the carbonyl carbon of the bond forming Asn/Asp making 

it more susceptible to nucleophilic attack (Figure 1.14). The deprotonated ε-amino group of 

the bond-forming lysine acts as a nucleophile and attacks the polarised Asn/Asp residue, 

giving rise to a tetrahedral intermediate.  Shuttling of the proton facilitated by the Glu/Asp 

and the rearrangements of the tetrahedral intermediate, produce a single molecule of 

ammonia as the leaving group for a Lys-Asn isopeptide bond or a water molecule for the Lys-

Asp variant (Kang & Baker, 2011). 

 

 
 
Figure 1.14: Mechanism of spontaneous intramolecular isopeptide bond formation 
The X corresponds to NH2 for Lys-Asn bonds and OH for Lys-Asp bonds. The ε–amino group of Lys 
carries out a nucleophilic attack on the carbonyl carbon of Asn/Asp forming the isopeptide bond and 
releasing either an ammonia or a water molecule as the leaving group. The catalytic Glu/Asp acts as 
a proton shuttle to facilitate the bond formation. Adapted from Kang & Baker (2011). 
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1.2.2 Intramolecular ester bonds  

More recently, another type of intramolecular crosslink was discovered between a threonine 

and a glutamine side chain. This new crosslink is found in the surface adhesin protein Cpe0147 

of the Gram-positive bacterium, Clostridium perfringens (Kwon et al., 2014). Unlike the 

esterification reaction catalysed by transglutaminases (Figure 1.9 D), the ester crosslink in 

Cpe0147 proteins occurs spontaneously and does not require any accessory proteins.  

 

Cpe0147 protein 

Cpe0147 is a predicted fibronectin binding 

protein comprising an N-terminal adhesin 

domain (shown in green in Figure 1.15), 

followed by 11 repeat domains (blue) with 

minimum pair-wise sequence identity to each 

other of 85%, and a C-terminal cell wall 

anchoring motif (LPKTG).  

Crystal structures of the repeat domains display 

Ig-like β-sandwich folds, which consist of three 

and four stranded β-sheets. The domains are 

joined together by relatively long linkers (~18 Å 

long), which suggest interdomain flexibility.  

Like some pilin proteins such as SpaA from C. 

diphteriae (Kang et al., 2009) and GBS80 from 

Streptococcus agalactiae (Vengadesan et al., 

2011), the Cpe0147 protein binds Ca2+ ions 

(represented by white spheres in Figure 1.15). 

However, unlike the pilin proteins, Kwon et al. 

proposed that the binding of Ca2+ to the 

Cpe0147 protein, does not play a major role in 

the overall stability of the protein, but may increase local stability instead.  

 
 
Figure 1.15: Cpe0147 protein. 
Domain architecture of surface protein 
Cpe0147 form Clostridium perfrigens and a 
two-domain crystal structure (PDB code 
4MKM), containing a covalent ester bond 
crosslink. 
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The crosslinking threonine and glutamine residues are located in the first and last β-strands 

respectively, as shown in the topology diagram in Figure 1.16 B, and in the equivalent location 

to the isopeptide bond in the Spy0128 domain from S. pyogenes (Figure 1.13 and Figure 1.16 

A) (Kang et al., 2007). Similarly to the isopeptide bond, the presence of the ester crosslink 

provides these long and thin proteins with exceptional thermal and proteolytic stability.  

Kwon et al. (2014) demonstrated that the wild-type Cpe0147 containing the ester crosslink, 

has a high melting temperature (Tm of 68 oC measured using CD and DSF), and that they 

remain intact after being subjected to trypsin digestion at 37 oC for 24 hours. In contrast, the 

variant lacking an ester crosslink appears unfolded by DSF and was completely digested by 

trypsin after 6 hours incubation. 

However, unlike the isopetide bond where the spontaneous reaction occurs in a hydrophobic 

environment, the ester bond formation is proposed to have a serine protease-like mechanism 

and is more solvent exposed (Kwon et al., 2014).  

 
 
Figure 1.16: Topoplogy diagrams of the Ig-like domains in Spy0128 and Cpe0147 
Each of the Ig-like domains contain a covalent cross-link represented by a heavy back line between 
the first and the last β-strand of the protein structure. A. Topology diagram for Spy0128 protein 
from S. pyogenees. B. Topology diagram for Cpe0147 protein from C. perfringens. The circled Ms 
in the Cpe0147 diagram represent a calcium binding site. 
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Proposed mechanism of ester bond formation and hydrolysis in Cpe0147. 

Crystal structures solved by Kwon et al. (PDB codes 

4NI6 and 4MKM) reveal the presence of the ester 

bond formed between Thr-450 Oγ1 and Gln-580 Cδ 

(Figure 1.17) with the side chain amino group of 

Gln-480 eliminated. The structure also shows three 

residues that mimic the catalytic triad of a serine 

protease; Thr-450/His-572/Asp-577 that are 

proposed to function as nucleophile/base/acid 

respectively. The catalytic triad of serine proteases 

and variants thereof, are discussed in some detail in 

Section 1.3.   

His-572 was proposed to abstract a proton from Thr-450, increasing its nucleophilic potential. 

The now alkoxide group of Thr-450, attacks the carbonyl carbon of Gln-580, analogous to the 

peptide substrate of a serine protease.  Site-directed mutagenesis showed that the H572A 

variant was unable to form the ester bond.  

Asp-577 is suggested to both polarise His-572 and position it in an appropriate orientation for 

proton abstraction from Thr-450. The D577A variant produced by Kwon et al. (2014), 

produces a mixed population of crosslinked and un-crosslinked species at an approximate 1:1 

ratio. The crosslinked species hydrolyses after 48 hours of incubation in 50 mM Tris-HCl pH 

8.0 at 37 oC and led to the hypothesis that the Asp/His interaction seen in the crystal 

structures traps the ester bond species, and that the removal of this interaction results in 

water-mediated hydrolysis, facilitated by the histidine residue, as in a classic serine protease 

mechanism (Figure 1.18 B).  

The crystal structure also shows that the ester bond is stabilised by a hydrogen bonding 

network linking the carbonyl oxygen of the ester moiety with two acidic residues, Asp-480 

and Glu-547, that are buried in the hydrophobic core of the domain (Figure 1.17). Replacing 

either of these residues with an alanine, was detrimental to ester bond formation. The two 

buried acidic residues are presumed protonated and are proposed to act as the serine 

protease equivalent of an oxyanion hole, where they polarise the carbonyl carbon of the Gln-

 
 
Figure 1.17: Reactive site of Cpe0147  
Crystal structure of Cpe0147 from C. 
perfringens (PDB code: 4NI6). 
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480 side chain to increase its electrophilic potential, and stabilise the proposed high energy 

tetrahedral intermediate. 

 
 
Figure 1.18: Proposed mechanism of ester bond formation and hydrolysis in Cpe0147 
A. The first step of the reaction is the proton abstraction by His-572 on Thr-450, followed by 
nucleophilic attack by Thr-550 on Gln-580. The Gln-480 carbonyl is polarised by the Asp-480/Glu-
547 pair. A high energy tetrahedral intermediate results, and the donation of a proton by His-572 
and the collapse of the intermediate state, eliminates ammonia and produces the final ester bond.  
B. The hydrolysis reaction starts with the activation of a water molecule by His-572 followed by a 
nucleophilic attack on the carbonyl carbon of the ester bond and formation of a high energy 
tetrahedral intermediate. The intermediate is once again stabilised by the Asp-480/Glu-547 pair. 
The tetrahedral species rearranges, and a proton is transferred from His-572 to Thr-450. The Thr-
450 side chain is regenerated, and the Gln-580 side chain is converted to a glutamic acid. 
Mechanism modified from Kwon et al. (2014). 
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Other proteins containing intramolecular ester crosslink 

The intramolecular ester bond as exemplified by those found in the Cpe0147 Ig-like domains, 

is widespread in Gram-positive bacteria. A bioinformatic survey of other Gram-positive 

bacteria using a C-terminal consensus amino acid sequence containing the accessory histidine 

and the reactive glutamine (HxDxxDxxQ) (Paul Young unpublished results), found many 

proteins predicted to contain intramolecular ester crosslink, a selection of which is provided 

in Figure 1.19. Amongst these are the hypothetical surface proteins from Mobiluncus mulieris 

and Mobilluncus curtisii (Spiegel, 1984; Tiveljung et al., 1996).  M. mulieris and M.curtisii are 

human pathogens that are associated with bacterial vaginosis (Moi et al., 1991). Their surface 

 
 
Figure 1.19: Intramolecular ester bond crosslink containing domains in a selection of 
Gram-positive bacteria 
A. A schematic diagram showing the predicted isopeptide (yellow) and ester (blue) containing 
domains in Mobiluncus mulieris and Mobiluncus curtisii bacteria. B. Sequence alignments of the 
predicted ester crosslink-containing domains from a range of Gram-positive bacteria. The 
conserved bond forming Thr and Gln are highlighted in red, the proposed oxyanion residues Asp 
and Glu are highlighted in cyan and purple, while the accessory His and Asp are in green and 
yellow respectively. 
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proteins contain both Spy0128-like isopeptide domains and Cpe0147-like ester domains 

(Figure 1.19A).   

The predicted surface protein of M. mulieris is an extremely large single polypeptide chain at 

7651 amino acids in length (~820 kDa) – it contains more than 50 crosslink-containing 

domains (ester and isopeptide) expressed from a single open reading frame. The predicted 

surface protein from M. curtisii (a close relative of M. mulieris) is about the half of the size at 

5040 amino acids long (~540 kDa), but is also predicted to contain multiple ester (12) and 

isopeptide (18) domains (Robert James Kerridge and William Rhys Bramley, University of 

Auckland MSc theses – embargoed until 2019).  

Walden et al., (2015) also found the presence of ester domain in the surface protein of other 

Gram-positive bacteria such as Corynebacterium diphtheriae and Staphyloccous aureus. 

 

1.3 Details of the serine protease mechanism 
Serine proteases are a diverse family of enzymes that use a serine residue to catalyse the 

cleavage of peptides (Breddam, 1986). These enzymes are involved in many different 

biological roles, and are found throughout prokaryote and eukaryote proteomes.  A defining 

feature of these proteins is the catalytic triad, most often comprising a serine, histidine and 

aspartate (Figure 1.20). The serine provides a 

nucleophile, histidine acts as a general base to 

activate the serine residue and later act as an acid 

in catalysis, and the aspartate provides a support 

role where it orients the histidine residue during 

catalysis and helps neutralised the charges that may 

arise on the histidine during the reaction (Bender & 

Kezdy, 1965; Ekici et al., 2008; Radisky et al., 2006; 

Wilmouth et al., 2001).  

 

1.3.1 Mechanism  

The serine protease cleavage reaction occurs in two steps as illustrated in Figure 1.21. The 

first step is the formation of the covalent acyl-enzyme intermediate (Figure 1.21 A), followed 

 
Figure 1.20: Catalytic triad of Human 
trypsin IV (PDB code 1H4W) 
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by intermediate hydrolysis to release the cleaved peptide and regenerate the active site of 

the protease (Figure 1.21 B). One of the most studied serine protease mechanisms is that of 

chymotrypsin. Chymotrypsin’s catalytic site was first revealed by X-ray crystallography 50 

years ago (Matthews et al., 1967). Their first analysis of the chymotrypsin active site revealed 

two very important residues involved in the reaction, in hydrogen bond distance to each 

other; serine 195 and histidine 57. The role of the buried aspartate Asp-102 was discovered 

two years later (Blow et al., 1969) with the δ oxygen of Asp-102 forming a hydrogen bond 

with δ1-nitrogen of His-57, polarising the histidine side chain for Ser-195 proton abstraction.  

The reaction starts with the activation of the serine 195 residue upon substrate binding.  The 

activation of Ser-195 is carried out by His-57 and Asp-102. Asp-102 positions the histidine 

residue in the correct orientation to abstract a proton from the hydroxyl group of Ser-195. 

The newly transformed alkoxide group of Ser-195, is a stronger nucleophile that can readily 

attack the carbon of the carbonyl in the substrate peptide (step one Figure 1.21 A).  

Nucleophilic attack on the substrate scissile bond leads to the formation of a relatively 

unstable tetrahedral intermediate (step two Figure 1.21 A). The intermediate is stabilised by 

an oxyanion hole formed by the backbone amides of Gly-193 and Ser-195 (Henderson, 1970).  

The next step in the reaction is the collapse of the tetrahedral intermediate. In this 

rearrangement, His-57 now acts as an acid catalyst by donating a proton to the nitrogen of 

the scissile bond in the substrate, and in the process breaking the peptide bond. This process 

essentially produces the covalent acyl-enzyme intermediate and an amide leaving group (step 

three Figure 1.21A).  

The second part of the catalytic mechanism of chymotrypsin is the hydrolysis of the acyl-

enzyme intermediate to regenerate the active site and release the cleaved peptide. The 

hydrolysis reaction is carried out by an activated water molecule that acts as nucleophile (step 

one Figure 1.21 B). The activation of the water molecule is carried out by His-57, again acting 

as a catalytic base. Another unstable tetrahedral intermediate results, again stabilised by the 

oxyanion hole of the protein (step two Figure 1.21 B). The subsequent collapse of the 

intermediate releases the second part of the cleaved peptide chain and regenerates the 

hydroxyl group of Ser-195.   
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Figure 1.21: Serine protease mechanism in chymotrypsin and trypsin-like enzymes 
A. On substrate binding, the activated Ser-195 residue attacks the carbonyl scissile carbon 
of the substrate, forming a high energy tetrahedral intermediate that is stabilised by the 
oxyanion hole. The intermediate then collapses cleaving the peptide bond, releasing one 
part of the cleaved peptide and producing a so-called acyl-enzyme intermediate attached 
to Ser-195. B. Hydrolysis begins with the activation of a water molecule by His-57 followed 
by nucleophilic attack on the acyl-enzyme intermediate and formation of another 
tetrahedral intermediate. The breakdown of the acyl-enzyme intermediate essentially 
regenerates the active site and releases the remainder of the cleaved peptide in the 
process.  
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1.3.2 Variations on the serine protease catalytic triad 

Initially, the serine proteases were thought to have evolved from the same common ancestor, 

with similar amino acid sequence and generally having the same fold. New discoveries of 

novel serine protease and serine protease-like enzymes show that this is not the case at all. 

In particular, variants of the classic Ser/His/Asp catalytic triad show a diversity of catalytic 

residue combinations including Ser/His/Glu, Ser/His/His, and Ser/Glu/Asp triads, and also 

Ser/Lys and Ser/His dyads, and even single serine or threonine residues (Dodson & Wlodawer, 

1998; Ekici et al., 2008; Polgár, 2005). 

 

Ser/His/Asp triad 

This is the classical serine protease catalytic triad found in chymotrypsin (Figure 1.22 A) and 

trypsin-like enzymes. Chymotrypsin contains 245 amino acids, arranged in two six-stranded 

β-barrels (Blow, 1976). The active site, located between the two barrels consists of a 

nonspecific peptide binding groove, a substrate-specific binding pocket, the Ser/His/Asp 

catalytic triad, and an oxyanion hole (Breddam, 1986; Hedstrom, 2002).  

The importance of the catalytic serine residue was initially characterised through enzyme 

inhibition studies. Chemical compounds such as diisopropyl fluorophosphate (DFP) or nerve 

gases inhibit chymotrypsin by modifying the catalytic serine residue (Breddam, 1986; Jansen 

et al., 1949; Schaffer et al., 1953); the involvement of His-57 was confirmed conclusively by 

X-ray crystallography (Matthews et al., 1967). The  geometric position of  Asp-102 in the 

catalytic triad suggested that the hydrogen bonding network between Asp-102 and His-57, 

activates Ser-195 in a ‘charge relay system’ (Blow et al., 1969; Blow, 1976).  

Site-directed mutagenesis studies showed that mutation of any of the three catalytic residues 

severely impaired the activity of the enzyme (Carter & Wells, 1988; Corey & Craik, 1992; Craik 

et al., 1987). However the impaired enzyme activity of an H57A variant could be rescued by a 

substrate containing an appropriately placed histidine residue (Carter et al., 1991; Carter & 

Wells, 1988).  

Polgár et al. (1969) argued that the transfer of a proton from a highly basic serine hydroxyl 

group to the acidic aspartate is chemically unlikely. It is more likely that Asp-102 is involved 
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in the stabilisation of the tetrahedral intermediate, and in orienting His-57 relative to Ser-195. 

Several NMR studies confirmed that it is the imidazole ring of the His-57 residue that is 

protonated and not the aspartate residue (Jordan & Polgár, 1981; Robillard & Shulman, 1972).  

Mutation of the catalytic Asp-102 to a neutral asparagine reduces the catalytic efficiency kcat-

/Κm by 25,000× at neutral pH (Craik et al., 1987). Craik further noted that the pΚa of His-57 is 

1.5 units lower in the D102N variant compared to the wild-type. However, the catalytic 

activity of the D102N enzyme, can be rescued by increasing the pH of the reaction to ~10. The 

3D structure of this variant showed that the catalytic His-57 is in the wrong orientation to 

accept a proton from Ser-195 (Sprang et al., 1987). The combined evidence points to the 

importance of the negative charge on Asp-102, which is consistent with the suggested role of 

Asp-102 as  stabilising ion pair formation between the His-57 imidazolium ion and the 

negatively charged tetrahedral intermediate during catalysis (Polgár & Bender, 1969).   

Subtilisin is another class of serine protease that utilises the Ser/His/Asp triad (Figure 1.22 B).  

Subtilisin has no sequence similarity to chymotrypsin and has a very different structure 

(Wright et al., 1969). Subtilisin is a 275 amino acid protein with an α/β-twisted open sheet 

structure, in which the order of the catalytic residues is Asp/His/Ser from N to C-terminus, 

rather than His/Asp/Ser in chymotrypsin-like proteases (Wallace et al., 2008). Another 

differentiating feature of subtilisin is the oxyanion hole (Robertus et al., 1972).  Unlike 

chymotrypsin’s oxyanion hole that comprises the amide groups of the backbone from Gly-

193 and Ser-195 (Henderson, 1970), subtilisin utilises  the NH group of the catalytic Ser-195 

and an amide group of the Asn-155 side chain. Variation of Asn-155 to a leucine or a glycine, 

reduces the kcat value but has no effect on the Κm value suggesting that Asn-155 is only 

involved in the stabilisation of the transition state and not the binding of the substrate (Bryan 

et al., 1986; Carter & Wells, 1990).  
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c Enzyme3

 
Figure 1.22: Variation in the serine protease catalytic triad 
The catalytic triad for different serine protease enzymes, where the residue numbers are enzyme specific. A. Chymotrypsin from Bos taurus 
(PDB code 2GMT) B. Subtilisin Carlsberg from Bacillus licheniformis (PDB code 1SCN) C. Human cytomegalovirus protease from human 
betaherpesvirus 5 (PDB code 1CMV) D. Sedolisin from Pseudomonas sp (PDB code 1KDV). E. LD-carboxypeptidase from Pseudomonas 
aeruginosa (PDB code 1ZRS).  
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Ser/His/His triad 

The human cytomegalovirus peptidase crystal structure was solved in 1996 and revealed a 

novel serine protease fold and an unconventional catalytic triad (Chen et al., 1996; Qiu et al., 

1996; Shieh et al., 1996; Tong et al., 1996). Unlike the classical double β-barrel fold in 

chymotrypsin and trypsin-like enzymes, the CMV protease contains a seven-stranded 

antiparallel β-barrel, surrounded by seven α-helices. The active site is situated in the core of 

the β-barrel and is not shielded by the helices or flanking loops. The catalytic Ser-132 and His-

63 are situated near the active site (Figure 1.22 C) and the structure also reveals the last 

member of the triad as His-157, forming a hydrogen bond to His-63 in place of the classical 

aspartate residue.  

Site-directed mutagenesis studies by Khayat et al. (2001) at the His157 position suggested 

that cytomegalovirus protease probably functions with a catalytic dyad rather than a triad, 

and because of this, is comparatively less efficient than His/Ser/Asp proteases like 

chymotrypsin or subtilisin (Ekici et al., 2008). 

The stabilisation of the tetrahedral intermediate is carried out by two arginine residues, Arg-

165 and Arg-166. The amide backbone of Arg-165 is equivalent to the amide backbone of Gly-

193 in trypsin, while Arg-166 coordinates a water molecule through its side chain that 

hydrogen bonds to the oxyanion intermediate (Hoog et al., 1997; Qiu et al., 1996). Mutation 

of Arg-165 to an alanine residue shows 30% of WT enzyme activity with the assumption that 

the alanine backbone amide is still able to donate a proton to the intermediate. However, an 

R166A variant drops in activity by several orders of magnitude because it can no longer hold 

a water molecule to stabilise the intermediate (Liang et al., 1998). 

 

Ser/Glu/Asp triad 

The Ser/Glu/Asp catalytic triad was first discovered in 2001, when Wlodawer et al. solved a 

structure of carboxy proteinase (later named sedolisin) from Pseudomonas sp. Sedolisin was 

originally thought to be an aspartic protease, due to its activity at low pH (pH 3.0-5.0). 

Inhibition studies of the enzyme by pepstatin, a common aspartic acid protease inhibitor, 

showed no inhibition, however. The enzyme is instead inhibited by molecules containing 
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aldehyde groups that commonly forms covalent adducts with serine residues (Oda et al., 

1992).  

The crystal structure of sedolisin revealed a subtilisin-like fold, with Glu-80 the equivalent of 

His-64 of subtilisin, and presumably acting as a catalytic base (Figure 1.22 D) (Wlodawer et 

al., 2001). The low pH dependence of the enzyme suggests that Glu-80 cycles between acid 

and base roles (as would a histidine around neutral pH), allowing first for proton abstraction 

from Ser-287 and then subsequently a proton donation step (Wlodawer et al., 2003). The role 

of the sedolisin Asp-170 side chain is to provide the equivalent of an oxyanion hole to stabilise 

intermediate species (Wlodawer et al., 2001; Wlodawer et al., 2003).  

 

Ser/Lys dyad 

Type I signal peptidases are membrane bound proteolytic enzymes involved in the cleavage 

of the N-terminal signal peptide of precursor proteins prior to export (Dalbey & Wickner, 

1998). These enzymes utilise catalytic serine and lysine residues in a dyad mechanism (Black, 

1993; Ekici et al., 2008; Paetzel et al., 1998; Paetzel et al., 2002; Tschantz et al., 1993).  

Early investigations of the type I signal peptidases showed that these enzymes are not 

inhibited by conventional aspartic acid, metallo-protease or cysteine protease inhibitors 

(Black et al., 1992; Kuo et al., 1993; Zwizinski et al., 1981). The E. coli protein was further 

shown to have a serine (Ser-91) acting as a nucleophile, and a lysine (Lys-146) that substitutes 

for the catalytic histidine found in many other proteases (Figure 1.23) (Black et al., 1992; Sung 

& Dalbey, 1992; Tschantz et al., 1993). Site-directed mutagenesis of the catalytic Ser-91 to a 

cysteine produces an active enzyme that is susceptible to cysteine protease inhibitors (Paetzel 

et al., 1997). Variants of the catalytic lysine residue, including K146A, K146H, K146N, K146M, 

K146D, K146G, and K146S are, however, completely inactive.  

In a classical serine protease mechanism, the reaction starts with the activation of the serine 

nucleophile by the catalytic histidine (Breddam, 1986; Carter & Wells, 1988; Kraut, 1977).  In 

type 1 peptidases the catalytic Lys-146 must first become deprotonated to effect proton 

abstraction from Ser-91. However, in general, the pΚa of a solvent-exposed lysine is around 

10.4 (Isom et al., 2011). The crystal structure of the E. coli type I signal peptidase in complex 

with a β-lactam type inhibitor, showed that the terminal -amino group of the Lys-146 side 
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chain, is completely buried in a hydrophobic environment (Paetzel et al., 1998). A preliminary 

pH-titration experiment showed the apparent pΚa of Lys-146 to be ~8.7, two pH units lower 

than an average solvent exposed lysine. 

  

 

Ser/His dyad 

Rhomboid proteases play an important role in 

intramembrane proteolysis and signal transduction 

(Selkoe & Kopan, 2003; Wolfe & Kopan, 2004). These 

integral membrane proteins have six transmembrane α-

helices and a catalytic site located within the membrane 

(Maegawa et al., 2005). Figure 1.24 shows the catalytic 

dyad of GlpG rhomboid protease from E. coli solved by 

Wang et al., (2006) and reveals the details of the catalytic 

Ser/His dyad. The catalytic residues are located in a 

hydrophilic pocket of the transmembrane region around 

10 Å below the surface of the membrane.  

 
 
Figure 1.23: Structure of a type I signal peptidase from E. coli (PDB code 1B12) that uses 
a Ser/Lys dyad in the catalytic mechanism of signal peptide cleavage 

 
 
Figure 1.24: Reactive site of GlpG 
A rhomboid family intramembrane 
protease from Escherichia coli (PDB 
code 2IC8). 
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Lone nucleophile configurations  

A unique class of enzyme employs a lone nucleophile in catalysis (Brannigan et al., 1995; Ekici 

et al., 2008; Polgár, 2005). The Ntn-hydrolases (N-terminal nucleophile hydrolases) have a 

unique fold compared to other serine protease enzymes and employ either a cysteine as in  

glutamine PRPP amidotransferases  (Smith et al., 1994), a serine as in penicillin acylase, shown 

in Figure 1.25 B (Duggleby et al., 1995), or a threonine as in the proteasome illustrated in 

Figure 1.25 A (Löwe et al., 1995).  

 

In Ntn-hydrolases, the activation of the nucleophile is carried out by the free α-amino group 

at the N-terminus after posttranslational processing of the inactive hydrolase precursors. For 

example, in the case of the penicillin G acylase enzyme, the inactive precursor undergoes self-

cleavage, and Ser-246 (Figure 1.24 B) becomes Ser1 in the mature enzyme (Hewitt et al., 

2000). The newly generated N-terminus is the base responsible for proton abstraction from 

Ser-1.  

Details of the serine protease variants described above will be revisited in the discussion of 

the Cpe0147 reaction mechanism in later chapters.  

 
 
Figure 1.25: Single nucleophile active site   
A . Proteasome from Thermoplasma acidophilum (PDB code 1PMA) B. A slow processing precursor 
penicillin acylase from Escherichia coli (PDB code 1E3A). 
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1.4 Project aims 
The Clostridium perfringens Cpe0147 adhesin stalk domains are critical elements in the 

presentation of a sticky adhesin domain for host cell interactions. The stalk domains are 

arranged end-on-end, each with an Ig-like fold containing an intramolecular ester crosslink 

that provides exceptional stability to the mature thin, elongated adhesin. The ester bond 

forms spontaneously in an apparent serine protease-like mechanism. Experiments by Kwon 

et al. in 2014 suggest that individual stalk domains without an ester bond crosslink are 

unfolded. 

The overall aim of this project was to understand the chemical and structural factors 

controlling the spontaneous reactions that generate intramolecular ester crosslinks between 

protein side chains, to conclusively define the mechanism of ester bond formation, and to 

fully characterise the stabilising effects the ester bonds might have in bacterial adhesins.  

 

Objective 1: To engineer an ester bond forming construct of Cpe0147, and to follow the 

ester bond formation using nuclear magnetic resonance (NMR).    

A hypothetical mechanism outlined by 

Kwon et al. (2014) proposed the 

specific involvement of a set of amino 

acid side chains and the movement of 

protons involved in ester bond 

formation in in a serine protease-like 

mechanism. To probe this mechanism 

of ester bond formation, single domain 

and two-domain Cpe0147 proteins can 

be readily produced recombinantly in 

E. coli. While this is a very effective means of making mature, fully folded and crosslinked 

protein, the bond formation event occurs within the expression host and cannot be 

monitored as it proceeds. By using two techniques, expressed protein ligation (EPL) (Muir et 

al., 1998; Muir, 2003) and strand complementation (Figure 1.26), protein constructs were 

proposed as tools to follow the progress of ester bond formation in single adhesin domains. 

 
 

Figure 1.26: Methods for producing protein without 
the ester bond for NMR experiments. 



 

[37] 
 

In both approaches the protein is made in two parts that are combined at a later stage and 

the progress of bond formation followed in vitro using nuclear magnetic resonance (NMR).  

 

Objective 2: Define the structural and chemical factors that determine ester bond formation 

in Cpe0147. 

Kwon et al. (2014) hypothesised that a serine 

protease-like mechanism operates in Cpe0147 in 

forming Thr-Gln crosslinks (Figure 1.27). To confirm 

the proposed mechanism, the steric and chemical 

determinants of ester bond formation will be probed 

using site-directed mutagenesis. Specific questions 

have been proposed: 

 Why does the ester bond not hydrolyse similarly to 

the second half of the canonical serine protease 

mechanism?  

 Why is a threonine residue favoured by the protein 

over serine? If a more conventional serine residue 

is substituted as nucleophile, does hydrolysis 

proceed? Can a cysteine nucleophile form a 

thioester bond? 

 Can other substitutions be made in the accessory 

residues, for example, does a Thr-Glu crosslink 

form with the liberation of water (paralleling Lys-

Asn and Lys-Asp isopeptide bonds), and can other 

residues perform the function of general acid/base 

in the catalytic mechanism? 

 How important are the so-called buried acids in the mechanism – do they really function 

like the conventional oxyanion hole of serine proteases? 

 
 
Figure 1.27: Propose mechanism 
of ester bond formation in 
Cpe0147. Figure modified from 
Kwon et al. (2014). 



 

[38] 
 

Objective 3: To understand the stabilising effects of the ester bond crosslink – is the protein 

unfolded without the ester bond or is a stable structural template necessary for bond 

formation?  

Previous site-directed mutagenesis 

experiments by Kwon et al. (2014) 

showed that Cpe0147 variants lacking 

the ester crosslink appear unstable 

and can be easily degraded (Figure 

1.28). This poses a conundrum: how 

can the spontaneous reaction occur 

without a stable structural template to 

provide the bond forming machinery? 

The stability and tertiary structure of 

Cpe0147 variants and truncated 

protein domains will be probed and 

characterised by size-exclusion 

chromatography coupled with multi-angle laser light scattering (SEC-MALLS), NMR, small-

angle X-ray scattering (SAXS), and differential scanning fluorimetry (DSF). Possible 

cooperative interactions between domains will also be investigated using three-domain 

constructs and by deleting the ester bond from each domain one at a time to probe the 

stabilising effects of adjacent domains.   

 
 

Figure 1.28: Thermal stabilising effects of 
intramolecular ester bond in Cpe0147. 
A thermal stability assay using differential scanning 
fluorimetry (DSF), shows the instability of Cpe0147 
variants without a crosslink. Only WT and a D138A 
variant display a typical melt curve.  Figure taken from 
Kwon et al. (2014) PNAS. 
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Chapter 2   
Materials and methods 

 

2.1 Chemicals and reagents 
All chemicals used were reagent or analytical grade and were purchased from Sigma Aldrich, 

Merck, Scharlau, SERVA or Thermo Scientific, unless otherwise stated. All buffer solutions 

were prepared using MilliQ (Millipore) water (ultra-pure de-ionised type 1 water).  All buffer 

solutions were filtered through a 0.2 µM filter (Millipore) and were degassed for size exclusion 

chromatography and crystallisation conditions.  

All restriction enzymes were purchased from Roche Molecular Diagnostics, Life Technologies 

or New England BioLabs (NEB).  

 

2.2 Bacterial strains and culture 
The two Escherichia coli bacterial strains used throughout this work are listed in Table 2.1. 

The E. coli DH5α strain was used for plasmid propagation and cloning, and the E. coli 

BL21(DE3) strain was used for heterologous recombinant protein expression.  

 
Table 2.1: Escherichia coli bacterial strain used in this study 

Bacterial Strains Phenotype Supplier 

E. coli DH5α 
F - endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 
nupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, 
hsdR17(rK- mK+), λ– 

Life Technologies 

E. coli BL21(DE3) F - ompT gal dcm lon hsdSB(rB- mB-) λ(DE3) Stratagene 

 

All E. coli cultures for plasmid propagation, cloning purposes and general sub-culture were 

grown in Luria-Bertani (LB) liquid medium (Section 2.4.1.1), supplemented with antibiotics as 

required (Table 2.2). All cultures were propagated on fresh LB-agar plates supplemented with 

antibiotics prior to culture in liquid media.  
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Table 2.2: Antibiotics used for plasmid selection  

Antibiotics 
Stock solution 
concentration Prepared in* 

Working 
concentration 

ampicillin 50 mg mL-1 MilliQ water 50 µg mL-1 

kanamycin 30 mg mL-1 MilliQ water 30 µg mL-1 

chloramphenicol 34 mg mL-1 100% ethanol 34 µg mL-1 

* Antibiotics were filter sterilised using a 0.2 µM filter (Millipore) and stored at -20 °C 
 

 

2.3 Plasmid vectors 
All plasmid expression vectors used throughout this study are described in Table 2.3  

Table 2.3: Plasmid vectors 

Vector Promoter Antibiotic 
selection 

Tag* Cleavage 
method 

Supplier 

pTXB1 T7 ampicillin 
C  ̶  chitin 
binding 
domainu 

Thiol induced 
self-cleavage 

NEB 

pQE30- 
S219V T5 kanamycin & 

chloramphenicol N – MBP-His6 Self-cleaving Qiagen 

pProEX 
HTa 

trc ampicillin N – His6 TEV protease Life 
Technologies 

pMBP-
ProEX Hta trc ampicillin N – MBP-His6 TEV protease 

Life 
Technologies 

* N and C refer to the location of the tag, N-terminal or C-terminal respectively. MBP is 
maltose binding protein and His6 a hexahistidine sequence. 

 

2.4 Media  
Unless otherwise stated, all media were prepared using ultra-pure de-ionised water from the 

MilliQ (MQ) water system and were autoclaved at 121 °C for 90 min. All media used in this 

thesis are listed in Table 2.4 and minimal media used for NMR is described in Table 2.5. 
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Table 2.4: General media and expression media  

General media 
Luria Broth 

(LB) LB -agar Terrific Broth (TB) 
2× yeast extract & 

tryptone (2YT) 

tryptone 10 g 10 g 12 g 16 g 

yeast extract  5 g 5 g 24 g 10 g 

NaCl 10 g 10 g - 5 g 

agar - 20 g - - 

glycerol - - 8 mL - 

α-lactose - - 5 g - 

glucose - - 0.15 g - 

H2O Make up to 
1000 mL 

Make up to 
1000 mL Make up to 883 mL Make up to 900 mL 

 Autoclave and cool 

25% aspartic 
acid 

- - 15 mL (autoclave) - 

1 M MgCl2 - - 2 mL (filter sterilise) - 

KH2PO4/K2HPO4 

buffer 
- - 2.3 g/12.45 g in 100 

mL (autoclave) 
2.3 g/12.45 g in 100 

mL (autoclave) 

 
 
Table 2.5: M9 minimal medium 

* Replace NH4Cl with 15NH4Cl to produce 15N-labelled proteins. 
** If 13C-labelled glucose is used, a reduced amount (20 mL) can be used instead 

 

Component Amount per litre Component 
Amount added 
per litre of M9 

medium 

Na2HPO4 6.0 g 1 M MgSO4.H2O 500 µL 

KH2PO4 3.0 g 20% (w/v) glucose 50 mL (20 mL)** 

NH4Cl* 1.0 g 0.5% (w/v) vitamin B1 50 µL 

NaCl 0.5 g   

CaCl2 0.3 mg   

H2O Made up to 1 L   

Autoclaved and cooled  Filter sterilised 
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2.5 Molecular biology 

2.5.1 Plasmid purification 

A single E. coli DH5α colony was streaked on to a fresh LB-agar plate containing the 

appropriate antibiotic and was incubated overnight at 37 °C. A single colony from this plate 

was then used to inoculate 5 mL of LB medium containing the appropriate antibiotic and was 

incubated at 37 °C with agitation on an orbital shaker (180 rpm). The E. coli cells were 

harvested by centrifugation at 5000 rpm (Eppendorf 5424R) for 5 minutes at 4 °C. The plasmid 

DNA was then purified using the Macherey-Nagel NucleoSpin® Plasmid Easy Pure mini prep 

kit following the manufacturer’s instructions.   

 

2.5.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a technique used to amplify a specific DNA sequence of 

interest and can also be used to add, delete, or change a specific sequence of DNA. All PCR 

reactions were carried out in a Mastercycler® Pro S PCR instrument (Eppendorf), in a 50 µL 

total reaction volume. PCR reactions for cloning experiments used PrimeSTAR® HS DNA 

polymerase (Takara) and were carried out as described is Tables 2.6 and 2.7 

 

Table 2.6: PCR components 

 

PCR components Volume (µL) 

2X PrimeSTAR® GC buffer 25.0 

dNTP mix (10 mM each dNTP) 2.5 

Forward primer (10 mM) 1.5 

Reverse primer (10 mM) 1.5 

Template DNA (20 ng) 0.5 

PrimeSTAR® 1.0 

Sterile MilliQ water 18.0 

Total volume 50.0 
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Table 2.7: PCR condition  

 Temperature Duration Number of cycles 

Initial denaturation 94 °C 3 min 1 

Denaturation 94 °C 20 s  

Annealing 50 - 60 °C 15 s 25-30 

Extension 72 °C 30 s  

Final extension 72 °C 3 min 1 

 

2.5.3 Whole plasmid inverse PCR site-directed mutagenesis  

Site-directed mutagenesis introduces a specific change into a target DNA sequence. The term 

“inverse PCR“ describes a PCR-based mutagenesis experiment whereby an entire plasmid is 

amplified using complementary mutagenic primers (oligonucleotides), and with minimal 

cloning steps (Dominy & Andrews, 2003), as illustrated in Figure 2.1.  

 

Using the high-fidelity and high-processivity enzyme iProof ™ (BioRad), a PCR experiment was 

performed to amplify a whole plasmid (Tables 2.6 and 2.7). The PCR product was purified 

(Section 2.5.5) and quantified (Section 2.5.10).  The PCR product, either 200 ng or 400 ng 

mass, was then added to a ligation reaction along with the restriction enzyme DpnI (Table 

2.8). The addition of DpnI in the ligation reaction ensures the removal of the (unmutated) 

 
 
Figure 2.1: Inverse PCR site-directed mutagenesis 
A specific mutation is introduced by placing the substituted nucleotide(s) (indicated by ) at the 
5´-end of the forward primer; both the forward and reverse primers are 5´-phosphorylated. PCR 
experiments amplify the whole plasmid using a high fidelity DNA polymerase. The ligation reaction 
is then carried out with the addition of the restriction enzyme DpnI to ensure the removal of the 
parental DNA (template) prior to transformation into E. coli cells.  
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methylated parental DNA template. The ligation reaction was incubated at room temperature 

overnight, prior to transformation into E. coli cells.  

 

Primer design

Several primers were designed which would introduce different mutations into the gene 

sequence of a plasmid. The mutation sequences were placed in the forward primers typically 

at the 5´ end of the primer (Figure 2.1). The sequence of the reverse primer was the 

complement of the gene sequence immediately upstream of the 5´ end of the forward primer 

sequence. Each primer was 5´-phosphorylated to ensure efficient ligation.  Both the forward 

and the reverse primers were designed with similar melting temperature (Tm) and were 

designed to be 20 – 30 base pairs in length. All primers were purchased from Integrated DNA 

Technologies and were stored lyophilised at room temperature. The primers were dissolved 

in sterile TE buffer (10 mM Tris.HCl pH 8.0, 1 mM EDTA), to final concentrations of 500 µM, 

were stored at -20 °C prior to use. The sequences of the primers used in this study are listed 

in Appendix A, Table A.1. 

 

PCR for site-directed mutagenesis 

The high-fidelity and high-processivity enzyme iProof ™ (BioRad) was used in each PCR 

reaction in a final volume of 30 µL as described in Tables 2.8 and 2.9 

Table 2.8: PCR reaction components  

PCR components Volume (µL) 

5× iProof ™ HF buffer 6.0 

dNTP mix (100 mM each dNTP) 0.3 

Forward primer (50 µM) 0.3 

Reverse primer (50 µM) 0.3 

Template DNA (15 ng) 1.0 

iProof ™ 0.3 

Sterile MilliQ water 21.8 

Total volume 30.0 
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Table 2.9: PCR conditions for site-directed mutagenesis 

 Temperature Duration Number of cycles 

Initial denaturation 95 °C 5 min 1 

Denaturation 95 °C 1 min  

Annealing 50 - 60 °C 15 s 2 

Extension 72 °C 3 min 50 s  

Denaturation 95 °C 1 min  

Annealing 54 - 62 °C 15 s 2 

Extension 72 °C 3 min 50 s  

Denaturation 95 °C 1 min  

Annealing 52 - 60 °C 15 s 25 

Extension 72 °C 3 min 50 s  

Final extension 72 °C 5 min 1 

 

Ligation reaction for site-directed mutagenesis  

The mutated PCR products (linear DNA) were added into a ligation reaction in a total volume 

of 10 µL (Table 2.10) to remake a circular plasmid. 

 
Table 2.10: Ligation reaction for site-directed mutagenesis 

Components Volume (µL) 

10× Ligase Buffer  1.0 

T4 DNA Ligase  0.5 

DpnI enzyme  0.5 

PCR product  (200 ng or 400 ng) 

Sterile MiliQ water  Make up to final volume of 10 µL 

Total volume  10 
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2.5.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out using 0.6 – 2.0 % (w/v) Ultra-Pure TM Agarose   

(Invitrogen) dissolved in 1 × TAE buffer (Table 2.11) with the addition of ethidium bromide 

solution (ThermoFisher) to a final concentration of 0.01 % (v/v). An appropriate amount of 

DNA loading buffer (Table 2.9) was added to each sample prior to gel loading. The 

DNA/agarose gel was subjected to an electric field of 100 V and 300 mA in an Amersham 

Pharmacia Biotech EPS 301 apparatus, to migrate the DNA towards the positive end of the 

apparatus. The ethidium bromide forms a complex with the DNA, enabling the resolved DNA 

to be visualised by exposure to ultra violet (UV) light using a Gel Doc ™ (BioRad) imaging 

system. 

Table 2.11: Agarose gel electrophoresis components  

1 × TAE buffer 6x DNA Loading buffer Agarose 

40 mM Tris.HCl pH 8.5 
20 mM sodium acetate 
1 mM EDTA 

30% (v/v) glycerol 
0.25% (w/v) bromophenol blue 
0.25% (w/v) xylene cyanol FF 

0.6 – 2.0 % (w/v) in 1× TAE 
buffer 

 

2.5.5 PCR product purification 

PCR products were purified using the NucleoSpin® Gel and PCR Clean-up kit. This can be done 

by either directly purifying the PCR reaction or after gel electrophoresis (gel extraction) where 

the appropriate DNA band is excised from the gel. The essential feature of this kit is that the 

DNA binds to a silica membrane at high salt concentration, allowing other contaminants such 

as primers, enzymes and agarose, to be eluted. The purified DNA is then eluted from the silica 

membrane using a low salt elution buffer. The purified PCR products were either used 

immediately or stored at -20 °C. 

2.5.6 Restriction endonuclease digestion 

All restriction endonuclease digestions were carried out with the appropriate buffer according 

to manufacturer’s recommendation and using ~1 µg of plasmid DNA per unit of enzyme. The 

reactions were incubated at 37 °C for 2 hours to ensure complete digestion. 
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2.5.7 DNA ligation for cloning 

Ligation is the process of joining two compatible ends of DNA fragments through the action 

of the T4 DNA ligase enzyme (Roche). Often, the insert and vector ratio will determine the 

efficiency of the ligation reaction and typically, the ratio of vector to insert used was trialled 

at 1:1, 1:3 and 1:10, in a final reaction volume of 20 µL.  The amount of insert added to the 

ligation reaction was calculated using the following formula: 

 

Typical ligation reactions used in this study are detailed in Table 2.12. The ligation mix was 

incubated at 18 °C overnight and then 5 µL of the ligation mix was used for transformation. 

 
Table 2.12: Ligation reaction*  

Ligation reaction (µL) 1 2 3 4 5 6 7 8 

10× Ligase Buffer  2 2 2 2 2 - - - 

Linear vector (10 ng µL -1) 1 1 1 1 1 - - - 

Insert (1 ng µL -1) 0.8 2.3 7.6 - - - - - 

T4 DNA Ligase 1 1 1 1 - - - - 

TE Buffer  - - - - - 2 - - 

Uncut vector  - - - - - 1 - - 

Sterile MilliQ water 15.2 13.7 8.4 16 17 17 20 20 

Total volume  20 20 20 20 20 20 20 20 

* 1. vector : insert (1:1),  2. vector : insert (1:3), 3. vector : insert (1:10), 4. Single cut control (cut vector 
+ ligase), 5. Background control (cut vector without ligase), 6. Transformation efficiency (uncut vector), 
7. Negative transformation control (competent cells on LB-agar supplemented with antibiotics), 8. 
Competent cell viability control (competent cells on LB-agar). 
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2.5.8 Preparation of chemically competent E. coli cells 

Chemically competent E. coli DH5α and BL21(DE3) cells were prepared using the method of 

Chung et al.,(1989). A single colony was picked from a freshly streaked LB-agar plate and was 

inoculated into 5 mL of LB broth. The culture was incubated overnight at 37 °C with agitation 

on an orbital shaker at 180 rpm. A 1/100 volume of the culture was used to inoculate 

prewarmed LB (50 ml) which was then incubated further at 37 °C until it reached an OD A600 

of ~1.0. The cells were then incubated on ice for 30 min. The cells were pelleted at 3000 g for 

10 min and were re-suspended in 5 ml of TSB/TSS buffer (comprising 10 % w/v PEG 6000 and 

50 mM MgCl2 and made to volume with MilliQ®H2O) and supplemented with 5 % (v/v) DMSO). 

Cells at this stage are competent for transformation and were stored in 100 µL aliquots at -80 

°C. 

 

2.5.9 DNA transformation (heat shock method) 

To transform chemically competent cells with either plasmid DNA or a ligation reaction, 50 µL 

of the thawed competent cells were left for 15 minutes on ice after the addition of 1-5 µL (10-

100 ng) of DNA. The mixture was then heat-shocked at 42 °C for 90 seconds, before being 

returned to ice for another 15 minutes. LB broth (1 mL) was then added to the mixture before 

incubation for 2 hours at 37 °C with shaking (180 rpm). The cells (100 µL) were then plated on 

a fresh LB-agar plate supplemented with the appropriate antibiotic and incubated overnight 

at 37 °C. 

 

2.5.10 Quantification of DNA  

DNA was quantified using the NanoDrop™ 1000 Spectrophotometer (ThermoFisher 

Scientific). A DNA solution (1 – 2 µL) was quantified by UV absorbance at 260 nm and 280 nm 

wavelengths. The ratio of A260nm / A280nm indicates the purity of the samples with a value lower 

than 1.8 indicating protein contamination and a value higher than 1.8 suggesting the presence 

of RNA in the sample.  
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2.5.11 DNA Sequencing 

All DNA sequencing was carried out by Kristen Boxen as a service in the DNA sequencing 

facility, Centre for Genomics and Proteomics, University of Auckland.   

 

2.6 Recombinant protein expression  
The ability to produce a large amount of soluble recombinant protein was crucial in this study. 

All heterologous protein expression was carried out using E. coli BL21(DE3) cells and all the 

expression vectors used throughout this study contained T7 and trc (strong) E. coli promoters. 

Both promoters are inducible by isopropyl β-D-1-thiogalactopyranoside (IPTG), a non-

hydrolysable allolactose analogue that will promote the expression of the protein of interest 

by binding to the lac repressor and inducing transcription of genes in the lac operon.  

 

2.6.1 Small scale protein expression   

A small scale expression trial was carried out to investigate the solubility and expression levels 

of the protein of interest. Expression plasmids containing the gene of interest were 

transformed into chemically competent E. coli BL21(DE3) cells (Section 2.5.9). A single colony 

was then used to inoculate 5 mL of TB expression medium (Section 2.4.2) supplemented with 

the appropriate antibiotic. The culture was placed in an orbital shaker at 37 °C and 180 rpm, 

until it reached OD A600 of 0.7 – 1.0. At this stage the culture was cooled to 18 °C after which 

0.6 mM of IPTG was added. The culture was left to incubate at 18 °C for 18 hours with shaking 

(180 rpm). Following the incubation, 1.5 mL of culture was centrifuged at 4000 g for 15 min 

at 4 °C, to harvest the cells. 

 

2.6.2 Large scale protein expression  

A frozen E. coli BL21(DE3) glycerol stock containing an expression plasmid was streaked onto 

a fresh LB-agar plate supplemented with the appropriate antibiotic and incubated at 37 °C 

overnight. These freshly grown cells were re-suspended in 5 – 10 mL of expression media 

added directly to the LB-agar plate, and a portion (2.5 – 5 mL) used to inoculate 500 mL of 

expression media in 2L flasks. The culture was incubated and induced in the same way as the 
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small scale expression (Section 2.6.1). The cells were harvested by centrifugation at 4000 g 

for 20 minutes at 4 °C, and were either used immediately for purification or stored at -20 °C. 

 

2.7 Protein purification  

2.7.1 Small scale protein purification (expression test) 

Pelleted cells from Section 2.6.1 were re-suspended in 300 – 500 µL of BugBuster® protein 

extraction reagent (Merck). The mixture was placed in a mini LabRoller ™ rotator (Labnet 

international) and incubated at room temperature for 30 minutes to ensure complete lysis. 

The lysed mixture was centrifuged at 18000 ×g for 30 minutes at 4 °C. The supernatant was 

transferred into a 1.5 mL microfuge tube containing 10 µL of Profinity ™ IMAC (BioRad) resin 

and left to incubate at room temperature for another 30 minutes in a mini LabRoller ™ rotator 

to ensure the complete binding of the hexahistidine tagged protein to the nickel resin. The 

insoluble fraction of the lysate was re-suspended in 300 – 500 µL of HEPES buffer A (50 mM 

HEPES pH 7.0, 100 mM NaCl, 10% (w/v) glycerol). Following incubation at room temperature 

the supernatant – resin mixture was centrifuged at 18000 ×g for 30 seconds at 4 °C and the 

supernatant removed. The resin was then washed with 1 mL of HEPES buffer A by gentle 

inversion prior to centrifugation at 18000 ×g for 30 seconds at 4 °C. Samples of each fraction 

(insoluble, soluble, resin and buffer wash; 10 µL volumes) were analysed by SDS-PAGE 

(Section 2.9.1).  

 

2.7.2 Large scale protein purification  

E. coli cell lysis  

TB expression medium provides extra nutrients and buffering capacity to give optimal protein 

expression conditions for the E. coli cells. Typically, around 20 – 30 g of cell pellet can be 

obtained from a 1 L culture grown in TB medium. A pellet of this mass was re-suspended in 

100 mL of lysis buffer (IMAC buffer A; Table 2.12) supplemented to 0.1 mM RNase A, 0.1 mM 

DNase I, 0.2 mM lysozyme, and with an EDTA free protease inhibitor tablet (Roche) added, 

and was mixed by agitation at room temperature for 20 – 30 minutes. The reconstituted 
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mixture was either lysed using a cell distruptor (Microfludiizer M-110P (Brinkmann 

Instruments)) at 18 psi, or was sonicated using a Misonix S3000 instrument operated at 40 W. 

Following lysis, the lysate was cleared of the insoluble material and cellular debris via 

centrifugation at 18000 ×g for 30 minutes at 4 °C. The supernatant was filtered manually with 

a 0.45 µM syringe filter (Millipore) prior to loading onto an immobilised metal affinity 

chromatography (IMAC) column. 

 

Immobilised metal affinity chromatography (IMAC) 

Immobilised metal affinity chromatography or IMAC is a widely-used method to purify 

recombinant protein whereby a short poly-histidine (His6) peptide sequence is used as an 

affinity tag for the protein of interest. IMAC exploits the interaction between the His6-tag of 

the recombinant protein and the free coordination sites of metal ions (e.g. Ni2+ or Co2+) 

immobilised on a resin. The His6-tagged recombinant proteins described throughout this 

work, were purified by IMAC using a 5 mL Hi-Trap Chelating Column (GE Healthcare).   

The column was generally stored charged with Ni2+ and in 20% (w/v) ethanol, and was washed 

with 10 column volumes (CV) of MQ water prior to equilibration with 10 CV of IMAC buffer A 

(Table 2.13). The filtered supernatant was loaded onto the column using a peristaltic pump at 

a flow rate of 2 mL min-1.  The column was then thoroughly washed with lysis buffer to remove 

non-specifically bound proteins prior to elution. The protein was eluted using IMAC buffer B 

(Table 2.14) containing 500 mM imidazole in a continuous gradient. Both the washing and 

elution step were carried out and monitored using an ÄKTA Prime FPLC system (GE 

Healthcare).  Fractions were collected and analysed using SDS-PAGE (Section 2.9.1). 
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 Table 2.13: IMAC buffer A* 

* The table lists the variations of IMAC buffer A used throughout this work 

 

Table 2.14: IMAC buffer B* 

Sodium phosphate buffer pH 7.0 40 mM sodium phosphate buffer pH 7.0, 0.5 M NaCl, 
0.5 M sodium imidazole 

Tris pH 7.5 
20 mM Tris.HCl pH 7.5, 0.5 M NaCl, 0.5 M sodium 
imidazole 

Tris pH 8.0 40 mM Tris.HCl pH 8.0, 0.5 M NaCl, 10% (w/v) 
glycerol, 0.5 M sodium imidazole 

Tris pH 8.5 20 mM Tris.HCl pH 8.0, 0.5 M NaCl, 5% (w/v) glycerol, 
0.5 M sodium imidazole 

HEPES pH 7.0 
40 mM HEPES pH 7.0, 0.5 M NaCl, 10% (w/v) glycerol, 
0.5 M sodium imidazole 

* The table lists the variations of IMAC buffer B used throughout this work. 

 

Proteolytic cleavage and IMAC 

All recombinant proteins used in this study contain an rTEV (recombinant tobacco etch virus) 

protease (Section 2.8) cleavage sequence (ENLYFQG) to allow the removal of the His6 affinity 

tag. The purified protein collected from the first IMAC step was transferred into a dialysis bag 

with the addition of rTEV protease (1 mg of rTEV per 100 mg of purified protein). The purified 

protein was dialysed overnight in 2 L of dialysis buffer (Table 2.15) in the presence of β-

mercaptoethanol (βME), both to remove residual imidazole and to cleave the His6-tag. The 

presence of the reducing agent is crucial for optimal cleavage, because rTEV is a cysteine 

protease that requires the reduction of the active site cysteine for its activity.  

 

Sodium phosphate buffer pH 7.0 40 mM sodium phosphate buffer pH 7.0, 0.5 M NaCl 

Tris pH 7.5 20 mM Tris.HCl pH 7.5, 0.5 M NaCl 

Tris pH 8.0 
40 mM Tris.HCl pH 8.0, 0.1 M NaCl, 10% (w/v) 
glycerol 

Tris pH 8.5 20 mM Tris.HCl pH 8.0, 0.5 M NaCl, 5% (w/v) glycerol 

HEPES pH 7.0 40 mM HEPES pH 7.0, 0.1 M NaCl, 10% (w/v) glycerol 



 

[53] 
 

Table 2.15: Dialysis buffer* 

Sodium phosphate buffer pH 7.0 20 mM sodium phosphate buffer pH 7.0, 20 mM NaCl  

Tris pH 7.5 20 mM Tris.HCl pH 7.5, 20 mM NaCl, 2 mM βME 

Tris pH 8.0 20 mM Tris.HCl pH 8.0, 20 mM NaCl, 2 mM βME 

Tris pH 8.5 20 mM Tris.HCl pH 8.0, 20 mM NaCl, 2 mM βME 

HEPES pH 7.0 20 mM HEPES pH 7.0, 20 mM NaCl, 2 mM βME 

* The table lists the variations of dialysis buffer used throughout this work. 

Following dialysis, the protein was subjected to an additional IMAC step to remove the 

cleaved His6 affinity tag, un-cleaved protein, and the His6-tagged rTEV protein; the cleaved 

protein of interest is collected in the column flow-through.  

 

Amylose affinity chromatography 

All the single-domain C. perfringens derived proteins used throughout this study were 

expressed as His6-MBP fusion proteins. The maltose binding protein (MBP) tag, is often used 

to increase solubility and stability of heterologous recombinant protein expressed in E. coli 

but also serves as a means to affinity purify a protein. Following the previous IMAC step 

whereby ~70% of the MBP-His6-tag was removed, the cleaved protein sample containing MBP 

impurities was loaded onto a 14 cm Econo-Pac ® chromatography column (Biorad), containing 

3 mL of amylose resin (NEB) equilibrated with 10 CV of dialysis buffer in the absence of 

reducing agent. The amylose resin will bind to the MBP-His6-tag while the purified protein can 

be collected in the flow-though.  

 

Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) separates molecules based on their size and their 

hydrodynamic radii. SEC separates the molecules by trapping the smaller species in solution 

within the pores of the SEC resin on a column, while allowing larger molecules to pass more 

directly through the column; larger molecules elute faster (lower volume) while the smaller 

molecules that can enter the pore of the resin will elute from the matrix at a greater volume. 
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The two SEC columns used throughout this study were the Superdex S75 and S200 10/300 

from GE Healthcare.  

All solutions (water, buffers and 20% (w/v) ethanol) used for SEC were filtered through a 0.2 

µM filter, and degassed. The column was washed with 2-3 CV of water and was then 

equilibrated with 2-3 CV of SEC buffer using an ÄKTA Prime FPLC system (GE Healthcare). The 

sample (containing no more than 10 mg of protein) was loaded through a sample injection 

loop, onto the column at a flow rate of 0.5 mL min-1. Fractions were collected and analysed 

for protein content using SDS-PAGE. 

 

Ion exchange chromatography (IEX)  

Ion exchange chromatography (IEX) is a purification method where proteins are separated 

according to their charge. The column used in this study was a 5-mL Hi-Trap Q FF column (GE 

Healthcare) a strong anion exchange column, which was coupled to an ÄKTA Prime FPLC 

system (GE Healthcare). The column was washed with 10 CV of water and was equilibrated 

with a low salt buffer (dialysis buffer Table 2.14) supplemented with 2 mM EDTA and 2 mM 

BME. The bound protein was then eluted using a high salt buffer (low salt buffer + 1 M NaCl) 

in a continuous gradient. The peak fractions were collected and analysed using SDS-PAGE.  

 

Quantification of purified protein 

Purified proteins were concentrated using Amicon® Ultra-15 centrifugal filter concentrators 

with an appropriate molecular weight cut off (MWCO). The regenerated cellulose membrane 

in the concentrator was washed with the appropriate protein buffer via centrifugation. The 

protein was then centrifuged in the concentrator at 3000 × g at 4 °C until the desired 

concentration was reached.  

The concentration of the protein was determined using a NanoDrop™ 1000 

Spectrophotometer (Thermo Scientific). The protein concentration was then calculated from 

the absorbance measurement using Beer’s law:  
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where c is the concentration of the protein (in M (mol L-1)), A is absorbance at 280 nm, l is the 

path length of the sample (cm) and ε is the molar extinction coefficient (M-1cm-1) calculated 

by the Protparam tool on the Expasy server (http://web.expasy.org/protparam/) and based 

on the protein amino acid composition.  

 

2.8 Recombinant tobacco etch virus protease (rTEV) 
expression and purification  
2.8.1 rTEV expression  

Tobacco etch virus protease (rTEV protease) was used to cleave the affinity tags from purified 

recombinant proteins. An engineered rTEV protease construct (MHT-rTEV-238Δ) was used to 

produce higher yields of stable enzyme compared to the wild-type enzyme. The rTEV protease 

was expressed in E. coli BL21 Rosetta2 cells using TB autoinduction medium (Section 2.4.2) 

supplemented with 30 µg mL-1 kanamycin and 34 µg mL-1 chloramphenicol. The culture was 

grown at 28 °C for 20 hours. 

 

2.8.2 rTEV purification 

The harvested cells were re-suspended in the resuspension buffer (Table 2.16) supplemented 

with 1 mg DNase, 1 mg RNase, 1 mg lysozyme, and 1 of tablet EDTA free protease inhibitor 

(Roche) per 50 ml volume of lysis buffer. The mixture was lysed as described in Section 2.7.2.  

 
Table 2.16: rTEV purification buffer 

Resuspension buffer  
 

50 mM Tris.HCl pH 7.5, 0.5 M NaCl, 1 mM BME, 20 % (w/v) 
ethylene glycol 

Binding buffer  50 mM Tris.HCl pH 7.5, 0.5 M NaCl, 1 mM BME 

Wash buffer  50 mM Tris.HCl pH 7.5, 0.5 M NaCl, 1 mM BME, 75 mM sodium 
imidazole  

Elution buffer  
50 mM Tris.HCl pH 7.5, 0.5 M NaCl, 1 mM BME, 500 mM sodium 
imidazole 

Dialysis buffer  20 mM Tris.HCl pH 7.5, 0.15 M NaCl, 0.5 mM BME 
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The lysate was loaded onto a 5 mL Hi-Trap Chelating Column (GE Healthcare) charged with 

Ni2+ and equilibrated with binding buffer (Table 2.16). The protease was purified in a single 

IMAC step as previously described in Section 2.7.2. The peak fractions were collected and 

analysed by SDS-PAGE. The purified protein was then dialysed in 2 L of dialysis buffer (Table 

2.16) overnight at 4 °C. The dialysed protein was diluted further with dialysis buffer to a 

concentration of 2 mg mL-1, and mixed with an equal volume of 100% glycerol to give a final 

concentration of 1 mg mL -1.  Aliquots were flash cooled in liquid nitrogen and stored at -80 

℃ 

 

2.9 Polyacrylamide gel electrophoresis (PAGE) 
Proteins were routinely analysed and visualised by denaturing, sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE), or in some cases, non-denaturing or native 

polyacrylamide gel electrophoresis (Native PAGE). Gels were prepared by pouring resolving 

gel solution (Table 2.16) into a multi-gel caster (Hoeffer). Freshly prepared ammonium 

persulfate and tetramethylethylenediamie (TEMED) were added immediately prior to casting 

to initiate polymerisation; isopropanol was applied to the top of the gel solution and casting 

apparatus to seal it and level the gel surface.  

Once the resolving gel was set the isopropanol solution was discarded, the gel allowed to air 

dry for 2 minutes, and the stacking gel solution (Table 2.17) layered onto the top of the set 

resolving gel. Plastic 10 or 15 well combs were placed into the stacking gel layer to create 

sample wells, and the gels was left to set. Non-denaturing (native) PAGE was prepared in a 

similar way, but in the absence of SDS and βME. 

 

Table 2.17: Buffers and solutions for SDS-PAGE 

Resolving gel Stacking gel 5× SDS Loading dye 

   375 mM Tris.HCl pH 8.8 
10–15 % (w/v) acrylamide 
1 % (w/v) SDS 
1 % (w/v) (NH4)2S2O8 
0.04 % (v/v) TEMED 

    
125 mM Tris.HCl pH 6.8 
   5 % (w/v) acrylamide 
   1 % (w/v) SDS 
   1 % (w/v) (NH4)2S2O8 
   0.04 % (v/v) TEMED 
 

 
250 mM Tris.HCl pH 6.8 
0.02% bromophenol blue 
30 % (v/v) glycerol 
10% SDS 
5% βME 
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Running Buffer Staining buffer Destaining buffer 

25 mM Tris.HCl pH 8.8 
250 mM glycine 
0.1 % (w/v) SDS 

0.125 % (w/v) SERVA Blue R 
30 % (v/v) methanol 
10 % (v/v) acetic acid 

30 % (v/v) methanol 
10 % (v/v) acetic acid 

 

Protein solution (1- 10 µL) was mixed with 5× SDS loading dye (Table 2.16), and was incubated 

at 98 °C for 3- 5 minutes. Samples were loaded into the wells of the SDS-PAGE along with 

Precision Plus Protein ™ unstained mass standards (Biorad). Gels were run in Tris-glycine 

buffer (Table 2.16), using a Hoeffer mini gel apparatus. The proteins were separated by 

applying an electrical field of 300 V and 10 mA for the first 20 minutes (packing the protein in 

the stacking gel) followed by 300 V and 25 mA, until the dye front reached the bottom of the 

gel. Resolved proteins were stained with Coomassie® Brilliant Blue (SERVA) followed by 

application of destain solution (Table 2.17) for visualisation.  

Sample preparation for Native PAGE was similar, but with the protein solution mixed with the 

Native PAGE loading buffer (Table 2.18), and the samples loaded to the gel without heating. 

The proteins were separated by applying an electrical field of 250 V and 10 mA in the Native 

PAGE running buffer, until the dye front reached the bottom of the gel.  

 
Table 2.18: Buffers and solution for Native PAGE 

Native PAGE running buffer Native PAGE 5x loading buffer 

         25 mM Tris.HCl pH 8.8 
         250 mM glycine 
 

         250 mM Tris.HCl pH 6.8 
         0.02% (w/v) bromophenol blue 
         30% (v/v) glycerol 
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2.10 X-ray crystallography 
X-ray crystallography is a powerful method that enables us to visualise the molecular and 

atomic level details of protein structures.  Three crystal structures were determined in the 

course of this project using the methods outlined below.  

2.10.1 Protein crystallisation 

All crystals in this study were grown using the vapour diffusion method, whereby a droplet of 

concentrated purified protein solution is mixed with buffer and precipitant, and exposed to a 

larger volume of reservoir solution comprising the same buffer and precipitant composition 

but at higher concentration. As drop and reservoir solutions equilibrate, water molecules 

diffuse from the drop to the reservoir and the protein concentration slowly increases, which 

may lead to nucleation and crystal growth (Figure 2.2).   

 

 

For crystallisation experiments, all purified proteins were concentrated to between 100 and 

700 mg mL-1 as described in Section 2.7.2 and were centrifuged at maximum speed (21000 

×g) for 30 minutes at 4 °C to ensure the removal of contaminating particulates prior to use.  

 
 
Figure 2.2: The vapour diffusion crystallisation method   
The two protein crystallisation methods used in this study were: (A) Hanging drop vapour diffusion 
and (B) Sitting drop vapour diffusion. 1: reservoir solution, 2: crystallisation drop consisting of 
protein solution mixed with reservoir solution, 3: coverslips or other type of sealant. The arrows 
indicate vapour diffusion.  



 

[59] 
 

Robotic screening 

The initial screening was carried out in 96-well Intelli-Plates (Art Robbins Intruments) using 

custom-made screens of 576 conditions (Moreland et al., 2005) or JCSG, PACT PREMIER 

(Molecular Dimension) and the sitting drop vapour diffusion method. Aliquots of 80 µL of each 

crystallisation condition solution (prepared by Dr. Ivan Ivanovic, School of Biological Sciences, 

University of Auckland) were dispensed into the reservoirs of 96-well plates using a 

MultiProbe II HT/EX liquid-handling robot (PerkinElmer). An Oryx4 crystallisation instrument 

(Douglas Instruments) was used to set up the crystallisation drops by dispensing 200 nL of 

concentrated protein solution and 200 nL of reservoir solution. ClearSeal Film™ (Hampton 

Research) was used to seal the plate prior to incubation at 18 °C.  

 

Fine screening 

Once successful crystallisation conditions were identified, a fine screen was carried out to fine 

tune different parameters of the crystallisation condition such as pH, and precipitant, salt and 

protein concentrations, to produce the highest quality crystals.   

Typically, the fine screening was carried out in both sitting drop vapour diffusion and hanging 

drop vapour diffusion experiments (Figure 2.3). The sitting drop experiments used 

CrystalClear P strips (Douglas Instruments), where the volume of the reservoir solution was 

kept the same as the robot screen at 80 µL, and the final volume of the drops was 0.5 – 1 µL. 

The hanging drop method used 24-well VDX™ plates (Hampton Research), with 500 µL of 

reservoir solution and with final drops volumes of 1 – 4 µL. Most often these experiments 

employed equal volumes of protein and crystallisation solution, but this ratio was sometimes 

varied as part of the fine screening process. 

 

Micro seeding 

Micro seeding is a method whereby tiny micro-crystals are added to equilibrated 

crystallisation drops to provide nucleation points. Nucleation is the first step in the 

crystallisation process whereby protein molecules in a supersaturated solution spontaneously 

associate, arranging themselves into the beginnings of a crystal lattice.  The nucleation 

process is often a bottle neck in the crystallography method, and by providing nucleation 
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points by seeding, this step is effectively skipped, and the crystal growth period can 

commence.  

Seed stocks were made by crushing crystals in their original drop using an acupuncture 

needle. The drop was transferred into a 1.5 mL microfuge tube containing a seed bead 

(Hampton Research) and 50 – 500 µL reservoir solution from the same condition the seed 

crystal grew from. The mixture was vortexed for 1-2 minutes a few seconds at a time with 1-

2 minutes incubation on ice in-between. To prevent the micro-crystals from dissolving, the 

seed stock is always kept on ice during experiments and stored at -80 °C. 

Typically, the drops set for seeding experiments contain lower protein and precipitant 

concentrations to prevent spontaneous nucleation or precipitation. The drops were left to 

equilibrate overnight in a hanging drop vapour diffusion experiment. A cat’s whisker was used 

to transfer seeds into the pre-equilibrated drops, by gently dipping the whisker into the seed 

stock and brushing it through the drop.  

 

2.10.2 Crystal freezing and data collection   

To prevent radiation induced damaged within crystals during data collection, the X-ray 

diffraction experiments are generally carried out under a low temperature nitrogen gas flow 

(100 K). To avoid the formation of ice crystals which will produce ice diffraction, but more 

importantly can damage the crystal quality, the liquid surrounding and inside the crystal must 

freeze into an amorphous, glassy state (Maeki et al., 2015). Therefore, finding the right 

cryoprotectant is one of the most crucial aspects in attaining a high quality crystallographic 

data set.   

Cryoprotectant solutions are typically made with reservoir solution supplemented with 

reagents such as glycerol, ethylene glycol, MPD or PEG 400, at concentrations between 15 

and 30%. Crystals were transferred into a 1 or 2 µL drop of cryoprotectant solution using a 

CryoLoop™ (Hampton Research), were removed after a period of time, and were frozen 

directly into liquid nitrogen prior to the X-ray diffraction experiment.  

Crystals were tested for their X-ray diffraction quality in-house, while full diffraction data sets 

were most often collected at the Australian Synchrotron. The in-house X-ray facility consists 
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of a Micromax-007HF (Rigaku) X-ray generator, a MAR345DTB detector (marXperts) and with 

cryocooling provided by a Cobra system (Oxford Cryosystems). The Australian Synchrotron 

offers two X-ray crystallography beamlines, MX-1 and MX-2 (micro beamline). The MX-1 

beamline uses a dipole/bending magnet source and is ideal for crystalline samples of >50 µm 

and well diffracting samples. The MX-2 micro-focus beamline uses an undulator source and is 

ideal for crystalline samples of >10 µm and poorly diffracting samples. The MX1 beamline is 

equipped with an ADSC Quantum 210r detector (Area Detector Systems Corporation), while 

the MX2 micro beamline has an ADSC Quantum 315r detector or as of 2017 an Eiger detector 

(Dectris). Both beamlines are equipped with a sample loading robot (SSRL type). 

X-ray diffraction data were collected by rotating the crystal within an X-ray beam of a constant 

wavelength.  Two images 90 degrees apart in phi were collected to determine the unit cell 

and the space group parameters using MOSFLM (Battye et al., 2011). Strategy, a subroutine 

within MOSFLM, was then used to suggest a starting orientation, oscillation angle, and the 

number of images required for a complete data set. Most often, data were collected with the 

beam attenuated at 90-95%, with 360-720˚ of data collected in 0.5-1˚ slices, and with 0.5-1 s 

collection time per image. 

 

2.10.3 Data processing  

Once the X-ray diffraction data were collected, indexing and integration used either MOSFLM 

(Battye et al., 2011) or XDS (Kabsch, 2010). The program POINTLESS (Evans, 2011), part of the 

CCP4 suite was used to obtain initial unit cell parameters and space group assignment, and 

for the conversion of integrated reflections from XDS into a suitable format for merging and 

scaling using AIMLESS (Evans & Murshudov, 2013). The program AIMLESS, also part of the 

CCP4 suit, was used for merging, scaling and also carried out the subroutine TRUNCATE to 

convert intensities in to structure factors. The AIMLESS log file contains important 

information such as merging statistics, signal-to noise ratio (mean I/ σ(I)), CC1/2, completeness, 

and redundancy to monitor data quality.  
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Matthews analysis was used to estimate the solvent content in a crystal and the predicted 

number of molecules present in the asymmetric unit (AU). MATTHEWS_COEF (CCP4 suite) 

determines the likelihood of the number of molecules in an asymmetric unit by evaluating 

the Matthews Coefficient. The Matthews Coefficient (Vm) and solvent content are calculated 

using the following formula:  

 

 

 

Where VAU represent the volume of the AU in Å3, n is the number of molecules present in the 

unit cell, and Mr is the molecular mass of a single molecule in Daltons. 

 

2.10.4 Molecular replacement 

One of the methods that can be used to solve the phase problem in X-ray crystallography is 

molecular replacement (MR). MR requires a previously determined protein structure with a 

similar fold, typically with >30% sequence identity. Conceptually, the software uses the 

known protein structure and places it in the unit cell of the new unknown structure by a series 

of rotations and translations to determine its position in the unit cell.  

All structures in this study were solved by MR using the software PHASER (McCoy et al., 2007). 

PHASER uses a maximum likelihood approach and multivariate statistics for its translation and 

rotation function searches rather than the least squares and Patterson method used by other 

programs such as MOLREP (Vagin & Teplyakov, 1997). The solutions are scored based on log 

likelihood gain (LLG) and “Z-score”. The higher the LLG score is, the better the solution, and a 

Z-score higher than 7 is normally a definite solution. Each solution was refined in REFMAC5 

(Murshudov et al., 2011), which is again part of CCP4 suite (Winn et al., 2011) where the 

correct solutions gave R factor values of ~35%. The known model was either downloaded 

from the PDB for the single wild-type Cpe domain (4NI6) or were provided in-house (for Mol 

domain constructs) by Dr Paul Young, School of Biological Sciences, The University of 

Auckland. 
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2.10.5 Structure building and refinement 

The successful molecular replacement solution was then fitted manually to electron density 

map using COOT (Emsley & Cowtan, 2004). The models were manually inspected and fitted 

using both 2Fobs – Fcalc and Fobs – Fcalc electron density maps, where Fobs is the observed 

structure factor and Fcalc is the structure factor calculated from the model. Water molecules 

were added using the FIND WATERS function in COOT to peaks above 1.8 rmsd. Each water 

molecule was checked after refinement and removed if they showed non-spherical density or 

if they made inappropriate intermolecular contacts with the surrounding molecules. The 

quality of the model was inspected and improved in COOT using features such as rotamer 

analysis, geometry analysis and Ramachandran analysis.  

Model refinement was carried out using REFMAC5 (Murshudov et al., 2011) where the quality 

of the model was determined by R factor values which indicate the agreement between the 

calculated structure factors (Fcalc) and the observed structure factors (Fobs) using the following 

formula:   

 

 

 

A theoretical value of 0 for the R factor indicates a perfect agreement between the observed 

and calculated amplitudes, therefore the smaller the R factor value, the better the quality of 

the structure.  

To reduce bias, a second statistical check for the model quality, the free R Factor (Rfree) was 

used. Rfree is calculated in a similar manner as R but using only a small set (5%) of randomly 

selected reflections, and which are not used during refinement (Brünger, 1992).  

A large discrepancy between the R and the Rfree values indicates overfitting of the model. The 

model building/fitting and refinement was continued until R and Rfree values reached a 

minimum and the model was well fitted to the electron density map with acceptable 

geometry. 
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2.11 Small angle X-ray scattering (SAXS) 
2.11.1 SAXS sample preparation 

Having a pure monodisperse sample and the perfect buffer match is crucial for SAXS. All the 

proteins used in SAXS experiments were purified through two IMAC steps, amylose gravity 

flow chromatography, and size exclusion chromatography (Section 2.7.2). To ensure the 

perfect buffer match, each protein sample was dialysed against 2L of the appropriate buffer 

at 4 °C overnight. The proteins samples were freshly prepared, concentrated to 8 mg mL-1 

then stored at 4 °C until used for data collection on the SAXS/WAXS beamline at the Australian 

Synchrotron.  

 

2.11.2 SAXS data collection  

The protein samples were centrifuged for 10 minutes at the maximum speed in a benchtop 

instrument to remove any particulate matter. The protein was then used to prepare a 1:10 

serial dilution series from 4 mg mL-1 to 0.125 mg mL-1. A 90 µL volume of each protein and 

buffer solution was aliquoted into a 96-well plate and the plate was then degassed for 10 

minutes prior to centrifugation at maximum speed for 10 minutes. The 96-well plate was then 

mounted on the beamline and held at 283 K for auto sampling and capillary flow data 

acquisition. The SAXS camera length was set to either 3340 mm to capture data for the larger 

expected species, or the 1560 mm to capture the smaller species. The matched buffer 

samples were run before and after the protein dilution series for buffer subtraction. Images 

were taken at 1 s intervals of X-ray exposure with a sample flow rate of 4 µL s-1 using the 

ScatterBrain software package (Kirby et al., 2013).  

 

2.11.3 SAXS data analysis   

The raw data were analysed using the ATSAS (2.7.1) suite of software packages.  The data 

were processed in PRIMUS QT (Konarev et al., 2003), where each data set was checked for 

any abnormalities, averaged and buffer subtracted.  The initial “folded-ness” of the protein 

was assessed in PRIMUS QT using an alternate plotting of the scattering profile, the Kratky 

plot.  
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The Guinier analysis was also initially performed in PRIMUS QT, and provided an estimate of 

radius of gyration Rg and the extrapolated intensity at zero scattering angle (I(0)). Guinier 

analysis is a useful measure to check for interparticle interference (points at low q values 

trend downward) or aggregation (points at low q values trend upward) so that any data sets 

displaying non-linear plots and either upward or downward low q curves could be discarded 

from further analysis.  

The pair-distance distribution function P(r) calculation was calculated by the GNOM software 

(ATSAS 2.7.1). The P(r)-distribution provides information about the shape of the scattering 

particle and the maximum particle dimension (Dmax) (Svergun & Koch, 2003). 

The software package DAMMIF was used throughout this project to produce ab initio 

envelopes to visualise the 3D shape of the scattering particle (Franke & Svergun, 2009). 

DAMMIF provides a low-resolution shape of a molecule based on its scattering profile and 

uses a dummy atom method (DAM), where it attempts to fill a spherical search volume with 

the radius of R (where R is equal to half the Dmax), with densely packed small spheres of radius 

r0 ≪ R which could be either the actual particle or the solvent. Replicate DAMMIF runs were 

carried out on each data set to produce multiple ab initio models, which were averaged using 

the software DAMAVER to determine the most probable shape of the molecule. Known 

crystal structures can be fitted to the filtered DAMAVER pdb files using the SUPCOMB 

software (Kozin & Svergun, 2001).  

Another software package that was used throughout this study was CRYSOL (Svergun et al., 

1995). CRYSOL (ATSAS 2.7.1) calculates the best fit between a known X-ray structure or other 

3D model, and the experimental SAXS scattering profile.  A chi squared value is calculated by 

CRYSOL to assess the fit of the X-ray structure to the SAX data, although in most cases a visual 

inspection of fit was most appropriate.  
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2.12 Protein mass spectrometry  
Mass spectrometry data were collected and analysed by Dr. Martin Middleditch from the 

Proteomics Facility at the Centre for Genomics and Proteomics of the University of Auckland. 

To confirm the presence of an intramolecular ester bond, trypsin digestion paired with liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) was used. The protein samples 

were run on SDS-PAGE to separate the ester bond and no-bond species and the appropriate 

band was excised from the gel for analysis. Gel bands were “diced” and de-stained in 50 % 

acetonitrile and 50 mM ammonium bicarbonate. Trypsin protease (10 ng µl-1 in 25 mM 

ammonium bicarbonate) was added to the gel pieces and incubated at 37 °C for 16 h. The 

supernatant containing digested peptide fragments was collected and analysed by LC-MS/MS. 

Linear peptides were identified with the Mascot search engine software version 2.0.05 

(Matrix Science). 

 

2.13 Differential scanning fluorimetry (DSF)  
A typical DSF reaction mix is detailed in Table 2.18.  A fresh Sypro®Orange working stock was 

prepared by diluting 1 in 25 times the original stock solution (5000x concentrate in DMSO) in 

water. All samples were mixed and plates were sealed with film. All experiments were done 

in triplicates. 

 

Table 2.19: DSF assay  

Components Volume (µL) 

1M HEPES pH 7.0 2.5 

1 mM Protein 1.0 

1:25 Sypro®Orange 10 

H2O 36.5 

Total volume 50 
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2.14 Nuclear magnetic resonance (NMR)  
All NMR experiments are carried out in collaboration with Dr Ivanhoe Leung from the School 

of Chemical Science, at the University of Auckland.  

 

2.14.1 Isotopically labelled protein expression 

To express both single (15N) and double (15N and 13C) labelled protein, the starter culture was 

grown in rich 2YT medium (Table 2.4) as describe in Section 2.6.1. Following overnight 

incubation at 37 °C, the starter culture was used to inoculate into the M9 minimal media 

(Table 2.5) directly at a 1:100 ratio (e.g. add 5 mL starter culture directly to 500 mL minimal 

media) with the appropriate antibiotics. The M9 culture was then placed in an orbital shaker 

at 37 °C and 180 rpm, until it reached OD A600 of 0.3 – 0.5. At this stage the M9 culture was 

cooled to 18 °C after which 0.6 mM of IPTG was added to the culture. The M9 culture was left 

to incubate at 18 °C for 20 hours with shaking (180 rpm). Following the incubation, the culture 

was then centrifuged at 4000 g for 30 min at 4 °C, to harvest the cells. 

 

2.14.2 Sample preparation, acquisition and processing. 

Samples containing 90% H2O and 10% D2O are typically prepared in a 1.5 mL microfuge tube, 

prior to transfer into conventional 5 mm NMR tubes (Norell) or 5 mm Shigemi tubes.  

All NMR experiments were conducted using either a Bruker Avance AVIII-HD 500 MHz 

spectrometer instrument equipped with a BBFO probe, or a Bruker Avance 600 MHz 

instruments equipped with an inverse (1H optimised) cryoprobe. The Bruker Avance AVIII-HD 

500 MHz and Bruker Avance 600 MHz were controlled using Bruker TopSpin 3.1 and 3.5 

software respectively. All experimental parameters are presented in Table 2.20 

Unless otherwise stated, all experiments were conducted at 300 K. Standard 1H proton pulse 

sequence was used, and water suppression was achieved by the excitation sculpting method 

with a 2 ms Squa100.1000 pulse. The pulse tip-angle calibration using the single-pulse 

nutation method (Bruker pulsecal routine) (Wu & Otting, 2005) was done for each sample. 
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Exponential multiplication using a line broadening factor 1 or 2 Hz and zero filling was 

generally applied for processing. No chemical shift reference was used, and each of the 

chemical shifts was referenced against the solvent, internally.  

All data were visualised and analysed using Bruker TopSpin. Data acquired from the triple 

resonance experiments were also analysed using CCPN suite (The collaborative computing 

project for NMR) (Vranken et al., 2005; Winn et al., 2011). 

 

Table 2.20: NMR experiments parameters 

HSQC  

Pulse sequences hsqcetf3gpsi 

Size of FID 2048 (1H), 128 (15N) 

Spectral width 16 ppm (1H), 40 ppm (15N) 

Centre of spectrum  4.7 ppm (1H), 115 ppm (15N) 

HNCO  

Pulse sequences hncogp3d 

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 22 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 176 ppm(13C) 

HN(CA)CO  

Pulse sequences hncacogp3d  

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 22 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 176 ppm(13C) 

HN(CO)CA  

Pulse sequences hncocacbgp3d  

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 75 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 39 ppm(13C) 
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HNCA  

Pulse sequences hncagp3d 

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 32 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 54 ppm(13C) 

HN(CO)CACB  

Pulse sequences hncocacbgp3d 

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 75 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 39 ppm(13C) 

HNCACB  

Pulse sequences hncacbgp3d 

Size of FID 2048 (1H), 80 (15N), 128 (13C) 

Spectral width 14 ppm (1H), 40 ppm (15N), 75 ppm(13C) 

Centre of spectrum  4.7 ppm (1H), 117 ppm (15N), 39 ppm(13C) 
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Chapter 3  
Producing protein suitable for NMR  

 

One of the main aims of this project was to investigate the mechanism of ester bond 

formation in the Cpe0147 domain. A hypothetical mechanism outlined by Kwon et al. (2014) 

proposed the specific involvement of a set of amino acid side chains and the movement of 

protons. Nuclear magnetic resonance or NMR was chosen to characterise these mechanistic 

details and also to measure the rate of the bond formation.  

The wild-type single domain and two-domain Cpe0147 proteins can be readily produced by 

recombinant DNA technology, but protein folding and the bond formation occur inside the E. 

coli cells and we only capture the final product of recombinant protein expression (Kwon et 

al., 2014). By using two techniques, expressed protein ligation (EPL) (Muir et al., 1998; Muir, 

 
 
Figure 3.1: Methods for producing protein for NMR experiments without the ester bond. 
Two methods were used to produce protein without the ester bond. EPL is a method where the 
bulk of the protein (black) is produced using bacterial expression with the inclusion of an intein 
sequence; the smaller peptide (red) is produced using conventional chemical peptide synthesis. 
The two parts are ligated under denaturing conditions producing an intact full length protein, and 
is refolded to form the ester bond (green). Strand complementation is a similar method where the 
protein is also produced in two parts using recombinant DNA technology and peptide synthesis. 
The two parts are combined under native conditions and are only joined together by ester bond 
formation. 
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2003), and strand complementation, both illustrated conceptually in Figure 3.1, the protein 

can be produced in two halves, each half containing one of the bond forming residues. The 

experimental rationale is that the two halves of the proteins can be combined at a later stage 

and the bond formation followed in the NMR tube.   

 

3.1 Expressed protein ligation  
Expressed protein ligation or EPL exploits the naturally occurring phenomenon of intein 

mediated protein splicing. EPL is sometimes considered a semisynthetic version of native 

chemical ligation (NCL) (Dawson et al., 1994) because unlike NCL where ligation peptide pairs 

are both made through conventional peptide synthesis, in EPL one half of the ligation pair is 

made by chemical peptide synthesis and the other recombinantly in bacteria with a ligation-

ready C-terminal thioester produced by intein chemistry. In this project all chemically 

synthesised peptides were supplied by Dr Paul Harris from the Peptide Synthesis Laboratory 

at the University of Auckland. The two parts of the protein are ligated (using NCL) under 

denaturing conditions and subsequently refolded to produce an intact fully folded protein 

(Figure 3.1).   

 

3.1.1 Intein mediated protein splicing  

An intein, also known as a protein intron, is a small protein fragment that can excise itself out 

of a larger protein sequence and ligate the remaining portions (exteins) with a peptide bond  

(Paulus, 2000). The process of protein splicing is a common feature of posttranslational 

modification in eubacteria, archeabacteria (Perler, 2002) and unicellular eukaryotic organisms 

such as Saccharomyces cerevisiae or the budding yeast (Hirata et al., 1990; Kane et al., 1990). 

It is a self-catalysed intramolecular process that does not required cofactors such as ATP or 

coenzymes.  

The intein catalysed reaction involves four separate steps as listed below and illustrated in 

Figure 3.2 (Paulus, 2000; Southworth, Benner, & Perler, 2000; Xu & Evans, 2001):  

Step 1: N → S or N → O acyl rearrangement at the upstream splice junc on by the highly 

conserved nucleophilic amino acid residue, which is either a cysteine, threonine or serine.  
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Step 2: Trans-esterification reaction of the linear thioester or ester intermediate, forming a 

branched thioester or ester intermediate at the C-terminal splice junction.  

Step 3: Cyclisation of the intein C- terminal Asn residue (amino succinimide), and cleavage of 

the branched intermediate at the C-terminal spliced junction to produce a spliced intein.  

Step 4: Irreversible S/O → N acyl shi  to produce a pep de bond between the N-extein and 

C-extein. 

 
 
Figure 3.2: Intein mediated protein splicing mechanism  
“X” represents the oxygen or sulfur atom in serine, threonine or cysteine residues. The succinimide 
ring at the C-terminal of the excised intein can be hydrolysed to reform the asparagine or 
isoasparagine.  
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3.1.2 Native chemical ligation 

Native chemical ligation or NCL can ligate two unprotected peptides normally joining a C-

terminal thioester and an N-terminal cysteine residue (Dawson et al., 1994). The reaction 

starts with the nucleophilic attack of the thiol group of the N-terminal cysteine on the 

thioester, producing a thioester-linked intermediate which can rearrange to a native amide 

bond (Figure 3.3).  

 

The efficiency of the ligation reaction depends on the C-terminal residue prior to the thioester 

(Peptide 1, Figure 3.3). For example, sequences with isoleucine, proline and valine in this 

location have the slowest ligation rate, whereas the presence of alanine or glycine is the most 

efficient (Hackeng et al., 1999). The efficiency also depends on the nature of the thiol leaving 

group that has been engineered into the peptide.  Thiol additives such as thiophenol (Dawson 

et al., 1997), MESNA (MacMillan et al., 2011) and MPAA (Johnson & Kent, 2006) are often 

 
 
Figure 3.3: Proposed mechanism of native chemical ligation  
NCL is initiated by the transthioesterification reaction of the C-terminal thioester of peptide 1 with 
the sulfhydryl group of the N-terminal cysteine of peptide 2. A fast, spontaneous and irreversible 
S to N acyl shift then occurs within the thioester linked intermediate to form the desired amide 
bond. 
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used to increase the efficiency of the ligation reaction (Figure 3.4). These thiol additives form 

an adduct with the thioester and promote the formation of reactive thioesters due to their 

electron withdrawing nature, which leads to an increase in the rate of reaction. 

 

The ligation reactions are generally completed in the presence of denaturing agents such as 

6 M guanidine-HCL to allow high peptide concentrations and to ensure high ligation yield 

(Dawson et al., 1997). The reaction is carried out at neutral pH (100 mM sodium phosphate,  

pH 6.5) to both maximise cysteine thiol reactivity and minimise the cross-reactivity of the 

thioester moiety that is observed at high pH (Hackenberger & Schwarzer, 2008). Reducing 

agents such as TCEP are also included in the reaction mix to ensure the cysteine thiol remains 

in a reduced state, and as previously mentioned, a thiol additive is used to increase the rate 

of ligation by acting as a leaving group.  

 

3.1.3 Cloning, expression and purification of a truncated Cpe0174439-

563 fusion protein  

The Cpe0147 adhesin is a 220 kDa protein containing 11 Ig-like repeat domains with high pair-

wise sequence similarities. Previous studies by Kwon et al., (2014) suggested that the first Ig-

like domain, which sits between the adhesin domain and the second Ig-like domain, is 

unstable and potentially not folded when produced recombinantly.  Therefore, the second Ig-

like domain, which is flanked by two other Ig-like domains, was chosen for this study.  

The cloning of the truncated second Cpe0147 domain into the pTXB1 (NEB) vector (Figure 3.5) 

was carried out by Dr Paul Young, the University of Auckland, using the infusion® cloning 

method (www.clonetech.com). The truncated Cpe0147 amino acid sequence 439-563 (for full 

 
Figure 3.4: Thiol additive commonly used in native chemical ligation  
 



 

[75] 
 

sequence see Uniprot entry B1R775) was PCR amplified from the Cpe0147 construct 

previously reported in Kwon et al. (2014). The pTXB1 vector is an E. coli expression vector 

used for intein mediated protein ligation, where the target gene is inserted into a multiple 

cloning site upstream of the intein-chitin binding domain (CBD) to produce a fusion protein 

(Figure 3.5). The cloned Cpe0147439-563 gene was then transformed into E. coli expression 

strain BL21(DE3) and expressed according to Section 2.6.  

The C-terminal peptide comprising Cpe0147 residues 565-587 was synthesised Dr Paul Harris 

(Peptide Synthesis Laboratory, University of Auckland), using the Fmoc/tBu solid phase 

methodology on a Tribute (Tucson, Az) automated synthesiser at a 0.1 mmol scale using 

appropriately functionalised aminomethyl polystyrene resin. The original N-terminal valine 

residue (Val564) of the peptide was replaced by a cysteine in the synthetic peptide (Figure 

3.5) to enable the chemoselective reaction to occur (Figure 3.6); a His6 affinity tag was also 

included at the C-terminus.  The expressed E. coli culture of the N-terminal protein was 

harvested, lysed and purified by IMAC (Talon resin) in sodium phosphate buffer pH 7.0 

(Sections 2.6.2 and 2.7.2). The IMAC absorbance trace and SDS-PAGE analysis is shown in 

Figure 3.6.  

The purified Cpe0147439-563 intein-CDB fusion protein represented in Figure 3.5 C, is a 42.1 

kDa protein. The eluted peak fractions 6, 7, 8 and 9 (Figure 3.6) show an enrichment of protein 

under the 50 kDa marker, and were pooled, buffer-exchanged into 20 mM sodium phosphate 

pH 7.0 with 20 mM NaCl, and concentrated down to 20 mL using an Amicon® Ultra-15 

centrifugal filter concentrator (Section 2.7.2) prior to loading onto a chitin column.  
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Figure 3.5: Expressed protein ligation construct for Cpe0147439-563  
A. Cpe0147 protein sequence. The TEV cleavage sequence is highlighted in yellow and the 
underlined residues are those involved in the proposed serine protease mechanism (H. Kwon et al., 
2014).  The two residues forming an ester bond (T and Q) are represented in red font.  The valine 
(V) residue highlighted in red is changed to the nucleophilic cysteine (C) to initiate ligation. B. pTXB1 
vector map (www.neb.com) C. The truncated Cpe0147439-563 intein-CDB fusion protein.   
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Figure 3.6: Talon purification of Cpe0147439-563 intein-CBD infusion protein  
A. Chromatogram of IMAC UV absorbance trace. Fractions labelled 3, 4 and 5 were eluted during the 
wash with buffer A (40 mM sodium phosphate buffer pH 7.0, 500 mM NaCl). The column was then 
washed with 1% buffer B (5 mM imidazole), and the second peak (fractions 6, 7, 8 & 9) were eluted 
over a gradient of buffer B (40 mM sodium phosphate pH 7.0, 500 mM NaCl, 500 mM imidazole). B. 
SDS_PAGE analysis of the IMAC purification. M: Precision Plus Protein Standards (Bio-Rad) with 
masses labelled in kDa, Lane 1: crude lysate, Lane 2: talon flow through, Lane 3: fraction 3, Lane 4: 
fraction 4, Lane5: fraction 5, Lane 6: fraction 6, Lane 7: fraction 7, Lane 8: fraction 8, and Lane 9: 
fraction 9. 



 

[78] 
 

3.1.3 Chitin purification and on-column cleavage 

The second step of the purification of the Cpe0147439-563 fusion protein used a gravity flow 

column loaded with chitin resin (NEB). The chitin binding domain of the fusion protein 

selectively and tightly binds to the chitin resin.  

The IMAC-purified Cpe0147439-563 fusion protein was loaded onto a pre-equilibrated gravity 

flow chitin column in chitin buffer (100 mM sodium phosphate buffer pH 7.0, 20 mM NaCl), 

and the bound protein was washed with 10 column volumes of chitin buffer before the 

addition of 20 mL of cleavage buffer comprising 100 mM sodium phosphate buffer pH 7.0, 20 

mM NaCl, 200 mM MESNA and 2 mM TCEP to maintain a reducing environment.  

MESNA (Figure 3.4) is a thiol additive commonly used to increase the rate of the ligation 

reaction in NCL (Section 3.1.2). MESNA not only induces the intein cleavage reaction to go to 

completion, but it also produces a highly reactive thioester promoting a more successful 

ligation reaction (Zhao et al., 2008).  

The on-column cleavage reaction was left to incubate for 12 hours at room temperature 

before eluting the protein and washing the column with 10 column volumes of cleavage 

buffer. The SDS-PAGE analysis of the eluted protein (Figure 3.7) suggests that the cleavage 

reaction was successful. Lane 4 of Figure 3.7 shows that an ~42 kDa fusion protein was bound 

to the chitin beads but after cleavage with 200 mM MESNA, the protein was no longer 

attached to the resin and was eluted, as shown in Lanes 5 and 6. The protein remaining on 

the chitin resin is analysed in Lane 7 and shows an ~29 kDa band, which is roughly the 

molecular mass of the intein-CBD affinity tag, again confirming the completeness of the 

cleavage reaction. The cleaved product was identified by mass spectrometry with a mass of 

14331.7 Da, comparable to the calculated mass of 14207.5 Da with the addition of molecule 

of MESNA at the C-terminus (Appendix B, Figure B.2) 
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3.1.5 Ligation of cleaved Cpe0147439-563 domain with the synthetic 

C-terminal peptide  

The ligation of the Cpe0147439-563 domain with the synthetic Cpe0147565-587 C-terminal peptide 

to yield full length Cpe0147439-587 domain was carried out in 5 mL of ligation buffer (6 M 

guanidine hydrochloride (GnHCl), 200 mM Na2HPO4 pH 7.0, 20 mM TCEP, 100 mM MPAA). 

The ligation buffer was degassed under argon gas for 20 minutes prior to the addition of 

truncated Cpe0147439-563 protein to a final concentration of 714 µM and the synthetic 

Cpe0147565-587 C-terminal peptide to 1 mM (~1:2 protein to peptide ratio). The ligation 

reaction was then incubated for 18 hours at room temperature.  

The Cpe0147565-587 C-terminal peptide was synthesised with the addition of a His6 -tag at its 

C-terminal end to enable affinity purification of the full length ligated product.  The ligation 

reaction was diluted 20-fold with nickel buffer A (6 M GnHCl, 200 mM Na2HPO4 pH 7.0) to 

 
 
Figure 3.7: Chitin affinity chromatography and on-column cleavage with MESNA 
analysed by SDS-PAGE 
 M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: concentrated 
pooled IMAC peak, Lane 2: chitin purification flow through, Lane 3: chitin purification wash, Lane 
4: chitin bound protein, Lane 5: eluate after cleavage with 200 mM MESNA, Lane 6: wash with 
cleavage buffer, Lane 7: chitin bound protein after cleavage and wash, Lane 8: concentrated 
cleaved N-terminal Cpe0147 domain 2 protein. 
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reduce the concentration of TCEP to 1 mM prior to the IMAC purification step. The diluted 

ligation reaction was loaded onto a gravity flow IMAC column loaded with Ni2+ and pre-

equilibrated in nickel buffer A, and was eluted over a nickel buffer B gradient (6 M GnHCl, 200 

mM Na2HPO4 pH 7.0, 500 mM imidazole). The analysis of the ligation reaction was visualised 

using 15% SDS-PAGE as shown in Figure 3.8 

 

3.1.6 Summary of EPL for Cpe0147439-563 domain 

The overall EPL process for the Cpe0147439-563 protein is illustrated in Figure 3.9. The 

mechanism starts with the nucleophilic attack of the intein cysteine residue causing the N→S 

acyl arrangement to form the thioester intermediate. During the cleavage reaction (Section 

3.1.4), the sulfhydryl functional group of MESNA attacks the carbonyl of the thioester-intein 

intermediate, cleaving the Cpe0147439-563 protein from the intein. A chemoselective reaction 

happens during the ligation (described in Section 3.1.5), combining the two sections of the 

protein sequence (the Cpe0147439-563 and the Cpe0147565-587 C-terminal synthetic peptide) to 

form a full length linear Cpe0147439-587 domain.   

 
 
Figure 3.8: Analysis of the Cpe0147439-563 ligated with the synthetic C-terminal peptide 
through NCL  
M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: concentrated, 
pooled talon IMAC eluate, Lane 2: chitin-bound protein after cleavage with 200 mM MESNA, 
Lane 3: concentrated, cleaved N-terminal Cpe0147 protein, Lane 4: ligation product bound to 
Ni2+-IMAC resin, Lane 5: concentrated ligation product eluted from Ni2+-IMAC resin. 
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Figure 3.9: Overall expressed protein ligation mechanism for truncated Cpe0147439-563 
and C-terminal Cpe0147565-587 synthetic peptide 
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3.1.7 Folding the full length ligated Cpe0147439-587 domain 

Following elution from the IMAC column (Section 3.1.5), the full length ligated linear 

Cpe0147439-587 domain was then folded into its native structure and characterised to confirm 

intramolecular ester bond formation.   

Initially, two folding strategies were applied to the linear Cpe0147439-587 domain protein: 

folding by dialysis, and folding by rapid dilution (Tsumoto et al., 2003). In the dialysis method, 

the denatured protein in a high concentration of denaturing buffer, is placed in a semi-

permeable membrane, and is dialysed against a large volume of the folding buffer. Ideally, 

the protein slowly folds as the concentration of the denaturant decreases over time. The 

concentration of the protein is almost constant during dialysis, and as a result of this, the 

proteins are more susceptible to misfolding or aggregation (Tsumoto et. al., 2003). The rapid 

dilution method in contrast, simply dilutes the denatured protein in one quick step in a large 

volume of folding buffer. Again, in an ideal case, the concentration of the denaturant drops 

immediately and the protein at a final concentration will immediately fold with minimal 

aggregation or misfolding.   

The eluted Cpe0147439-587 protein (3 mL) was halved, and 1.5 mL of the denatured protein was 

dialysed against 500 mL of folding buffer (20 mM HEPES pH 7.0, 20 mM NaCl, 0.1 mM CaCl2). 

The other 1.5 mL of protein was diluted rapidly in 500 mL of folding buffer. Both folding 

experiments were carried out at 4 oC overnight. The folding buffer was chosen based on the 

results from an earlier buffer screen to optimise ester bond formation in a strand 

complementation experiment (see Section 3.2 below) carried out by Dr Paul Young. The 

results from the folding experiments were analysed by 15% SDS-PAGE (Figure 3.10) and mass 

spectrometry (Appendix B Figure B.1). 

The results from the folding experiments (lanes 3 and 4 in Figure 3.10) show a greater number 

of protein species in both refolded samples compared to the initial un-ligated product (Lane 

2) and unfolded protein (Lane 5 in Figure 3.8). Protein bands with apparent molecular masses 

of 15 kDa and 25 kDa from lane 3 (Figure 3.10) were excised and analysed via mass 

spectrometry. Mass spectrometry confirmed that both the 15 kDa and the 25 kDa band 

contain the full length Cpe0147439-587 protein, but that the 15 kDa band comes from protein 

containing an ester bond (Thr-Gln) while the 25 kDa protein contains no ester bond. This 
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result shows very clearly how ester bond-containing protein can be differentiated from non-

bonded protein in a very quick and simple SDS-PAGE assay. 

 

 

  

 
 
Figure 3.10: SDS-PAGE analysis of ligated Cpe0147439-587 domain refolding 
M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: concentrated, 
pooled talon IMAC eluate, Lane 2: Cpe0147439-563 truncated protein after cleavage with 200 mM 
MESNA, Lane 3: ligated protein, refolded by rapid dilution and concentrated, Lane 4: ligated 
protein, refolded by dialysis and concentrated. 
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3.2 Strand complementation 
The second option for making protein for this project, so-called strand complementation, is 

similar to the EPL experiment, with one member of the ligation pair (Cpe0147439-563 domain 

lacking only the final strand Cpe0147565-587 that carries the crosslinking Gln residue) made 

recombinantly, and the other, the Cpe0147565-587 C-terminal strand 

(DTKQVVKHEDKNDKAQTLVVEKPG), made by chemical synthesis. In contrast to EPL, however, 

the two chains of the protein are not ligated to form the full length protein, and the protein 

is not denatured and refolded (Figure 3.1). Because the ligation partners are complementary 

to each other they should simply react when added together. The Cpe0147565-587 protein 

domain was “split” near the tip of the calcium binding loop previously identified in the crystal 

structure by Kwon et al. (2014). 

 

3.2.1 Cloning, expression and purification of truncated N-terminal 

Cpe0147 as an MBP fusion 

The cloning of the truncated Cpe0147565-563 domain (Appendix A, Section A.1.3) was carried 

out by Dr Paul Young. The PCR amplification of this construct was carried out in a similar 

manner as in Section 3.1.3.  The amplified PCR products were cloned into a modified 

pProExHta (Invitrogen) vector (pMBP-ProExHta), using EcoRI and KasI restriction 

endonucleases. pMBP-ProExHta was generated by inserting the maltose binding protein 

(MBP) gene between the His6-tag and the rTEV cleavage site of pProExHta (Ting et al., 2015). 

The final construct, pMBP- Cpe0147565-563, produces an N-terminal His6-tagged MBP fusion 

protein followed by an rTEV cleavage site and the truncated Cpe0147565-563. The pMBP- 

Cpe0147565-563 construct was then transformed into BL21(DE3) E. coli expression vector and 

was expressed in Terrific Broth as outlined in Section 2.6.2.  

The purification of pMBP-Cpe0147439-563 was carried out according to Section 2.7.2 in either 

HEPES pH 7.0 or Tris.HCl pH 8.0 buffer. Following lysis, the protein was purified by IMAC as 

shown in Figure 3.11 A. The protein fractions were analysed by 15% SDS-PAGE (Figure 3.11 

B). The peak fractions containing the target protein (Lanes 6-8, Figure 3.11 A) were pooled 

and dialysed overnight in the presence of rTEV protease to cleave the His6-MBP tag. 
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Subtractive IMAC purification was carried out the next day to remove un-cleaved pMBP-

Cpe0147439-563, rTEV protease and the cleaved tag, and the truncated Cpe0147439-563 protein 

was further purified by amylose affinity chromatography to remove any small traces of MBP-

containing protein.  The samples from the subtractive IMAC and amylose affinity 

 
 

 
 
Figure 3.11: IMAC purification of pMBP-Cpe0147439-563 protein 
A. IMAC UV absorbance trace. Fractions labelled 3, 4 and 5 eluted during the wash with buffer A 
(40 mM HEPES pH 7.0, 100 mM NaCl, 10% glycerol). The peak (fractions 6-8) were eluted with 50% 
buffer B (40 mM HEPES pH 7.0, 500 mM NaCl, 500 mM imidazole and 10% glycerol). B. SDS-PAGE 
analysis. M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: crude 
lysate, Lane 2: IMAC flow through, Lane 3: fraction 3, Lane 4: fraction 4, Lane 5: fraction 5, Lane  
6: fraction 6, Lane 7: fraction 7, and Lane 8: fraction 8. C. 15% SDS-PAGE analysis of the subtractive 
IMAC step following overnight dialysis with rTEV protease. M: Precision Plus Protein Standards 
(Bio-Rad) with masses labelled in kDa, Lane 1: cleaved protein after overnight dialysis, Lane 2: 
precipitated protein from dialysis, Lane 3: cleaved Cpe0147439-563 passed through an IMAC column, 
Lane 4: IMAC column wash, Lane 5: MBP protein eluted from the IMAC column, Lane 6: cleaved 
Cpe0147439-563 passed through an amylose column 6, Lane 7: amylose column wash, and Lane 8: 
material remaining on the amylose resin.  

A 
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chromatography were visualised using 15% SDS-PAGE (Figure 3.11 C). The protein was finally 

purified by size exclusion chromatography using a Superdex 75 10/30 GL column (GE 

Healthcare Life Sciences) - a typical chromatogram and SDS-PAGE analysis are presented in 

Figure 3.12.   

 
 
Figure 3.12: Size exclusion chromatography of Cpe0147439-563 
A. SEC UV absorbance trace. B. SDS-PAGE analysis of the SEC fractions. M: Precision Plus Protein 
Standards (Bio-Rad) with masses labelled in kDa, Lane 1: protein loaded onto the SEC column, Lane 
2: fraction at 11 mL elution volume, Lanes 3-8 are fractions collected across the SEC peak between 
elution volumes 11.5-14 mL. 



 

[87] 
 

3.2.2 Buffer optimisation for ester bond formation between 

Cpe0147439-563 protein and synthetic Cpe0147565-563 C-terminal 

peptide 

To investigate the conditions that promote the ester bond formation between the truncated 

Cpe0147439-563 and the synthetic Cpe0147565-563 C-terminal peptide, a range of pH, buffers, 

crowding agents and metal ions were screened. The crosslinking reactions were carried out 

at room temperature in 50 mM buffer, and with truncated protein and complementary 

peptide mixed at a 1:2 molar ratio.   

To investigate the effect of pH on the ester bond formation, a pH range of 5.5 – 9.0 was 

applied to the conjugation reaction, with incubation times of 15 minutes, 2 hours and 18 

hours. The reaction was then analysed by SDS-PAGE (Figure 3.13). The attachment of the 

 
 
Figure 3.13: pH screening for ester bond formation between truncated Cpe0147439-563 
protein and the Cpe0147565-587 C-terminal synthetic peptide. 
Conjugation reactions were analysed by 15% SDS-PAGE. M: Precision Plus Protein Standards (Bio-
Rad) with masses labelled in kDa, A. A 15 minute incubation at room temperature. B. A 2 hour 
incubation at room temperature. C. An 18 hour incubation at room temperature. The calculated 
molecular mass for truncated Cpe0147439-563 protein is 13.6 kDa and for C-terminal peptide 2706 Da; 
the highest mass band immediately above the 20 kDa marker is indicative of a crosslinked, conjoined 
truncated Cpe0147439-563 protein and complementary peptide. Crosslinking is promoted at pH 7.0 
and below. 
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Cpe0147565-587 C-terminal peptide to the Cpe0147439-563 protein via an intramolecular covalent 

bond is readily visualised by SDS-PAGE as a protein band immediately above the 20 kDa 

marker. 

The ester bond formation appears to be supported by pH lower than 7.0 (Figure 3.13 A), 

where faint bands are present above the 20 kDa markers after 15 minutes; 50 mM MES pH 

5.5 and 50 mM HEPES pH 7.0 buffers provide the best conditions for ester bond formation, a 

pattern that is reinforced at the longer time points. 

The pH screening suggested that HEPES buffer at pH 7.0 gives the best results for ester bond 

formation.  Twelve alternative pH 7.0 buffers were also investigated for their conjugation 

potential (Figure 3.14).   

 
 
Figure 3.14: Alternative buffer screening at pH 7.0  
All conjugation reactions were carried out in 50 mM buffer solutions. M: Precision Plus Protein 
Standards (Bio-Rad) with masses labelled in kDa, A. A 15 minute incubation at room temperature, 
B. A 2 hour incubation at room temperature. C. An 18 hour incubation at room temperature. 
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Of the 12 buffers tested for their promotion of ester bond formation, HEPES and EEPS were 

the only two that showed some formation of the complex within 15 minutes. Other buffers 

such as Tris.HCl, MOPS, BES, DIPSO and TAPSO also showed bond formation after 2 hours 

incubation. However, HEPES stimulates the greatest bond formation at all time points.  

Kwon et al. (2014) suggested that mutated versions of the Cpe0147439-587 domain unable to 

form the ester bond are unstable, as they behave as if they are unfolded in various 

experiments. Ester bond formation appears to be spontaneous and this suggests the protein 

needs to fold into the right conformation to bring all the reactive and accessory residues 

together in an appropriate proximity and geometry. 

In vivo, protein folding occurs in the presence of many other macromolecules and in a 

crowded environment. Studies by Du et al. (2006) and Zhou et al. (2004) showed that the 

presence of macromolecular crowding agents greatly enhanced protein folding and this 

prompted the investigation of such agents in the Cpe0147 system.  

Seven different crowding agents were added to the conjugation reaction to investigate the 

ester bond formation as presented in Figure 3.15. The two buffers that previously gave the 

greatest bond formation (50 mM HEPES pH 7.0 and 50 mM MES pH 5.5) were paired with 

individual crowding agents at a concentration of 20% v/v.   

The results show that the combination of 50 mM HEPES pH 7.0 with one of either 20% 

sucrose, 20% glycerol, or 20% ethylene glycol, gave ~50% bond formation after 30 minutes 

incubation at room temperature (Figure 3.15 B). The truncated Cpe0147439-563 domain 

appears to be degraded to some extent in the presence of PEG 4000 or PEG 6000. The addition 

of 20% sucrose or 20% glycerol in 50 mM MES pH 5.5 (Figure 3.15 C and D) produces 

significantly less ester bond formation compared to the equivalent reactions carried out in 50 

mM HEPES pH 7.0 (Figure 3.15 A and B). The addition of 20% ethylene glycol to the reaction 

in 50 mM MES pH 5.5 did not promote ester bond formation (Figure 3.15 C and D) while bond 

formation in the pH 7.0 equivalent conditions did take place (~25%). 
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Figure 3.15: Crowding agent screen for ester bond formation between Cpe0147439-563 
protein and Cpe0147565-587 C-terminal synthetic peptide 
Each of the conjugation reactions was carried out in 50 mM HEPES pH 7.0, and 50 mM MES pH 5.5 
with the addition of 20% crowding agent. Samples were analysed by 15% SDS-PAGE. M: Precision 
Plus Protein Standards (Bio-Rad) with masses labelled in kDa. A. A 15 minute incubation at room 
temperature in 50 mM HEPES pH 7.0 with the addition of crowding agents, B. A 30 minute incubation 
at room temperature in 50 mM HEPES pH 7.0 with crowding agents. C. A 15 minute incubation at 
room temperature in 50 mM MES pH 5.5 with crowding agents. D. A 30 minute incubation at room 
temperature in 50 mM MES pH 5.5 with crowding agents. Sucrose, glycerol, and ethylene glycol all 
promote bond formation at both pH 5.5 and pH 7.0, with 50 mM HEPES pH 7.0 more effective at 
promoting bond formation. 
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The Cpe0147439-587 domain crystal structure shows two metal binding sites, one adjacent to 

the reactive crosslinking site and the other at the tip of the loop where the Cpe0147565-587  

synthetic peptide begins (H. Kwon et al., 2014). The structure itself was modelled with Ca2+ 

bound to the putative binding sites, although the crystals were grown in the presence of 30 

mM MgCl2 and 30 mM CaCl2. The presence of the metal ions was proposed as an important 

structure stabilising effect.   

To increase the efficiency of the ester bond formation, the conjugation reactions were carried 

out in 50 mM HEPES pH 7.0, ± 20% glycerol (Figure 3.16 A) or 50 mM MES 5.5, ± 20% glycerol 

(Figure 3.16 B) supplemented with 0.1 mM CaCl2 or 0.1 mM MgCl2.  

The addition of 0.1 mM CaCl2 to the conjugation reaction in both MES and HEPES buffer 

increases the efficiency of the bond formation significantly compared to the un-

supplemented or the 0.1 mM MgCl2 samples. The addition of 20% glycerol along with the Ca2+ 

enhances the efficiency even further, particularly in the 50 mM HEPES pH 7.0 buffer system 

where the reaction almost reaches 100% completion in 15 minutes (Figure 3.16 A).  

 
 
Figure 3.16: The effects of divalent cations and glycerol on ester bond formation 
between Cpe0147439-563 and Cpe0147565-587 C-terminal synthetic peptide 
Each of the conjugation reactions was carried out in 50 mM HEPES pH 7.0 or 50 mM MES pH 5.5, 
with the addition of 0.1 mM CaCl2 or 0.1 mM MgCl2, and ±20 % glycerol. Samples were analysed 
by 15% SDS-PAGE, where M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in 
kDa. A. A 15 minute incubation at room temperature in 50 mM HEPES pH 7.0. B. A 15 minute 
incubation at room temperature in 50 mM MES pH 5.5. 



 

[92] 
 

3.3 Summary comparison between EPL and strand 
complementation – which to use for NMR 
experiments?   
 

The aim of the experiments described in this Chapter was to find a method to produce Cpe 

protein without a pre-formed ester bond for NMR studies. The two methods investigated 

were expressed protein ligation (EPL) and strand complementation. EPL and strand 

complementation are quite similar in the sense that both methods use a split protein that is 

re-joined at a later stage (Figure 3.1). However, producing pure protein from EPL was 

extremely challenging with multiple purification steps, very low yields, and ultimately 

insufficiently pure material.  

As evident in Lane 3 of Figures 3.17 A and B, the final products of EPL and strand 

complementation have very different purity. There are several contaminating bands in the 

refolded product of EPL. By comparison the strand complemented protein appears nearly 

homogeneous. 

Several additional different purification methods were applied to the EPL construct in an 

effort to remove impurities – these are not presented in this thesis. The methods included 

ion exchange chromatography, multiple successive runs of size exclusion chromatography, an 

ATP wash for the removal of DnaK during IMAC purification (Rial & Ceccarelli, 2002), and 

reverse phase chromatography. Unfortunately, none of these approaches was successful. The 

strand complementation method by contrast produced pure protein, and bond formation can 

be driven to completion within 15 minutes in the optimised buffering conditions. Therefore, 

the strand complementation method was chosen for further analysis by NMR.  
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Figure 3.17: Comparison between EPL and strand complementation. A. SDS-PAGE (15%) 
analysis of EPL. M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1 
is IMAC purified, un-cleaved Cpe0147439-563 intein fusion protein, Lane 2 is the MESNA cleaved 
Cpe0147439-563, and Lane 3 is the full-length ligated and refolded Cpe0147439-587. The heterogeneity 
of the protein in Lane 3 suggests the sample is unsuitable for NMR experiments.  B. SDS-PAGE 
(15%) analysis of strand complementation. Lane 1 is cleaved Cpe0147439-563, Lane 2 is the 
Cpe0147565-587 C-terminal synthetic peptide, and Lane 3 is the complemented product of 
Cpe0147439-563 with Cpe0147565-587 C-terminal synthetic peptide. The conjugated sample appears 
homogeneous and strand complementation provides high yields of NMR suitable protein.  
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Chapter 4 
Analysis of strand complementation 

 

The wild-type Cpe0147 domain 2 (comprising residues 439-587) can be readily produced with 

the protein fully folded and ester bond crosslinks fully formed within the protein population. 

However, to follow ester bond formation in this protein by NMR, an un-crosslinked form of 

the protein must be engineered. The so-called strand complementation is one of the methods 

that can be used to produce suitable protein, in which the full length Cpe0147439-587 is split 

into parts that each contain one of the two bond forming residues.  These engineering 

experiments were described in detail in Chapter 3.   

Previous experiments done by Kwon et al. (2014) suggest that the single-domain Cpe0147 

variants without ester bonds are unstable and potentially unfolded. The work described in 

this Chapter will discuss several biophysical methods; SEC-MALLS, NMR, SAXS, and DSF to 

investigate strand complementation and the stability of the resultant ligation product. 

 

4.1 SEC-MALLS analysis  
SEC-MALLS combines size exclusion chromatography with multi-angle laser light scattering 

that enables molecular weight determination. The combination of SEC profile and mass 

determination readily allows the comparison between the hydrodynamic behaviour of full 

length Cpe0147439-587, truncated Cpe0147439-563, and complemented protein (Cpe0147439-563 + 

synthetic peptide Cpe0147565-587).  

The molar mass of the protein species is calculated using a combination of light scattering 

intensity and the concentration of the protein determined by the refractive index (RI) using 

the following formulae: 
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where MMpp is the molecular mass of the protein, dn

dc app
is the apparent refractive index 

increment of the protein monitored by UV at A280, LS is the reading from the light scattering 

(LS) detector, A is the extinction coefficient of the protein, A0.1%280, expressed in terms of 

weight concentration (mg-1 mL cm-1), RI is the reading from the refractive index detector, and 

UV is the reading from the UV detector at 280, and K1 and K2 are the calibration constants 

derived from the analysis of protein standards.  

 

4.1.1 Cloning, expression and purification of recombinant full 

length Cpe0147439-587 wild-type protein 

The cloning, expression and purification of the full length Cpe0147439-587 wild-type protein was 

carried out in the same way as for the truncated Cpe0147439-563 protein previously described 

in Section 3.2.1. The protein was purified in Tris.HCl buffer pH 8.0, and was concentrated to 

8 mg mL-1 prior to SEC-MALLS analysis.  

 

4.1.2 Comparison of wild-type and strand complemented protein 

The truncated Cpe0147439-563 protein was reacted with a 3 times molar excess of the synthetic 

Cpe0147565-587 peptide in the optimised conditions of 50 mM HEPES pH 7.0, 0.1 mM CaCl2 and 

20% glycerol. This sample was then buffer-exchanged into 25 mM Tris.HCl pH 8.0, 150 mM 

NaCl, and 3 mM NaN3 before analysis by SDS- and native PAGE (Figure 4.1).  

The complemented product in Lane 3 of Figure 4.1 A appears as an intense band just below 

the 20 kDa marker in the SDS-PAGE experiment; some material appears as a lower mass band 

suggesting a partially incomplete complementation experiment. In the native PAGE 
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experiment using non-denatured and non-reduced protein, the complemented product (Lane 

3 Figure 4.1 B) migrates further than the non-reacted protein (Lane 1 Figure 4.1 B), suggesting 

that the complemented product either has a markedly different overall charge or has a 

smaller hydrodynamic radius.  

 

The same protein samples in native PAGE buffer were subsequently characterised by SEC-

MALLS. In Figure 4.2, refractive index is plotted on the primary axis against elution volume, 

while molecular mass is plotted on the secondary axis and presented as circles in the plot 

graphics.  

The use of three different concentrations of the full length Cpe0147439-563 wild-type protein 

shows no concentration dependence with all samples eluting at 12.5 mL (Figure 4.2 A). The 

molecular mass of the scattering species was measured as 16105 Da, which is close to the 

 
 
Figure 4.1: SDS-PAGE and native PAGE analysis of strand complementation  
A. 15% SDS-PAGE and B. 10% native PAGE analysis of strand complementation where M: Precision 
Plus Protein Standards (Bio-Rad) with masses labelled in KDa, Lane 1: Truncated Cpe0147439-563 
protein, Lane 2: C-terminal synthetic peptide, Lane 3: complemented product of the truncated 
Cpe0147439-563 protein with the C-terminal peptide.  
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expected value of 16102 Da (Table 4.1). These results, in combination with the observed 

symmetrical elution profiles, are suggestive of a single, monomeric species in solution. 

A single concentration of the strand complemented product was subjected to SEC-MALLS 

(Figure 4.2 B). The ligated material elutes in two peaks, with the non-reacted (truncated) 

Cpe0147439-563 eluting first at ~11.25 mL and with an apparent mass of 13752 Da, while the 

conjugated product with an ester bond crosslink in place and mass of 16014 Da eluted second 

at a volume of ~12.5 mL, similar to that of the full length wild-type domain.   

The SEC-MALLS profile for the strand complementation product is consistent with native 

PAGE (Figure 4.1) in that the unreacted truncated Cpe0147439-563 protein with lower molecular 

mass has a larger hydrodynamic radius compared to the conjugated product. This suggests 

that the truncated protein domain may be unfolded or highly dynamic without the ester bond 

in place between the first and last β-strands of the protein.  

 

  

Constructs Calculated MW 
(Da) 

SEC-MALLS MW 
(Da) 

Elution Volume 
(mL) 

Oligomeric 
State 

Cpe0147439-587 16120 16100 12.5 monomer 

Cpe0147439-563 13491 13700 11.25 monomer 

Cpe0147439-563 + 
Cpe0147565-587 

16120 15400 12.5 monomer 

Table 4.1: Summary results of SEC-MALLS analysis 
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Figure 4.2: SEC-MALLS analysis of wild type and strand complementation product 
A Superdex 75 10/300 column was equilibrated in 10 mM Tris.HCl pH 8.0, 150 mM NaCl, 3 mM 
NaN3, prior to sample injections. A. SEC-MALLS trace of single domain WT Cpe0147439-587 at three 
different concentrations ranging from 2 mg mL-1 to 8 mg mL-1. The full-length construct appears 
monomeric at all concentrations B. SEC-MALLS trace of a complemented product mixture. The 
truncated Cpe0147439-563 with the smaller molecular mass of 13419 Da elutes prior to the 
complemented product that has a greater molecular mass of 16120 Da.  
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4.2 NMR  
To further characterise the behaviour of the Cpe0147 constructs in solution, two NMR 

experiments were carried out. These are a one-dimensional (1D) 1H NMR experiment, and a 

two-dimensional (2D) 1H-15N heteronuclear single quantum coherence (HSQC) experiment.    

 

4.2.1 One-dimensional 1H NMR experiment 

1H NMR is routinely used as a quick measure of protein folding. In the 1H NMR experiment, 

the proton chemical shifts are affected by the environment of the protein. The 1H NMR 

spectra of both ester bond-containing Cpe0147439-587 and the truncated Cpe0147439-563 

protein were recorded at 300 K using a Bruker 500 MHz instrument,  in a buffer comprising of 

10 mM Tris.HCl pH 6.6, 10% D2O (Figure 4.3).  

In a folded protein, the protons are confined in different microenvironments depending on 

their position in the tertiary structure of the protein. This generally results in well dispersed 

chemical shifts, as exemplified by full length Cpe0147 domain 2 (Figure 4.3 A). The presence 

of peaks in the upfield methyl region of the spectrum (the region below 0.5 ppm) is generally 

indicative of folded protein.  

In an unfolded protein or random coil, or in a partially folded protein, the environments of all 

the protons are similar. This leads to broad and clustered peaks in the spectrum. In addition, 

no chemical shifts are observed in the upfield methyl region of the spectrum as illustrated by 

the truncated Cpe0147 domain (Figure 4.3 B).   
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Figure 4.3: 1H NMR spectrum of Cpe0147439-587 and Cpe0147439-563 protein 
1H NMR spectra were recorded at 300K using a Bruker 500 MHz instrument, and in a buffer comprising 10 mM Tris.HCl pH 6.6 and 10 % D2O. 
A. Spectrum of wild type single domain Cpe0147439-587 (600 µM). B. Spectrum of truncated single domain Cpe0147439-563 (600 µM). 
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This experiment was extended to include a strand complementation reaction as illustrated in 

Figure 4.4.   In this analysis, both the truncated Cpe0147439-563 protein and the Cpe0147563-587 

C-terminal synthetic peptide (Figure 4.6 B and E) display a featureless methyl region, while 

this same region for the complete domain shows clear and distinctive peaks (Figure 4.4 A). 

The addition of Cpe0147563-587 C-terminal synthetic peptide to the NMR tube containing the 

truncated Cpe0147439-563 protein in 10 mM Tris.HCl pH 6.6 gave rise to the formation of small 

peaks in the methyl region of the spectrum (Figure 4.4 C). These small peaks were intensified 

after the mixture was buffer-exchanged and incubated in 50 mM HEPES buffer pH 7.0 for one 

hour at room temperature (Figure 4.4 D).  

. 

 
 
Figure 4.4: The methyl region of the 1H NMR spectra for full length Cpe0147, truncated, 
and strand complemented proteins  
A. Full length Cpe0147439-587 protein (600 µM) in 10 mM Tris.HCl pH 6.6. B. Truncated Cpe0147439-

587 protein (600 µM). C. Truncated Cpe0147439-563 (600 µM) complemented with 1.8 mM 
Cpe0147565-587 synthetic peptide in 10 mM Tris.HCl pH 6.6 (un-reacted) D. Truncated Cpe0147439-

563 complemented with 1.8 mM Cpe0147565-587 synthetic peptide reacted in 50 mM HEPES pH 7.0 
buffer for 1 hr. E. Cpe0147565-587 synthetic peptide only. 
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Although the crowding agent glycerol plays an important role in accelerating the bond 

formation process (as exemplified in Figure 3.15), it was omitted in this experiment because 

the additional viscosity introduced by the addition of glycerol would slow down the tumbling 

of the protein and cause severe peak broadening in both the 1D 1H and the 2D 1H-15N HSQC 

spectra. In addition, glycerol is protonated and its signals will likely mask all other protein 

proton signals in the spectra in the aliphatic region. 

 

4.2.2 Two-dimensional HSQC experiments 
1H-15N HSQC is a two-dimensional NMR experiment. It shows correlations (as cross peaks) for 

each 1H-15N pair in a protein. Every amino acid with the exception of proline, which contains 

no NH, typically shows at least one 1H-15N cross peak in the spectrum. This experiment is 

useful as a structural fingerprint of a protein in a similar manner to the 1D 1H NMR 

experiment, with a fully folded protein spectrum readily distinguished from an unfolded 

protein spectrum by obvious differences in the dispersion pattern of the HSQC cross peaks.   

 

Expression and purification of 15N labelled proteins 

Due to the low natural abundance of the 15N nucleus, 1H-15N HSQC NMR experiments require 

isotopic labelling of the protein sample. The production of 15N-labelled protein was achieved 

using 15N ammonium chloride and an M9 minimal media protocol as outlined in Section 2.4.2. 

Protein was purified as described in Section 3.2.1 using a four-step protocol to ensure pure 

and monodisperse samples for NMR.  

Immobilised metal affinity chromatography produces relatively clean protein samples but 

with contamination by lower molecular mass species (Figure 4.5 A and B). Subsequent 

dialysis, removal of the His6-MBP tag, and finally amylose affinity chromatography, provides 

additional purity (Figure 4.6 A and B), with a final size exclusion chromatography step 

removing residual contaminants and aggregated protein (Figure 4.6 C, D, E, and F). The SEC 

also effected buffer exchange into an NMR compatible buffer (10 mM Tris.HCl pH 6.6). Peak 

fractions were pooled and concentrated to ~500 µM and 500 µL final volume for NMR 

spectroscopy. 
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Figure 4.5 IMAC purification for 15N labelled Cpe0147439-587 and truncated Cpe0147439-563 

proteins.  
 
A. IMAC chromatogram of 15N labelled Cpe0147439-587 B. 15% SDS-PAGE analysis of 15N labelled 
Cpe0147439-587 protein. Key: M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in 
kDa, Lane 1: insoluble fraction, Lane 2: soluble fraction (lysate), Lane 3: fraction 3 (as labelled in 
Figure A), Lane 4: fraction 4, Lane 5: fraction 5, Lane 6: fraction 6, Lane 7: fraction 7, Lane 8: fraction 
8 . C. IMAC chromatogram of 15N labelled, truncated Cpe0147439-563 protein D. 15% SDS-PAGE 
analysis of 15N labelled, truncated Cpe0147439-563 protein. Key: M: Precision Plus Protein Standards 
(Bio-Rad) with masses labelled in kDa, Lane 1: soluble fraction (lysate), Lane 2: fraction 2 (as labelled 
in Figure C), Lane 3: fraction 3, Lane 4: fraction 4, Lane 5: fraction 5, Lane 6: fraction 6, Lane 7: 
fraction 7, Lane 8: fraction 8. 



 

[104] 
 

 

 
 
Figure 4.6: Reverse IMAC, amylose chromatography, and SEC purification of 15N labelled 
Cpe0147439-587 and truncated Cpe0147439-563 proteins.  
SDS PAGE analysis (15%) of reverse IMAC and amylose affinity purification after overnight dialysis 
with rTEV protease for (A) 15N labelled Cpe0147439-587 and (B) 15N labelled, truncated Cpe0147439-563 

protein. Key: M: Precision Plus Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: 
cleaved protein after overnight dialysis, Lane 2: IMAC flow through, Lane 3: MBP protein eluted from 
the IMAC column, Lane 4: cleaved protein after passing through an amylose column, Lane 5: material 
bound to the amylose beads, Lane 6: concentrated 15N labelled protein after passing through an 
amylose column.  
Size exclusion chromatography traces for (C) 15N labelled Cpe0147439-587 and (D) 15N labelled, 
truncated Cpe0147439-563 protein. The SEC column was equilibrated with 10 mM Tris pH 6.6 NMR 
buffer prior to injection.   
SDS PAGE analysis (15%) of SEC for (E) 15N labelled Cpe0147439-587 protein. Key: M: Precision Plus 
Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: concentrated protein from amylose 
purification prior to SEC, Lanes 2-8 are the fractions collected across the SEC peak between 12 and 
17 mL elution volumes, and (F) 15N labelled, truncated Cpe0147439-563 protein. Key: M: Precision Plus 
Protein Standards (Bio-Rad) with masses labelled in kDa, Lane 1: concentrated protein from amylose 
purification prior to SEC, Lane 2: fraction at 8 mL elution volume, Lanes 3-9 are fractions collected 
across the SEC peak between elution volumes of 12 and 17 mL. 
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Heteronuclear single quantum coherence (HSQC) experiments 

1H-15N HSQC experiments were carried out on both the truncated Cpe0147439-563 protein and 

the intact Cpe0147439-587 protein. The complete protein domain displays discrete and 

separated peaks in the spectrum, with chemical shifts easily observed individually (Figure 4.7 

A). This again suggests a fully folded protein sample. The truncated Cpe0147439-563 protein 

show a completely different pattern (Figure 4.7 B) – the difference is clearly seen when the 

two spectra are superimposed (Figure 4.7 C). The spectrum for the truncated protein displays 

peaks that are clustered together, with broad resonances, suggesting that the atoms in the 

protein are all in similar environments and that the protein is unfolded (Figure 4.7 B). 

Just as in the 1H NMR experiment, the addition to 1.8 mM of unlabelled Cpe0147565-587 

synthetic peptide to the labelled Cpe0147439-563 truncated protein in the standard NMR buffer 

(10 mM Tris.HCl pH 6.6, 10 % D2O) causes very little change in the spectrum (Figure 4.8 A).  

However, when the two parts of the protein are reacted in 50 mM HEPES pH 7.0 for an hour, 

clear changes can be observed in the spectrum with the chemical shifts of many peaks starting 

to appear in similar chemical shifts to those of the full length protein domain (Figure 4.8 B 

and overlaid in C).  

The results from both the 1D and the 2D NMR experiments support the SEC-MALLS analysis 

in suggesting the truncated Cpe0147439-563 protein without an ester bond is unfolded. The 

addition of Cpe0147565-587 synthetic peptide under suitable buffer conditions induces folding 

and ester bond formation.    



 

[106] 
 

  

 
 
Figure 4.7: HSQC 2D NMR analysis of intact Cpe0147439-587 and truncated Cpe0147439-563 proteins  
NMR experiments were carried out using a Bruker Avance 500 MHz instrument at 300K and with samples in 10 mM Tris.HCl pH 6.6, and 10 % D2O. A. 
Cpe0147439-587 protein (600 µM). B. Truncated Cpe0147439-563 protein (600 µM). C. Comparison of the intact (red) and truncated (blue) protein spectra. 
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Figure 4.8: HSQC 2D NMR analysis of strand complementation  
NMR experiments were carried out using a Bruker avance 500 MHz instrument at 300K and with samples in 10 mM Tris.HCl pH 6.6, 10 % D2O. A. Spectrum 
of C-terminal synthetic peptide (1.8 mM) with the truncated Cpe0147439-563 (600 µM) in 10 mM Tris.HCl pH 6.6 (red) overlaid with the spectrum of the 
truncated Cpe0147439-563 alone (blue) B. Spectrum of the peptide/truncated domain mixture after incubation in 50 mM HEPES pH 7.0 for 1 hr. C. Overlay 
of the conjugated peaks (red) against intact Cpe0147438-587 peaks (blue). 
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4.3 Small angle X-ray scattering 
The structure of a wild-type single-domain and a two-domain construct of the Cpe0147 

adhesin stalk were previously solved by Kwon et. al in 2014. Their studies of several Cpe0147 

variants created by site-directed mutagenesis suggest that intramolecular ester bond 

formation within the protein is crucial for stability. Our analysis of the truncated Cpe0147 

domain using native PAGE, SEC-MALLS and NMR suggests the protein to be largely unfolded 

[in later chapters we see that an intact protein domain without ester bond also appears 

unfolded].  

Small angle X-ray scattering is a method to determine an overall structure or shape of a 

molecule in solution. The main principles of SAXS were developed by French physicist André 

Guinier in the late 1930s and involve the solution scattering of an incident X-ray beam by a 

sample with the scattering pattern recorded by a detector, as illustrated in Figure 4.9. The 

measurements are made very close to the primary beam at "small angles". SAXS results can 

provide low-resolution structural information such as the global size and shape of the 

scattering molecule, and the behaviour of the molecule in different environments, for 

example, buffer, pH, and salt concentration.  

 
 
Figure 4.9: Overview of the SAXS experiment 
The X-ray beam illuminates the sample in solution with a typical wavelength (λ) of about 0.15 nm, 
where most of the beam is transmitted. However, a small percentage of the beam is scattered 
when interacting with the sample, and produces scattering intensities (I) as a function of θ that are 
recorded as a scattering vector q. Data are typically collected on both buffer blank and the sample. 
The radial average of the scattered beam (dotted line) from the sample is then subtracted from 
the radial average of the scattered beam from the buffer to produce a 1D scattering plot of q vs 
log (I). 
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SAXS experiments at low-resolution, when combined with high resolution X-ray 

crystallographic structures, provide a very powerful means to produce pseudo-atomic 

resolution structures of a protein in solution. 

In this Chapter, SAXS and X-ray crystallography analyses probe the dynamic behaviour of the 

full length Cpe0147439-587 construct, the truncated Cpe0147439-563 construct, and the 

complemented product in solution. 

 

4.3.1 SAXS analysis of the full length Cpe0147439-587 protein domain 
High purity and homogenous samples are crucial for SAXS. The Cpe0147439-587 wild-type 

protein was purified as described previously in Section 3.2.1, using a combination of IMAC, 

amylose affinity and SEC. The sample was then dialysed overnight in SEC buffer to ensure 

buffer matching of the sample and solvent blank. Data were collected on the SAXS/WAXS 

beamline at the Australian Synchrotron as described in Section 2.12.  

SAXS data were acquired using the in-house software ScatterBrain (Kirby et al., 2013), and the 

post-processing and data reduction using the ATSAS Software suite (Konarev et al., 2003; 

Petoukhov et al., 2012; Petoukhov et al., 2007). 

The intact Cpe0147 domain produced scattering as shown in Figure 4.10, and the parameters 

derived from AUTORG and GNOM analysis are listed in Tables 4.2 and 4.3 respectively. 

Molecular mass analysis is provided in Table 4.4. The scattering of six different concentrations 

show parallel paths with no significant upturn (aggregation) or downturn (interparticle 

interference) at low angle (q).  
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Figure 4.10: SAXS curves for wild-type full length Cpe0174439-587 protein  
Six concentrations of the protein were subjected to SAXS in 20 mM Tris.HCl pH 7.0 and 20 mM NaCl, 
at a camera length of 1.6 m. A. Logarithmic scattering intensity (Log I vs q) and Guinier plot (ln I vs 
q2) as an inset. B. Kratky plot (q*I2 vs q). C. P(r) plot normalised to peak P(r) values.  
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Guinier analysis (inset, Figure 4.10 A) covers the very low scattering angles and provides a 

direct estimate of the radius of gyration Rg and an inferred value of intensity at zero angle 

I(0). For the Cpe0147439-587 protein domain, each Guinier plot is linear, again with no 

significant upturn (aggregation) or downturn (interparticle interference). This protein sample 

was judged as monodisperse and showing no concentration dependence.   

Kratky analysis (Figure 4.10 B) of the Cpe0147439-587 domain shows characteristic bell-shaped 

curves that are indicative of a well folded, globular protein. A Kratky plot of a globular 

compact protein with limited flexibility will converge to a baseline at the q axis at high q; the 

upturn of the plot after q = 0.3 may suggest some flexibility and dynamic behaviour in the 

protein (Rambo & Tainer, 2011). 

The pair-distance distribution function or P(r) (Figure 4.10 C) measures the paired-set of all 

distances between electrons in a protein. It provides the value of Dmax, the maximum 

dimension of the scattering particle and also gives a measure of data quality. High quality data 

shows a strong parabolic curve that approaches zero at r = 0 and r = Dmax – this is apparent 

for the Cpe0147439-587 data and suggestive of a well folded protein sample. While the Dmax 

values for this protein scattering show some apparent concentration dependence (Table 4.2), 

the average Dmax value of ~65 Å is consistent with maximum dimension of the single-domain 

crystal structure of ~63 Å. 

The AUTORG analysis (Petoukhov et al., 2007) of the Cpe0147439-587 data is provided in Table 

4.1 and is calculated using only the Guinier region of the data. Similar calculations using 

GNOM (Semenyuk & Svergun, 1991) in Table 4.2, use all scattering data. Both analyses 

provide estimated Rg, and I(0) values. The I(0)/c values vary little and with no obvious trend 

suggesting that there is no concentration dependent self-association.  
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Table 4.2: SAXS parameters (AUTORG) for Cpe0147439-587 wild-type  

 

 

Table 4.3: SAXS parameters (GNOM) for Cpe0147439-587 Wild-type  

 
 
 
 
 
 
 
 
 

Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 17.2 0.07 0.02 37-75 

2.00 17.9 0.04 0.02 18-84 

1.00 18.4 0.02 0.02 10-82 

0.50 18.6 0.01 0.02 10-81 

0.25 18.9 0.005 0.02 10-79 

0.125 19.0 0.002 0.02 12-79 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 18.0 18.0 57.0 0.07 0.01 23554 37-621 

2.00 18.4 18.4 60.8 0.04 0.02 24413 18-584 

1.00 18.7 18.7 63.8 0.02 0.02 24887 3-542 

0.50 19.0 19.0 66.8 0.01 0.02 24002 4-519 

0.25 19.3 19.3 70.2 0.00 0.00 23923 5-495 

0.125 19.5 19.5 71.6 0.00 0.00 21793 12-492 
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Table 4.4: Determination of molecular mass for Cpe0147439-587 wild-type protein 
 

 

Given the demonstrated quality of the scattering data, an ab initio envelope calculation was 

considered appropriate. A bead model calculated using DAMMIF (Franke & Svergun, 2009) 

shows a small and compact domain (Figure 4.11 A). An averaged and filtered model 

(DAMAVER), provides an envelope that, when superimposed on the X-ray structure, shows a 

very clear fit to a compact domain and highlights a flexible loop at the top right-hand corner 

of the protein as oriented in Figure 4.11 B. A more robust measurement of the fit between X-

ray model and SAXS scattering  is provided by CRYSOL (Svergun et al., 1995). Once again, the 

fit is clear and obvious although with some divergence at higher q values (Figure 4.11 C). This 

divergence might be attributed to the flexible loop region of the protein shown in Figure 4.11 

B, or perhaps the lack of a solvent model in the X-ray structure (Svergun et al., 1998). 

 

Concentration (mg mL-1) Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) from 
Porod volume 

4.00 22.4 14.7 

2.00 23.6 15.3 

1.00 23.6 15.6 

0.50 23.8 15.0 

0.25 24.3 14.9 

0.125 22.9 13.6 
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Figure 4.11: Surface envelope model generated by DAMMIF and CRYSOL analysis of 
the 2 mg mL-1 dilution of the Cpe0147439-587 protein  
A. Individual beads models generated by DAMMIF prior to averaging; all models show a compact 
domain. B. Averaged model superimposed with a crystal structure (PDB 4NI6). Superimposition 
used SUPCOMB (Kozin & Svergun, 2001). C. CRYSOL fit of the solution scattering and X-ray crystal 
structure. The scattering curve is represented by circles and the crystal structure model by a line.  
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4.3.2 SAXS analysis of strand complementation  

SAXS analysis of truncated Cpe0147439-563 protein   

SEC-MALLS (Section 4.1) and NMR (Section 4.2) suggest that the truncated Cpe0147439-563 

domain is largely unfolded but that certain buffers, including HEPES pH 7.0, appear to aid 

folding and bond formation rates (Figure 3.13). To further investigate the behaviour of the 

protein in solution, small angle X-ray scattering was carried out on the truncated domain in 

two different buffer conditions, Tris.HCl pH 7.0 and HEPES pH 7.0.  

The truncated protein was prepared similarly to the complete protein domain as described in 

Section 4.3.1. A five-concentration dilution series of the truncated Cpe0147439-563 protein was 

first collected in 20 mM Tris.HCl pH 7.0 (Figure 4.12). The scattering and Guinier plots (Figure 

4.12 A) suggest a monodisperse sample without any aggregation nor interparticle 

interactions.  The Kratky plot (Figure 4.12 B) displays typical curves for unfolded and/or highly 

dynamic protein, in that the curves are not bell-shaped, do not approach the q axis, and trend 

upwards with increasing q. The relative pair distribution curves shown in Figure 4.12 C give a 

Dmax value of ~130 Å more than twice the size of the intact protein domain (~65 Å).  

A repeat of this experiment using 20 mM HEPES pH 7.0 (See Appendix C for scattering curves 

and SAXS parameter tables), shows an increase in foldedness but the protein still appears 

primarily unfolded as assessed in the Kratky analysis in Figure 4.13 A. The Dmax (Figure 4.13 B) 

shows a decrease of ~30 Å after the buffer change, to a value of ~107 Å. Both analyses suggest 

that the truncated Cpe0147439-563 construct in 20 mM HEPES pH 7.0 buffer adopts a more 

compact or perhaps less dynamic structure.  

Overall, the SAXS analysis of the truncated Cpe0147139-563 domain supports the SEC-MALLS 

(Figure 4.2 B) and the NMR (Figure 4.3 B and Figure 4.7 B) results in showing that the protein 

has a larger hydrodynamic radius and appears unfolded in the absence of the intramolecular 

ester bond.  
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Figure 4.12: SAXS scattering curves of truncated Cpe0147439-563 protein  
A five-concentration dilution series of truncated protein in 20 mM Tris.HCl pH 7.0 and 20 mM 
NaCl, at a camera length of 1.6 m. A. Scattering profile (Log(I) vs q) and inset Guinier plot (ln(I) vs 
q2). B. Kratky plot (q*I2 vs q). C. Normalised P(r) plot. 



 

[117] 
 

 

SAXS analysis of strand complementation; truncated Cpe0147439-563 + 

Cpe0147565-587 synthetic peptide 

Native page (Figure 4.1 B) and SEC-MALLS (4.2 B) show that the complemented protein 

(truncated Cpe0147439-563 reacted with Cpe0147565-587) is small, compact and behaves the 

same way as the intact protein domain.  These results are further reinforced by SAXS 

experiments using five protein concentrations (Figure 4.14 and Table C.7 – C.9 Appendix C).  

The scattering profile, Guinier, Kratky, and P(r) analyses (Figure 4.14) show similar results to 

those from the intact Cpe0147439-587 protein domain. Ab initio envelopes (Figure 4.15 A) show 

a strong resemblance to those of the intact, wild-type domain (Figure 4.11 A), and again a 

close fit between bead model and X-ray structure (Figure 4.15 B). The CRYSOL fit is also 

visually close and discrepancies between scattering and crystal structure could again be 

contributed to the dynamic behaviour of parts of the protein in solution, and the surface 

solvent content on the protein not accounted for during the fit (Svergun et al., 1998).   

 

 
 
Figure 4.13: Buffer comparison for truncated Cpe0147439-563 protein scattering 
SAXS analysis of the 2 mg mL-1 dilution of the truncated Cpe0147439-563 protein in 20 mM Tris.HCl 
pH 7.0 (black) and 2 mM HEPES pH 7.0 (Pink). A. Kratky plot comparison.  B. Normalised distance 
distribution function comparison.  
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Figure 4.14: SAXS curves for truncated Cpe0147439-563 protein conjugated with C-
terminal synthetic peptide 
Five-concentration dilution series of the complemented protein in 20 mM Tris.HCl pH 7.0, 20 
mM NaCl, and at camera length of 1.6 m. A. Scattering profile and inset Guinier plot B. Kratky 
plot C. Normalised P(r) plot.  
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Figure 4.15: SAXS envelope model generated by DAMMIF and CRYSOL analysis of 2 
mg mL-1 truncated Cpe0174439-563 protein conjugated with Cpe0147565-587 synthetic 
peptide in 20 mM Tris.HCl pH 7.0 
A. DAMMIF bead models prior to averaging. All models show that the complemented protein is 
compact. B. Averaged bead model superimposed with the X-ray crystal structure (4NI6). C. 
CRYSOL fit of the scattering to the crystal structure.  
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4.4 Differential scanning fluorimetry (DSF) 
The thermal stability of a protein can be measured using differential scanning fluorimetry 

(DSF). DSF measures the temperature at which a protein unfolds, by monitoring the increase 

in fluorescence of a fluorescent dye (Sypro®Orange) upon binding to the hydrophobic part of 

the protein that becomes exposed during an unfolding event (Niesen et al., 2007).    

In this experiment, samples are heated from 25 - 95 °C in 1 °C per minute increments, and the 

fluorescence measured using a real-time PCR machine. Fluorescence intensities are plotted 

as a function of temperature to generate a sigmoidal curve, with the inflection point of the 

transition curve indicating the melting temperature (Tm) of the protein (Figure 4.19). 

 

 

 

 
Figure 4.19: Differential scanning fluorimetry 
A typical plot of fluorescence intensity against temperature for DSF. The native protein is heated 
in the presence of Sypro®Orange dye. As the protein unfolds, the dye binds to the newly exposed 
hydrophobic regions of the protein and produces higher fluorescence intensity compared to when 
it is in an aqueous environment where the fluorescence is quenched. The decrease of fluorescence 
intensity following the peak is due to protein aggregation.  
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4.4.1 Thermal stability analysis of strand complementation 

The samples previously analysed by SEC-MALLS (Section 4.1), NMR (Section 4.2) and SAXS 

(Section 4.3), were subjected to DSF experiments but with a deeper characterisation of the 

optimum conditions for ester bond formation.  

The optimum buffer conditions for ester bond formation between the truncated Cpe0147439-

563 and the synthetic Cpe0147565-587 C-terminal peptide, were discussed in detail in Chapter 3. 

A combination of 50 mM HEPES pH 7.0, 0.1 mM CaCl2, and 20% glycerol give the greatest bond 

formation (Figure 3.16 A). The roles of both glycerol and CaCl2 were of particular focus in the 

DSF experiments, the results of which are shown in Figure 4.20 and Table 4.5.   

 The melting temperature of truncated Cpe0147439-563 protein in 50 mM HEPES pH 7.0 buffer 

is 52 °C. The addition of 20 % glycerol in the reaction increases the melting temperature of 

the protein by 5 °C.  The increase in the melting temperature of the protein suggests that 

glycerol acts a crowding agent, and potentially promotes protein folding and protein 

stabilisation. Previous SDS-PAGE analysis showed that the addition of CaCl2 greatly enhanced 

the bond formation rates (Figure 3.16 A). However, when 0.1 mM CaCl2 was added to the DSF 

reaction, the melting temperature of the protein decreased significantly from 52 °C to 45 °C.  

Interestingly when both glycerol and CaCl2 were added to the reaction mixture, the final 

melting temperature is 50 °C, which is a perfect addition of the two ΔTm, one positive, one 

negative. The addition of the synthetic peptide provides no additional stability to the protein 

and the melting temperature remains at 50 °C. 

Additive Tm (°C) 
ΔTm 
(°C) 

50 mM HEPES pH 7.0  52 0 

50mM HEPES pH 7.0 + 0.1 mM CaCl2 45 -7 

50 mM HEPES pH 7.0 + glycerol 57 +5 

50 mM HEPES pH 7.0 + 0.1 mM CaCl2 + 20% (w/v) glycerol 50 -2 

50 mM HEPES pH 7.0 + 0.1 mM CaCl2 + 20% (w/v) glycerol + peptide 50 -2 

Table 4.5: Summary of DSF melting temperatures for truncated Cpe0147439-563 protein 

 



 

[122] 
 
 

 
 
Figure 4.20: Differential scanning fluorimetry of truncated Cpe0147439-563 protein with 
the addition of calcium chloride, glycerol and Cpe0147565-587 synthetic peptide 
A. Raw fluorescence profile. B. First derivative fluorescence profile. Key: truncated protein (50 
µM) in 50 mM HEPES pH 7.0 (green), with the addition of 0.1 mM CaCl2 (purple), and the addition 
of 20 % glycerol (red). The combination of 50 µM of truncated protein in 50 mM HEPES pH 7.0 
with 0.1 mM CaCl2 and 20 % glycerol is coloured yellow, and with the addition of 100 µM C-
terminal synthetic peptide is coloured black. 
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4.5 Summary of strand complementation analysis 
This Chapter explored the behaviour of the three Cpe0147 protein constructs in solution using 

three different biophysical methods. SEC-MALLS analysis showed that the unreacted 

Cpe0147439-563 truncated construct has a larger hydrodynamic radius compared with the 

compact full length Cpe0147439-587 domain and the reacted strand complementation product. 

This result was further verified using SAXS, which showed that the Rg of the truncated protein 

is calculated to be ~2 times larger than the full length or the strand complementation product 

(Table 4.5). Both NMR and SAXS suggest that the large hydrodynamic radius can be attributed 

to the dynamic or unfolded nature of the protein.  

The results outlined in Chapter 3 show that certain buffers are better at promoting the bond 

formation, including MES, MOPS and HEPES. SAXS analysis of the truncated Cpe0147439-563 

protein in two different buffers, 20 mM Tris.HCl pH 7.0 and 20 mM HEPES pH 7.0, show that 

the truncated Cpe0147439-563 domain adopts a more compact conformation in HEPES buffer 

than in Tris.HCl.  

All the biophysical methods used in this Chapter show that the strand complementation 

product behaves similarly to the wild-type, full length protein. The addition of the synthetic 

Cpe0147565-587 peptide to the truncated Cpe0147439-563 protein induces ester bond formation 

and consequently a more compact and folded protein as is most clearly illustrated in the SAXS-

derived plots in Figure 4.16. 

DSF experiments showed that the addition of 20 % glycerol increases the thermal stability of 

the truncated Cpe0147439-563 protein, while unexpectedly the addition of 0.1 mM CaCl2 

destabilises the protein; the presence of both glycerol and CaCl2 enhances the efficiency of 

ester bond formation in strand complementation as discussed in Chapter 3. We propose in 

this case that while glycerol acts as a crowding agent promoting folding, the presence of CaCl2 

potentially may alter the protein conformation to a higher energy or more dynamic form to 

better accommodate peptide binding and subsequent ester bond formation. 
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Table 4.6: SAXS data collection and scattering derived parameters for intact Cpe0147439-587 
and truncated Cpe0147439-563 proteins, and for the strand complementation product* 

*All SAXS parameters (AUTORG and GNOM) tables, along with molecular mass determination Table   
for  truncated and strand complemented construct are tabulated in Appendix C, Tables C.4 – C.9. 

 Wild-type 
Cpe0147439-587 

Truncated 
Cpe0147439-563 

Cpe0147439-563 + 
Cpe0147565-587 

Structural parameters (2 mg mL-1)    

I(0) (cm-1) [from P(r)] 0.04 0.02 0.01 

Rg (Å) [from P(r)] 18.4 34.4 19.4 

I(0) (cm-1) [from Guinier] 0.04 0.02 0.03 

Rg (Å) [from Guinier] 17.9 32.2 18.9 

Dmax (Å) 60.8 133.9 69.7 

Porod volume estimate (Å3) 24413 35503 23978 

MW calc from sequence (kDa) 16.2 13.6 16.2 

MW calc from Porod volume (kDa) 15.3 22.2 15.5 

 
 

Figure 4.16: Comparison of the Kratky plot and distance distribution plot of 3 Cpe0174 
protein constructs in 20 mM TRIS pH 7.0 
SAXS analysis for the wild-type, full length Cpe0147439-587and truncated Cpe0147439-563 proteins, 
and the strand complemented product. A. Kratky plot. B. Normalised P(r) plot.  
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Chapter 5 
Cooperativity and folding in single 

domain and three-domain Cpe0147 
proteins 

The Cpe0147 adhesin protein comprises eleven Ig-like repeat domains, each containing a 

single intramolecular ester bond.  Strand complementation analysis (described in Chapter 4) 

and previous mutation studies by Kwon et al. showed the importance of the ester bond for 

the protein to be folded. The truncated Cpe0147439-563 protein and variants of the entire 

domain that are unable to form an ester bond are either unfolded and/or highly dynamic. 

These findings pose some puzzling questions. How does the ester bond form under normal 

circumstances if prior to crosslinking the protein is inherently unstable? How does the very 

specific architecture of the reactive site form in a presumed unfolded protein? 

This Chapter describes the folding behaviour of a variant full length Cpe0147439-587 that lacks 

a crosslink, and the potential cooperativity of folding of adjacent domains in three-domain 

constructs with mixed crosslinked and un-crosslinked domains (Figure 5.1). 

 
 
Figure 5.1: Three-domain Cpe0147439-587 constructs  
Three-domain constructs containing identical gene-duplicated domains. The WT construct 
contains three wild-type Cpe0147439-587 domains. The A construct contains a T450A mutation in 
the N-terminal domain. The B construct contains a T450A mutation in the middle domain. The 
C construct contains a T450A mutation in the C-terminal domain.  
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The two variants chosen for the single domain protein analysis are T450C and Q480E proteins, 

each producing different ratios of crosslinked and un-crosslinked protein from bacterial 

expression. The three-domain constructs were made by fusing three identical single 

Cpe0147439-587 domains. The wild-type construct (WT) contains three ester bond crosslinks, 

and each of the mutants contains a single T450A mutation (cannot form the ester bond) in 

either the N-terminal domain (A), the middle domain (B), or the C-terminal domain (C). 

 

5.1 Folding in single domain Cpe0147439-587 constructs 
5.1.1 SEC-MALLS analysis of single domain Cpe0147439-587 Q580E 

and T450C variants 

The T450C variant of the protein contains a cysteine in place of the bond forming threonine 

residue, while the Q580E variant contains a glutamate in place of the glutamine residue, the 

second bond forming residue. Both variants were made using a whole plasmid inverse PCR 

site-directed mutagenesis method as described in Section 2.5.3, and the proteins were 

expressed and purified using standard protocols as described in Section 3.2.1.  

Prior to SEC-MALLS analysis, the proteins were purified using size exclusion chromatography 

with both proteins eluting in two peaks (Figure D.1 and D.2, Appendix D). SDS-PAGE analysis 

of the eluted peaks shows a clear difference in migration suggesting both proteins form mixed 

populations of species with and without the ester bond that can be readily separated by 

chromatography. 

The presence of the ester bond in the wild-type protein (Lane 1, Figure 5.2) produces a 

compact and folded protein migrating below the 15 kDa marker in SDS-PAGE. Crosslinked 

Q580E migrates similarly (Lanes 3 and 4, Figure 5.2), while the un-crosslinked species appears 

as a larger mass of ~20 kDa (Lanes 2 and 3, Figure 5.2).  

SEC-MALLS analysis of the Q580E variant (Figure 5.3A and Table 5.0), like the SDS-PAGE 

analysis, shows a mixed population of crosslinked and un-crosslinked species. These 

experiments at three concentrations (2.5 mg mL-1, 5.0 mg mL-1, and 10 mg mL-1) show no 

concentration dependence and, importantly, that both species separated by SEC have the 
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same mass. Both SDS-PAGE and SEC-MALLS suggest that the Q580E protein without the 

crosslink has a larger hydrodynamic radius, compared with the crosslinked species. 

 

Replacing the reactive threonine with an alternative nucleophile, cysteine, should produce a 

thioester bond. SDS-PAGE under denaturing and reducing conditions shows the T450C variant 

to have <10% thioester bond-formed protein (faint band around 15 kDa mark, lane 5, Figure 

5.2) and >90% un-crosslinked protein (strong band around 20 kDa mark in lane 5, Figure 5.2). 

The same sample under denaturing but non-reducing conditions shows half of the protein 

population at ~37 kDa (Lane 6, Figure 5.2), suggesting that the T450C variant dimerises 

through disulfide bond formation.  

SEC-MALLS analysis of the T450C variant (Figure 5.3 B and Table 5.1) reinforces the SDS-PAGE 

results. The refractive index plot of the non-reduced protein (in purple) shows three separate 

peaks. The first peak (~10 mL elution volume), has a molecular mass of 32.0 kDa and the 

second peak a mass of 15.8 kDa (~11 mL). 

 
 
Figure 5.2: SDS-PAGE analysis of single-domain Cpe0147439-587 variants 
Proteins from SEC were visualised by SDS-PAGE (15%). M: Precision Plus Protein Standards (Bio-
Rad) with masses labelled in kDa, Lane 1: wild-type Cpe0147439-587, Lane 2: Cpe0147439-587 Q580E 
without bond, Lane 3: Cpe0147439-587 Q580E prior to SEC, a mixture of protein with and without 
bond, Lane 4: Cpe0147439-587 Q580E with bond, Lane 5: Cpe0147439-587 T450C variant, Lane 6: 
Cpe0147439-587 T450C under non-reducing conditions. The calculated molecular mass for the 
Cpe0147439-587 protein is 16121 Da. The ester bond-containing protein, migrates to ~15 kDa, while 
the protein without the ester bond migrates closer to the 20 kDa marker.  
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Table 5.1: Summary results of SEC-MALLS analysis 

The calculated molecular weight for a T450C monomer is 16.122 kDa, and for a dimer 32.224 

kDa, both of which are consistent with the masses obtained from the SEC-MALLS analysis 

assigned to a disulfide crosslinked dimer and un-crosslinked monomer also minus a thioester 

bond. The third and the smallest peak, eluting at ~12.5 mL, contains the fully folded ester 

bond domain, and elutes at a similar volume to the wild-type protein and the strand 

complemented product (Chapter 4, Figure 4.2). This peak corresponds to the <10% thioester 

bond-containing protein seen in lane 5, Figure 5.2, which was later confirmed by mass 

spectrometry (Appendix B, Figure B.4). 

The wild-type Cpe0147439-587 protein sequence lacks any cysteines (Appendix A, Section 

A.1.2), therefore the cysteine residue introduced to the T450C variant by site-directed 

mutagenesis is the only cysteine residue in the protein. To further demonstrate disulfide-

mediated dimerisation, the SEC-MALLS experiments were repeated with TCEP incubation (2 

mM) for either 15 minutes or 1 hour prior to analysis. The SEC-MALLS trace shows a reduction 

in the dimer peak, together with a corresponding increase in the monomer (un-crosslinked) 

in response to a reducing environment (Figure 5.3 B).  

The dimerisation of the T450C variant is significant as it demonstrates the dynamic and 

unfolded nature of the Cpe0147439-587 protein in the absence of an ester bond. The crystal 

structure of single domain Cpe0147439-587 solved by Kwon et al., (2014) (PDB 4NI6) shows that 

the bond forming threonine (or cysteine in this case) is buried within the reactive site of the 

protein. If the T450C variant forms a disulfide crosslinked dimer, the cysteine residues must 

be exposed and accessible, and this would require the protein domain to be unfolded. This is 

Cpe0147439-587 

Constructs 
Calculated MW 

(kDa) 
SEC-MALLS MW 

(kDa) 
Elution Volume 

(mL) 
Oligomeric 

State 

Wild-type 16.1 16.1 12.5 monomer 

Q580E 16.1 16.2 12.5 monomer 

Q580E 16.1 16.7 10.7 monomer 

T450C 16.1 15.8 11.0 monomer 

T450C 32.2 32.0 10.0 dimer 
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consistent with early elution in SEC and retarded migration in SDS-PAGE of un-crosslinked 

T450C and Q580E species. 

 
Figure 5.3: SEC-MALLS analysis of single-domain Cpe0147439-587  
A Superdex 75 10/300 column was equilibrated in 10 mM Tris.HCl pH 8.0, 150 mM NaCl, 3 mM 
NaN3, prior to sample injection. A. SEC-MALLS trace of a mixture Q580E variant at three 
different concentrations ranging from 2.5 to 10 mg mL-1. The un-crosslinked protein with 
elution volume 10.7 mL has the same molecular mass (~16000 Da) as the cross-linked protein 
that elutes later. B. SEC-MALLS trace of single-domain T450C variant (5 mg mL-1), incubated 
with 2 mM TCEP for 0, 15, and 60 minutes.   
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5.1.2 Small angle X-ray scattering of single domain T450C variant 

SAXS was used to characterise the folding behaviour of the T450C Cpe0147 variant including 

a screen of different buffer conditions. Experiments described in Chapter 3 show that specific 

buffers (MES, HEPES, and MOPS) promote ester bond formation in strand complementation 

(Chapter 3, Figures 3.13 and 3.14). The truncated Cpe0147439-563 protein appears unfolded by 

SEC-MALLS, NMR and SAXS (Chapter 4), although in 20 mM HEPES pH 7.0, the protein appears 

by SAXS to be more compact than in 20 mM Tris.HCl pH 7.0. Similarly, differential scanning 

fluorimetry experiments on T450C in two different buffers (Appendix D, Figure D.3) suggest 

that the protein is folded in 50 mM MES pH 5.5 but not in 50 mM Tris.HCl pH 7.0.  

SAXS analysis of T450C was carried out on both un-crosslinked monomer and the dimer using 

50 mM Tris pH 7.0, 20 mM NaCl, 2 mM TECP (monomer), or 50 mM MES pH 5.5, 20 mM NaCl, 

2 mM TECP (monomer), or 50 mM Tris pH 7.0, 20 mM NaCl (dimer). The thioester-containing 

monomer was not produced in sufficient quantity for SAXS. Data collection parameters and 

results are summarised in Table 5.2, and illustrated in Figure 5.4.  

Kratky analysis suggests the un-crosslinked T450C domain is more folded in 50 m MES pH 5.5, 

compared to 50 mM Tris pH 7.0 (Figure 5.4 A), although both samples show flexibility and a 

less folded appearance compared to crosslinked domains described previously. The plot 

shows a bell curve at low q that indicates folding and the upturn in the high q region suggests 

that the protein is flexible (Rambo & Tainer, 2011). The Kratky plots for both monomer and 

dimer in 50 mM Tris pH 7.0 display an upturn and a plateau, rather than converging towards 

the q axis, suggesting that the proteins are unfolded and dynamic.  

The distance distribution functions are similarly informative and provide the maximum 

dimension, Dmax, of the scattering species (Figure 5.4 B). As expected, the Dmax of the dimer is 

the largest at around ~200 Å (and Rg ~43 Å), while the un-crosslinked monomer in 50 mM Tris 

has dimensions of ~130 Å and 29 Å for Dmax and Rg respectively that are similar to those of 

unfolded truncated Cpe0147439-563 protein in Tris buffer (Chapter 4, Table 4.5, Dmax = 133 Å, 

Rg = 34.4 Å). The most compact species is un-crosslinked T450C in 50 mM MES pH 5.5 with 

Dmax ~75 Å and Rg
 ~20 Å, which is close to the values obtained for wild-type Cpe0147439-587 

(Chapter 4, Table 4.5, Dmax = 60.8 Å, Rg=18.4). 
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Table 5.2: SAXS data collection and scattering derived parameters for monomers and dimer 
of Cpe0147439-587 T450C variant protein* 

 

*  All SAXS parameters (AUTORG and GNOM) tables, along with molecular mass determination  table   
for T450C variant are tabulated in Appendix C, Table C.16, C.17 and C.18.

Single domain Cpe0147439-587 T450C  
Monomer 

50 mM MES 
pH 5.5 

Monomer 
50 mM 

Tris.HCl pH 
7.0 

Dimer 
50 mM 

Tris.HCl pH 
7.0 

Data collection parameters     

Beamline  AS SAXS/WAXS 

Wavelength (Å) 1.03320 

Detector  1M Pilatus 

Camera length (mm) 1600 

q range (Å-1) 0.006-0.6 

Sample capillary flow rate (mL min-1) 0.5 

Total sample volume (µL) 100 

Exposure time / image (s)  1 

Sample concentration range (mg mL-1) 0.125 – 4.0 0.313 – 5.0 0.125 – 4.0 

Temperature (K)  283  

Structural parameters (4 mg mL-1)    

I(0) (cm-1) [ from P(r)] 0.02 0.19 0.03 

Rg (Å) [ from P(r)] 20.0 29.5 42.9 

I(0) (cm-1) [ from Guinier] 0.024 0.019 0.008 

Rg (Å) [ from Guinier] 19.4 28.1 46.6 

Dmax (Å) 74.6 130.0 200.0 

Porod volume estimate (Å3) 21696 48189 140406 

MW calc from sequence (kDa) 16.2 16.2 32.5 

MW calc from Porod volume (kDa) 13.6 30.1 87.8 

Software  

Primary data collection  ScatterBrain 

Data processing  Primus, ATSAS 

Data analysis  Primus, ATSAS 



 

[132] 
 

Monomer scattering in 50 mM MES pH 5.5 buffer was further analysed using DAMMIF (Franke 

& Svergun, 2009) to create an ab initio bead model (Figure 5.5).  Multiple bead models were 

generated (Figure 5.5 A) prior to alignment and then averaging by DAMAVER. The molecular 

envelope suggests a compact, folded molecule, similar to the wild-type model with crosslink 

in place (Chapter 4, Figure 4.11 A). This overlays well with the wild-type X-ray structure solved 

by Kwon et al., (2014) (PDB code 4NI6). However, the visual fit of the crystal structure to the 

scattering curve by CRYSOL (Svergun et al., 1995) is poor at higher q values and may reflect 

the flexible and dynamic structure of the protein. 

 

 

 

  

 
Figure 5.4: Comparison of Cpe0174439-587 T450C variant protein in different buffers 
SAXS analysis of Cpe0147439-587 T450C protein at 4mg mL-1 in three different buffers: 50 mM TRIS pH 
7.0, 20 mM NaCl, 2 mM TECP (monomer), or 50 mM MES pH 5.5, 20 mM NaCl, 2 mM TECP 
(monomer), or 50 mM TRIS pH 7.0, 20 mM NaCl (dimer). A. Kratky plot B. GNOM distance 
distribution analysis normalised for maximum P (r) peak values. 
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Figure 5.5: Surface envelope model generated by DAMMIF and CRYSOL analysis of 4 mg 
mL-1 T450C Cpe0147439-587 protein in 50 mM MES pH 5.5  
A. Ab initio reconstructions generated by DAMMIF prior to alignment and averaging. All models 
show that the T450C variant protein in 50 mM MES pH 5.5 buffer adopts a small and compact 
conformation. B. Averaged model superimposed with the T450C high resolution X-ray structure. C. 
CRYSOL fit (solid line) of the T450C variant crystal structure to the experimental scattering data. The 
scattering data is represented by red circles.  
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5.1.3 Small angle X-ray scattering of single domain Q580E variant 

Data were collected similarly to previous experiments, as detailed in Table 5.2. The Kratky 

plot of the Q580E variant, illustrated in Figure 5.6 A, shows an unambigous difference 

between the scattering of the crosslinked and un-crosslinked protein. The un-crosslinked plot 

(pink) displays a typical curve for an unfolded and/or highly dynamic protein, with the signal 

not approaching the q axis and trending strongly upwards in the high q region. The crosslinked 

Kratky plot (purple) shows a distinct bell-shaped curve that is commonly associated with 

folded proteins. The Rg value of the un-crosslinked Q580E variant at ~37 Å is also twice the 

value of the crosslinked species as ~18 Å (Table 5.2). The distance distribution analysis 

reinforces the size difference with un-crosslinked Q580E appearing two times larger than the 

crosslinked species (Figure 5.6 B and Table 5.3) with Dmax values of ~144 and ~66 Å, 

respectively. The crosslinked Q580E unsurprisingly gives a very similar result to the wild-type 

Cpe0147439-587 with the same Dmax value of 66 Å that is consistent with the maxmium 

dimension of the crystal structure of ~63 Å (Section 4.3.1).  

 

Table 5.3: SAXS scattering derived parameters for Cpe0147439-587 Q580E variant protein* 

Single domain Q580E_Cpe0147439-587 With bond Without bond 

Structural parameters (2 mg mL-1)   

I(0) (cm-1) [ from P(r)] 0.03 0.04 

Rg (Å) [ from P(r)] 18.4 37.9 

I(0) (cm-1) [ from Guinier] 0.027 0.019 

Rg (Å) [ from Guinier] 18.4 37.0 

Dmax (Å) 66.0 143.8 

Porod volume estimate (Å3) 24868 48071 

MW calc from sequence (kDa) 23.0 23.0 

MW calc from Porod volum (kDa) 30.0 54.0 

*  All SAXS parameters (AUTORG and GNOM) tables, along with molecular mass determination table   
for Q580E variant are tabulated in Appendix C, Table C.28 – C.30.
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Ab initio envelopes calculated for the bond-formed Q580E protein (Figure 5.7) are very similar 

to those of the intact, wild-type domain (Figure 4.11 A), and again show a close fit to the X-

ray structure. The CRYSOL fit is also visually close and disagreements between scattering and 

crystal structure may again derive from the dynamic behaviour of parts of the protein in 

solution (for example, the flexible loops in the top right-hand corner), and from the lack of a 

solvent model in the protein for fitting (Svergun et al., 1998)   

 

  
Figure 5.6: SAXS analysis of Cpe0174439-587 Q580E variant protein  
SAXS analysis of 2 mg mL-1 Cpe0147439-587 Q580E protein in 20 mM TRIS pH 7.0 A. Kratky plot B. 
GNOM distance distribution analysis normalised for maximum p(r) peak values 
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Figure 5.7: Surface envelope model generated by DAMMIF and CRYSOL analysis of 2 mg 
mL-1 Q580E Cpe0147439-587 protein 
A. DAMMIF bead models prior to averaging. All models show that cross-linked Q580E variant is 
compact. B. Averaged bead model superimposed with the X-ray crystal structure (4NI6). C. CRYSOL 
fit of the scattering to the crystal structure.  
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5.2 Three-domain Cpe0147439-587 constructs 
5.2.1 SEC-MALLS analysis of three-domain constructs  

The three-domain constructs were expressed and purified using the standard protocols 

outlined in Section 3.2.1. Each of the proteins was purified in HEPES buffer pH 7.0 and was 

then buffer-exchanged into 25 mM Tris.HCl pH 8.0, 150 mM NaCl, 3 mM NaN3 before analysis 

by native PAGE and SEC-MALLS (Figure 5.8), since single domain protein lacking in the ester 

crosslink were shown to be unfolded in Tris.HCl buffer.  

In the native PAGE experiment using non-denatured and non-reduced protein, the wild-type 

construct (lane WT, Figure 5.8) migrates further than the mutated variants (lanes A, B and C 

Figure 5.8), suggesting that the wild-type protein has a smaller hydrodynamic radius. 

 

 

Surprisingly, SEC-MALLS shows all three of the T450A variant constructs to have a near 

identical trace to that of the wild-type protein, with elution volumes all ~12.5 mL (Figure 5.9). 

SEC-MALLS analysis of single domain un-crosslinked Cpe0147439-589 and truncated Cpe0147439-

563 proteins showed that without the ester crosslink these proteins have larger hydrodynamic 

radii and elute much earlier than the crosslinked protein (Chapter 4 Figure 4.2 B and Figure 

5.3 B).  

 
 
Figure 5.8: Native PAGE analysis of three-domain Cpe0147 constructs  
The wild-type construct (WT) containing all cross-linked domains migrate further in the gel than 
the constructs with a T/A variant in one of the domain (A, B, and C), suggesting that the WT 
construct adopts a more compact fold. Native PAGE used 10% acrylamide. 
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In these experiments, three-domain constructs, including T450A variants, have the same 

hydrodynamic radii as the wild-type protein, regardless of the position of the un-crosslinked 

domain, whether N-terminal, middle, or C-terminal. The discrepancy with the Native PAGE 

experiment could be due to the proteins interacting differently with the gel matrix compared 

to the SEC matrix, or the small amount of heat generated by PAGE, is enough to push the 

equilibrium towards the unfolded state of the proteins. 

 

  

 
 
Figure 5.9: SEC-MALLS analysis of three-domain Cpe0147439-587 constructs  
A Superdex® 200 increase10/300 GL column was equilibrated in 10 mM Tris-HCl pH 8.0, 150 mM 
NaCl, 3 mM NaN3, prior to sample injection. A single concentration of 2 mg mL -1 of each protein was 
injected, and the refractive index values are plotted in the primary axis against the elution volume, 
while the molecular mass values are plotted on a secondary y axis as circles. The calculated molecular 
mass of the three domain constructs is 48360 Da. All four constructs elute at 12.5 mL with a 
measured molecular mass of ~48 kDa.  
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5.2.2 SAXS analysis of three-domain Cpe0147439-587  
SEC-MALLS analysis suggests that all the three-domain Cpe0147439-563 constructs are folded 

to the same extent as the wild-type protein. To further investigate the behaviour of these 

proteins in solution, small angle X-ray scattering was carried out. 

All three-domain constructs were prepared, and data collected similarly to the single-domain 

protein described in Section 4.3.1. The scattering and Guinier plots of the wild-type construct 

suggest a monodisperse sample without any aggregation or interparticle interactions (data 

for T450A variants are shown in Appendix C, Figure C.7 – C.10 ) and are indistinguishable from 

wild-type.  The Kratky plot (Figure 5.10 B) displays a typical bell-shape curve for a folded 

protein, with the signal approaching the axis at higher q values. The relative pair distribution 

curves (Figure 5.10 C) give a Dmax value of ~175 Å which is roughly three times the size of the 

single protein domain (~65 Å) and shows a distinct oscillation that represents the three 

domains. The summary of SAXS structural parameters for the three-domain constructs are 

shown in Table 5.4. 

A CRYSOL fit (Figure 5.11 A) is visually close to the scattering profile calculated from a three-

domain model generated from the two-domain crystal structure (PDB codes 4MKM), and ab 

initio envelopes show three compact, folded domains and a close fit between envelope and 

X-ray structure model (Figure 5.11 B and C). 

Table 5.4: SAXS scattering derived parameters for three-domain Cpe0147 proteins* 

*  All SAXS parameters (AUTORG and GNOM) tables, along with molecular mass determination table   
for three-domain WT and T450A variant are tabulated in Appendix C, Table C.25 – C.36.

Three-domain Cpe0147 construct Wild-type A_T450A B_T450A C_T450A 

Structural parameters (4 mg mL-1)     

I(0) (cm-1) [ from P(r)] 0.16 0.16 0.17 0.17 

Rg (Å) [ from P(r)] 46.8 47.1 47.3 47.4 

I(0) (cm-1) [ from Guinier] 0.15 0.16 0.16 0.16 

Rg (Å) [ from Guinier] 42.8 43.1 43.2 43.1 

Dmax (Å) 177 182 181 182 

Porod volume estimate (Å3) 84745 82937 83378 85623 

MW calc from sequence (kDa) 46.6 49.7 49.7 49.7 

MW calc from Porod volume (kDa) 53.0 21.8 52.1 53.5 
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Figure 5.10: SAXS scattering curves of three-domain wild-type Cpe0147439-563 protein  
Five different concentrations of the protein were scattered in 20 mM TRIS pH 8.0, 20 mM NaCl, at 
a camera length of 3.3 m. A. Logarithmic scattering intensity (Log I vs q) and inset Guinier plot (ln I 
vs q2). B. Kratky plot (q*I2 vs q). C. P(r) plot normalised to peak P(r) values.  
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Figure 5.11: Ab initio envelope model generated by DAMMIF and CRYSOL analysis of 
the 2 mg mL-1 dilution of the wild type, three-domain Cpe0147439-587 protein  
A. CRYSOL fit of the solution scattering and X-ray crystal structure. The scattering curve is 
represented by circles and the crystal structure model by a line. B. Individual bead models 
generated by DAMMIF prior to averaging; all models show compact domains. C. Averaged 
envelope model superimposed with an atomic model generated from a two-domain crystal 
structure (PDB 4MKM). Superimposition used SUPCOMB (Kozin & Svergun, 2001). 
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Kratky analysis of all four constructs (Figure 5.12 A) show clear bell-shaped curves that are 

indicative of folded protein with limited flexibility, shown by the plots converging towards 

baseline at high q region (Figure 5.12 A). The pair-distance distribution functions show near 

identical results with Dmax values of ~180 Å (Figure 5.12 and Table 5.3. These results show that 

the T450A mutated domain (without crosslink) is folded when attached to another domain, 

regardless of the position in the three-domain construct.  

 

 

  

 
Figure 5.12: Comparison of the Kratky and distance distribution plots for all three-
domain Cpe0147 protein constructs 
SAXS analysis of the 4 mg mL-1 dilution for four different constructs of three-domain Cpe0147 
proteins. A. Kratky plot (q*I2 vs q). B. P(r) plot normalised to peak P(r) values. 
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5.3 Summary of cooperativity and folding in Cpe0147 
This Chapter describes the stabilising effect of the ester bond in the Cpe0147439-587 protein 

domain and also demonstrates the cooperativity between adjacent protein domains, relevant 

to the full length 11-domain protein found in nature.  

The single Cpe0147439-587 domain appears unfolded without the ester crosslink as measured 

by SEC-MALLS, small angle X-ray scattering, and native gel electrophoresis.  Crosslinked 

Cpe0147439-587 protein is, by contrast, compact and folded. However, all the three-domain 

constructs appear almost identical by SAXS regardless of the presence or absence of the 

intramolecular crosslinks in individual domains. Although each of the adjacent domains are 

separated in space by ~50 Å, they act cooperatively to produce well folded domains in all 

three positions. Such cooperativity could explain native folding and crosslinking in the context 

of bacterial secretion as illustrated in Figure 5.13. This concept is discussed in more detail in 

Chapter 7. 

 
 
Figure 5.13: Conceptual drawing of a proposed folding pathway for the Cpe0147 
surface adhesin 
The nascent surface proteins are exported from the cell membrane starting with the adhesin 
domain (A), and followed by the first Ig-like domain (blue). The presence of the adjacent domain 
aids the folding of the subsequent Ig-like domain in a cooperative manner. The intramolecular 
ester crosslink is represented by a heavy black line.  
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Chapter 6 
Mechanism of ester bond formation 

and hydrolysis in Cpe0147 
 

A central goal of this project was to elucidate the mechanism of intramolecular ester bond 

formation in the Cpe0147 protein and to define the structural and chemical factors involved 

in this spontaneous reaction. The ester crosslink reaction is proposed to follow an enzyme-

like mechanism similar to that of a serine protease utilising a catalytic triad of threonine, 

histidine, and aspartate residues (Kwon et al., 2014).  

The proposed bond formation mechanism starts with the nucleophilic attack of the hydroxyl 

oxygen of Thr-450 on the carbonyl carbon of Gln-580; the Gln-580 side chain takes the place 

of the peptide substrate of a serine protease (Figure 6.1). His-572 facilitates the nucleophilic 

attack by first abstracting a proton from the threonine. A pair of acidic residues (Glu-547 and 

Asp-480) on the other side of the bond forming site, provide relay of hydrogen bonds 

terminating in the carbonyl oxygen of amide side chain of Gln-580, polarising the C=O bond 

and making the carbonyl carbon more susceptible to nucleophilic attack. Nucleophilic attack 

by Thr-450 O gives rise to a tetrahedral intermediate that is stabilised by the proton shuttle 

with the Glu-547 and Asp-480 sidechains. This takes the place of an oxyanion hole in a serine 

protease. The tetrahedral intermediate rearranges, leaving a newly formed ester bond 

between Thr-450 and Gln-580 (equivalent to the acyl intermediate in the serine protease) and 

that is stabilised by the pair of acidic residues (Asp-480 and Glu-547); ammonia is released in 

the process. However, unlike the serine protease mechanism, where a water molecule attacks 

and hydrolyses the acyl intermediate to regenerate the active site, the ester bond in the 

Cpe0147 is stable and does not react further in the wild-type protein. 
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Figure 6.1: Comparison of a serine protease mechanism and the proposed ester bond 
formation in Cpe0147 
A. Covalent acyl-enzyme intermediate formation in chymotrypsin, the first step of peptide bond 
cleavage in a serine protease mechanism. B. Proposed mechanism of ester bond formation in 
Cpe0147. 
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In this Chapter the mechanistic details of the ester bond formation in Cpe0147 are discussed 

in light of site-directed mutagenesis and NMR spectroscopy experiments: 

1. Probing the structural and chemical factors that determine ester bond formation in 

Cpe0147 by site-directed mutagenesis. The ability of a serine or a cysteine residue to 

act as a nucleophile in place of the native threonine was investigated, as well as the 

threonine/glutamate combination, which might be expected to form the ester bond 

in an analogy with the Lys-Asn and Lys-Asp possibilities for isopeptide bond formation 

of Spy0128). These questions have been addressed by site-directed mutagenesis, with 

characterisation of the recombinant mutant proteins by SDS-PAGE, mass 

spectrometry, thermal stability assay, and X-ray crystallography. 

2. Following the ester bond reaction in Cpe0147 by NMR. The crystal structure of a wild-

type Cpe0147 stalk domain protein was solved using X-ray crystallography by Kwon et 

al., in 2014. Using NMR backbone assignments, in conjunction with the structural 

information from the crystal structure, we can follow folding/bond formation in the 

Cpe0147 protein.  

 

6.1 Probing the reactive site of Cpe0147 
Previous site-directed mutagenesis studies by Kwon et al. using a single Ig-like domain 

showed that many single mutant proteins, including the Thr-450-Ser variant, do not form the 

intramolecular ester bond (Kwon et al., 2014). The proteins without an ester bond also 

appeared unfolded by DSF and CD studies much like the truncated domain discussed in 

previous chapters of this thesis. However, the previous experiments used the first Ig-like 

domain of Cpe0147, which we hypothesise derives stability from the adjacent adhesin domain 

in the native protein. Close examination of the crystal structure also suggested a 

compromised choice of domain boundary in the earlier experiments, with a truncation of the 

N-terminus of the protein ~5 residues too early.   

For the mutation experiments outlined herein, the second Ig-like domain was chosen, with 

additional N- and C-terminal extensions in place to insure against any adverse truncation 

effects. Our results show that the wild-type second Ig-like domain is, as predicted, more stable 

than that of the first domain of the Kwon construct. However, as discussed previously in 
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Chapters 4 and 5, variants of this domain lacking an ester bond are also inherently unfolded 

– this is clear in SDS-PAGE analysis, which provides a convenient method to analyse bond 

formation over large numbers of variants.  

One of the characteristic features of an ester bond is that it can be hydrolysed by aqueous 

acids and heat, or by aqueous base and heat, in a process called saponification. Given this 

observation of chemical reactivity, extra emphasis was placed on studying the hydrolysis 

potential of the wild-type Cpe0147 domain and of each variant produced.  

Strand complementation experiments show that certain buffers and pH promote ester bond 

formation between the truncated Cpe0174439-563 and the C-terminal synthetic peptide 

(Chapter 3 Section 3.2). To investigate the formation of an ester bond in the intact, or full 

length Cpe0147439-587 domain, and the hydrolysis potential of this bond, a number of variants 

of Cpe0147439-587 were produced and were subjected to different buffer conditions. Reaction 

progress was visualised using SDS-PAGE.  

 
6.1.1 Mutations in the bond forming residues T450 and Q580 

Initially two variants of Cpe0147439-587 were made 

by replacing Thr-450 (Figure 6.2) with another 

nucleophile, Cys, to produce the T450C variant, 

and Gln-580 with Glu to produce a Q580E variant.  

Cysteine is a well-known nucleophile involved in 

many biological reactions including the cleavage 

of peptide bonds by cysteine proteases (Otto & 

Schirmeister, 1997), the formation of thioester 

bonds in complement proteins (Pangburn, 1992), 

and the attachment of Streptococcus pyogenes to  

host cells (Linke-Winnebeck et al., 2014; Walden 

et al., 2015). 

The second variant, Q580E, was considered conservative, since both Gln and Glu are the same 

size, and both can act as an electrophile. Furthermore, in the case of isopeptide bonds formed 

 
 
Figure 6.2:  The reactive site of 
Cpe0147  
The structure of the first Cpe0147 ester 
bond containing domain (PDB code 4Ni6) 
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within the Spy0128 protein, mutation of the bond forming Asn residue to Asp, was shown to 

form the crosslink. In this case a water molecule is eliminated instead of ammonia.  

Each of the wild-type and variant proteins were expressed and purified in the same way (see 

Section 3.2.1) and following SEC purification step, three of the proteins (WT, Q580E variant 

and T450C variant) were visualised by SDS-PAGE (Figure 6.3). While the wild-type protein 

produces 100% bond-formed protein, the T450C variant produces less than 5% bond-formed 

species (Lane 5, Figure 6.3). The Q580E variant was more reactive, producing ~40 % ester 

bond protein (Lane 3, Figure 6.3).  

 

To investigate the effect of pH on bond formation in the three proteins, each was incubated 

at pH 9.0, 7.0 or 5.5 at room temperature. Each incubation was carried out for 1, 18 and 24 

hours, and the results are shown in Figure 6.4. 

The proportion of crosslinked Q580E increases to ~80% after overnight incubation in 50 mM 

MES pH 5.5, and to a lesser proportion, ~50%, in a 50 mM HEPES pH 7.0 buffer (Figure 6.4). 

 
 
Figure 6.3: SDS-PAGE analysis (15%) of SEC purified WT Cpe0147439-587, T450C and 
Q580E variants in 20 mM TRIS pH 8.0 and 20 mM NaCl 
Each of the proteins was subjected to a four-step purification; metal affinity chromatography, 
tag cleavage and reverse affinity chromatography, amylose affinity chromatography, and size 
exclusion chromatography. Key: M: Precision Plus Protein Standards (Bio-Rad) with masses 
labelled in kDa, Lane 1: Cpe0147439-587 wild-type protein, Lane 2: Cpe0147439-587 Q580E variant 
protein without the ester bond crosslink, Lane 3: mixed population of Cpe0147439-587 Q580E 
variant with and without the crosslink, Lane 4: Cpe0147439-587 Q580E variant protein with the 
ester bond crosslink, Lane 5: Cpe0147439-587 T450C variant protein. 
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Bond formation reaches completion after 24 hours in both buffers. This result supports the 

findings in Chapter 3, that MES pH 5.5 and HEPES pH 7.0 promote ester bond formation. No 

additional ester bond formation was observed in T450C under these same conditions even 

though this protein appears compact and folded by SAXS in 50 mM MES pH 5.5 (Chapter 5 

Figure 5.5). 

When both the wild-type and the Q580E variant were incubated in 50 mM Tris.HCl pH 9.0, 

some ester bond hydrolysis is apparent after 18 and 24 hours incubation at room 

temperature. The hydrolysed protein appears as a faint band around the 20 kDa mark in the 

wild-type experiments, suggesting that ester bond hydrolysis is possible albeit it occurs slowly 

and under the forced conditions of high pH. No change was observed in the T450C variant 

after 24 hours incubation at room temperature in 50 mM TRIS.HCl pH 9.0, but this is 

potentially masked by the initial limited bond formation. 

 
 
Figure 6.4: SDS-PAGE (15%) analysis for WT Cpe0147439-587, T450C and Q580E variant 
Each of the proteins (1 mg mL-1) were incubated at three different pHs: 50 mM MES pH 5.5, 50 
mM HEPES pH 7.0, or 50 mM Tris.HCl pH 9.0. The reactions were carried out at room temperature 
(25 oC) for A. 1 hr B. 18 hr and C. 48 hr. The species with the ester bond crosslink migrates to ~15 
kDa while the non-crosslinked species appears at ~20 kDa.  
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Crystal structure of T450C variant 

Following amylose affinity purification, the T450C 

variant was buffer-exchanged into 50 mM MES pH 5.5 

buffer and was concentrated to 100 µL, in a 

concentration of 100 mg mL-1. Crystallisation 

experiments were carried out using sitting drop 

vapour diffusion as described in Chapter 2, Section 

2.10.1. A large T450C crystal (Figure 6.5) was grown 

from a buffer comprising 0.2 M MgCl2, 0.1 M Tris.HCl 

pH 8.5 and 30% (w/v) PEG 4000.  X-ray diffraction data 

were collected at the Australian Synchrotron MX1 

beam line to 1.3 Å resolution as outlined in Chapter 2, Section 2.10.3 and as described in 

Appendix F.  

The crystal belongs to the triclinic space group P1, with unit cell dimensions of a= 39.98, b= 

44.40, c = 50.10 Å, α = 95.14 Å, β = 109.36 °, and γ = 110.12 °, with two molecules present in 

the asymmetric unit (solvent content 48.9%). The structure was solved by molecular 

replacement using the wild-type single-domain structure (PDB code 4NI6) (see Section 2.10.4) 

as the search model. 

The crystal structure was refined by iterative cycles of model building using COOT and 

maximum likelihood refinement using REFMAC. The final structure was refined using all data 

to 1.35 Å resolution, to give a final Rcryst= 18.8 % and Rfree= 22.7 %. The model was assessed 

by the Molprobity server as being in the 99th percentile of similar resolution structures. All 

refinement parameters are summarised in Appendix F.  The Rcryst and Rfree values are higher 

than expected with an inherent crystal pathology consistent with other pilin structures solved 

in our laboratory (personal communication with Dr Paul Young, University of Auckland).  

The overall structure of the T450C variant is near identical to the wild-type structure, and 

when superimposed on PDB model 4NI6 gives an RMSD value of 0.53 Å for chain A, and 0.44 

Å for chain B of the model. The overlay of the two structures is shown in Figure 6.6 D.  

The biggest difference in the structure lies within the reactive site with the T450C variant 

structure clearly lacking the ester bond crosslink. In fact, the thiol group of Cys-450 does not 

 
Figure 6.5:  Crystals of T450C 
variant. The crystals were grown 
via sitting drop vapour diffusion, in 
0.2M MgCl2.6H2O, 0.1 M Tris.HCl pH 
8.5 and 30% (w/v) PEG 4000. 
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face Gln-580, being instead buried in the pocket that the methyl group of Thr-450 would 

normally occupy (Figure 6.6). The sequestration of this thiol explains the lack of ester bond 

formation in T450C.  

The reactive Gln-580 side chain forms hydrogen bonds through O1 and N2 with Asp-480 at 

2.9 Å and 2.5 Å (Figure 6.6 C) and provides a model for the wild-type protein after folding but 

prior to bond formation that enables a subtle modification of the mechanistic model 

published by Kwon et al. 2014; see Section 7.3.1 for the final discussion in Chapter 7.  

 
 

 
 
Figure 6.6: The structure of the T450C variant. 
The reactive site of the T450C variant. Electron density maps 2Fo-Fc (blue; 1σ contour) and Fo-Fc 
omit map (green; 3σ contour; with H572 removed) are shown for Chain A in A. A single 
conformation of His-572 is evident, and for chain B in B. Here, three conformations of the 
accessory histidine are evident. The absence of an ester bond between Cys-450 and Gln-580 is 
obvious in both chains. C. Hydrogen bonding network in the reactive site of the T450C variant 
showing Gln-580 forming bidentate hydrogen bonding with Asp-480. D. An overlay of T450C (red) 
and wild-type (blue; PDB code 4NI6) structures. 
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The wild-type structure solved by Kwon et al. shows a view of the final product, with the ester 

bond crosslink already formed, and His-572 positioned adjacent to the Thr-450 Oγ1 oxygen 

(Figure 6.7 A). His-572 is proposed to act as a catalytic base to abstract a proton from Thr-450 

hydroxyl group, thus increasing the nucleophilic capability of Thr-450 Oγ1 oxygen, and to hold 

the threonine side chain in a suitable geometry for the reaction with the glutamine. However, 

in this end-point structure, His-572 is held away from Thr-450 by a hydrogen bond to Asp-

577.  

 

The T450C structure shows a snapshot of the protein prior to the ester bond formation, and 

enables us to model the wild-type protein before the bond forming reaction. In T450C, the 

catalytic His-572 adopts at least three different rotameric conformations in chain B (Figure 

6.6 B) and two different conformations in chain A (Figure 6.6 A). When wild-type Thr-450 is 

modelled in place of Cys-450, we see that one of the His-572 rotamers is within perfect 

hydrogen bonding distance (2.7 Å), and with an ideal geometry, to abstract a proton from the 

Thr-450 Oγ1 oxygen (Figure 6.7 B). 

  

 
 
Figure 6.7: Comparison of the accessory His-572 position after and before bond 
formation.   
A. Wild-type Cpe0147 (PDB code: 4NI6), where the His-572 is positioned away from the bond 
forming Thr-450. B. A model of wild-type Cpe0147 prior to ester bond formation, derived from the 
structure of the T450C variant.  
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6.1.2 Mutations of the bond forming residue Thr-450 to Ser and Ala 

Replacing the catalytic Thr-450 with another nucleophile, serine, produces the T450S variant. 

Upon purification from E. coli, ~80% of the protein has the ester bond crosslink in place (Figure 

6.10). Overnight incubation in 50 mM MES pH 5.5 shows 100% bond-formed species. The 

reactions appear to be slower in 50 mM HEPES pH 7.0, as it takes 48 hours for the reaction to 

complete. The T450S variant is far more reactive than the T450C variant discussed above. This 

is likely because the serine hydroxyl faces the reactive glutamine, in contrast to the buried 

thiol of cysteine which is turned away – this is discussed in greater detail in the summary 

Section of this Chapter in regard to van der Waals radii and relative electronegativity.  

The hydrolysis of the ester bond in T450S, in both 50 mM Tris.HCl pH 8.0 and 50 mM Tris.HCl 

pH 9.0, is slow but still orders of magnitude faster than in the wild-type, in which the ester 

bond is barely hydrolysed at all. Approximately 50% of the T450S variant still has the ester 

bond crosslink after 18 hours incubation. After 48 hours of incubation, however, almost all of 

the protein (~90%) has lost the crosslink (Figure 6.8 B).  

 

 

 
 
Figure 6.8: SDS-PAGE analysis of T450S variants in different buffer conditions.  
The T450S variants (1 mg mL-1) were subjected to different buffers for 18 hours (A), and for 48 
hours (B). Standard masses are labelled in kDa. The calculated protein mass is ~16.1 kDa but the 
crosslinked species migrates closer to the 15 kDa marker and the un-crosslinked near the 20 kDa 
marker. 
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Site-directed mutagenesis was also carried out on an adhesin protein from another Gram-

positive bacterium Mobiluncus mulieris. The M. mulieris adhesin contains a combination of 

isopeptide and ester bond domains. A single amino acid change was introduced to ester 

domain 8 (Mol-8) within a three-domain construct (Mol 7-9). Two variants were produced, 

T6105A and T6105S, and were expressed and purified as described in Chapter 3 (Section 

3.2.1). After purification, both T6105S and T6105A variants were buffer-exchanged into 20 

mM  Tris.HCl pH 7.0, 100 mM NaCl and 0.1 mM CaCl2. Crystallisation experiments were carried 

out using a hanging drop vapour diffusion method as described in Chapter 2, Section 2.10.1, 

using protein concentrations of 100 – 400 mg mL-1. The crystal structures of both variants 

(Figure 6.9) were solved by molecular replacement, using a wild-type structure of Mol 7-9 

solved by Dr Paul Young (unpublished data) as the search model. 

 

The Mol-8 T6105A variant structure has no ester bond crosslink and also shows the bond 

forming Gln-6242 forming two hydrogen bonds with the buried aspartic acid, Asp-6239 (the 

equivalent in Mol-8 of Asp-480 in Cpe0147). In contrast, the Mol-8 T6105S variant structure 

clearly shows an ester crosslink between Gln-6242 and Ser-6105 (Figure 6.9 B). 

 
 
Figure 6.9: Crystal structures of Mobiluncus mulieris three-domain constructs  
Both of the constructs were crystallised in unbuffered 0.2 M MgCl2, 10% (w/v) PEG 8000 and 10% 
(w/v) PEG 1000, using a hanging drop method, and at 100 mg mL-1 protein concentration. A. Crystal 
structure of T6105A variant without the ester bond cross-link. B. Crystal structure of T6105S 
variant with the ester cross-link formed. 
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In both Cpe0147 and Mol-8 protein domains, the bond forming threonine can be readily 

replaced by a serine and still retain ester bond-forming ability. However, when the catalytic 

Thr is replaced by a cysteine residue (also a nucleophile), the enzyme-like activity is 

dramatically reduced – basically no ester bond is formed.  

Similar results are observed in other biological systems that use threonine as a nucleophile. 

The N-terminal nucleophile hydrolase family (Ntn-hydrolases), including the proteasome 

complex (Kwon et al., 2004; Löwe et al., 2017; Löwe et al., 1995) and glycosylasparginase 

(Aronson  Jr., 1996; Guo et al., 1998) uses an N-terminal threonine residue as nucleophile to 

cleave peptide and amide bonds. Mutation of the catalytic Thr-1 residue to a serine produces 

an active T1S variant of both enzymes (Guo et al., 1998; Kisselev et al., 2000; Liu et al., 1998). 

Unlike the T1S variant, the T1C variant is completely inactive against various substrates. 

Similarly, the replacement of the catalytic serine in penicillin acylase (Choi et al., 1992) with a 

cysteine eliminates enzyme activity. Of most relevance, the T1C variant glycosylasparginase 

crystal structure shows that the thiol group of the cysteine residue, rotates away from the 

scissile bond of the substrate (Guo et al., 1998) in a similar manner to our T450C variant of 

Cpe0147 (Figure 6.6 )  

 

6.1.3 Mutations of the accessory His-572 residue 

The proposed role of histidine in the ester bond formation is: 1. To hold the catalytic Thr-450 

in place and to act as a general base to accept a proton from the Oγ1 atom of Thr-450 during 

the initial nucleophilic attack (Kwon et al., 2014); and 2. To act as an acid and donate a proton 

to the ammonia leaving group as the transition state collapses to produce the final ester 

crosslink (Figure 6.1).  

Mutation of His-572 to produce the H572E variant shows almost wild-type levels of ester bond 

formation. A glutamate is located in the same place in the catalytic triad of the serine protease 

sedolisin (Reichard et al., 2006; Wlodawer et al., 2003), a protease that is active between pH 

3.0 and 5.0; the optimised buffer for Cpe0147 crosslinking is at pH 5.5 and a low pH 

mechanism may be apply here that is similar to that of sedolisin.  
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The H572E variant of Cpe0147 shows ~90% crosslinked species when purified from E. coli. 

Overnight incubation in 50 mM MES pH 5.5 completes the reaction to 100% while some un-

crosslinked protein is still present even after 48 hours of incubation in 50 mM HEPES pH 7.0 

(Figure 6.10). After 48 hours of incubation in 50 mM Tris.HCl pH 8.0 and pH 9.0 the H572E 

variant appears to hydrolyse with a decrease to ~50% crosslinked (Figure 6.10 B). 

 

Replacing His-572 with an alanine in the C-terminal synthetic peptide Cpe0147565-587 for 

strand complementation experiments only results in a small portion of reacted product after 

overnight incubation in either 50 mM MES pH 5.5 or 50 mM HEPES pH 7.0 (Figure 6.12).   

Substitution with the shorter acid, Asp, in full length protein provides the reactive site with 

the same negative charge and functionality as glutamate. The H572D protein was incubated 

in different buffers for 18 and 48 hours at room temperature and shows lower reactivity than 

the glutamate equivalent (Figure 6.11 A). The H572D variant shows only ~30% crosslinked 

protein. Ester bond formation is slow in both 50 mM MES pH 5.5 and 50 mM HEPES pH 7.0, 

the optimal buffers. After 18 hours of incubation at room temperature, crosslinking increases 

to ~50%, increasing further to ~70% after 48 hours. H572D hydrolyses to a greater extent than 

H572E, with ~70% un-crosslinked species forming overnight in either 50 mM Tris.HCl pH 8.0 

or pH 9.0. 

 
 
Figure 6.10: SDS-PAGE analysis of H572E variants in different buffer conditions  
The H572E variant (1 mg mL-1) were subjected to different buffers for 18 hours (A), and for 48 
hours (B). Standard masses are labelled in kDa. The calculated protein mass is ~16.1 kDa but the 
cross-linked species migrates closer to the 15 kDa marker and the un-crosslinked near the 20 kDa 
marker. 
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When the histidine is replaced by a neutral asparagine, ester bond formation is complete after 

an 18 hour incubation in 50 mM HEPES pH 7.0, and ~95% complete in 50 mM MES pH 5.5 over 

the same period (Figure 6.11 B). The rate of ester bond formation is faster for H572N 

compared with H572D, but the ester bond does not appear to hydrolyse when incubated at 

high pH. After 48 hours at pH 8.0 and 9.0, the protein does, however, show signs of proteolytic 

degradation. 

 
 
Figure 6.11: SDS-PAGE analysis for Cpe0147439-587 H572D and H572N variants 
These variants of Cpe0147439-587 (1 mg mL-1) were incubated in different buffer systems for 18 
and 48 hours at room temperature. The samples were visualised using 15% SDS-PAGE. M. 
Precision Plus Protein Standards (Bio-Rad) are labelled with kDa masses. A. H572D variant. B. 
H572N variant. 
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Figure 6.12: SDS-PAGE analysis of strand complementation using the H572A variant of the C-terminal synthetic peptide 
Cpe0147565-587 

Reactions were carried out with 50 µM of Cpe0147439-563 complemented with 150 µM of Cpe0147565-587 H572A variant peptide. The reaction was 
incubated at room temperature for 1, 18 and 48 hr, and visualised using 15% SDS-PAGE. The calculated molecular mass of Cpe0147439-563 is 13619 
Da and for C-terminal Cpe0147565-587 peptide, 2706 Da; the highest mass band immediately above the 15 kDa marker is indicative of a crosslinked 
species. Crosslinking is promoted at pH 7.0 and below albeit at very low levels. 
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6.1.4 Mutations of Asp-577 

The reactive site of Cpe0147 and the catalytic site of the serine protease chymotrypsin 

possess similar features (Figure 6.13). Both sites contain a triad comprising a nucleophile, Ser-

195 in chymotrypsin and Thr-450 in Cpe0147, an accessory/catalytic histidine, and an aspartic 

acid that hydrogen bonds to the histidine.  

In chymotrypsin and trypsin-like serine proteases, the aspartic acid plays a crucial role in both 

positioning the correct histidine tautomer, and polarising the histidine to promote  

 

proton abstraction from the nucleophile serine (Blow et al., 1969). It also stabilises the 

negatively charged tetrahedral intermediate by promoting an ion pair with the histidine 

imidazolium ion  (Polgár & Bender, 1969). Kwon et al. proposed a similar set of roles for Asp-

577 in Cpe0147 and to investigate this, three aspartic acid variants of the protein were 

produced by site-directed mutagenesis; D577A, D577H and D577N. The results of crosslinking 

experiments are shown in Figure 6.14. 

 

 
 
Figure 6.13: Comparison of a serine protease catalytic site with the Cpe0147 reactive 
site.  
A. Bovine chymotrypsin active site (PDB code 2GMT) B. Cpe0147 reactive site (PDB code 4NI6). An 
Asp, His, Ser/Thr triad is found in both sites presumably an example of convergent evolution.  Both 
active sites contain a nucleophile, and base and an acid that is a crucial for enzyme activity. 
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The D577A variant produced by Kwon et al., 2014 gave a mixed population of crosslinked and 

un-crosslinked species at an approximate 1:1 ratio. Incubation in 50 mM Tris.HCl pH 8.0 at 37 
oC for 48 hours reduced the proportion of intact ester bond and led to the hypothesis that the 

Asp/His interaction traps the ester bond species, and that the removal of this interaction 

results in water-mediated hydrolysis, facilitated by the freed histidine, in a classic serine 

protease mechanism (Kwon et al., 2014). 

Surprisingly, in our Cpe0147 construct, mutation of Asp-577 to alanine has a very modest 

effect on ester bond formation, with ~90% crosslinked species isolated from bacteria. In this 

variant, the alanine cannot hydrogen bond to the accessory His-572 nor polarise it in the same 

manner as an aspartate. Overnight incubation of the D577A variant in different buffers and 

pH shows very little effect (Figure 6.14 A) but additional bond formation at low pH and 

obvious hydrolysis at high pH are seen after 48 hours (Figure 6.14). 

The D577H variant also produces ~90% bond-formed species. This result is not unexpected 

given the presence of Ser/His/His triad in the catalytic site of human cytomegalovirus 

protease (Chen et al., 1996; Qiu et al., 1996; Shieh et al., 1996; Tong et al., 1996). Like the 

D577A variant, D577H shows very little or almost no change in composition overnight in 

different buffers, but again, bond formation and hydrolysis are seen after 48 hours at room 

temperature (Figure 6.14 B).  

A D577N variant of Cpe0147, replacing the acid residue with the neutral equivalent, reduces 

the domain’s ability to form the crosslink by ~50%; D577N produces a mixed population of 

crosslinked and non-crosslinked species at ~1:1 ratio. No change in composition is observed 

at incubation times of up to 48 hours.   
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Figure 6.14: SDS-PAGE analysis of Cpe0147 D577A, D577H and D577N variants in different buffer systems 
The three variants (1 mg mL-1) were subjected to different buffer systems, and the reactions incubated for 18 hours (A) and 48 hours (B). Precision Plus 
Protein Standards (Bio-Rad) are labelled in kDa masses. The protein MW is calculated at 16.1 kDa. The cross-linked species migrate closer to the 15 kDa 
marker, while the un-crosslinked species migrate near the 20 kDa marker. 
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An equivalent D102N variant of trypsin displayed 104-fold reduced activity compared to the 

wild-type enzyme (Sprang et al., 1987). The crystal structure of D102N trypsin (PDB code: 

1TRM) showed the catalytic histidine in two conformations, one of which has both Nδ2 and 

Nε1 of the histidine (presumably) protonated and forming a hydrogen bond with a nearby 

water molecule instead of Ser-195 (Figure 6.15 A). This hydrogen bonding arrangement 

positions His-57 in an unfavourable rotamer and tautomer to accept a proton from Ser-195, 

and this reduces the overall nucleophilic capability of serine in the protein. 

Another crystal structure from an M. mulieris adhesin was solved by Jacob Paynter in 2015 as 

part of a BSc(Hons) project (unpublished and embargoed). This structure shows a natural 

variation of the aspartate residue responsible for polarising the catalytic His in the active site. 

The so-called Mol-15 domain contains a fully formed ester crosslink, and the accessory His-

6819 hydrogen bonds via a water network back to Ser-6826 and to other residue of the 

protein (Figure 6.15 B). Like the wild-type Cpe0147, the histidine appears sequestered away 

from the ester bond-forming threonine and unable to partake in a serine protease-like 

hydrolysis reaction. The role of the serine appears more to be in stabilising the backbone 

 
 
Figure 6.15: The structure of the active site variant of trypsin and M. mulieris Mol-15 
A. The active site structure of the trypsin D102N variant from Rattus rattus (PDB code: 1TRM) 
revealed two different conformations of His-57, one displaying a hydrogen bond to a water 
molecule, the other to Asn-102 and Ser-195. B. The reactive site structure of domain Mol-15 from 
the crystal structure of an M. mulieris adhesin stalk domain (Jacob Paynter, University of Auckland, 
unpublished results). This domain is a naturally occurring variant equivalent to a D557S 
Cpe0147439-587 protein. The structure shows a cross-linked domain with Nɛ1 of His-6819 interacting 
with Ser-6826 via a water mediated hydrogen bonding network.  
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structure between Ser-6826 and Gln-6829 via hydrogen bonding – the turn positions the 

reactive glutamine ready for nucleophilic attack (Figure 6.16).  

 

 

 

 

 

 

 

 

 

 

 

 

6.1.5 Mutations of the oxyanion residue Asp-480 

Another important feature of a serine 

protease enzyme is the presence of an 

oxyanion binding site or “oxyanion hole”. The 

main role of this binding site is to stabilise the 

high energy oxyanion of the tetrahedral 

intermediate (Henderson, 1970). The 

stabilisation in chymotrypsin is carried out by 

two peptide backbone amide groups from 

Gly-193 and Ser-195. A similar binding site is 

also found in subtilisin but formed by the side 

chain of Asn-155  and the backbone amide of the catalytic Ser-221 (Robertus et al., 1972). 

 
 
Figure 6.16: Hydrogen bonding network that stabilises the bond forming glutamine. 
A. A crystal structure of wild-type Cpe0147 (PDB code 4NI6) showing the loop hydrogen bonding 
network between the accessory Asp-577 and His-572 with a conserved water molecule, along with 
hydrogen bonds from the backbones to position the bond forming Gln-580. B. The hydrogen 
bonding network between the accessory His-6819, two serine residues and two water molecules 
from M. mulieris Mol-15 domain that stabilises the backbone structure.   

 
Figure 6.17: The proposed tetrahedral 
intermediate of Cpe0147.  
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Site-directed mutagenesis of Asn-155 producing N155L (Bryan et al., 1986) and N155G (Carter 

& Wells, 1990) variants, lowered the Κcat value up to 300-fold but not the Κm value, suggesting 

that substrate binding affinity was not affected by the point mutation and instead implying 

that oxyanion stabilisation is critically important.  

In the Cpe0147 protein, two buried acids, Asp-480 and Glu-547, are proposed to stabilise a 

tetrahedral oxyanion intermediate via a series of hydrogen bonds or a proton shuttle 

arrangement (Figure 6.17). Previous site-directed mutagenesis studies by Kwon et al. 

produced a D480A variant that does not form the ester bond.  

Site-directed mutagenesis studies in this present work also produced a D480N variant that 

displayed a complete inability to form the ester crosslink (Figure 6.11). The protein shows 

observable protein degradation, most obviously detected after 48 hr incubations at pH 7.0, 

pH 8.0, or pH 9.0 (Figure 6.18 B).  

Replacing the protonated aspartic acid side chain with an asparagine should not interfere with 

the hydrogen bonding ability of this residue but suggests that the relative electronegativity of 

oxygen and nitrogen atoms or perhaps the specifics of hydrogen bonding geometry (-OH vs –

NH2) may be critical factors in oxyanion stabilisation.   

  

 
 
Figure 6.18: SDS-PAGE analysis of D480N variants in different buffer conditions 
The D480N variant (1 mg mL-1) were subjected to different buffers for 18 hours (A), and for 48 
hours (B). Standard masses are labelled in kDa. The calculated protein mass is ~16.1 kDa but the 
cross-linked species migrates closer to the 15 kDa marker and the un-crosslinked near the 20 kDa 
marker. 
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6.2 Ester bond hydrolysis  
Acyl-enzyme ester hydrolysis is the second step in the serine protease mechanism, in which 

a water molecule is deprotonated by the catalytic histidine. The hydrolysis process involves a 

high energy tetrahedral intermediate that is stabilised by the oxyanion hole. The collapse of 

the tetrahedral intermediate releases a carboxylic acid product, and reforms the serine 

protease active site (Figure 6.19 A). 

Several variants of Cpe0147439-587 were found to undergo ester bond hydrolysis at high pH, as 

discussed in the sections above, presumably via the completion of the second half of a serine 

protease-like mechanism. This was previously proposed by Kwon et al. and is reproduced in 

Figure 6.19 B. The T450S variant, which shows ~90% ester bond hydrolysis after 48 hours at 

pH 9.0 (Figure 6.8), was chosen for further investigation of the mechanism of hydrolysis. 
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Figure 6.19: Comparison of a serine protease mechanism and the proposed ester bond 
hydrolysis in Cpe0147 
A. Covalent acyl-enzyme intermediate hydrolysis in chymotrypsin, the second step of peptide 
bond cleavage in a serine protease mechanism. B. Proposed mechanism of ester bond hydrolysis 
in Cpe0147 
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6.2.1 Reversibility of the crosslink in the T450S variant 

After hydrolysis of the Ser-Gln ester bond in the T450S mutant, we can presume that the 

hydroxyl group of Ser-450 is regenerated and that residue 580 will now be glutamate instead 

of the wild-type glutamine. But can this newly formed glutamate regenerate a crosslink in this 

protein? Our Q580E variant produced by site-directed mutagenesis (Section 6.1.1) can clearly 

form a crosslink, so in theory the T450S mutant should be able to cycle back and forth 

between bond making and bond breaking.   

To investigate the reversibility of the T450S variant, a single sample of the protein was cycled 

between two buffers that either promote ester bond formation (50 mM MES pH 5.5, 0.1 mM 

calcium chloride, 20% (v/v) glycerol) or induce ester bond hydrolysis (50 mM Tris.HCl pH 9.0). 

The protein sample was cycled between the two buffers three times by a simple buffer 

exchange. Because of the slower hydrolysis step each incubation was extended for 24 hours 

at room temperature to ensure maximal reaction.  

SDS-PAGE analysis (Figure 6.20) shows the T450S to be stable for up to one week at room 

temperature and that the crosslink can be formed and hydrolysed three times to near 

completion by simply switching the pH. Hydrolysis generates a glutamate residue instead of 

a glutamine after the first cycle; this experiment shows that a Ser/Glu pair works as well as 

Thr/Glu and Thr/Gln pairs. 

 
 
Figure 6.20: SDS-PAGE analysis of the Cpe0147439-587 T450S variant – cycling between 
ester bond formation and hydrolysis cycles 
A single sample of T450S can go through at least three cycles of bond forming and bond breaking. 
Key: M: Precision Plus Protein Standards (Bio-Rad) are labelled in kDa masses. Lane 1: Wild type 
Cpe0147439-587 in Tris.HCl pH 7.0, bond formed, as purified from E. coli. Lane 2: T450S variant in 
Tris.HCl pH 7.0, as purified from E. coli. Lane 3: T450S in MES pH 5.5, bond formation round 1. 
Lane 4: T450S in Tris.HCl pH 9.0, bond hydrolysis round 1. Lane 5: T450S MES pH 5.5, bond 
formation round 2. Lane 6: T450S in Tris.HCl pH 9.0, bond hydrolysis round 2. Lane 7: T450S in 
MES pH 5.5, bond formation round 3. Lane 8: T450S in Tris.HCl pH 9.0, bond hydrolysis round 3. 
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6.2.2 Double variants: T450S/H572E, T450S/H572A, and 

T450S/D577A 

The previous Section shows that ester bond hydrolysis and formation can be manipulated by 

a simple pH “switch” when the reactive Thr-450 is replaced with a serine residue. To 

investigate the properties of the T450S variant further, secondary point mutations were 

introduced, to give double variant proteins. 

 

T450S/H572E variant  

A single point mutation to replace the accessory 

histidine with a glutamate residue (H572E) 

produces a protein almost as active as the wild-

type Cpe0147439-587 (Figure 6.10). The 

combination of T450S and H572E together in 

Cpe0147 produces a “catalytic” triad that mimics 

the sedolisin Ser/Glu/Asp triad (Figure 6.21). 

Sedolisins are proteolytic enzymes that are active 

between pH 3.0 to pH 5.0 (Wlodawer et al., 

2001).  

The T450S/H572E Cpe0147 variant produces the 

same amount of crosslinked species (~90%) as 

the T450S and H572E single variants when purified from E. coli (Figure 6.22 A). Driving the 

reaction to 100% completion in the isolated protein required 48 hours of incubation in HEPES 

pH 7.0. Other buffer combinations appear to have no effect suggesting bond formation in this 

protein is optimal at neutral pH rather than the low pH of other variants, wild-type, and of 

the sedolisins. At pH 8 and 9, hydrolysis in this double variant is apparent but again is slower 

than single variant T450S with only ~30% un-crosslinked species observed after 48 hours 

incubation.  

 

 

 
Figure 6.21: Sedolisin catalytic triad 
Structure of sedolisin protease active site 
showing Ser/Glu/Asp catalytic triad form 
Pseudomonas sp (PDB code 1KDV). 
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T450S/H572A variant  

Almost the entire population of T450S/H572A variant (~95%) is un-crosslinked on isolation 

from E. coli (Figure 6.22 B) – a results consistent with the single variant H572A (Figure 6.12). 

Furthermore, incubation in the lower pH buffers of 50 mM MES pH 5.5, and 50 mM HEPES pH 

7.0 does not increase the crosslink yield. The 48 hour incubation at high pH shows a small but 

noticeable population of degraded protein. 

 

 

 

 
 
Figure 6.22: SDS-PAGE analysis for double variants T450S/H572E, T450S/H572A, 
T450S/D577A 
Variant proteins (1 mg mL-1) were incubated in different buffers for 18 and 48 hours at room 
temperature and visualised using SDS-PAGE (15%). Precision Plus Protein Standards (Bio-Rad) are 
labelled with masses in kDa A. T450S/H572E B. T450S/H572A C. T450S/D577A.  
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T450S/D577A variant  

Unlike the single D577A variant for which most of the protein population is crosslinked (Figure 

6.14), the T450S/D577A double variant displays only ~30% crosslinked species immediately 

after purification from E. coli (Figure 6.22 C). The ester bond formation at pH 5.5 appears to 

be slow with only ~50% of the population crosslinked at 18 hours and no increase from 18-48 

hours. At pH 7 over the entire time course, some small amount of hydrolysis may be occurring; 

hydrolysis is much more complete at pH 8.0 and above with 95% hydrolysis after 18 hours 

and complete hydrolysis at 48 hours. Hydrolysis is more complete over the time course than 

in the single variant D557A protein (Figure 6.14). 

 

6.3 Rate of bond formation and hydrolysis in T450S 
NMR spectroscopy is a powerful method to study the structure and function of a protein, and 

in particular protein-ligand interactions and protein dynamics. Unlike X-ray crystallography, 

which relies on crystal formation, NMR spectroscopy is a solution-based method, in which the 

experiments can both mimic physiological conditions (e.g., physiological pH, salt 

concentration and metal ions) and highlight native protein dynamics. However, one limiting 

factor of most NMR experiments, especially for the determination of protein three-

dimensional structure, is the fact that they generally work best for small proteins, generally 

under 50 kDa. 

 

6.3.1 Measuring the rate of ester bond formation by NMR 

The full length wild-type Cpe0147439-587 is a small and very stable protein, roughly 16 kDa 

which makes it a perfect candidate for NMR analysis. When combined with crystal structures 

and sequence, backbone assignments can be made for each individual residue in a protein. 

Once the assignments of each residue are known, it is possible to monitor and follow the 

changes that occur in the chemical shifts of residues involved in bond formation over time. 

The rate of ester bond formation in Cpe0147 stalk domains can then be calculated.  
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NMR 3D backbone assignment for wild-type Cpe0147439-587 

Protein expression and purification of isotopically double labelled protein 

Wild-type 13C-15N-Cpe0147439-587 was expressed in M9 media supplemented with 15N NH4Cl 

as a nitrogen source and 13C-labelled glucose as a carbon source as described in Chapter 2, 

Section 2.15.1. Around 10 mg of double labelled protein was produced from 2 L of media. The 

protein was purified and concentrated to 500 µM for 3D backbone assignment NMR 

experiments. Data were collected using a Bruker Avance 600 MHz instrument at 300 K (room 

temperature) in 10% D2O. 

 

Triple resonance NMR experiments   

Triple resonance experiments involve the correlation of three different spin types 1H, 13C and 
15N, that are correlated through heteronuclear scalar coupling or J-coupling. All triple 

resonance experiments make use of the relatively large 1J and sometimes 2J coupling systems 

of the protein backbone for coherent transfer of magnetisation (Figure 6.23).  

 

 

To assign the backbone resonances of Cpe0147439-587, six different triple resonance 

experiments were used. The experiments are shown in Figure 6.24; HNCO, HN(CA)CO, 

HN(CO)CA, HNCA, HN(CO)CACB and HNCACB (Clubb et al., 1992; Grzesiek & Bax, 1992a; 

Grzesiekt & Bax, 1992b; Ikura et al., 1990). These experiments are often analysed in pairs, 

 
Figure 6.23: Typical 1J and 2J coupling constants in proteins. 
The spin system of the peptide backbone and the size of the 1J (in blue) and 2J (in red) coupling 
constants that are used for magnetization transfer 13C and 15N labelled proteins. 
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where one experiment provides inter-residue correlation (e.g.: HNCO), and the other offers 

intra and inter-residue correlation (e.g.: HN(CA)CO).  

The HNCO experiment is one of the most sensitive triple resonance experiments. It is mainly 

used to acquire the backbone carbonyl (CO) chemical shift (Ikura et al., 1990; Kay et al., 1990). 

In this experiment, the magnetisation is transferred from 1H to 15N and to the preceding 

carbonyl (COi-1) residue via the 15NH-13CO J-coupling. Asn and Gln side chain correlations are 

often visible in the HNCO spectrum.  

HN(CA)CO experiments provide information on both inter-residue correlation (COi-1) as well 

as the intra-residue correlation (COi) because the amide (NH) backbone is coupled to both its 

own Cα and the Cα of the preceding residue. Hence every NH group is accompanied by two 

CO groups in the spectrum. The magnetisation transfer uses both the N-Cα J-coupling and the 
13Cα -13CO J-coupling, and the chemical shift does not evolve on the Cα nuclei (Clubb et al., 

1992).  

HN(CO)CA experiments offer chemical shift information for the Cα atom from the preceding 

residue (Cαi-1). Here, magnetisation is transferred from 1H to 15N, followed by 13CO and 13Cα 

and back again for detection. The evolution of the chemical shift occurs in 1H to 15N, and 13Cα 

but not 13CO (Grzesiek & Bax, 1992a; Grzesiekt & Bax, 1992b; Powers et al., 1991).  

HNCA experiments are normally paired with HN(CO)CA experiments. Here, the nitrogen from 

the amide backbone is coupled to both Cαi and Cαi-1, resulting in both Cα peaks being visible 

in the spectrum. The transfer of the magnetisation is from 1H to 15N, and then to the 13Cα 

through N-Cα J-coupling and back again for detection (Farmer et al., 1992; Grzesiek & Bax, 

1992a; Kay et al., 1990).   

The magnetisation transfer for HN(CO)CACB experiments starts from the preceding residue 
1Hαi-1 and 1Hβi-1 to 13Cαi-1 and 13Cβi-1, respectively, followed by a transfer from 13Cβi-1 to 13Cαi-

1. From the 13Cα, the magnetisation is then transferred first to 13COi-1 then to 15Ni and 1Hi for 

detection. This experiment is used to obtain information for Cβi-1 and Cαi-1 (Grzesiek & Bax, 

1992b).  
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HNCACB spectra generally contain peaks for both Cα and Cβ from the preceding residue (i-1) 

and its own residue (i). The magnetisation transfer is similar to that of HN(CO)CACB, except  

that it does not go through the carbonyl carbon prior to detection (Grzesiek & Bax, 1992b).  

 

The backbone assignments were carried out using the CcpNmr software (www.ccpn.ac.uk), 

and the results are shown in Table E.1, Appendix E. Out of 126 peaks identified in the 1H-15N 

HSQC spectrum, 92 residues were assigned from the 150 non-proline/ N-terminal residues of 

Cpe0147439-587. Each of the assignments were compared against the predicted chemical shift 

value calculated from the published crystal structure (PDB code 4MKM) using the shiftX2 

online tool (www.shiftx2.ca).  

 
 

 
 

 
 
Figure 6.24: Triple resonance experiments for sequential backbone assignments 
The name of each experiments represents the magnetisation transfer pathway (in blue). The nuclei 
in brackets, are the spins where the chemical shifts are not evolved (red).  
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NMR time course analysis  

Previous HSQC experiments showed an unambiguous difference between crosslinked and un-

crosslinked Cpe0147 protein (Chapter 4, Figure 4.7). In our attempt to follow and measure 

the rate of bond formation, un-crosslinked single labelled (15N) T450S protein was incubated 

in 50 mM MES pH 5.5 for 15 hours (900 minutes). An HSQC spectrum was recorded every 20 

minutes over this time course, using a Bruker Avance 600 MHz spectrometer (Figure 6.25 A). 

Using the backbone assignments (Table E.1, Appendix E), chemical shifts from 30 residues 

(~3% of the overall assigned residues in Cpe0147439-587) were integrated using TopSpin 3.5 and 

were plotted using Graphpad Prism.  

The peaks from the two bond forming residues and two of the accessory residues were 

integrated and are shown in Figure 6.25 B along with four examples from non-reactive 

residues are shown in Figure 6.25 C. We hypothesised that all the reactive and accessory 

residues involved in the ester bond formation must come together to form the reactive site 

prior to the bond formation. The results show that all peaks within the Cpe0147 protein follow 

the same exponential growth curve with a rate of ~0.005 min-1 (Figure 6.25 and Appendix E; 

Table E.2 and Figure E.3 – E.5) and suggest that bond formation happens almost 

instantaneously upon folding; the “foldedness” of the protein as measured is effectively an 

assay of bond formation.  
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Figure 6.25: HSQC time course for ester bond formation in T450S 
The time course experiments were carried out using a Bruker AV-600 instrument at 300 K and with 
samples in 50 mM Tris.HCl pH 5.5, 10 % D2O. A. An HSQC spectrum was recorded every 20 minutes 
for a span of 15 hours. Data were processed, and each peak integrated using TopSpin 3.51. The 
integrated peak areas were plotted against time using GraphPad Prism. B. Plots are shown for the bond-
forming Thr-450 and Gln-580, as well as for the accessory residues His-572 and Asp-577. C. Plots of 
integrated peaks for non-reactive residues. 
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6.3.2 Measuring the rate of ester bond formation and hydrolysis via 

SDS-PAGE 

The rate of ester bond formation and hydrolysis in the T450S variant were determined with 

time course experiments at room temperatures in the previously optimised reaction buffers, 

50 mM MES pH 5.5 (ester bond formation) and in 50 mM Tris.HCl pH 9.0 (ester bond 

hydrolysis). Time course samples were visualised by SDS-PAGE with band intensities 

measured using the image J analysis software (NIH) (https://imagej.nih.gov/ij/index.html) 

and are illustrated in Figure 6.26. 

Both the ester bond formation and hydrolysis appear to follow an exponential two-phase 

association model, a combination of a fast and a slow exponential growth pattern. Ester bond 

formation approaches ∼50% at a time point of 15 minutes and ∼90% conversion after 7 hours 

(Figure 6.19 A and C). The same time points in hydrolysis give ~20% conversion (15 min) and 

~45% conversion (7 hr). The calculated rate constant (k) for bond formation and hydrolysis as 

estimated by Graphpad Prism are similar at ∼0.002 min-1, and are also consistent to the rate 

of ~0.005 min-1 derived from NMR experiments (Section 6.3.1, Figure 6.25) 
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Figure 6.26: The rate of ester bond formation and hydrolysis in T450S 
Each sample (1 mg mL-1) was incubated at RT, for 18 hours with sampling at seven time points.  
A. Time course of ester bond formation in 50 mM MES pH 5.5. B. Time course of ester bond 
hydrolysis in 50 mM Tris.HCl pH 9.0. C. Ester bond formation normalized to 100% completion at 18 
hours (plotted with GraphPad Prism). D. Ester bond hydrolysis normalized to 100% completion at 18 
hours (plotted with GraphPad Prism).  
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6.3.3 Probing the effect of pH on the T450S variant  

The effect of pH on the ester bond stability of the T450S variant was probed using a set of 

eight different buffer conditions and an 18 hours end-point incubation assessed by SDS-PAGE 

and 1H NMR (Figure 6.20). As previously discussed, the protein domain without the ester 

crosslink appears unfolded and/or highly dynamic and migrates in SDS-PAGE with a distinctive 

pattern. Likewise, un-crosslinked species have a distinctive 1H NMR spectrum compared with 

the folded crosslinked species; signals in the -1 ppm region (the methyl region) are indicative 

of a folded protein with the ester crosslink in place.  

At lower pH (between pH 5.5 and 6.5), the ester bond formed between Gln-580 and Ser-450 

is fully intact (Figure 6.27 A) – as confirmed by mass spectrometry with tryptic digest 

(Appendix B, Figure B.5). Noticeable hydrolysis appears at pH ~7.0, becoming most distinct at 

pH 7.5 and above. 
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Figure 6.27: Analysis of Cpe0147439-587 T450S reactivity at different pHs 
Cpe0147439-587 T450S variant (250 μM) was incubated for 20 hr (unless otherwise stated) in 
various buffers to probe the effect of pH on ester bond stability. A. SDS-PAGE (15%) after 18 
hours of incubation. Precision Plus Protein Standards (Bio-Rad) are labelled in kDa masses. The 
ester bond between Ser-450 and Gln-580 is stable below pH 7 and hydrolyses above pH 7. B. 
1D 1H NMR end point analysis of the diagnostic methyl region of Cpe0147439-587 T450S variant 
(250 μM). Signals in the methyl region (at around -1 ppm) are indicative of folded protein and 
ester bond formation. 
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Chapter 7 
Discussion and conclusions  

 

7.1 Overall summary 
The discovery of intramolecular isopeptide and ester bonds in bacterial adhesins challenged 

the textbook view of the types of interactions that stabilise protein tertiary structure. The 

work described in this thesis aimed at understanding the overall mechanistic details of 

intramolecular ester bond formation, and their role in folding and stabilisation of bacterial 

adhesin proteins.  

The intramolecular ester bond was first discovered by Kwon et al. (2014) in Cpe0147, a surface 

protein from a Gram-positve bacterium Clostridium  perfringens. Their structural studies 

showed that the ester bond forms between a threonine residue, located in the first β-strand 

of the Ig-like protein domains that make up the repetitive shaft of this protein, and a 

glutamine residue in the last strand. The ester crosslink in Cpe0147 is located in the same 

position as the isopeptide bond in the pilin protein Spy0128. In both cases this position affords 

the protein proteolytic and thermal stability (Kang & Baker, 2009; Kang et al., 2007; Kang et 

al., 2009; Kwon et al., 2014).  

Chapter 3 of this thesis described the two methods used to engineer a split Cpe0147 protein 

domain that would allow the progress of bond formation to be followed via NMR. The two 

methods studied were expressed protein ligation (EPL) and strand complementation (Chapter 

3, Figure 3.0). Producing enough homogeneous and pure protein using EPL proved a great 

challenge, with multiple contaminating bands in the refolded product (Chapter 3, Figure 3.17 

A) compared to the near homogeneous sample produced via the so-called strand 

complementation method (Chapter 3, Figure 3.17 B).  

Strand complementation was further investigated as described in Chapter 4. Some of the 

results from this Chapter were published in Chemical Communications (Young et al., 2017)), 

and also included in a provisional patent application (Reversible ester bond technology for 

protein ligation and nanomaterial assembly/disassembly, NZ726413). 
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Previous site-directed mutagenesis experiments by Kwon et al. (2014) had suggested that 

single-domain Cpe0147 variants lacking the ester crosslink are unstable and potentially 

unfolded, a finding seemingly incompatible with the requirements for the bond forming 

reaction. Chapter 4 explores the behaviour of full length Cpe0147439-587, truncated 

Cpe0147439-563, and the complemented product of Cpe0147439-563 and Cpe0147565-587 in 

solution using SEC-MALLS, SAXS and NMR. The results show that truncated Cpe0147439-563 

lacking the ester crosslink is dynamic and unfolded, while the complemented product of 

Cpe0147439-563 and Cpe0147565-587 adopts a compact conformation near identical to the full 

length wild-type Cpe0147439-587 construct.  

In Chapter 5, the “foldedness” of single and three-domain constructs of Cpe0147439-587 

variants was explored. The results from the single domain Cpe0147439-587 variants are in 

agreement with those of Kwon et al. (2014). Cpe0147439-587 variants without the ester bond 

appear unfolded, or at least highly dynamic, while crosslinked Cpe0147439-587 protein is, by 

contrast, clearly folded and compact. Both SEC-MALLS and SAXS analysis of three-domain 

constructs, show that regardless of the presence or absence of intramolecular crosslinks in 

individual domains, the entire protein in all cases appears well folded with no observable 

difference between domains. This result in particular suggested some form of cooperativity 

in folding that is explored in greater detail later in this Chapter.  

The mechanism of ester bond formation and hydrolysis was investigated in Chapter 6, 

primarily using site-directed mutagenesis and by following the progress of ester bond 

formation by NMR. This Chapter described a number of discoveries:  

1. The ester bond in wild-type Cpe0147 is not hydrolysed due to the sequestration of the 

accessory histidine after ester bond formation.  

2. A threonine is preferred as a nucleophile instead of serine or cysteine, with the choice 

influenced both by electronegativity and by sidechain size. The methyl group in 

threonine anchors the sidechain in a hydrophobic pocket and positions the hydroxyl 

group effectively for nucleophilic attack.   

3. The serine variant of the Cpe0147 protein forms an ester bond that can be hydrolysed 

by a simple buffer change from low to high pH. This process essentially completes the 

second half of the serine protease mechanism that cannot occur in wild-type protein. 
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4. Site-directed mutagenesis studies confirm that threonine can form the ester bond 

with glutamate in place of glutamine, with a water molecule acting as the leaving 

group. This parallels the finding of Lys-Asn and Lys-Asp isopeptide bonds.  

5. NMR analysis shows that the ester bond formation is tightly coupled with protein 

folding. While the protein appears to be unfolded without the ester bond, bond 

formation must require all the reactive site residues to come together to catalyse the 

spontaneous reaction.  We propose that the folded state is transiently obtainable, 

prior to the bond formation reaction. This is most relevant for single isolated domains 

in vitro, and bond formation is discussed in greater detail below in the context of the 

native adhesin protein.  

 

7.2 Proposed mechanism of export and cooperative 
folding in Cpe0147  
As discussed previously in Chapter 1, Section 1.2.3, Cpe0147 is a 220 kDa Clostridium 

perfringens protein that comprises an N-terminal adhesin domain, eleven Ig-like ester bond 

repeat domains, and a C-terminal cell wall anchoring motif (LPKTG) (Kwon et al., 2014). Each 

of the eleven Ig-like domains in Cpe0147 contains an intramolecular ester bond crosslink that 

forms spontaneously between a threonine and a glutamine side chain.  

All biophysical analyses of the single domain Cpe0147439-587 protein, whether unreactive 

variants or truncated forms, show that the protein domain is unfolded in the absence of the 

ester crosslink. Interestingly, truncated Cpe0147-like domains from other Gram-positive 

bacteria such as Gemella bergeriae and Coriobacteriaceae bacterium, also appear to be 

unfolded (Robert James Kerridge and William Rhys Bramley, University of Auckland MSc 

Theses – embargoed until 2019).  

So how can the ester bond form in vivo, if prior to crosslinking each repeat protein domain is 

inherently unfolded? How can the residues of the reactive site come together in the required 

relative geometry in a presumed unfolded protein? We believe that the unfolded nature of 

the single-domain protein in vitro is a red herring; our three-domain SEC-MALLS and SAXS 

analyses show that the wild-type protein domain and the three variants studied (each without 
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a crosslink in one domain), appear almost identical regardless of the position of an un-

crosslinked domain, N-terminal, C-terminal, or in the middle. 

Pilus biogenesis in Gram-positive bacteria utilises sortase-mediated pathways (see Chapter 1, 

Figure 1.9) and has been reviewed extensively (Kang & Baker, 2012; Krishnan, 2015; Proft & 

Baker, 2009; O. Schneewind & Missiakas, 2012; Ton-That & Schneewind, 2004). The assembly 

process starts with the cleavage of an N-terminal signal peptide from the pilin precursor 

protein by a signal peptidase enzyme (Paetzel et al., 1998; Ting et al., 2016; Young et al., 

2014), following translocation by the  Sec-mediated secretion pathway similar to that found 

in Gram-negative E. coli as illustrated in Figure 7.1 (Danne & Dramsi, 2012; Natale et al. 2008; 

Schneewind & Missiakas, 2012).   

 

 
Figure 7.1: Schematic diagram of Sec-mediated protein secretion across the bacterial 
membrane in Escherichia coli 
Protein destined for secretion contains a signal leader peptide that is recognised by the Sec YEG 
(brown). SecA (light green) is an ATPase that pushes precursor protein through the hydrophilic 
channel of Sec-YEG, with the help of SecD, SecF and SecYajC (yellow). The unfolded precursor 
proteins can be transported across the membrane via two separate pathways:  A. Co-translational 
pathway: signal leader peptide is bound to the signal recognition particle (SRP) in blue, 
temporarily stalling translation. The SRP then binds to the membrane bound receptor FtsY (light 
blue), translation resumes, and the nascent polypeptide is transferred to Sec YEG. B. Post-
translational pathway: the fully synthesised precursor protein is bound to a chaperone SecB 
(green) that maintains the unfolded state of the protein prior to transportation to Sec YEG. 
Modified from Natale et al. (2008) 
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Quiblier et al. (2013) and Schallenberger et al. (2012) confirmed the presence of a Sec-

mediated cell wall-anchored protein secretion pathway in Gram-positive S. aureus. However, 

unlike the Gram-negative pathway that is exemplified in E. coli, Gram-positive bacteria lack 

the SecB gene that produces a chaperone to maintain an unfolded state prior to secretion in 

the so-called posttranslational Sec-mediated pathway (Sibbald et al., 2006). 

This pili most often described in Gram-positive bacteria are multi-protein assemblies of pilin 

proteins that include Spy0128 from S. pyogenes (Kang et al., 2007), SpaA from C. diphtheriae 

(Kang et al., 2009), BcpA from B. cereus (Budzik et al., 2009), and RrgB from S. pneumoniae 

(Spraggon et al., 2010), all illustrated in Figure 7.2. These subunits are made up of several Ig-

like domains with CnaA and CnaB folds, all stabilised by intramolecular isopetide bonds and 

joined together in the pilus assembly by sortase-catalysed intermolecular isopeptide bond 

linkages. Similar domains are found in some single polypeptide adhesion proteins. In S. 

aureus, the collagen-binding protein Cpa is synthesised as a full length precursor protein 

containing the N-terminal signal sequence and a C-terminal sorting signal (Foster & McDevitt, 

1994; Foster & Höök, 1998).   

 
 
Figure 7.2: Pilin protein subunits from various Gram-positive bacteria  
Each of the proteins are made from a single polypeptide chain folded into two or three domains, 
stabilised by covalent isopeptide bonds (circled). Spy0128 is from S. pyogenes (PDB code: 3B2M), 
SpaA from C. diphtheriae (PDB code: 3HTL), BcpA from B. cereus (PDB code: 3KPT), and RrgB from 
S. pneumoniae (PDB code: 2X9W). 
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Unlike the pilin subunits described above, which are small and consist of two or three 

domains, the Cpe0147 surface adhesin protein is a 220 kDa single polypeptide chain adhesin 

comprising a three-domain adhesin and eleven repeat domain stalk (H. Kwon et al., 2014; 

Walden et al., 2015). Being a large, single-chain surface protein, C. perfringens Cpe0147 must, 

like the single-chain S. aureus Cpa protein, be transported across the bacterial membrane by 

a specific pathway. We propose that the Cpe0147 protein is translocated out of the cell via a 

Sec-mediated pathway, using a signal recognition particle (SRP) dependent mechanism, and 

that each domain of the protein must fold in a cooperative manner co-translationally.  

 

7.2.1 Proposed translocation of Cpe0147 protein  

The Sec-mediated translocation pathway that is likely to apply to Cpe0147 is illustrated in 

Figure 7.3. Following translation, the signal sequence of Cpe0147 would be recognised by the 

signal recognition particle (SRP) - a ribonucleoprotein complex that comprises an SRP54 

homologue and small cytoplasmic RNA (scRNA) - 4.5S RNA homologue in C. perfringens 

(Nakamura et al., 1995). The role of the SRP is to bind to elongation factor G (EF-G) (Shibata 

et al., 1996), and stall the elongation process (Beck et al., 2000; Sagar et al., 2004; Olaf et al., 

2014; Valent et al., 1998). In eukaryotes, where multidomain proteins make up a much larger 

proportion of the proteome, translational pausing has been proposed to facilitate 

multidomain protein folding in vivo (Thanaraj & Argos, 1996; Zhang et al., 2009). 

The SRP-ribosome complex docks to the FtsY receptor, a membrane bound GTPase protein 

and a homologue of the well-known eukaryotic SRP receptor  (De Leeuw et al., 1997; Seluanov 

& Bibi, 1997). The docking of the SRP-ribosome complex to the FtsY receptor resumes the 

translation and the ribosome associates with the Sec machinery for co-translational secretion 

of the adhesin protein. 

Many of the genes associated with the Sec-mediated pathway are found in the genomes of 

C. perfringens (Shimizu et al., 2002) and C. tetani (Bruggemann et al., 2003), including SecA, 

SecD, SecE, SecF, and Sec Y. A second set of SecA and SecY genes found in Clostridium difficile 

(referred to as SecA2 and SecY2) appears to be critical for growth of that organism (Fagan & 

Fairweather, 2011). SecA is an ATPase that pushes the precursor protein through the 

hydrophilic channel of the membrane protein complex SecYEG in E. coli  (Economou & 
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Wickner, 1994; Eichler & Wickner, 1997). The SecDFYajC complex prevents the backward 

movement of the precursor protein during translocation by regulating SecA membrane 

insertion (Duong & Wickner, 1997). A YajC homologue sequence has also been identified in 

both C. perfringens and C. tetani (Bruggemann et al., 2003). 

However, not all Sec genes from E. coli are present in C. perfringens and C. tetani; in particular, 

no homologues of genes SecB and SecG could be identified. The SecB gene is also missing in 

Bacillus subtilis, another Gram-positive bacterial species (Kunst et al., 1997). SecB is the 

chaperone protein responsible for keeping a fully synthesised precursor protein in its 

unfolded state prior to secretion through a posttranslational Sec pathway in E. coli (Collier et 

al., 1988; Hartl et al., 1990). The absence of these two genes/proteins in C. perfringens may 

indicate a modified Sec-system or perhaps, that the role of SecBG may be compensated by 

other, as yet unidentified proteins involved in the secretion pathway. The Sec-independent 

TAT (twin arginine translocation) pathway for transporting folded protein (Robinson & 

Bolhuis, 2004) appears to be missing from all Clostridia genomes (Bruggemann et al., 2003).  

Protein sequence alignments of C. perfringens and E. coli Sec-mediated secretion components 

are included in Appendix G.  
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Figure 7.3: Schematic diagram of proposed Cpe0147 biosynthesis and translocation pathway across the bacterial membrane in 
Clostridium perfringens 
Cpe0147 is synthesised by the ribosome with a signal peptide leader sequence that targets it for export through the cell membrane. The signal 
recognition particle (SRP) binds the newly made polypeptide and EGF-F of the ribosome, stalling the elongation process. The SRP then bind to FtsY, 
a membrane bound SRP receptor, and the newly made polypeptide chain is translocated out of the cells by the Sec complex.  
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7.2.2 Sequential co-translational folding of Cpe0147 protein  

Many in vitro folding experiments have shown that, in the right environment, proteins can 

spontaneously fold into their native structures (Anfinsen et al., 1961; Anfinsen et al, 1962; 

Elcock, 2010). However, the folding process in vivo can be very different to in vitro folding 

(Evans et al., 2008; Frydman et al., 1999; Hingorani & Gierasch, 2014), with different factors 

affecting the folding energy landscape and folding outcomes, including ribosomal attenuation 

(Kim et al., 2015; Thanaraj & Argos, 1996; Zhang et al., 2009), molecular crowding (Elcock, 

2010; Gershenson & Gierasch, 2011; Zhou et al., 2004), environment charge (McConkey, 

1982), and of course co-translational interactions with molecular chaperones (Mashaghi et 

al., 2013; Willmund et al., 2013). 

As described in detail in this thesis, un-crosslinked single-domain Cpe0147 is unfolded. 

However, we have demonstrated that ester bond formation is tightly coupled to the folding 

of the protein domain and occurs very quickly with transient folding. In addition, the bond 

formation process in the single domain and strand complementation experiments can be 

induced in the right buffer system through a mechanism of molecular crowding with the 

addition of glycerol (Chapter 3, Chapter 4 and Chapter 5).  

Our conclusion is that the unfolded nature of the Cpe0147 single domain protein in vitro is 

not relevant in the context of native folding, especially given that three-domain constructs 

are well folded with or without crosslinks (Chapter 5, Section 5.2), and that Cpe0147 is a large 

multidomain protein. We therefore propose a mechanism of sequential co-translational 

folding of Cpe0147 protein in vivo (Figure 7.4), in which the ribosome associates with the Sec 

machinery, feeding the nascent protein chain directly through the membrane channel. As the 

protein is secreted, adjacent domains and tension applied from below by the Sec channel, 

provide a cooperative folding signal that induces each domain to fold stably and allows ester 

bond formation to occur spontaneously. This mechanism avoids folding and crosslinking 

within the bacterium, while these important stabilising elements to become incorporated 

outside the cell membrane.  

The final step of this mechanism is the attachment of the C-terminal membrane anchor LPKTG 

motif (Kwon et al., 2014) to the peptidoglycan layer (not shown in the simplified bacterial 

membrane models in this Section) through the action of  sortase enzymes (Bradshaw et al., 
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2015; Olaf Schneewind & Missiakas, 2014), the genes for which have also been identified in 

C. perfringens  (Miyamoto et al., 2006). 

We thus propose that sequential and co-translational folding, as described briefly here, is a 

crucial mechanism in the folding of cell surface proteins such as Cpe0147, as has been 

demonstrated in several multidomain systems, such as firefly luciferase (Frydman et al., 

1999), P22 tailspike (Evans et al., 2008) and spectrin (Nilsson et al., 2017). 
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Figure 7.4: Schematic diagram of proposed Cpe0147 secretion and co-translational folding in Clostridium perfringens 
The nascent surface protein is exported from the cell membrane starting with the adhesin domain (A) and followed by the first Ig-like domain (blue). 
The presence of the adjacent domain, and tension provided by the Cpe0147-SeC complex interaction, aids the folding of the subsequent Ig-like 
domain in a sequential manner. Intramolecular ester crosslinks are represented by heavy black lines within the repeat Ig-like domains (blue). 
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7.3 A modified serine protease-like mechanism for 
ester bond formation and hydrolysis 
An overall summary of site-directed mutagenesis experiments is given in Table 7.1. Taken 

collectively, the site-directed mutagenesis and pH variation experiments suggest, as 

previously proposed, that ester bond formation follows a serine protease-like mechanism. 

 Table 7.1: Summary of Cpe0147 variants for ester bond formation and hydrolysis 

 

 The results outlined in the table show a complex pattern of bond formation and hydrolysis, 

however, and do not preclude the possibility that for some variants the bond making and 

bond breaking processes occur simultaneously in a dynamic equilibrium. It is clear that the 

wild-type sequence is the most chemically reactive and is non-hydrolysable under even 

extreme conditions of pH and denaturant concentration. It is this native sequence that affords 

the elongated bacterial adhesin extreme strength and chemical resistance. Surprisingly, even 

conservative substitutions, for example the Q580E mutation, can greatly modify bond 

Variants Percentage of bond 
formation from E. coli 

Bond formation at pH 
5.5 (24 hr) 

Bond hydrolysis at pH 
9.0 (24 hr) 

Wild-type 100% N/A < 5% 

Q580E 50% Yes < 5% 

T450C 10% No No 

T450S 80% Yes Yes 

T6105A 0% No N/A 

T6105S 50% Yes Yes 

H572E 90% Yes Yes 

H572D 30% Yes Yes 

H572N 60% yes No 

H572A N/A Yes N/A 

D577A 90% Yes after 48 hr Yes after 48 hr 

D577H 90% Yes after 48 hr Yes after 48 hr 

D577N 50% No No 

D480N 0% No N/A 
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formation. In this case, only 50% of bond-formed protein is extracted directly from E. coli, 

although this system is also readily driven to completion in an appropriate buffer. Other 

variant proteins expressed from E. coli are found in populations that show partial completion 

of bond formation, but cannot then be driven to completion in vitro. Still others show varying 

degrees of hydrolysis although there is no obvious pattern of amino acid substitution that 

explains this.  

Ester bond formation is discussed in detail in the sections below with specific examples of 

variants and their activities taken from Table 7.1. 

 

7.3.1 Mechanism of ester bond formation  

The original serine protease-like mechanism for ester bond formation in Cpe0147, proposed 

by Kwon et al. (2014), was based on crystal structures (PDB codes 4MKM and 4NI6) in which 

the ester bond had already formed (Chapter 6, Figure 6.26 A). The T450C variant structure 

described in this thesis now provides a snapshot of the protein prior to ester bond formation.  

The structure of T450C lacks an ester crosslink, with the introduced thiol group occupying the 

pocket normally filled by the methyl group of Thr-450 in the wild-type protein; only a very 

small percentage of thioester bond was observed and confirmed by mass spectrometry. A 

similar sequestration of the thiol group has been observed in other serine protease-like 

enzymes when a catalytic Thr is replaced by a Cys (Reichard et al., 2006; Alexander Wlodawer 

et al., 2003). The thiol group occupies the threonine methyl pocket instead of facing the 

reaction partner (Gln), and this probably reflects the similar electronegativity and size of thiol 

and methyl groups (Allred, 1961). 

In this non-bond-formed structure, the reactive Gln-580 side chain forms two hydrogen bonds 

with Asp-480 at 2.9 Å and 2.5 Å (Chapter 6, Figure 6.6 C), effectively polarising the C=O bond 

of the side chain and increasing the electrophilic potential of the Cδ atom towards 

nucleophilic attack. Importantly, the Gln-580 Cδ atom in the new structure is situated at an 

appropriate distance and geometry for nucleophilic attack by the threonine hydroxyl group.   

Replacing the bond-forming threonine with a serine gave an unexpected loss in activity 

although both side chains have the same nucleophilic capability. The T450S crystal structure 
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shows an ester bond and empty pocket where the Thr methyl group would sit. In the T450S 

variant, this methyl pocket may provide opportunity for the OH group to rotate and occupy 

statistically prior to any bond formation, and this may account for the reduced activity. A 

relatively freely rotating serine side chain would contrast with the wild-type threonine where 

the methyl group effectively anchors the side chain in a fixed rotamer, optimally presenting 

the hydroxyl towards both accessory histidine and reactive glutamine side chains.     

Site-directed mutagenesis also shows that the bond-forming Gln-580 can be replaced with a 

Glu and still give rise to an ester bond. This implies that a number of combinations have the 

potential to form an ester bond; Thr/Gln, Thr/Glu, Ser/Gln, and Ser/Glu.  

The role of the buried Asp-480 is crucial for the bond formation. Replacing the presumably 

protonated aspartic acid, with an asparagine appears to abolish ester bond formation. Clearly 

the altered electronegativity and geometry of –OH vs –NH2 crucially disrupts hydrogen 

bonding in the reactive site and does not provide the polarising potential to the Gln-580 

carbonyl bond and/or the stabilisation of the oxyanion intermediate.  

Replacing the accessory His-572 with a glutamate essentially mimics the active site of a low 

pH serine protease enzyme sedolisin (Reichard et al., 2006;  Wlodawer et al., 2003). Both 

H572E and T450S/H572E variants show 90% crosslinked species immediately after 

purification from E. coli. We conclude that in this position an appropriately-sized base is 

required for proton abstraction and activation of the nucleophile, and that the glutamate 

carboxyl group can perform this function.  

In our revised mechanism (Figure 7.5 B) we propose the involvement of a hydronium ion to 

donate a proton to the leaving group, rather than the histidine as in the originally-proposed 

mechanism. This presumes that His-572 is sequestered, as in the crystal structure of the final 

state (PDB 4NI6, 4MKM), and is no longer in a suitable location and orientation for proton 

donation. Ester bond formation favours a pH <7.0 (Chapter 3, Figure 3.1) where hydronium 

ions are present in greater abundance, and this further reinforces a hydronium ion-

dependent mechanism.  
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Figure 7.5: Proposed mechanism of ester bond formation in Cpe0147439-589   
A. The original proposed mechanism by Kwon et al. (2014) where the accessory His-572 acts as a 
base to abstract a proton from Thr-450 and then as an acid that donates a proton to the leaving 
group. B. The revised serine protease like mechanism has Gln-580 forming two hydrogen bonds 
with Asp-480, polarising the carbonyl bond and increasing its electrophilic potential. Following 
nucleophilic attack and the formation of a high energy tetrahedral intermediate, a nearby 
hydronium ion donates a proton to form the leaving group ammonia.   
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7.3.2 Mechanism of ester bond hydrolysis 

The experiments detailed in this thesis show that the ester crosslink can be hydrolysed in 

basic conditions, and that certain variants of Cpe0147439-587 hydrolyse more readily than 

others. The wild-type Cpe0147439-587 is the most resistant to hydrolysis, although a small 

amount of hydrolysed protein was observed after incubation in 50 mM Tris.HCl pH 9.0 for 

either 18 hours (Chapter 6, Figure 6.5 B) or 48 hours (Chapter 6, Figure 6.5 C).   

Based on their site-directed mutagenesis studies of a D577A variant, Kwon et al. (2014) 

proposed a hydrolysis mechanism in which His-572 acts as a base and abstracts a proton from 

a water molecule in a similar manner to the hydrolysis reaction in a serine protease enzyme 

(Chapter 6, Figure 6.23). The water molecule would then initiate nucleophilic attack on the 

carbonyl carbon of the ester bond resulting in a high energy tetrahedral intermediate 

stabilised by the Asp-480…Glu-547 hydrogen bond network. The tetrahedral species 

spontaneously collapses, and a proton is transferred from His-572, now acting as acid, to Thr-

450. The Thr-450 side chain is thus regenerated, and the Gln-580 side chain is converted to a 

glutamate. Our site-directed mutagenesis and crystal structure results have suggested to us 

some modifications to the Kwon mechanism as outlined below. 

Replacing a threonine residue in a protein with a serine residue is normally considered 

conservative, and indeed, our T450S variant of Cpe0147439-587 (Chapter 6, Figure 6.8) and 

T6012S variant of Mol-8 from M. mulieris (Chapter 6, Figure 6.9 B) effectively form an ester 

bond. More importantly, this serine-formed bond can be hydrolysed with a shift to higher pH. 

Our crystal structures do not support a role for histidine in this hydrolysis. The structures of 

wild-type Cpe0147439-587 (Chapter 6, Figure 6.13 B), Mol8 T6012S from M. mulieris (Chapter 6, 

Figure 6.9 B) and Mol-15 (Chapter 6, Figure 6.15 B) show that the accessory histidine is 

positioned away from the ester bond and held in place by specific hydrogen bond 

interactions. The Nε1 of the imidazole ring is hydrogen bonded to the aspartate, or in the case 

of the Mol-15 hydrogen bonded with a water molecule (Chapter 6, Figure 6.15 B), and Nδ2 is 

pointing away from the bond. 
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We also showed that the wild-type protein is stable to hydrolysis. Even when incubated in 6 

M urea at pH 9.0 for 24 hours, only a tiny fraction of the protein appears to hydrolyse (Figure 

7.6). This suggests the ester bond of this protein is not inherently susceptible to a simple base-

induced hydrolysis mechanism although we cannot be sure what effect 6 M urea has on the 

protein structure – is the protein effectively denatured or is the ester bond still part of a folded 

structure that protects it from base hydrolysis?  

 

In T450S and indeed in any hydrolysable variant observed, we propose that the hydrolysis 

requires the presence of a slightly modified reactive site cavity. Under basic conditions a 

subtle shift in the solvent structure from wild-type places an hydroxide ion in a suitable 

location to effect hydrolysis. Our structures show a conserved water molecule positioned in 

a location that at high pH (OH- present) could facilitate hydrolysis.  

In this newly proposed high pH mechanism, a water-derived hydroxide ion can enter the 

reactive site cavity and is a strong enough nucleophile to attack the carbonyl carbon of the 

ester bond (Figure 7.7 B). His-572 remains hydrogen bonded to Asp-577 and is not involved 

in the reaction – “catalysis” is thus effected by a cavity and associated water structure, rather 

than a single amino acid residue such as the histidine that acts as a base in the canonical 

serine protease mechanism. Nucleophilic attack by the hydroxide ion would lead to a high 

energy tetrahedral intermediate, an oxyanion species that is stabilised by the Asp-480 and 

Glu-547 pair acting as an oxyanion hole. The unstable tetrahedral intermediate collapses and 

 
 
Figure 7.6: SDS-PAGE analysis of wild-type Cpe0147439-587 in 6 M urea at pH 9.0. 
The wild-type Cpe0147439-587 protein was incubated in increasing concentrations of urea in 50 mM 
Tris.HCl pH 9.0 buffer for 24 h. The protein is very stable to hydrolysis even in 50 mM Tris.HCl pH 
9.0, 6 M urea, with only a very small proportion in which the ester bond is hydrolysed, as evident 
by the appearance of a faint higher mass band. 
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a proton is transferred to generate the hydroxyl group of Ser-450. The Gln-580 side chain is 

now converted to a glutamate residue. The reactive site is effectively regenerated to the 

starting point of the proposed bond formation mechanism (Figure 7.5 B), but with a glutamate 

in place of glutamine. 

We also note the increased hydrolysis potential of T450S/D577A compared to the single 

D577A variant. In the double variant protein, the accessory His-572 may be freed from its 

normal hydrogen bond restraints and could take part in a conventional serine protease-like 

mechanism and facilitate deprotonation of a water molecule to affect nucleophilic attack and 

subsequent hydrolysis. 
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Figure 7.7: Proposed mechanism of ester bond hydrolysis in Cpe0147439-589 T450S variant  
A. The original proposed ester bond hydrolysis mechanism in D577A variant by Kwon et al. (2014). 
Just like in serine protease mechanism, His-572 acts as a base to abstract proton from a nearby water 
molecule to activate its nucleophilic potential. B. T450S variant hydrolyses at pH 8 and above, where 
hydroxide ions are present in abundance. In conjunction with the sequestration of His-572 as seen 
in several of our structures, we propose a new mechanism where a hydroxide ion initiates the 
hydrolysis without the involvement of His-572. 
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7.4 Conclusions 
This thesis has described experiments that lead to a detailed mechanistic scheme for ester 

bond formation and hydrolysis in bacterial adhesins. Our biochemical and biophysical data 

strongly suggests that the ester bond formation follows a serine protease-like mechanism, 

and that certain variants of the protein can undergo ester bond hydrolysis at high pH, 

completing the second half of a serine protease-like mechanism.  

The folding of domains within the elongated, single molecule wide Cpe0147 adhesin, was also 

investigated. The unfolded nature of single domain Cpe0147 variants without the ester bond 

crosslink appears to be a red herring. The three-domain construct experiments suggest that 

the ester repeat domains in vivo and in the full length protein, are folded in a sequential 

manner, co-translationally along with translocation via the sec pathway. 

The results presented in this thesis provide important insights to our current understanding 

of the structural factors that influence the formation and hydrolysis of intramolecular 

covalent bonds. Furthermore, the discovery of the reversible ester bond in the T450S variant, 

leads to exciting biotechnological applications of reversible “molecular superglues”  for 

protein ligation (Young et al., 2017). 
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Appendix A 
Primers and sequences 

 

Table A.1: Site-directed mutagenesis primers  

Name Tm (oC) Sequence 

C2 Q142E Fwd 58.4 5'-/5phos/GAG ACA CTG GTG GAA AAA CCG -3' 

C2 Q142E Rev 55.5 5'-/5phos/TGC TTT GTC GTT TTT GTC CTC AT -3' 

C2 T13C Fwd 60.6 5'-/5phos/TGC ACC GTT ATT GCA GAT GGC G -3' 

C2 T13_ Rev 55.2 5'-/5phos/ACG CAG TGT ACC ATC TTT CAC -3' 

C2 T13S Fwd 60.4 5'-/5phos/AGC ACC GTT ATT GCA GAT GGC G -3' 

C2 D43N Fwd 52.7 5'-/5phos/AAC ACG ATT AAC TAT GAA GGT CTG -3' 

C2 D43N Rev 54.8 5'-/5phos/TTT AAC ATC GAC GCC ATC TTT ACT ATT -3' 

C2 D140N Fwd 59.4 5'-/5phos/AAC AAA GCA CAG ACA CTG GTG GTT -3' 

C2 D140_Rev 54.9 5'-/5phos/GTT TTT GTC CTC ATG TTT GAC GAC -3' 

C2 D140A Fwd 62.1 5'-/5phos/GCC AAA GCA CAG ACA CTG GTG GTT -3' 

C2 D140H Fwd 59.9 5'-/5phos/CAC GCA CAG ACA CTG GTG GTT -3' 

C2 H135A Fwd 58.4 5'-/5phos/GCT GAG GAC AAA AAC GAC AAA GCA -3' 

C2 H135_Rev 56.2 5'-/5phos/TTT GAC AAC CTG TTT TGT GTC CAG -3' 

C2 H135D Fwd 56.2 5'-/5phos/GAT GAG GAC AAA AAC GAC AAA GCA -3' 

C2 H135N Fwd 55.8 5'-/5phos/AAT GAG GAC AAA AAC GAC AAA GCA -3' 

C2 H135E Fwd 57.8 5'-/5phos/GAG GAG GAC AAA AAC GAC AAA GCA -3' 

Mol 8 T6012A Fwd 65.6 5'-/5phos/GCC CAG GCG CGT GTA GAC AGT GAA C -3' 

Mol 8 T6012S Fwd 64.5 5'-/5phos/TCC CAG GCG CGT GTA GAC AGT GAA C -3' 

Mol 8 T6012_ Rev 62.2 5'-/5phos/TCC CAG GCG CGT GTA GAC AGT GAA C -3' 

3x C2 a T/A Fwd 68 5'-/5phos/ GCT ACG GTC ATC GCG GAC GGC GTT AAC GGG -3' 

3x C2 a T/A Rev 68 5'-/5phos/CCG AAG AGT CCC GTC CTT GAC CTC AGG CAA GTT -3' 

3x C2 b T/A Fwd 57 5'-/5phos/GCC ACA GTA ATT GCT GAT GGA GTA AAT GGT -3' 

3x C2 b T/A Rev 57 5'-/5phos/ TCT TAA TGT ACC ATC TTT AAC TTC TGG AAG ATT-3' 

3x C2 c T/A Fwd 63 5'-/5phos/GCA ACT GTT ATA GCA GAC GGT GTG AAC GGC-3' 

3x C2 c T/A Rev 63 5'-/5phos/ CCT CAA GGT TCC GTC CTT CAC CTC GG -3' 
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A.1 Cpe0147 DNA and protein sequence  

A.1.1 Cpe0147439-587 DNA sequence 

ATGAATCTGCCTGAAGTGAAAGATGGTACACTGCGTACCACCGTTATTGCAGATGGCGTGAATGGTTCAAGTGAA
AAAGAGGCCCTGGTTTCGTTTGAGAATAGTAAAGATGGCGTCGATGTTAAAGACACGATTAACTATGAAGGTCTG
GTGGCGAATCAGAATTATACCCTGACAGGCACCCTGATGCATGTTAAAGCAGATGGTTCACTGGAAGAAATTGCC
ACAAAAACAACCAATGTTACCGCTGGCGAAAATGGTAATGGCACCTGGGGTCTGGATTTCGGCAACCAAAAACTG
CAAGTTGGCGAGAAATATGTCGTGTTTGAGAATGCAGAATCAGTCGAAAACCTGATCGATACGGATAAAGATTAC
AACCTGGACACAAAACAGGTTGTCAAACATGAGGACAAAAACGACAAAGCACAGACACTGGTGGTTGAAAAACCG 

 
A.1.2 Cpe0147439-587 protein sequence 

        10         20         30         40         50         60  
GANLPEVKDG TLRTTVIADG VNGSSEKEAL VSFENSKDGV DVKDTINYEG LVANQNYTLT  
 
        70         80         90        100        110        120  
GTLMHVKADG SLEEIATKTT NVTAGENGNG TWGLDFGNQK LQVGEKYVVF ENAESVENLI  
 
       130        140  
DTDYNLDTKQ VVKHEDKNDK AQTLVVEKP  

 
Number of amino acids: 149 
 
Molecular weight: 16120.6 
 
Theoretical pI: 4.48 
 
 

A.1.3 Truncated Cpe0147439-563 protein sequence 

        10         20         30         40         50         60  
GANLPEVKDG TLRTTVIADG VNGSSEKEAL VSFENSKDGV DVKDTINYEG LVANQNYTLT  
 
        70         80         90        100        110        120  
GTLMHVKADG SLEEIATKTT NVTAGENGNG TWGLDFGNQK LQVGEKYVVF ENAESVENLI  
 
 
DTDKDYN 

 
Number of amino acids: 127 
 
Molecular weight: 13618.8 
 
Theoretical pI: 4.28 
 

 
A.1.4 Cpe0147439-587 peptide sequence 

 
WT NH2-DTKQVVHEDKNDKAQTLVVEKPG-CONH2 
Molecular weight: 2706.04 g mol-1 
 
Mutant NH2-DTKQVVAEDKNDKAQTLVVEKPG-CONH2 
Molecular weight: 2639.98 g mol-1 
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A.1.5 gBlocks 3-domain constructs Cpe0147439-587 DNA sequence 

 ctg tat ttt cag ggc gcc gaa aaa cct aac ttg cct gag gtc aag gac ggg act ctt cgg 

 act acg gtc atc gcg gac ggc gtt aac ggg tct agc GAG AAA GAA GCC TTG GTt TCT TTc 

 GAG AAC TCT AAg GAT GGG GTc GAT GTC AAG GAT ACG ATC AAT TAT GAA GGG CTT GTt GCa 

 AAT CAg AAC TAC ACA TTA ACG GGC ACG TTA ATG CAt GTg AAA GCA GAC GGT TCA CTG GAA 

 GAG ATT GCA ACC AAG ACA ACG AAT GTa ACA GCC GGG GAg AAT GGg AAC GGa ACA TGG GGt 

 TTG GAC TTC GGC AAT CAG AAG TTG CAG GTG GGC GAG AAG TAT GTA GTC TTT GAG AAC GCT 

 GAG TCA GTC GAG AAT CTG ATC GAC ACT GAC AAA GAT TAt AAC CTT GAT ACT AAA CAG GTA 

 GTT AAG CAC GAA GAC AAG AAC GAC AAA GCG CAA ACG CTT GTC GTA GAA AAg CCc 

 aat ctt cca gaa gtt aaa gat ggt aca tta aga 

 acc aca gta att gct gat gga gta aat ggt agt tcc gaa aag gaa gcc tta gta agt ttt 

 gaa aat tct aaa gac ggt gta gac gtt aaa gat act ata aac tac gaa ggt tta gta gct 

 aat caa aat tac act ttg aca ggt aca tta atg cac gta aag gct gat gga tct tta gaa 

 gaa atc gct act aaa act aca aat gtt act gca ggt gaa aac gga aat ggt act tgg ggg 

 tta gat ttc ggt aac caa aaa ctt caa gtt ggg gaa aag tat gtt gtc ttt gaa aat gct 

 gaa tct gtt gaa aac tta att gat aca gat aaa gac tac aac cta gat aca aag caa gtt 

 gtg aaa cat gaa gat aaa aat gat aaa gct caa act cta gtg gtt gaa aaa cct 

 aac ctg ccc gag gtg aag gac gga acc ttg agg 

 aca act gtt ata gca gac ggt gtg aac ggc tcg TCt GAg AAA GAG GCG TTG GTg TCA TTC 

 GAA AAC AGC AAg GAC GGA GTt GAT GTG AAG GAC ACG ATA AAC TAT GAg GGc CTG GTC GCC 

 AAC CAG AAC TAT ACC TTA ACG GGa ACt TTg ATG CAc GTc AAA GCG GAC GGG TCc TTG GAG 

 GAA ATA GCg ACa AAG ACc ACt AAc GTC ACG GCT GGa GAG AAT GGT AAT GGG ACc TGG GGA 

 CTC GAC TTT GGG AAT CAA AAg TTA CAG GTa GGA GAG AAA TAC GTG GTT TTC GAA AAC GCG 

 GAA AGT GTA GAG AAT TTG ATa GAC ACC GAT AAG GAT TAC AAT TTA GAC ACC AAA CAG GTG 

 GTA AAG CAC GAg GAc AAG AAT GAC AAG GCG CAg ACC CTC GTA GTc GAg AAG CCg tga gcc 

 atg gat ccg gaa 
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A.1.6 Mol 8 protein sequence 

       10         20         30         40         50         60  
PSVKTQARVD SERNLLLADK DSTIKDTVTL SGLKTGETYV LSGVLMDKAT GQPVLGKDMQ  
 
        70         80         90        100        110        120  
AITAVSEPLK AESGAFVKTD AVSFTVPAGT VKADTELVVF EKLWVANEVT VDTKTKTVTP  
 
       130        140  
KDTKTGKSQP AASHEDITDE NQTVKS  

 
Number of amino acids: 146 
 
Molecular weight: 15510.51 
 
Theoretical pI: 5.21 
 

A.1.7 Mol 8 T6105S protein sequence  

      10         20         30         40         50         60  
PSVKSQARVD SERNLLLADK DSTIKDTVTL SGLKTGETYV LSGVLMDKAT GQPVLGKDMQ  
 
        70         80         90        100        110        120  
AITAVSEPLK AESGAFVKTD AVSFTVPAGT VKADTELVVF EKLWVANEVT VDTKTKTVTP  
 
       130        140  
KDTKTGKSQP AASHEDITDE NQTVKS  

 
Number of amino acids: 146 
 
Molecular weight: 15496.49 
 
Theoretical pI: 5.21 
 

A.1.8 Mol 15 protein sequence  

        10         20         30         40         50         60  
KKPGVGTYAT VDKLKAFDVT DGKKDAFTIK DTVRLYNVEE GKTYAIAGQL YEQSVAGDEG  
 
        70         80         90        100        110        120  
SALAKAATTV KVTASMAKPA TEVEKTKYGE DVKVYETEMD LTVKREDLTK NQVVKDDIAL  
 
       130        140        150        160  
VVYEQLWAEG TYEKVNDTEV TPKGKSEPVA KHNDPQSSSQ SITAEPQ  

 
Number of amino acids: 167 
 
Molecular weight: 18242.39 
 
Theoretical pI: 4.98 
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Appendix B 
Mass spectroscopy 

 
 
Figure B.1: ESI-MS analysis of bond formation between N-terminal truncated protein 
Cpe0147439-587 and synthetic peptide Cpe0147565-587  
A calculation of mass is included as an insert and gives an average mass of 17129.2 Da, which is 
a good match to the calculated mass of 17131.6 Da. 
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Figure B.2: ESI-MS analysis of truncated protein Cpe0147439-587 cleaved with MESNA 
The average mass of the cleaved protein is 14331.1 Da. The calculated mass of the cleaved 
protein is 14207.5 Da. The mass of MESNA in solution is 124.2 Da. The average mass calculated 
from LCMS is the combination of the cleaved protein with MESNA.  
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Figure B.4: Trypsin digest coupled with mass spectrometry for T450C variant  
The spectra confirm the presence of the thioester bond formed between the threonine and the 
cysteine side chain. 
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Figure B.5: Trypsin digest coupled with mass spectrometry for T450S variant  
The spectra show peaks corresponding to m/z fragments of the cross-linked complex and confirm 
the presence of the expected serine-glutamine side chain cross-link. 
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Appendix C 
Small angle X-ray scattering data  

 

 
Figure C.1: SAXS scattering curves of truncated Cpe0174439-563 protein in 20 mM HEPES 
Six concentration series of truncated Cpe0147439-563 protein in 20 mM HEPES pH 7.0 and 20 mM 
NaCl, at a camera length of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity 
(Log I vs q) and Guinier plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  



 

[235] 
 

 
Table C.1: SAXS parameters (AUTORG) for truncated Cpe0147439-563 in 20 mM HEPES pH 7.0 

 

 

 

 

 

 

 

 

 

 

Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 24.0 0.058 0.015 28-59 

2.00 25.9 0.030  0.015 4-49 

1.00 27.9 0.016  0.016 1-43 

0.50 28.7 0.008  0.016 4-41 

0.25 28.9 0.0039  0.016 6-46 

0.125 29.6 0.0021  0.017 5-45 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 26.0 26.1 105 0.06 0.02 30921 28-374 

2.00 27.5 27.6 107 0.03 0.02 32483 4-323 

1.00 29.3 29.3 105 0.02 0.02 22229 1-350 

0.50 29.6 29.7 104 0.01 0.02 21432 4-360 

0.25 30.3 30.5 108 0.00 0.00 21514 13-424 

0.125 30.0 30.2 102 0.00 0.00 18077 5-350 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 18.0 19.3 

2.00 18.6 20.3 

1.00 19.9 13.9 

0.5. 19.9 13.4 

0.25 19.4 13.6 

0.125 20.1 11.3 

Table C.2: SAXS parameters (GNOM) for truncated Cpe0147439-563 563 in 20 mM HEPES pH 7.0 

Table C.3: Determination of MW for truncated Cpe0147439-563 563 in 20 mM HEPES pH 7.0 
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Concentration 
(mg mL-1) 

Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 31.3 0.043  0.011 6-39 

2.00 32.2 0.021  0.011 4-39 

1.00 32.7 0.011  0.011 4-38 

0.50 31.4 0.0054  0.011 1-41 

0.25 30.3 0.0026  0.010 2-42 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 33.1 33.2 135 0.04 0.01 34370 6-260 

2.00 34.5 34.7 136 0.02 0.01 35522 4-259 

1.00 34.8 35.0 135 0.01 0.01 36552 14-316 

0.50 34.2 34.4 133 0.01 0.02 35103 10-350 

0.25 33.9 34.0 135 0.00 0.00 39087 10-401 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 12.4 21.5 

2.00 12.4 22.2 

1.00 12.4 22.9 

0.50 24.8 21.9 

0.25 0.00 24.4 

Table C.4: SAXS parameters (AUTORG) for truncated Cpe0147439-563 in Tris.HCl, pH 7.0 

Table C.5: SAXS parameters (GNOM) for truncated Cpe0147439-563 in Tris.HCl, pH 7.0 

Table C.6: Determination of molecular mass for truncated Cpe0147439-563 in Tris.HCl, pH 7.0 
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Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 18.7 0.05  0.013 4-74 

2.00 18.9 0.025  0.013 5-78 

1.00 19.1 0.013  0.013 6-77 

0.50 19.1 0.0067  0.013 2-77 

0.25 19.7 0.0035  0.014 4-47 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 19.2 19.2 70.5 0.05 0.013 24453 4-490 

2.00 19.4 19.4 69.7 0.03 0.015 23978 5-497 

1.00 19.7 19.7 71.1 0.01 0.010 22993 6-488 

0.50 19.7 19.7 68.3 0.01 0.02 22801 2-504 

0.25 20.2 20.3 81.0 0.00 0.00 20037 7-359 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 15.5 15.3 

2.00 15.5 15.0 

1.00 16.1 14.4 

0.50 16.6 14.3 

0.25 17.3 12.5 

Table C.7: SAXS parameters (AUTORG) for truncated Cpe0147439-563 + Cpe0147565-587 

Table C.8: SAXS parameters (GNOM) for truncated Cpe0147439-563 + Cpe0147565-587 

Table C.9: Determination of molecular mass for truncated Cpe0147439-563 + Cpe0147565-587 
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Figure C.2: SAXS scattering curves of Cpe0174439-587 T450C variant protein in 50 mM MES  
Six concentration series of T450C protein in 50 mM HEPES pH 5.5 and 20 mM NaCl, at a camera 
length of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs q) and 
Guinier plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 19.4 0.024  0.006 6-39 

2.00 19.3 0.012  0.006 4-39 

1.00 19.1 0.006  0.006 4-38 

0.50 19.1 0.003  0.006 1-41 

0.25 18.7 0.00215  0.006 2-42 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 20.0 20.1 74.6 0.04 0.02 21696 6-260 

2.00 20.0 20.1 75.1 0.02 0.01 25239 4-259 

1.00 20.0 20.1 75.6 0.01 0.01 22349 14-316 

0.50 20.0 20..0 72.9 0.01 0.00 23649 10-350 

0.25 19.5 19.5 74.1 0.00 0.00 22838 10-401 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 7.5 13.6 

2.00 7.5 15.8 

1.00 7.5 14.0 

0.50 7.5 14.8 

0.25 7.5 14.3 

Table C.10: SAXS parameters (AUTORG) for T450C Cpe0147439-587 MES 

Table C.11: SAXS parameters (GNOM) for T450C Cpe0147439-587 MES 

Table C.12: Determination of molecular mass for T450C Cpe0147439-587 MES 
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Figure C.3: SAXS scattering curves of Cpe0174439-587 T450C variant protein in 50 mM Tris 
Six concentration series of T450C protein in 50 mM Tris pH 7.0 and 20 mM NaCl, at a camera length 
of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs q) and Guinier 
plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  



 

[241] 
 

 

 

 

 

 

 

 

 

 

 

 

Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 28.1 0.19 0.04 1-40 

2.00 30.5 0.10 0.04 2-32 

1.00 31.6 0.026 0.02 2-39 

0.50 30.8 0.003 0.005 5-77 

0.25 31.1 0.014 0.05 3-39 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax 
(Å) 

I(0) 
(cm-1) I(0)/c 

Porod 
volume 

(Å3) 
Range 

4.00 29.5 29.6 130 0.19 0.04 48190 3-281 

2.00 31.8 31.9 132 0.10 0.04 52895 2-260 

1.00 32.6 32.8 131 0.05 0.04 52104 3-250 

0.50 32.9 33.1 130 0.03 0.05 41237 2-235 

0.25 33.6 33.8 133 0.01 0.03 54369 3-347 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 47.2 30.1 

2.00 49.7 33.0 

1.00 25.8 32.6 

0.50 59.6 25.8 

0.25 55.6 34.0 

Table C.13: SAXS parameters (AUTORG) for T450C Cpe0147439-587 monomer in Tris 

Table C.15: Determination of molecular mass for T450C Cpe0147439-587 monomer in Tris 

Table C.14: SAXS parameters (GNOM) for T450C Cpe0147439-587 monomer in Tris 
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Figure C.4: SAXS scattering curves of Cpe0174439-587 T450C variant dimer protein  
Six concentration series of the dimer T450C protein in 50 mM Tris pH 7.0 and 20 mM NaCl, at a 
camera length of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs 
q) and Guinier plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 42.9 0.03 0.008 3-24 

2.00 42.3 0.02 0.008 7-26 

1.00 43.4 0.01 0.008 1-25 

0.50 44.9 0.004 0.008 4-24 

0.25 39.4 0.002 0.008 4-28 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 46.6 46.9 200 0.03 0.01 140406 3-180 

2.00 47.4 47.7 204 0.02 0.01 137440 7-287 

1.00 50.3 50.7 205 0.01 0.01 115725 5-292 

0.50 52.2 52.7 209 0.00 0.00 120201 4-300 

0.25 49.1 49.4 203 0.00 0.00 109058 4-300 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 10.2 87.8 

2.00 9.3 85.9 

1.00 9.9 72.3 

0.50 9.9 75.1 

0.25 9.4 68.2 

Table C.16: SAXS parameters (AUTORG) for T450C Cpe0147439-587 dimer in Tris 

Table C.17: SAXS parameters (GNOM) for T450C Cpe0147439-587 dimer in Tris 

Table C.18: Determination of molecular mass for T450C Cpe0147439-587 dimer in Tris 
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Figure C.5: SAXS scattering curves of Cpe0174439-587 Q580E variant protein without bond 
Six concentration series of un-crosslinked Q580E protein in 20 mM Tris pH 7.0 and 20 mM NaCl, at 
a camera length of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs 
q) and Guinier plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

2.00 37.0 0.04 0.02 5-27 

1.00 37.5 0.02 0.02 4-29 

0.50 38.1 0.02 0.02 3-30 

0.25 34.4 0.01 0.02 7-36 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

2.00 37.9 38.1 144 0.04 0.02 48071 12-281 

1.00 40.4 40.7 144 0.02 0.02 54308 7-218 

0.50 41.0 41.3 145 0.01 0.02 54486 19-339 

0.25 36.2 36.5 144 0.01 0.04 45170 9-273 

Concentration 
(mg mL-1) 

Molecular mass (kDa) 
from I(0) 

Molecular mass (kDa) 
from Porod volume 

2.00 23.0 30.0 

1.00 23.6 34.0 

0.50 24.6 34.1 

0.25 25.8 282 

Table C.19: SAXS parameters (AUTORG) for Q580E Cpe0147439-587 without bond 

Table C.20: SAXS parameters (GNOM) for Q580E Cpe0147439-587 without bond 

Table C.21: Determination of molecular mass for Q580E Cpe0147439-587 without bond 
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Figure C.6: SAXS scattering curves of Cpe0174439-587 Q580E variant protein with bond 
Six concentration series of crosslink Q580E protein in 20 mM Tris pH 7.0 and 20 mM NaCl, at a 
camera length of 1.6 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs 
q) and Guinier plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

2.00 18.4 0.03 0.014 2 - 81 

1.00 18.7 0.02 0.014 5 - 79 

0.50 18.7 0.01 0.015 4 - 63 

0.25 19.2 0.004 0.015 7 - 76 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

2.00 18.4 18.8 66.0 0.03 0.02 24868 2 - 525 

1.00 19.1 19.1 66.0 0.01 0.01 23444 5 - 524 

0.50 19.3 19.3 66.5 0.01 0.02 22530 4 - 520 

0.25 19.4 19.4 65.0 0.00 0.00 22041 7 - 520 

Concentration 
(mg mL-1) 

Molecular mass 
(kDa) from I(0) 

Molecular mass 
(kDa) from Porod 

volume 

2.00 16.8 15.5 

1.00 17.4 14.7 

0.50 18.4 14.1 

0.25 18.8 13.8 

Table C.22: SAXS parameters (AUTORG) for Q580E Cpe0147439-587 with bond 

Table C.23: SAXS parameters (GNOM) for Q580E Cpe0147439-587 with bond 

Table C.24: Determination of molecular mass for Q580E Cpe0147439-587 with bond 
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Concentration 
(mg mL-1) 

Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 42.8 0.15  0.04 4 - 63 

2.00 46.1  0.09 0.04 3 - 59 

1.00 47.6 0.05 0.05 6 - 61 

0.50 48.6 0.002 0.05 23 - 63 

0.25 47.2 0.001 0.04 26 - 74 

 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 46.8 47.0 177 0.16 0.04 84745 13 - 369 

2.00 49.0 49.1 173 0.09 0.05 86360 3 - 377 

1.00 50.3 50.4 175 0.05 0.05 92778 6 - 370 

0.50 51.3 51.4 180 0.02 0.04 91255 6 - 378 

0.25 51.3 51.4 180 0.01 0.04 89316 4 - 384 

 

Concentration 
(mg mL-1) 

Molecular mass 
(kDa) from I(0) 

Molecular mass (kDa) 
from Porod volume 

4.00 46.6 53.0 

2.00 52.8 54.0 

1.00 55.9 58.0 

0.50 57.1 57.0 

0.25 54.6 55.8 

  

Table C.25: SAXS parameters (AUTORG) for C2 3-domain WT Cpe0147439-587  

Table C.26: SAXS parameters (GNOM) for C2 3-domain WT Cpe0147439-587  

Table C.27: Determination of molecular mass for C2 3-domain WT Cpe0147439-587  



 

[249] 
 

 

 
 

Figure C.7: SAXS scattering curves of 3-domain Cpe0174439-587 T450A variant protein 
without bond in N-terminal domain, A construct. 
Six concentration series of construct A in 20 mM Tris pH 7.0 and 20 mM NaCl, at a camera length of 
3.3 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs q) and Guinier plot 
(inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  



 

[250] 
 

Concentration 
(mg mL-1) 

Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 43.1 0.16 0.040 24 - 60 

2.00 46.1 0.09 0.044 13 - 61 

1.00 47.7 0.05 0.046 14 - 61 

0.50 47.3 0.002 0.046 23 - 72 

0.25 47.6 0.001 0.048 18 - 75 

 

 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 47.1 47.4 182 0.16 0.04 82937 16 - 375 

2.00 49.2 49.5 180 0.09 0.05 82997 17 - 387 

1.00 50.5 50.9 183 0.05 0.05 90881 17 - 376 

0.50 51.3 51.5 188 0.02 0.04 87570 13 - 387 

0.25 58.5 51.6 177 0.01 0.04 87331 19 - 390 

 

Concentration 
(mg mL-1) 

Molecular 
mass (kDa) 
from I(0) 

Molecular mass 
(kDa) from Porod 

volume 

4.00 49.7 51.8 

2.00 54.6 51.9 

1.00 57.1 56.8 

0.50 57.1 54.7 

0.25 59.6 54.6 

  

Table C.28: SAXS parameters (AUTORG) for C2 3-domain A Cpe0147439-587  

Table C.29: SAXS parameters (GNOM) for C2 3-domain A Cpe0147439-587  

Table C.30: Determination of molecular mass for C2 3-domain A Cpe0147439-587  
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Figure C.8: SAXS scattering curves of three domain Cpe0174439-587 T450A variant protein 
without bond in middle domain, B construct 
Six concentration series of WT protein in 20 mM Tris pH 7.0 and 20 mM NaCl, at a camera length of 
3.3 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs q) and Guinier plot 
(inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) 

Rg  (Å) I(0)  (cm-1) I(0)/c Guinier range 

4.00 43.2 0.16 0.04 9 - 64 

2.00 46.3 0.09 0.05 13 - 60 

1.00 48.3 0.05 0.05 15 - 57 

0.50 48.7 0.002 0.05 30 - 66 

0.25 48.0 0.001 0.05 21 - 69 

 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) I(0) (cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 47.3 47.7 181 0.17 0.04 83378 19 - 374 

2.00 49.6 49.8 180 0.09 0.05 83920 11 - 385 

1.00 50.8 51.0 184 0.05 0.05 87453 10 - 384 

0.50 52.4 52.8 185 0.02 0.04 83151 20 - 420 

0.25 51.9 52.2 187 0.01 0.04 81586 14 - 406 

 

Concentration 
(mg mL-1) 

Molecular 
mass (kDa) 
from I(0) 

Molecular mass 
(kDa) from Porod 

volume 

4.00 49.7 52.1 

2.00 56.5 52.5 

1.00 59.6 54.7 

0.50 59.6 52.0 

0.25 59.6 51.0 

 

Table C.31: SAXS parameters (AUTORG) for C2 3-domain B Cpe0147439-587  

Table C.32: SAXS parameters (GNOM) for C2 3-domain B Cpe0147439-587  

Table C.33: Determination of molecular mass for C2 3-domain B Cpe0147439-587  
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Figure C.9: SAXS scattering curves of 3-domain Cpe0174439-587 T450A variant protein 
without bond in C-terminal domain, C construct  
Six concentration series of WT protein in 20 mM Tris pH 7.0 and 20 mM NaCl, at a camera length 
of 3.3 m. The graphs show:  A. The logarithmic scale of scattering intensity (Log I vs q) and Guinier 
plot (inset). B. Kratky plot. C. P(r) plot normalised to peak P(r) values.  
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Concentration 
(mg mL-1) 

Rg (Å) I(0) (cm-1) I(0)/c Guinier range 

4.00 43.1 0.16 0.040 13 - 65 

2.00 46.4 0.091  0.045 5 - 55 

1.00 47.9 0.047 0.047 12 - 61 

0.50 48.0 0.0024 0.048 14 - 67 

0.25 48.0 0.0012  0.048 21 - 69 

 

 

Concentration 
(mg mL-1) 

Reciprocal 
Rg (Å) 

Real 
space 
Rg (Å) 

Dmax (Å) 
I(0) 

(cm-1) I(0)/c 
Porod 

volume 
(Å3) 

Range 

4.00 47.4 47.8 182 0.17 0.04 85623 19 - 374 

2.00 50.6 50.9 183 0.05 0.03 89136 11 - 385 

1.00 49.0 49.2 177 0.09 0.09 83830 10 - 384 

0.50 51.4 51.5 187 0.02 0.04 88256 20 - 420 

0.25 52.2 52.7 184 0.01 0.04 83400 14 - 406 

 

 

Concentration 
(mg mL-1) 

Molecular mass 
(kDa) from I(0) 

Molecular mass 
(kDa) from Porod 

volume 

4.00 50.0 53.5 

2.00 55.9 55.7 

1.00 58.4 52.4 

0.50 59.6 55.2 

0.25 59.6 52.1 

Table C.34: SAXS parameters (AUTORG) for C2 3-domain C Cpe0147439-587  

Table C.35: SAXS parameters (GNOM) for C2 3-domain C Cpe0147439-587  

Table C.36: Determination of molecular mass for C2 3-domain C Cpe0147439-587  
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Figure C.10: CRYSOL analysis of the 3-domain T450A variants of Cpe0174439-587 
CRYSOL fit of solution scattering and X-ray crystal structure. The scattering curve is represented 
by circles and the crystal structure model by a line. A. Construct A (no bond N-terminal). B. 
Construct B (no bond middle), and C. Construct C (no bond C-terminal).  
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Appendix D 
SEC traces and DSF

 
 
Figure D.1: Size exclusion chromatography trace of Q580E variant  
The SEC trace of Q580E variant shows two peaks, one for each of the un-crosslinked and 
crosslinked species. 

 
 
Figure D.2: Size exclusion chromatography trace of T450C variant 
The SEC trace of T450C variant shows two peaks, one for each of the dimer and monomer.  
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Figure D.3: Thermal stability assay of T450C variant and wildtype Cpe0147 
A thermal stability assay using differential scanning fluorimetry (DSF) shows that WT Cpe0147 is most stable in MES pH 5.5 buffer (grey) and least stable 
in Tris pH 9.0. The T450C variant shows typical curves for unfolded protein in most buffers except for MES pH 5.5 (green).  
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Appendix E 
Nuclear magnetic resonance  

Table E.1: Cpe0147439-563 NMR backbone assignments 

Peak # uniprot # RES # RES CA CB CO N H 

 446 11 G      

85 447 12 T 61.705 72.562 172.383 115.598 8.655 

52 448 13 L 53.318 44.724 173.79 120.604 8.329 

26 449 14 R 52.368 33.589 175.769 125.37 9.204 

45 450 15 T   173.4554 122 9.666 

96 451 16 T 61.602 72.877 172.887 118.024 8.612 

6 452 17 V 52.792 33.305 172.012 129.259 9.264 

25 453 18 I 61.149 39.844 175.285 125.652 8.535 

3 454 19 A 49.408 22.205  130.435 9.005 
 455 20 D 55.312 40.023 176.121   

112 456 21 G 45.598 **** 173.758 101.282 8.189 

35 457 22 V 62.311 32.729 174.96 423.635 7.99 

37 458 23 N 52.615 40.023 177.517 123.494 8.494 

90 459 24 G 44.763 **** 171.593 109.532 9.033 

82 460 25 S 57.055 66.667 172.828 115.592 8.27 

87 461 26 S 62.013 62.842 175.313 114.097 8.752 

81 462 27 E 65.5524 30.8329 176.2412 115.902 7.955 

46 463 28 K 57.446 35.105 173.098 122.009 7.504 

7 464 29 E 56.673 29.254 175.725 129.011 10.163 

32 465 30 A 52.861 18.246 175.231 123.792 8.613 

22 466 31 L 53.882 42.501 176.044 126.011 7.433 
 467 32 V      

 468 33 S      

 469 34 F      

 470 35 E      

 471 36 N      

 472 37 S      

 473 38 K      
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Peak # uniprot # RES # RES CA CB CO N H 

 474 39 D 54.659 41.497 176.484   

91 475 40 G 45.387 **** 173.31 109.21 8.327 
 476 41 V      

 477 42 D      

 478 43 V 62.133 33.517 173.497   

20 479 44 K 54.522 36.959 174.32 125.945 9.221 

68 480 45 D 52.276 44.032 173.179 118.129 9.198 

28 481 46 T 62.407 69.82 173.476 124.64 9.48 

14 482 47 I 61.311 41.363 17.053 127.336 9.304 

18 483 48 N 52.508 40.043 173.56 126.535 9.077 

43 484 49 Y 54.126 41.933 173.87 122.221 8.167 

62 485 50 E 55.017 33.639 175.306 119.33 8.308 

93 486 51 G 46.626 **** 175.3244 109.044 8.396 
 487 52 L      

 488 53 V      

 489 54 A      

 490 55 N      

 491 56 Q      

 492 57 N      

 493 58 Y 57.149 42.061 174.068   

67 494 59 T 61.827 68.803 173.839 118.035 9.299 

96 495 60 L 53.508 44.536 174.181 19.396 9.9007 

38 496 61 T 61.754 70.728 174.087 123.1427 9.324 

65 497 62 G 44.516 **** 172.991 118.446 9.353 

64 498 63 T 61.356 71.662 172.032 118.868 9 

8 499 64 L 53.46 43.092 173.808 128.74 8.948 
 500 65 M      

 501 66 H 53.517 32.031 173.227 130.5034 8.164 

4 502 67 V 62.269 30.66 174.339 130.283 8.184 

21 503 68 K 58.991 32.556 175.476 125.895 8.366 

31 504 69 A 54.945 18.154 178.676 124.055 8.727 

121 505 70 D 53.189 39.611 177.174 113.529 7.529 

92 506 71 G 45.04 **** 173.852 109.236 8.125 
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Peak # uniprot # RES # RES CA CB CO N H 

77 507 72 S 58.669 64.255 171.749 117.175 7.998 

74 508 73 L 53.585 45.234 177.55 117.456 8.108 
 509 74 E 54.28 33.41 174.42   

12 510 75 E 58.072 30.38 176.33 128.227 9.037 

33 511 76 I 59.661 37.858 175.676 123.79 9.055 

59 512 77 A 52.028 22.339 175.184 119.581 7.48 

83 513 78 T 60.585 71.2 172.604 115.512 8.508 

16 514 79 K 54.911 35.925 173.443 126.963 8.979 

55 515 80 T 60.722 71.494 173.948 120.18 8.39 

56 516 81 T 60.02 70.913 170.928 120.251 9.173 

40 517 82 N 53.237 39.821 174.209 122.83 8.026 

66 518 83 V 59.374 35.328 174.714 118.84 8.5 

79 519 84 T 61.816 71.678 175.425 116.378 8.518 

1 520 85 A 52.086 220.539 178.883 132.106 9.136 
 521 86 G      

 522 87 E 58.752 29.584 176.674   

116 523 88 N 53.709 38.876 175.324 116.466 8.927 
 524 89 G 46.195 **** 171.02   

103 525 90 N 50.632 41.75 173.444 112.825 7.041 

98 526 91 G 45.479 **** 171.09 106.156 6.493 

84 527 92 T 72.162 60.902 174.218 115.445 7.924 

13 528 93 W 45.209 33.505 174.697 127.982 9.644 

94 529 94 G 44.749 **** 171.468 108.399 8.498 

44 530 95 L 54.393 46.455 174.253 122.388 8.41 
 531 96 D 53.119 42.327 176.065   

41 532 97 F 59.477 38.713 176.655 122.473 9.035 

89 533 98 G 46.639 **** 172.106 111.527 8.816 

63 534 99 N 53.707 39.308 173.64 119.041 8.18 

114 535 100 Q 52.923  175.35 121.548 7.876 

108 536 101 K 54.88  175.091 125.494 8.73 

115 537 102 L 53.3 41.038 175.734 123.542 7.181 

57 538 103 Q 55 30.5 175.28 121.129 8.054 

53 539 104 V 63.89 31.88 176.78 120.129 8.113 
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Peak # uniprot # RES # RES CA CB CO N H 

102 540 105 G 45.744 **** 173.688 114.323 8.186 

75 541 106 E 54.569 32.049 172.548 117.383 7.413 
 542 107 K 54.757 35.224 174.364 119.9514 7.7177 

39 543 108 Y 56.054 41.891 137.306 122.698 9.146 

60 544 109 V 58.983 36.156  119.3058 9.2657 
 545 110 V 62.247 33.242 175.503   

10 546 111 F 52.828 40.13 176.304 128.193 9.254 

80 547 112 E 54.315 33.583 174.424 115.959 8.203 

54 548 113 N 53.06 43.05 172.351 120.492 8.61 

17 549 114 A 50.267 21.102 174.618 127.091 9.47 

52 550 115 E 53.632 33.763 176.686 121.096 8.498 

88 551 116 S 57.802  175.86 112.915 8.419 
 552 117 V      

 553 118 E      

 554 119 N      

 555 120 L      

 556 121 I      

 557 122 D      

 558 123 T      

 559 124 D      

 560 125 K      

 561 126 D      

 562 127 Y      

 563 128 N 53.142 38.633 174.638   

34 564 129 L  41.521 175.037 123.553 8.155 
 565 130 D      

 566 131 T      

 567 132 K      

 568 133 Q      

 569 134 V 61.27 34.34    

15 570 135 V 60.719 34.389 173.586 127.288 9.256 

36 571 136 K 54.98 36.742 175.987 123.999 8.909 

50 572 137 H 56.662 32.092 172.686 121.686 9.039 
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Peak # uniprot # RES # RES CA CB CO N H 

29 573 138 E 52.976 30.164 173.224 124.75 8.871 

100 574 139 D 51.962 42.036 177.548 120.185 6.858 
 575 140 K 58.1 32.249 174.537   

76 576 141 N 52.87 39.647 174.258 117.203 8.514 

101 577 142 D 53.489 40.22 178.072 118.743 6.776 

2 578 143 K 60.959 32.596 176.873 131.744 9.959 

72 579 144 A 54.306 18.332 178.333 117.533 7.928 

119 580 145 Q 53.37 29.14 175.31 111.284 7.045 

78 581 146 T 62.299 69.763 171.25 116.835 7.493 

27 582 147 L 52.859 45.82 173.86 125.485 9.485 

47 583 148 V 60.674 35.676 174.264 121.604 8.825 

19 584 149 V 61.256 30.936 176.602 126.042 8.178 
 585 150 E      

 586 151 K      

 587 152 P      

*Bond forming, and accessory residues are in red 
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Table E.2: HSQC time course analysis of T450S variant of Cpe0147439-563  

Residue Residue # Rate (min-1) Error 

Thr 450 0.0047 0.0002 

Ser 460 0.0049 0.0002 

Glu 462 0.0053 0.0002 

Glu 464 0.0052 0.0002 

Asp 480 0.0044 0.0001 

Tyr 484 0.0048 0.0002 

Leu 495 0.0044 0.0002 

Ala 504 0.0042 0.0002 

Asp 505 0.0052 0.0002 

Gly 506 0.0077 0.0004 

Glu 510 0.0047 0.0002 

Lys 514 0.0049 0.0002 

Asn 523 0.0041 0.0002 

Trp 528 0.0042 0.0002 

Phe 532 0.0049 0.0002 

Gly 540 0.0047 0.0002 

Glu 541 0.0050 0.0002 

Glu 547 0.0050 0.0002 

Val 570 0.0048 0.0002 

Lys 571 0.0044 0.0001 

His 572 0.0051 0.0002 

Gly 573 0.0052 0.0001 

Asp 574 0.0054 0.0002 

Asn 576 0.0051 0.0001 

Asp 577 0.0050 0.0002 

Lys 578 0.0047 0.0002 

Ala 579 0.0054 0.0002 

Gln 580 0.0049 0.0001 

Thr 581 0.0045 0.0002 

Leu 582 0.0061 0.0002 

Val 583 0.0038 0.0002 

Val 584 0.0037 0.0001 
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Figure E.3: HSQC time course analysis of T450S variant of Cpe0147439-563 
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Figure E.4: HSQC time course analysis of T450S variant of Cpe0147439-563 
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Figure E.5: HSQC time course analysis of T450S variant of Cpe0147439-563 
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Appendix F 
X-ray crystallography table 

 

Cpe0147  T450C T6105A T6105S 

Data collection and 
processing 

   

Diffraction source MX1, AS MX1, AS MX1, AS 

Wavelength (Å) 0.9537 0.9537 0.9537 

Temperature (K) 100 100 100 

Detector  ADSC Quantum 
315r 

ADSC Quantum 
315r 

ADSC Quantum 
315r 

Crystal to detector distance 
(mm) 

120 150 150 

Oscillation/image (°) 1 1 1 

Rotation range (°) 360 360 360 

Exposure/image (s) 1 1 1 

Space group P1 P21 P21 

a, b, c (Å) 39.98, 44.40, 
50.10 

32.86, 91.79, 
72.07 

32.73, 91.30, 
72.06 

α, β, γ (°) 95.11, 109.36, 
110.12 

90.00, 98.91, 
90.00 

90.00, 99.10, 
90.00 

Mosaicity (°) 0.36 0.28 0.97 

Resolution range (Å)* 
18.9 – 1.35 

(1.37 – 1.35) 
19.3 - 1.80 

(1.84 - 1.80) 
35.6 – 1.70 

(1.73 – 1.70) 
No. of unique reflections* 61888 (2494) 38471 (2267) 41121 (1957) 

Completeness (%)* 94.8 (77.4) 98.4 (97.2) 89.9 (80.6) 

Multiplicity* 3.3 (3.3) 7.6 (7.7) 6.5 (6.4) 

<I/σ(I)>* 27.8 (2.4) 15.2 (1.8) 11.2 (1.5) 

CC1/2* 1.000 (0.787) 0.999 (0.724) 0.998 (0.656) 
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Structure solution and 
refinement T450C T6105A T6105S 

Resolution range (Å) 46.0 – 1.35 71.2 – 1.80  71.2 – 1.70 

No. of reflections, working 55528 34485 36957 

No. of reflections, test 3086 1981 2072 

Final RCryst 0.188 0.257 0.261 

Final Rfree 0.227 0.300 0.285 

Number of atoms:    

   Protein 1163 & 1157  2920 2998 

   Water 283 122 85 

   Glycerol - - 6 

   Ethylene glycol - 4 - 

   Metal 4 1 2 

Wilson B factor (Å2) 16.1 29.2 23.3 

Average B factor (Å2):    

   Protein 15.4 & 15.7 29.2 29.2 

   Water 27.6 28.2 21.3 

   Glycerol - - 23.1 

   Ethylene glycol - 28.8 - 

   Metal  18.3 & 16.8 21.6 17.6 

R.m.s deviations    

   Bonds (Å) 0.007 0.006 0.006 

   Angles (°) 1.34 1.17 1.14 

Ramachandran favoured (%) 99.3 98.2 98.5 

MOLPROBITY score 100th percentile 96th percentile  100th percentile 

* Data in parentheses is for the high resolution shell. 
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Appendix G 
Components of the SEC pathway 

 

E.1 Sec A 
 
SecA_Clostridium_perfringens      --MGLFDKIFGSYSDREVKRITPIVDKIDSLGPEMEKLSDEELKQKTFEFKDRYAKGESL 
SecA_Ecoli                        MLIKLLTKVFGSRNDRTLRRMRKVVNIINAMEPEMEKLSDEELKGKTAEFRARLEKGEVL 
                                     : *: *:***.** ::*:  :*: *::: ************ ** **: *  *** * 
 
SecA_Clostridium_perfringens      DDMLPEAFAVCREASTRVLGMKHYREQLIGGTVLHQGRIAEMKTGEGKTLVATLPVYLNA 
SecA_Ecoli                        ENLIPEAFAVVREASKRVFGMRHFDVQLLGGMVLNERCIAEMRTGEGKTLTATLPAYLNA 
                                  ::::****** ****.**:**:*:  **:** **::  ****:*******.****.**** 
 
SecA_Clostridium_perfringens      IAGKGVHVITVNDYLATRDKEWMGQLYEFLGLTTGVIVHGLTNDQRREAYNADITYGTNN 
SecA_Ecoli                        LTGKGVHVVTVNDYLAQRDAENNRPLFEFLGLTVGINLPGMPAPAKREAYAADITYGTNN 
                                  ::******:******* ** *    *:******.*: : *:.   :**** ********* 
 
SecA_Clostridium_perfringens      EFGFDYLRDNMVIYKEERVQRPLHYCIVDEVDSILIDEARTPLIISGAGSKSTDLYKIAD 
SecA_Ecoli                        EYGFDYLRDNMAFSPEERVQRKLHYALVDEVDSILIDEARTPLIISGPAEDSSEMYKRVN 
                                  *:*********.:  ****** ***.:********************....*:::**.: 
 
SecA_Clostridium_perfringens      FFVKKLREEED-----------YTIDEKAHAAMLTDKGVAEAEKAFGIENYADAN----- 
SecA_Ecoli                        KIIPHLIRQEKEDSETFQGEGHFSVDEKSRQVNLTERGLVLIEELLVKEGIMDEGESLYS 
                                   :: :*.:*.           :::***::. **::*:.  *: :  *.  *.      
 
SecA_Clostridium_perfringens      --NMELQHHITQALKANYVMKRDKDYMVKDDEIAIVDEFTGRLMEGRRYSDGLHQAIEAK 
SecA_Ecoli                        PANIMLMHHVTAALRAHALFTRDVDYIVKDGEVIIVDEHTGRTMQGRRWSDGLHQAVEAK 
                                    *: * **:* **:*: ::.** **:***.*: ****.*** *:***:*******:*** 
 
SecA_Clostridium_perfringens      EGVKVQRESKTLATITFQNYFRMYTKLAGMTGTALTEETEFREIYGLDVVVIPTHRPVQR 
SecA_Ecoli                        EGVQIQNENQTLASITFQNYFRLYEKLAGMTGTADTEAFEFSSIYKLDTVVVPTNRPMIR 
                                  ***::*.*.:***:********:* ********* **  **.** **.**:**:**: * 
 
SecA_Clostridium_perfringens      EDHSDLVFKTAKGKYDAIVEEIIETHKTGQPVLVGTTSIEKSEYLSSLLKKKGVPHKVLN 
SecA_Ecoli                        KDLPDLVYMTEAEKIQAIIEDIKERTAKGQPVLVGTISIEKSELVSNELTKAGIKHNVLN 
                                  :*.***: *   * :**:*:* *.******** ****** :*. *.* *: *:*** 
 
SecA_Clostridium_perfringens      ARYHEQEAEIVSHAGELGNITIATNMAGRGTDIKLG------------------------ 
SecA_Ecoli                        AKFHANEAAIVAQAGYPAAVTIATNMAGRGTDIVLGGSWQAEVAALENPTAEQIEKIKAD 
                                  *::* :** **::**. :************* **                         
 
SecA_Clostridium_perfringens      -----EGVLEVGGLKIIGTERHESRRIDNQLRGRSGRQGDKGHSRFYISLEDDLMRIFGS 
SecA_Ecoli                        WQVRHDAVLEAGGLHIIGTERHESRRIDNQLRGRSGRQGDAGSSRFYLSMEDALMRIFAS 
                                       :.***.***:************************* * ****:*:** *****.* 
 
SecA_Clostridium_perfringens      EKLQSVVDRLGLEETEAIESKMVTKSIENAQKKVEGNNFDIRKTLLGYDDVMNKQREVIY 
SecA_Ecoli                        DRVSSMMRKLGMKPGEAIEHPWVTKAIANAQRKVESRNFDIRKQLLEYDDVANDQRRAIY 
                                  :::.*:: :**::  ****   ***:* ***:***..****** ** **** *.**..** 
 
SecA_Clostridium_perfringens      KQRSQVLEGENLEDSVQAMIEDVVTSAVQAHLGNIDEDDFEKELGDLIKYLEDIMLPHGK 
SecA_Ecoli                        SQRNELLDVSDVSETINSIREDVFKATIDAYIPPQSLEEMWDIPGLQERLKNDFDLDLPI 
                                  .**.::*: .::.:::::: ***..::::*::   . :::.  *   :  :*: *     
 
SecA_Clostridium_perfringens      FTVEELKTSSNEE-ITRKFIECAREIYKEKEEFVGSEQMREIERVIILRVVDTKWMDHID 
SecA_Ecoli                        AEWLDKEPELHEETLRERILAQSIEVYQRKEEVVGAEMMRHFEKGVMLQTLDSLWKEHLA 
                                     : :.. :** :.:::  : *:*:.***.**:* **.:*: ::*:.:*: * :*:  
 
SecA_Clostridium_perfringens      DMDHLKQGIGLRAYKQQDPTQAYQMEGSAMFDEMINNIKIDTVRYLFHVKVEAEKPQRER 
SecA_Ecoli                        AMDYLRQGIHLRGYAQKDPKQEYKRESFSMFAAMLESLKYEVISTLSKVQVRMPEEVEEL 
                                   **:*:*** **.* *:**.* *: *. :**  *::.:* :.:  * :*:*.  :.* * 
 
SecA_Clostridium_perfringens      ------------VAKETGASHGGDSQEVKKKPVKKEPKVGRNDLCPCGSGKKYKSCCGRE 
SecA_Ecoli                        EQQRRMEAERLAQMQQLSHQDDDSAAAAALAAQTGERKVGRNDPCPCGSGKKYKQCHGRL 
                                                ::. .....:.  . . * ****** **********.* **  
 
SecA_Clostridium_perfringens      VV 
SecA_Ecoli                        -- 
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E.2 Sec D 
 
SECD_Clostridium_perfringens      --------------------------------------MKSKLGSFILFF 
SECD_Escherichia_coli             MLVVVIVVGLIYALPNLYGEDPAVQITGARGVAASEQTLIQVQKTLQEEK 
                                                                        :.   ::     
 
SECD_Clostridium_perfringens      ISIAVISFLALAGFKGFTLGDYQFKT------------------------ 
SECD_Escherichia_coli             ITAKSVALEEGAILARFDTTDTQLRAREALLNVLGDKYVVALNLAPATPR 
                                  *:   :::   * :  *   * *:::                         
 
SECD_Clostridium_perfringens      -----FNEVITKGLDLQGGVSVLMEIQSNDVTVDQLN------------- 
SECD_Escherichia_coli             WLAALYAEPMKLGLDLRGGVHFLMEVDMDTALGKLQEQNIDSLRSELRDK 
                                       : * :. ****:***.***:: :. .  :              
 
SECD_Clostridium_perfringens      -------------------------------------------------- 
SECD_Escherichia_coli             GIPYATVRKEDNYGLSIVFRDSAARDQAISYLSPRHRDLVISSQGDNSLK 
                                                                                
 
SECD_Clostridium_perfringens      -----------------TTKELLSLRVNKVGVSETVVTTEGNNRIRIDIP 
SECD_Escherichia_coli             AVMTDERLKEAREYAVQQNINILRNRVNQLGVAEPLVQRQGADRIVVELP 
                                                    . ::*  ***::**:*.:*  :* :** :::* 
 
SECD_Clostridium_perfringens      GQYDSGTIVDSLQKTGELTFVGPED------------------------- 
SECD_Escherichia_coli             GIQDTARAKEILGATATLEFRLVNTNVDQSAAASGRVPGDSEVKQTREGQ 
                                  *  *:.   : *  *. * *   :                           
 
SECD_Clostridium_perfringens      ------DVILTGKDVEKSSVYIDPQTGKPVIKLELNEEGKQKFAEATKKY 
SECD_Escherichia_coli             PVVLYKRVILTGDHITDSTSSMDEYN-QPQVNISLDSAGGNIMSNFTKDN 
                                         *****..:.*:  :*. :* :::.*:. * : ::: **.  
 
SECD_Clostridium_perfringens      KGQ------------------KIAIKMDNETLTDPVVNDIISNGEAIISG 
SECD_Escherichia_coli             IGKPMATLFVEYKDSGKKDANGRAILAKEEEVINIANIQSRLGNSFRITG 
                                   *:                    **.:* : :.  :...  *:* 
 
SECD_Clostridium_perfringens      NRSMEEAEKVSGIINAGALPVPVKAVSVETVGAQLGANALPNALKAGAIG 
SECD_Escherichia_coli             ISNPNEARQLSLLLRAGALIAPIQIVEERTIGPTLGMQNIKQGLEACLAG 
                                    . :**.::* ::.**** .*:: *. .*:*. ** : : :.*:*   * 
 
SECD_Clostridium_perfringens      VAIIFLFMILYYRVPGFIACMSLSVYILLVLYIFALVG-VTLTLPGIAAF 
SECD_Escherichia_coli             LVVSILFMILFYKKFGLIATSALIANLILIVGIMSLIPGATLTMPGIAGI 
                                  :.: :*****:*:  *:**  :*. ::*:: *::*:.***:****.: 
 
SECD_Clostridium_perfringens      LLTVGMAVDANVLIFERIKEELGNGRSITSAMKIGFSNALRSIMDSNITT 
SECD_Escherichia_coli             VLTLAVAVDANVLINERIKEELSNGRTVQQAIDEGYRGAFSSIFDANVTT 
                                  :**:.:******** *******.***::.*:. *:.*: **:*:*:** 
 
SECD_Clostridium_perfringens      LIAGLVLYFFGSGPVKGFALTLLIGIVISMFTAIIMTRFFMNLGFNMGIL 
SECD_Escherichia_coli             LIKVIILYAVGTGAIKGFAITTGIGIATSMFTAIVGTRAIVNLLYGGKRV 
                                  **  ::**.*:*.:****:*  ***. ******: ** ::** :.   : 
 
SECD_Clostridium_perfringens      NKPSMFGRIKGGRHNA 
SECD_Escherichia_coli             KKLSI----------- 
                                  :* *:            

 
E.3 Sec E 
 
SecE_Clostridium_perfringens     -------------------------------------------------- 
SecE_Escherichia_coli            MSANTEAQGSGRGLEAMKWVVVVALLLVAIVGNYLYRDIMLPLRALAVVI 
                                                                                
 
SecE_Clostridium_perfringens      -MAAKQNVNEKSRGFGITKFFRGVKAEIKRITWPPKEEAKKAIIAVIVF 
SecE_Escherichia_coli            LIAAAGGVALLTTKGKATVAFAREARTEVRKVIWPTRQETLHTTLIVAAV 
                                    **     ..::*. .  * *.::*:::: **.:: *: :: : *.. 
 
SecE_Clostridium_perfringens      TVISIALIGVMDFVFKNLFELVFGLK- 
SecE_Escherichia_coli             TAVMSLILWGLDGILVRLVSFITGLRF 
                                  *.:   ::  :* ::.*..:: **:  
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E.4 Sec F 
 
SecF_Clostridium_perfringens      MLKIVEKKKIWFTISILIIVIGFGFMFTKGMNFGIDFRGGTQVVINMGTD 
SecF_Escherichia_coli             ------------------------------MKRIITGCLLLNFAMAAQAE 
                                                                *:  *      :..:   :: 
 
SecF_Clostridium_perfringens      FNKTDVDKIVDEYSKDAVTNQVNGTEIQIKAKELNSSQVNDIFKALKEKY 
SecF_Escherichia_coli             CNISSSIQNIDYGKRSAAMRQVD----RGKTTQLADRTITLVMQCDQDAH 
                                   * :.  : :*.:.*..**:    : *:.:*.  :. :::. :: : 
 
SecF_Clostridium_perfringens      DLKDDALVSQNEIGASVGRDLTTNAIVALVIAVIGMLIYVVIRFEFSFGI 
SecF_Escherichia_coli             IRVQLNTANISNNGFGFGPNGSLNLIASDAFSGSNNLDLALASGKNDN-- 
                                     :.. .: *..* : : * *.:.::. *.:   :.    
 
SecF_Clostridium_perfringens      AAIIALLHDVLITISVYAVFGITINTPFIAAILTIVGYSINDTIVIFDRI 
SecF_Escherichia_coli             -------------------PGSTGTASISTSPNNWLVFMQNGQEVVIDSG 
                                                      * *.:.: ::. : :  *.  *::*   
 
SecF_Clostridium_perfringens      RENRKKLRGKSVEEIADMSITQTMSRSINTTLTTLITIVCVYIFVPTVRD 
SecF_Escherichia_coli             K-----------------------------------SVSLTLTMAPAFKD 
                                  :                                   ::.  :.*:.:* 
 
SecF_Clostridium_perfringens      FAFPLIVGIASGACSSIFIASPIWCILANRQKNKKARNK 
SecF_Escherichia_coli             EGELTDMTDITGNLTVLVEAK------------------ 
                                   .    :   :*  : :. *.         

 
 
E.5 Sec Y 
SecY_Clostridium_perfringens      -----MLSTLRNAWKVQDLRKKIIWTVFLIAIFRMGSYIPVPGIDTDSLK 
secY_Escherichia¬_coli            MAKQPGLDFQSAKGGLGELKRRLLFVIGALIVFRIGSFIPIPGIDAAVLA 
                                        *.       : :*::::::.:  : :**:**:**:****:  *  
 
SecY_Clostridium_perfringens      ALTQS--GSLVSFYDLISGGSFSRFSIFALGVVPYINASIIMQLLTVAIP 
secY_Escherichia¬_coli            KLLEQQRGTIIEMFNMFSGGALSRASIFALGIMPYISASIIIQLLTVVHP 
                                   * :.  *:::.:::::***::** ******::***.****:*****. * 
 
SecY_Clostridium_perfringens      KLEQLSKEGDDGRKKIQKITRYASIVIGAITAYGSYVIINNVGALK---- 
secY_Escherichia¬_coli            TLAEIKKEGESGRRKISQYTRYGTLVLAIFQSIGIATGLPNMPGMQGLVI 
                                  .* ::.***:.**:**.: ***.::*:. : : * . : *:.::     
 
SecY_Clostridium_perfringens      SNSPVSMFLILLTLVVGSTFLMWLGDQITVKGVGNGTSLIIFANILSSLP 
secY_Escherichia¬_coli            NPGFAFYFTAVVSLVTGTMFLMWLGEQITERGIGNGISIIIFAGIVAGLP 
                                  . . .  *  :::**.*: ******:*** :*:*** *:****.*::.** 
 
SecY_Clostridium_perfringens      MTGYQIYNLSKIGKINVVEVALFIFFTLALLAGVIYLSLAERRITVQYAG 
secY_Escherichia¬_coli            PAIAHTIEQARQGDLHFLVLLLVAVLVFAVTFFVVFVERGQRRIVVNYAK 
                                   :  :  : :: *.::.: : *..:.:*:   *:::..:***.*:**  
 
SecY_Clostridium_perfringens      KAVGNKMMKGQSTHIPLSIIGTTVIAIIFAMSVMSFPTTIAQFFPEAGWS 
secY_Escherichia¬_coli            RQQGRRVYAAQSTHLPLKVNMAGVIPAIFASSIILFPATIASWFGGGTGW 
                                  :  *.::.****:**.:  : **. *** *:: **:***.:*.    
 
SecY_Clostridium_perfringens      QWITGSSYSPFNAKTWMYPVLYALLTIFFTWFYTQITFKPDEMAENMHKS 
secY_Escherichia¬_coli            NWLTTISLY-LQPGQPLYVLLYASAIIFFCFFYTALVFNPRETADNLKKS 
                                  :*:*  *   ::.   :* :***   *** :*** :.*:* * *:*::** 
 
SecY_Clostridium_perfringens      SGFIPGIRPGKPTEIYLEKVLNRISMFGGCFAAIIAVVPILVANYTPFQG 
secY_Escherichia¬_coli            GAFVPGIRPGEQTAKYIDKVMTRLTLVGALYITFICLIPEFMRDAMKVP- 
                                  ..*:******: *  *::**:.*:::.*. : ::*.::* :: :.   
 
SecY_Clostridium_perfringens      IQFGGTSLLILVSVSLEIMRQLESQLTMRHYQGFLK--------- 
secY_Escherichia¬_coli            FYFGGTSLLIVVVVIMDFMAQVQTLMMSSQYESALKKANLKGYGR 
                                  : ********:* * :::* *::: :   :*:. **          
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E.6 YajC 
 
YajC_Clostridium_perfringens      --------------MNFQQIATMVLPFILMFGVFYFLLILPEKKRKKKYD 
YajC_Escherichia_coli             MSFFISDAVAATGAPAQGSPMSLILMLVVFGLIFYFMILRPQQKRTKEHK 
                                                    .  :::* ::::  :***::: *::**.*::. 
 
YajC_Clostridium_perfringens      AMIDELKVNDKIITRGGIIGRIVKLKDDSVIIETTQDRTKIEFSKQGISS 
YajC_Escherichia_coli             KLMDSIAKGDEVLTNGGLVGRVTKVAENGYIAIALNDTTEVVIKRDFVAA 
                                    :*:*.:.*:::*.**::**:.*: ::. *  : :* *:: :.:: ::: 
 
YajC_Clostridium_perfringens      KID------- 
YajC_Escherichia_coli             VLPKGTMKAL 
                                   :         
 

 

E.7 FtsY 

 
FtsY_ECOLI                        MAKEKKRGFFSWLGFGQKEQTPEKETEVQNEQPVVEEIVQAQEPVKASEQ 
FtsY_Clostridium_perfringens      -------------------------------------------------- 
                                                                                     
 
FtsY_ECOLI                        AVEEQPQAHTEAEAETFAADVVEVTEQVAESEKAQPEAEVVAQPEPVVEE 
FtsY_Clostridium_perfringens      -------------------------------------------------- 
                                                                                     
 
FtsY_ECOLI                        TPEPVAIEREELPLPEDVNAEAVSPEEWQAEAETVEIVEAAEEEAAKEEI 
FtsY_Clostridium_perfringens      -------------------------------------------------- 
                                                                                     
 
FtsY_ECOLI                        TDEELETALAAEAAEEAVMVVPPAEEEQPVEEIAQEQEKPTKEGFFARLK 
FtsY_Clostridium_perfringens      ----------------------------------------MFGKLFDKLK 
                                                                              :* :** 
 
FTSY_ECOLI                        RSLLKTKENLGSGFISLFRGKK-IDDDLFEELEEQLLIADVGVETTRKII 
FtsY_Clostridium_perfringens      TGLTKTRDNLTDKINEALNLAVTIDDDMYEELEEALIMSDIGMDTTVEII 
                                   .* **::** . : . :.    ****::***** *:::*:*::** :** 
 
FTSY_ECOLI                        TNLTEGASRKQLRDAEALYGLLKEEMGEILAKVDEPLNVEGKAPFVILMV 
FtsY_Clostridium_perfringens      DRLKAKIRKEKINDVEMVKPALKEVIAEMMLEGDSEEEEEDNEKKVMLII 
                                   .*.    ::::.*.* :   *** :.*:: : *.  : *.:   *:*:: 
 
FTSY_ECOLI                        GVNGVGKTTTIGKLARQFEQQGKSVMLAAGDTFRAAAVEQLQVWGQRNNI 
FtsY_Clostridium_perfringens      GVNGVGKTTSIGKIAARNKNNGKKVLLAAADTFRAAAIDQLDIWSQRANV 
                                  *********:***:* : :::**.*:***.*******::**::*.** *: 
 
FTSY_ECOLI                        PVIAQHTGADSASVIFDAIQAAKARNIDVLIADTAGRLQNKSHLMEELKK 
FtsY_Clostridium_perfringens      DIVKHQEGSDPAAVVFDAVQAAKARDVDLLICDTAGRLHNKKNLMDELAK 
                                   :: :: *:*.*:*:***:******::*:**.******:**.:**:** * 
 
FTSY_ECOLI                        IVRVMKKLDVEAPHEVMLTIDASTGQNAVSQAKLFHEAVGLTGITLTKLD 
FtsY_Clostridium_perfringens      INRIIDRELGDRKKETLLVLDGTTGQNAVIQAKQFMEACPIDGIILTKLD 
                                  * *::.:   :  :*.:*.:*.:****** *** * **  : ** ***** 
 
FTSY_ECOLI                        GTAKGGVIFSVADQFGIPIRYIGVGERIEDLRPFKADDFIEALFARED 
FtsY_Clostridium_perfringens      GTAKGGVVISIKNTLNIPVKYIGVGEGVEDLQKFNAKEFAEALL---- 
                                  *******::*: : :.**::****** :***: *:*.:* ***:    
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E.8 SRP 

SRP_Clostridium_perfringens      MAFDGLASKLQDTLKKLKGKGKLTEKDIKEAMREVKLALLEADVNFKVVK 
SRP_Escherichia_coli             -MFDNLTDRLSRTLRNISGRGRLTEDNVKDTLREVRMALLEADVALPVVR 
                                   **.*:.:*. **:::.*:*:***.::*:::***::******* : **: 
 
SRP_Clostridium_perfringens      KFISNVKDKCVGEEVLNSLTPGQQVIKIVNDELTTLMGETESKLKYSDNG 
SRP_Escherichia_coli             EFINRVKEKAVGHEVNKSLTPGQEFVKIVRNELVAAMGEENQTLNLAAQP 
                                 :**..**:*.**.** :******:.:***.:**.: *** :..*: : :  
 
SRP_Clostridium_perfringens      PTVFMLVGLQGAGKTTMAGKLALHLRKKNKK-PLLVACDIYRPAAIKQLQ 
SRP_Escherichia_coli             PAVVLMAGLQGAGKTTSVGKLGKFLREKHKKKVLVVSADVYRPAAIKQLE 
                                 * *:*.::.*********.***..**:*:**  *:*:.*:*********: 
 
SRP_Clostridium_perfringens      VVGKQIDIPVFSMGDKVKAVDIAKAAIEHAKDNGNNVVIIDTAGRLHIDE 
SRP_Escherichia_coli             TLAEQVGVDFFPSDVGQKPVDIVNAALKEAKLKFYDVLLVDTAGRLHVDE 
                                 .:.:*:.: .*. .   *.***.:**::.** :  :*:::*******:** 
 
SRP_Clostridium_perfringens      DLMQELKDVKEVSNPSEILLVVDAMTGQDAVNVAETFNNSLDLSGIILTK 
SRP_Escherichia_coli             AMMDEIKQVHASINPVETLFVVDAMTGQDAANTAKAFNEALPLTGVVLTK 
                                  :*:*:*:*:   ** * *:**********.*.*::**::* *:*::*** 
 
SRP_Clostridium_perfringens      LDGDTRGGAALSIRDITGKPIKFVGVGEKMSDIEVFHPDRMASRILGMGD 
SRP_Escherichia_coli             VDGDARGGAALSIRHITGKPIKFLGVGEKTEALEPFHPDRIASRILGMGD 
                                  :***:*********.********:*****. :* *****:********* 
 
SRP_Clostridium_perfringens      VLSLIEKAQQAIDQDEASKLSEKMLN-QEFNFDDYLSAMDQMKKLGPINK 
SRP_Escherichia_coli             VLSLIEDIESKVDRAQAEKLASKLKKGDGFDLNDFLEQLRQMKNMGGMAS 
                                 ******. :. :*: :*.**:.*: : : *:::*:*. : ***::* :. 
 
SRP_Clostridium_perfringens      LIEMIPGVNTKELEGIDFSQGEKQMATVKAIIQSMTAKERKQPSLVIGNG 
SRP_Escherichia_coli             LMGKLPGMGQIPDN-VKSQMDDKVLVRMEAIINSMTMKERAKPEIIKG-- 
                                 *:  :**:.    : :.. .:* :. ::***:*** *** :*.:: *   
 
SRP_Clostridium_perfringens      SRKRRIAKGSGTTVQEVNKVLKGYEMMKKQMKQMKSFQKNASKKGFLSKL 
SRP_Escherichia_coli             SRKRRIAAGCGMQVQDVNRLLKQFDDMQRMMKKMKKGGMAKMMRSMKGMM 
                                 ******* *.*  **:**::** :: *:: **:**.       :.:. : 
 
SRP_Clostridium_perfringens      PFMK--- 
SRP_Escherichia_coli             PPGFPGR 
                                 *       

 

 

 

 

                                                             




