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Abstract 

The disulfide bond forming proteins are a large and diverse family of proteins found 

in the periplasm of bacteria. They are involved in the maturation process, oxidation and 

isomerisation of disulfide bonds in their substrate periplasmic proteins, many of which are 

involved in pathogenicity and virulence pathways. Disulfide bond forming proteins are highly 

conserved yet do not appear to be critical for the survival of the bacteria under optimal 

conditions. Altogether these properties make them an ideal target to combat bacterial 

infections, with hopes and aims to reduce virulence of the bacteria while minimising selective 

pressure. This strategy is hypothesised to reduce the rate of resistance development 

compared to antibiotic and antimicrobial treatments.  

This thesis focuses specifically on the disulfide bond forming proteins A and B from 

Burkholderia pseudomallei, the bacterium causing the deadly tropical disease melioidosis.  

Chapter 2 focuses on screening a small natural products library using an assay 

reporting on the activity of the purified B. pseudomallei disulfide bond forming proteins A 

and B. Three natural products including two stilbenoids, (-)-hopeaphenol and vaticanol B, 

and an alkaloid, spermatinamine, were found to moderately inhibit the disulfide bond forming 

protein A and B redox reaction. Additionally, the stilbenoids were shown to bind to the 

disulfide bond forming protein A of B. pseudomallei.  

In chapter 3, X-ray crystallography was used to identify and characterise two drug-

like fragments from the Monash Institute for Pharmaceutical Sciences found to interact with 

B. pseudomallei disulfide bond forming protein A. These fragments were shown to bind a 

transient feature present only on the surface of the oxidised protein.  

In chapter 4, efforts focused on crystallising the complex of B. pseudomallei disulfide 

bond forming protein A with its membrane protein partner - disulfide bond forming protein B. 

Small weakly diffracting crystals of this complex were obtained using a technique for 

membrane protein crystallisation called lipidic cubic phase.  

Chapter 5 returns to B. pseudomallei disulfide bond forming protein A, with the 

objective to identify virulence-associated substrates. Having a better idea of what these 

substrates are, could for example, help identify antigenic epitopes for vaccine preparation 

or find reporters reliant on the activity of the disulfide bond forming proteins in phenotypic 

assays. In this research chapter, bioinformatic methods were used to filter and identify 
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proteins suspected to be substrates of the B. pseudomallei disulfide bond forming protein 

A. 

Disulfide bond forming proteins have been extensively studied over the past 30 years, 

however they are not the only proteins involved in oxidoreduction reactions within the 

periplasm of bacteria. Other proteins, such as the suppressor of copper sensitivity proteins, 

have miscellaneous functions, including copper sequestration, disulfide bond oxidation and 

isomerisation. These proteins share structural similarities with the disulfide bond forming 

proteins, especially around the active site motif, however they differ in the way they 

oligomerise. Since only a few members of the suppressor of copper sensitivity protein family 

have been characterised to date, it is not entirely clear how their functions are dependent 

on their oligomerisation state. The last research chapter of this thesis, chapter 6, 

investigated the suppressor of copper sensitivity protein C from the organism Caulobacter 

crescentus. Biochemical characterisation indicated that this protein has a strong affinity for 

copper (I) and that it was also able to isomerise incorrectly formed disulfide bonds. Finally a 

crystal structure of the protein was obtained indicating trimerisation via a long α-helical N-

terminal domain.  

In summary the work presented in this thesis investigated the structure, function and 

inhibition of bacterial oxidoreductases, specifically the disulfide bond forming proteins A and 

B from B. pseudomallei and the suppressor of copper sensitivity protein C from C. 

crescentus.  
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1 Introduction  

In this thesis, I investigated the bacterial oxidoreductases DiSulfide Bond forming 

protein A (DsbA) and its membrane partner disulfide bond forming protein B (DsbB), from 

the pathogenic bacteria Burkholderia pseudomallei (Figure 1.1). I also examined another 

oxidoreductase protein named Suppressor of Copper Sensitivity protein C (ScsC) from the 

model organism Caulobacter crescentus. I have explored different strategies to find 

inhibitors of DsbA, screening a small natural product library (chapter 2) and testing 

fragments for interaction with this protein (chapter 3). I have attempted to structurally 

characterise DsbB from B. pseudomallei, using lipidic cubic phase, a technique for 

membrane protein crystallisation (chapter 4). Additionally, using computational methods I 

have contributed to identifying putative virulence substrates of DsbA from B. pseudomallei 

(chapter 5). Finally, I have biochemically and structurally characterised the C. crescentus 

ScsC (chapter 6). The conclusion chapter (chapter 7) summarises the research and efforts 

conducted over the course of my PhD and attempts to place the resulting findings into a 

broader context.   

In this introductory chapter, I provide the background information necessary to 

understand the context of the thesis. The chapter starts with a brief overview of disulfide 

bonds and protein stability, followed by a short description of bacterial oxidoreductases and 

how they catalyse the formation of disulfide bonds into proteins. Different members of this 

protein family - DsbA, DsbB, DsbC and DsbD - are introduced. I also include a section on 

the relationship between these proteins and bacterial virulence, highlighting their importance 

as potential drug targets. In the second part of the introduction, I summarise mechanisms of 

copper resistance in bacteria and introduce the suppressor of copper sensitivity proteins. 

The similarities between the latter proteins and disulfide bond forming proteins are listed at 

this stage. The final part of the introduction focuses on the two organisms from which the 

proteins I studied originate: Burkholderia pseudomallei, the causative agent of melioidosis, 

and the model organism Caulobacter crescentus.  

Without further ado comes the introduction. I wish you an enjoyable read and may 

this thesis convey my enthusiasm for bacterial oxidoreductases.  
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Figure 1.1: Investigating bacterial oxidoreductases. This thesis focuses on the inhibition 
and characterisation of the bacterial oxidoreductases DsbA and DsbB from Burkholderia 
pseudomallei (BpsDsbA and BpsDsbB) and ScsC from Caulobacter crescentus (CcScsC). 
BpsDsbA and BpsDsbB are involved in the oxidative folding of several of the bacterium’s 
weapons, named virulence factors (and depicted as swords) among others. CcScsC is 
involved in disulfide bond isomerisation and copper resistance. Sulfur atoms on catalytic 
cysteines are indicated by “S” or “SH” when reduced and connected to a hydrogen atom, 
disulfide bonds are represented as an orange bar between the “S”.  

 

1.1 Proteins, disulfide bonds and bacterial infection 

1.1.1  Protein shape and stability 

The function of a protein is determined by its three-dimensional shape, which is itself 

determined by its specific sequence of amino acids, the elementary blocks that make up all 

proteins (Anfinsen, 1973). Each of the twenty different amino acids used in the building of 

proteins has a specific side chain with specific physicochemical properties such as charge 

(positive, negative, none), hydrophobicity and steric size. Amino acids are connected 
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together in long chains via peptide bonds. Protein main chain and side chain atoms can 

interact with non-neighbouring residues creating hydrogen bridges, charge-charge 

electrostatic interactions, van der Waals connections and hydrophobic contacts that stabilise 

the protein three-dimensional structure, thereby minimising its free energy (Dobson, 2003; 

Zhou & Pang, 2018). Inside a cell, the pH and ionic strength of the cytoplasm is relatively 

constant, offering a suitable environment for proteins to fold and attain their native, 

functionally active conformation (Dobson, 2003; Zhou & Pang, 2018).  

Aside from the interactions mentioned above, a subset of proteins have access to 

another stabilising feature termed disulfide bonds. Disulfide bonds are generated by 

oxidising the thiol groups on two non-adjacent cysteines creating a covalent bond - similar 

to a molecular staple - between amino acids that are often in distant sections of the 

polypeptide chain (Figure 1.2). Disulfide bonds can confer stability and help a protein fold 

(Khoo & Norton, 2011), and are common in secreted proteins, where the external 

environment is harsher than the cytoplasm, or where homeostasis cannot be achieved.  

 
Figure 1.2: Example of a disulfide bond. The structure of the periplasmic domains of the 
type 3 secretion system protein EscC, from Escherichia coli. The functional protein requires 
the formation of a disulfide bond between cysteine 136 and cysteine 155, covalently 
connecting a β-sheet to an α-helix ensuring the stability of the protein. Sulfur atoms involved 
in the disulfide bond are shown as yellow spheres, the protein is coloured from blue (N-
terminal domain) to red (C-terminal domain, Protein DataBank (PDB) ID 3GR5, (Spreter et 
al., 2009)). The inset provides a more detailed image of the residues around the disulfide 
bond.   
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1.1.2  Disulfide bonds – the molecular staples  

Disulfide bonds do not form spontaneously in the cytoplasm of cells, which is 

generally a reducing environment. Instead, they are formed via a catalysed reaction within 

cellular compartments, by specialised enzymes. In a eukaryotic cell, the oxidation and 

isomerisation of disulfide bonds is performed by Protein Disulfide Isomerases (PDI) located 

largely in the endoplasmic reticulum (Wilkinson & Gilbert, 2004; Ladenstein & Ren, 2008). 

In Gram-negative bacteria, the catalysis of oxidation, reduction and isomerisation reactions 

of cysteine pairs is divided between different members of a superfamily of protein 

oxidoreductases, mainly found in the periplasmic space of bacteria. These proteins are 

called DiSulfide Bond forming proteins (DSB). Most DSBs utilise a catalytic cysteine pair 

organised in a specific protein domain called a “thioredoxin fold”. The term comes from the 

protein thioredoxin (TRX), in which the fold was first identified (Holmgren et al., 1975; Martin, 

1995). The thioredoxin three-dimensional structure consists of five β-sheets organised in a 

stacking spiral, surrounded by α-helices (Figure 1.3). The two catalytic cysteines of the fold 

are found at the N-terminal end of the second helix, in a CGPC sequence motif (using the 

one letter abbreviation of the amino acids involved in the sequence, in this case CGPC 

represents cysteine-glycine-proline-cysteine) directly facing an adjacent cis-proline located 

at the start of the fourth β-strand (Figure 1.3). The thioredoxin fold is actually a little smaller 

than the thioredoxin protein itself: it specifically refers to the second, third, fourth and fifth β-

strand and the second, third and fourth α-helices of this protein, as well as the CXXC motif 

(X being any amino acid) and adjacent cis-proline (Figure 1.3).  
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Figure 1.3: Structure of thioredoxin. A) The three-dimensional model of E. coli thioredoxin 
from the crystal structure PDB ID 2TRX (Katti et al., 1990). The protein is shown as a cartoon 
coloured from blue (N-terminal) to red (C-terminal). The position of the catalytic cysteines 
and cis-proline are highlighted by a red circle. B) Topological representation of thioredoxin 
secondary structure: cyan cylinders are used for α-helices and green arrows for β-strands; 
the catalytic domain (CXXC) and cis-proline (cP) are labelled. Note that the N-terminal α-
helix and β-strand (shown in light colours) are not part of the thioredoxin fold.  

 

1.1.3  Formation of bacterial disulfide bonds – DsbA and DsbB 

Bacteria have developed a complex system to catalyse and regulate the formation of 

protein disulfide bonds in their periplasm and outer membranes. The Escherichia coli 

disulfide bond forming protein A (EcDsbA) is a soluble, globular periplasmic protein 

containing a catalytic cysteine pair within a thioredoxin fold. EcDsbA works together with its 

membrane partner protein, the E. coli disulfide bond forming protein B (EcDsbB), to oxidise 

mostly consecutive cysteines in nascent bacterial proteins that are translocated through the 

cell membrane via the secretory pathway (Bader et al., 1999; Veenendaal et al., 2004; 

Messens & Collet, 2006). EcDsbA is essential for the correct folding of several proteins in 

the periplasm of bacteria (for example β-lactamase, outer membrane protein A, alkaline 

phosphatase (Bardwell et al., 1991), flagellar motor protein FlgI (Dailey & Berg, 1993), type 

3 secretion system (T3SS) protein EscC (Hiniker & Bardwell, 2004; Heras et al., 2009)). 

Without disulfide bonds these proteins fail to fold into their native shape and this is apparent 

as a loss of function. However, deletion of the E. coli dsbA gene does not prevent bacteria 

from growing or thriving in rich media (Bardwell et al., 1991).  
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EcDsbB has been described as the functional partner of EcDsbA and is able to 

restore reduced EcDsbA to its oxidised state (Bardwell et al., 1993). EcDsbB is made up of 

four transmembrane domains (spanning through the cytoplasmic membrane) with two 

periplasmic loops, each supporting a pair of catalytic cysteines (Bardwell et al., 1993; Inaba 

et al., 2006). EcDsbB can accept two electrons from reduced EcDsbA, via the formation of 

an intermolecular disulfide bond between the two proteins. The electrons acquired by 

EcDsbB this way are transported further to a quinone co-factor (ubiquinone (UQ) under 

aerobic conditions or menaquinone under anaerobic ones (Inaba & Ito, 2002; Inaba et al., 

2005)). Finally, the quinone co-factor passes the electrons through to the electron transport 

chain via the cytochrome oxidase in the membrane (Bader et al., 1999; Ito & Inaba, 2008) 

(Figure 1.4). A more detailed overview of the reaction between DsbA and DsbB is given in 

chapter 4. 

In E. coli, the typical DsbA substrate oxidation reaction starts with nucleophilic attack 

by a substrate cysteine thiol on C30 of EcDsbA, resulting in an intermolecular disulfide bond 

between the substrate and DsbA. This bond is then resolved by a second nucleophilic attack 

from the substrate second cysteine, creating an intramolecular disulfide bond in the 

substrate and leaving DsbA reduced (Figure 1.5)(Bardwell, 1994). This reaction is driven by 

the high redox potential of EcDsbA (-122 mV)(Wunderlich & Glockshuber, 1993).  
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Figure 1.4: Schematic of the DsbA and DsbB disulfide bond formation system in the 
periplasm of bacteria. Oxidised DsbA (sulfur atoms shown as orange “S”, disulfide bond 
shown as a bar connecting the sulfurs), binds to a reduced substrate (often virulence factors, 
shown as a disassembled sword) and catalyses the formation of a disulfide bond between 
the cysteines to fold the substrate (solid sword). DsbA is reduced in this process and 
requires DsbB, a membrane protein, to regenerate its catalytic disulfide bond. Electrons are 
passed through to a quinone co-factor (here ubiquinone “UQ”) which transfers them to a 
terminal oxidase in the membrane.  

 
Figure 1.5: Schematic of substrate oxidation by DsbA, based on EcDsbA. The reaction 
starts with nucleophilic attack by one of the substrate cysteines on the DsbA cysteine 30 
(C30) sulfur atom. A second substrate cysteine then attacks the first cysteine of the 
substrate to resolve the intermolecular disulfide bond between the substrate and DsbA. This 
second step leaves the substrate oxidised and DsbA reduced. Thiolates are shown as “S ”; 
nucleophilic attack is represented by an orange arrow.  
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Contributing to a better understanding of this reaction, the structure of EcDsbA was 

first reported in 1993 (Martin et al., 1993). It displays a characteristic thioredoxin fold 

including the catalytic motif C30PHC33 facing a cis-proline (Figure 1.6). In addition, EcDsbA 

has a helical domain made of four α-helices, embedded within the thioredoxin fold, and 

sitting beside the C and N-terminal thioredoxin domains. 

 
Figure 1.6: Structure of EcDsbA and comparison with the thioredoxin fold. A) The 
three-dimensional crystal structure of reduced EcDsbA (determined by X-ray 
crystallography, PDB ID 1FVK (Guddat et al., 1997a)), the helices and strands are 
numbered and the structure is coloured from blue (N-terminal side) to red (C-terminal side). 
B) Topological comparison of the thioredoxin fold (top) and EcDsbA (bottom). While EcDsbA 
is considerably larger, the thioredoxin fold (highlighted in green and blue) is clearly present 
in the structure. Helices and strands are numbered consistent with the 3D X-ray 
crystallographic model. Position of the catalytic cysteines (CXXC) and of the cis-proline (cP) 
are also indicated. 

While E. coli DsbA was the first DsbA to be described, there has since been many 

other DsbA and DsbA-like proteins discovered across Gram-negative and, to a lesser extent, 

Gram-positive bacteria (Landeta et al., 2018). Unsurprisingly, the residues around the active 

site cysteines and the cis-proline are highly conserved: the first catalytic cysteine is almost 

always followed by a proline and a histidine or another aromatic residue; additionally, the 

cis-proline is always preceded by a valine or threonine (Figure 1.7A). Differences in the 

arrangement of the thioredoxin fold, structural motifs and surface electrostatic potential have 

been used to group and classify various DsbA proteins into two main classes and two further 

subclasses (McMahon et al., 2014). DsbA Class I are characterised by the organisation of 
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their β-strands in the thioredoxin fold: β1-β5-β4-β2-β3 (Figure 1.7B). Class II DsbA proteins 

- mostly populated by DsbA proteins from Gram-positive organisms – have a different 

arrangement of their thioredoxin fold β-strands: β1-β3-β2-β4-β5 (Figure 1.7C).  

 
Figure 1.7: Sequence and structural variation among DsbA proteins. A) Alignment of 
17 DsbA sequences, extending the work from McMahon et al., 2014 (McMahon et al., 2014) 
with recent structures, showing residues around the CXXC and cis-proline motifs. For each 
residue, colouring varies from white (no conservation), to dark blue (high conservation). The 
Uniprot accession number is supplied for each protein. Alignment was performed with 
Clustal Omega (Waterhouse et al., 2009). B) and C), β-strand arrangement of recently 
reported Class I (B) and Class II (C) DsbA proteins. DsbAs presented are: Acinetobacter 
baumannii, AbDsbA, PDB ID 4P3Y (Premkumar et al., 2014); Legionella pneumoniae, 
LpDsbA, 4JRR (not published); Chlamydia trachomatis, CtDsbA, 5KBC (Christensen et al., 
2016); Corynebacter diphtheriae, CdDsbA 4PWO (not published) and Wolbachia pipientis 
DsbA number 2, WpDsbA2, 6EEZ (Walden et al., 2019). These structures were aligned with 
the prototypical DsbA of each class: B) Class I EcDsbA, 1FVK (Guddat et al., 1997a) and 
C) Class II DsbA Mycobacterium tuberculosis, MtbDsbA, 4K6X (Premkumar et al., 2013).   

To further categorise DsbAs into subclasses, McMahon et al. compared the surface 

electrostatic potentials, the hydrophobic grooves surrounding the active site and the redox 

potentials of each protein. Class Ia DsbA proteins are similar to EcDsbA with a large 

hydrophobic groove around the active site and redox potential values ranging from -115 to 

-130 mV. Class Ib DsbAs are more closely related to B. pseudomallei DsbA (BpsDsbA) and 

Pseudomonas aeruginosa DsbA (PaDsbA) with a smaller hydrophobic groove facing the 

active site and higher redox potential values ranging from -95 to -79 mV, making them very 

oxidising. The Class II DsbAs are more diverse, with a much wider range of electrostatic 
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potentials and surface charges. The amino acid sequences of Class II DsbA proteins also 

tend to be less conserved than Class I DsbAs. Class IIa DsbAs (represented by 

Mycobacterium tuberculosis DsbA, (MtbDsbA), Figure 1.8) displays a negatively charged 

surface around the CXXC active site. Class IIb (so far with just one entry, Wolbachia 

pipientis DsbA 1, WpDsbA1) differs from Class IIa DsbAs by having a positively-charged 

surface around its catalytic cysteines (McMahon et al., 2014). 

 
Figure 1.8: Comparison of the surface potential of prototypical DsbA proteins from 
class Ia, Ib,IIa and IIb. The electrostatic surface potential was calculated with APBS (Baker 
et al., 2001), and coloured from red to blue (based on the scale at the bottom of the figure). 
Structure used are EcDsbA (PDB ID 1FVK (Guddat et al. 1997a)), BpsDsbA (4K2D, (Ireland 
et al., 2014)), MtbDsbA (4K6X (Premkumar et al., 2013)) and WpDsbA1 (3F4R (Kurz et al., 
2009)). The large hydrophobic groove typical of DsbA class Ia is highlighted green on the 
EcDsbA structure. Orange circles indicate the position of the CXXC active sites.  

Several other proteins have been identified as members of the thioredoxin family with 

the ability to oxidise disulfide bonds in the periplasm of bacteria. DsbL for instance, has one 

of the highest redox potentials recorded to date among E. coli DSB (-95 mV) and is highly 

specific for its substrate, an arylsulfate sulfotransferase. DsbL is found in uropathogenic E. 

coli and Salmonella enterica serovar Typhimurium (Grimshaw et al., 2008). Additionally, S. 

Typhimurium also expresses SrgA (sdiA-regulated gene), a plasmid-borne homologue of 

DsbA necessary to fold a plasmid-encoded fimbria (Ahmer et al., 1998; Bouwman et al., 

2003). Other bacteria can express several different copies of DsbA. Neisseria meningitidis 

for example encodes three different DsbA proteins (NmDsbA 1-3), one of which is 

membrane anchored. These three proteins have some redundancy in their ability to oxidise 

specific substrates (Sinha et al., 2004; Tinsley et al., 2004).  

Oxidoreductase enzymes in Gram-positive bacteria have not been as extensively 

studied as those of Gram-negative bacteria. A few clades of the Gram-positive bacteria, 
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such as the firmicutes, avoid disulfide bonds in their protein folding, and actively exclude 

proteins containing cysteines from cytoplasmic export. As a consequence, these organisms 

do not require oxidoreductases (Adams et al., 2015). The Bacillus family is an exception as 

it expresses the BDB family of proteins (for Bacillus Disulfide Bond formation) (Ishihara et 

al., 1995). BdbD is homologous to DsbA but is anchored to the cell membrane and interacts 

with two integral membrane proteins BdbC and BdbD (both similar to DsbB) for reoxidation 

(Kouwen et al., 2007). 

Staphylococcus aureus also encodes a DsbA-like protein, SaDsbA. Curiously, 

SaDsbA, is able to oxidise other proteins without a reoxidation protein partner (Heras et al., 

2008). SaDsbA may be reoxidised via small oxidising molecules found between the cell 

membrane and the peptidoglycan layer (Heras et al., 2008).  

Bioinformatic analysis of the distribution of cysteines in extra-cytoplasmic proteins 

suggest that actinobacteria may express DSB as there is a strong bias for an even number 

of cysteines in the proteins predicted to localise outside of the cytoplasm. A DsbA 

homologue has been described in M. tuberculosis, the bacterium causing tuberculosis 

(MtbDsbA) and in Corynebacter diphtheriae (CdDsbA), which causes diphtheria. 

Surprisingly, CdDsbA is reported to function as an isomerase/reductase rather than an 

oxidase (Um et al., 2015).      

While DsbA is encoded in most bacterial species, the occurrence of DsbB is restricted 

mostly to α, β and γ-proteobacteria, with a few exceptions among ϵ-proteobacteria, some 

firmicutes and most of the chlamydia genus (Landeta et al., 2018). In spirochaetes, 

actinobacteria, cyanobacteria and some δ-proteobacteria, DsbB is replaced by another four 

transmembrane domain protein named VKOR (for Vitamin K Epoxide Reductase). 

Interestingly, interactions between DsbA and VKOR have been confirmed in the case of M. 

tuberculosis (Ke et al., 2018). Other Gram-positive bacteria produce the DsbB homologues 

BdbB and BdbC from the BDB protein family (Ishihara et al., 1995; Kouwen et al., 2007). 

Over the last 30 years, a wide range of DSB have been thoroughly studied and shown 

to be essential for the proper folding of numerous substrates. The sheer number of different 

oxidases found in the periplasm of these bacteria is a testimony to the importance of this 

process.  
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1.1.4  Isomerisation and reduction pathway – DsbC and DsbD   

Disulfide bond formation in bacterial proteins with only one cysteine pair or between 

consecutive cysteines is generally achieved efficiently by DsbA and DsbB. However, 

matters become more complicated where the mature protein sequence has odd numbers of 

cysteines or disulfide bonds between non-consecutive cysteines. In this situation DsbA 

alone is not always able to link the correct cysteines together and may introduces errors 

(Berkmen et al., 2005). Thus additional redox enzymes are required to correct these 

mistakes. The disulfide bond isomerase proteins such as DsbC are responsible for 

correcting non-native disulfide bonds in bacteria (Bessette et al., 1999; Zhang et al., 2002).  

E. coli DsbC is a dimeric protein formed by two 23 kilo-Dalton (kDa) subunits 

organised into a V-shape with the two N-terminal domains interacting together (Figure 1.9B). 

The protein sequence has four cysteines per protomer forming two disulfide bonds. One pair 

of cysteines is organised as the redox active site, C98 and C101, in a typical CXXC 

thioredoxin fold on the C-terminal domain of the protein. The second pair of cysteines forms 

a buried disulfide bond between C141 and C163. The N-terminal domain of each monomer 

contains β-sheets responsible for the dimerisation (Figure 1.9)(McCarthy et al., 2000).  

 
Figure 1.9: Structure of E. coli DsbC. A) Cartoon representation of EcDsbC monomer. 
The α-helices and β-strands are numbered according to their position in the sequence. The 
chain is coloured from blue (N-terminal side) to red (C-terminal side). B) DsbC dimer, the 
two chains are coloured purple and gold. The catalytic cysteines are shown as yellow 
spheres. The structure is displayed to highlight the typical “V” shape. Image from EcDsbC 
PDB coordinate 1EEJ (McCarthy et al., 2000). 
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In contrast to DsbA, which needs to be oxidised to perform its function, DsbC requires 

its catalytic cysteines to be reduced in order to isomerise disulfide bonds. The reduced 

cysteines present in DsbC attack non-native disulfide bonds in diverse substrates, to 

generate a mixed disulfide (Figure 1.10). From there the reaction can follow two different 

directions. More often than not, the disulfide bonds in the substrates are isomerised by DsbC 

directly (Figure 1.10, isomerisation pathway); in some cases, the substrate becomes 

reduced (Figure 1.10, reduction pathway). In the latter situation, the reduced substrate 

needs to be reprocessed by DsbA until the native disulfide bonds are formed. Since correct 

disulfide bonds are usually more stable and less exposed to the surface of the protein than 

incorrect ones, the chances of DsbC reshuffling correct disulfide bonds is low (Rietsch et 

al., 1997; Gleiter & Bardwell, 2008). Finally, DsbC is maintained in the active reduced state 

by another membrane protein, DsbD.  

 
Figure 1.10: Schematic representation of the DsbC enzymatic pathway. DsbC interacts 
with misfolded substrates (shown as a bent swords) by attacking the wrongly formed 
disulfide bond. From there the reaction can follow one of two pathways. Either one of the 
cysteines from the substrate attacks the mixed disulfide leading to the formation of the 
correct substrate disulfide bond (isomerisation pathway) and leaving DsbC reduced; or the 
second cysteine of the DsbC active site attacks the mixed disulfide, leaving the substrate 
reduced (reduction pathway) and DsbC oxidised. Nucleophilic attacks are shown as orange 
arrows and thiolate are represented as “S ”.  

Typical substrates of EcDsbC include ribonucleases (Messens et al., 2007), 

endopeptidases (Hiniker & Bardwell, 2004), phytases (Berkmen et al., 2005), the 
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lipopolysaccharide (LPS) assembly protein LptD in the outer membrane (Denoncin et al., 

2010) and the phosphor-relay protein RcsF part of the stress signalling pathway, also found 

in the outer membrane (Leverrier et al., 2011). EcDsbC has also been shown to have 

moderate chaperon-like activity, preventing aggregation of D-glyceraldehyde-3-phosphate 

dehydrogenase, a protein without disulfide bond; and assists the refolding of reduced 

lysozyme (Chen et al., 1999). Additionally, EcDsbC was necessary for bacterial survival 

under copper stress (Hiniker et al., 2005). Copper causes a range of damage to cells, 

including non-specific oxidation of protein thiol groups (Ladomersky & Petris, 2015). Lack of 

EcDsbC results in the inability of the cell to reorganise the copper-induced wrongly formed 

protein disulfide bonds, resulting in its death (Hiniker et al., 2005).  

Homologues of EcDsbC have also been reported. In E. coli for example, DsbG 

(EcDsbG) shares 24% sequence identity to EcDsbC and is also homodimeric, organised in 

a similar fashion to EcDsbC (Bessette et al., 1999; Heras et al., 2004). Although the function 

of EcDsbG was initially thought to be the isomerisation of disulfide bonds, its main task is 

thought to be the protection of single cysteine residues from thiol oxidation by reactive 

oxygen species. EcDsbG reduces the protein sulfenic acids back to thiols, thus reactivating 

its protein substrates (Depuydt et al., 2009). While EcDsbG expression in vivo is much lower 

than that of EcDsbC, its overexpression can partially rescue mutants lacking DsbC (Bessette 

et al., 1999). 

DsbC and DsbG both rely on a membrane protein, DsbD, to maintain their active site 

cysteines in a reduced state (Rietsch et al., 1997). DsbD is made up of three large domains 

(Figure 1.11) each supporting a pair of cysteines. These three domains are: an N-terminal 

periplasmic globular domain, DsbDα; a transmembrane domain, DsbDβ, comprising eight 

transmembrane helices; and DsbDγ a soluble globular domain at the C-terminus of the 

protein. DsbDα displays an immunoglobulin-like fold and interacts with DsbC to reduce its 

catalytic cysteines. DsbDβ’s cysteines can interact with proteins on both side of the 

periplasmic membrane and conveys electrons from cytoplasmic thioredoxin to DsbDγ in the 

periplasm. Finally, DsbDγ has a thioredoxin fold and is thought to relay electrons from 

DsbDβ to DsbDα (Cho et al., 2007; Cho & Beckwith, 2009; Cho & Collet, 2013). The crystal 

structures of both the α- and γ-domains of DsbD have been determined, but the structure of 

the DsbDβ domain and of the whole protein remains to be solved. In addition to keeping 

EcDsbC and EcDsbG reduced, DsbD also keeps CcmG, a critical component in the 

cytochrome maturation cascade, in a reduced state (Stirnimann et al., 2005).  
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Figure 1.11: Schematic of DsbC and DsbD function. DsbD, in green, is made of three 
domains: α, β and γ. The α domain in the periplasm displays an immunoglobulin-like fold 
and interacts with substrates including DsbC, DsbG and CcmG. The β-transmembrane 
domain of DbsD, made of eight α-helices, shuttles electrons from the cytoplasm to the γ 
domain; lastly, DsbDγ is thought to pass electrons from the β domain to the α domain. DsbD 
maintains DsbC in its reduced functional state. Thioredoxin-1 is shown in red and labelled 
Trx-1, electrons are labelled e  and their typical flow is indicated by solid arrows, DsbC 
substrate is represented as a sword.  

At least two protein families share sequence homology with DsbD: the ScsB proteins 

that will be described in more detail in section 1.2; and CcdA which is found in most bacteria 

(Cho & Collet, 2013). CcdA consists of six transmembrane domains and two cysteines (Zhou 

& Bushweller, 2018) and lacks the periplasmic domains of DsbD and ScsB. The structure of 

CcdA has been determined by Nuclear Magnetic Resonance (NMR) and the mechanism of 

action elucidated: the electrons are transported from the cytoplasm through the membrane 

in a “lift-like” mechanism (Zhou & Bushweller, 2018). 
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1.1.5 DSBs and bacterial virulence   

DSBs are not required for survival of bacteria under optimal conditions (Heras et al., 

2009). However, the presence of DSB across many different species and the sheer number 

of variants found in nature suggests that their functions are important. One emerging theme 

is the involvement of DSBs in the production and maturation of virulence factors. Virulence 

factors are involved in promoting infection, escaping the host immune system and creation 

of biofilms that increase the bacteria’s ability to survive (Heras et al., 2009; Hatahet et al., 

2014; Ren et al., 2014; Smith et al., 2016; Bocian-Ostrzycka et al., 2017; Christensen et al., 

2019). To simplify, virulence factors can be considered the molecular weapons of bacteria 

and are represented as such in the figures of this thesis.  

During the last 30 years, a number of these virulence factor substrates have been 

identified and characterised in multiple bacteria species including E. coli (Hiniker & Bardwell, 

2004), Erwinia carotovora (Coulthurst et al., 2008), Francisella tularensis (Straskova et al., 

2009; Ren et al., 2014), Burkholderia cepacia (Hayashi et al., 2000) and many others. These 

have been thoroughly reviewed in Heras et al. 2009, (Heras et al., 2009), Smith et al. 2016 

(Smith et al., 2016), Bocian-Ostrzycka et al. 2017 (Bocian-Ostrzycka et al., 2017) and 

Landetta et al. 2018 (Landeta et al., 2018). Typical virulence factor substrates include 

proteases (for example zinc metalloprotease in Burkholderia cepacia (Corbett et al., 2003)), 

proteins involved in flagella formation (FlgI), Type III and IV secretion system, numerous 

efflux pumps (Hayashi et al., 2000), β-lactamases, outer membrane transport protein (Omp), 

endonuclease, phosphatases, diverse toxins and many more (Heras et al., 2009; Ren et al., 

2014). 

Importantly, deletion of the dsbA or dsbB genes or their homologues strongly 

attenuates virulence in bacterial species. This is the case for uropathogenic E. coli (Totsika 

et al., 2009) the bacteria responsible for most urinary tract infections; B. pseudomallei, the 

causative agent of the deadly tropical disease melioidosis (see section 1.3) (Ireland et al., 

2014; McMahon et al., 2018); S. Typhimurium (Bouwman et al., 2003; Miki et al., 2004) 

responsible for gastro-intestinal infections; B. cepacia (Hayashi et al., 2000), which can 

cause serious respiratory infections in patients with immune deficiencies, and F. tularensis 

(Straskova et al., 2009), the causative agent of tularaemia, an infection that mostly affects 

rodents although can be transmitted to human and is often fatal when left untreated. The 

discovery that DSBs, in particular DsbA and DsbB, are linked to virulence logically led to the 
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search for inhibitors of these proteins as potential ways to treat bacterial infections (Heras 

et al., 2009; Bocian-Ostrzycka et al., 2017) 

 

1.1.6 Antibiotic resistance and targeting DSBs  

The discovery of antibiotics for use against bacterial infections at the start of the last 

century was heralded as a great medical breakthrough. Early antibiotics - such as salvarsan, 

a treatment for syphilis, prontosil, a sulfonamide with activity against Gram-positive bacteria, 

and penicillin, a wide spectrum antibiotic credited with saving millions of lives since its 

discovery in 1928 (Fleming, 1929; Howie, 1986; Aminov, 2010) - were thought to bring an 

end to the era of deadly bacterial infections. In subsequent decades, much effort was put 

into the development and improvement of novel antibiotics, ushering in the “Golden Age” of 

antibiotic discovery, during which many classes of antibiotics still in use today were 

developed. By targeting bacterial-specific pathways such as cell wall synthesis and 

membrane integrity, DNA replication, RNA transcription and protein synthesis, antibiotics 

were found to kill bacteria efficiently and with limited side effects to humans (Walsh, 2000; 

Kapoor et al., 2017). Unfortunately, the optimism disappeared quickly with the first evidence 

of antibiotic resistance in bacteria.  

There are many reviews and reports on the emergence and spread of antibiotic 

resistance in bacteria (WHO, 2000; Aminov, 2010; Davies & Davies, 2010; Martinez, 2014; 

Ventola, 2015; Kapoor et al., 2017). From a bacterial point of view, there is a strong incentive 

to find a way to escape the action of antibiotics. Failing to do so results in death for the 

bacterium. This strong selective pressure combined with high genome plasticity and short 

replication time, led to rapid development of resistance mechanisms in bacteria (Courvalin, 

2008; Martinez, 2014). In addition, poor usage of existing antibiotics contributed to 

accelerate this concerning trend. As a result, bacteria have evolved multiple ways of 

escaping the action of antibiotic drugs and developed resistance mechanisms that include: 

target alteration, enzymatic degradation of the antibiotic, target overproduction, metabolic 

bypass, exclusion, extrusion, and sequestration among other (Figure 1.12)(Rhodes & 

Schweizer, 2016). 
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• Antivirulence strategies: to remove or downregulate virulence potential rather 

than killing bacteria (Heras et al., 2015; Mühlen & Dersch, 2016).  

As mentioned in section 1.1.5, the bacterial protein DsbA is required for folding a 

number of bacterial virulence factors and has been identified as an attractive target for 

antivirulence strategies (Heras et al., 2009; Smith et al., 2016; Bocian-Ostrzycka et al., 

2017). 

 

1.1.7  Antivirulence strategies and DSBs inhibition  

Because of their ability to interact with many different virulence substrates, both DsbA 

and DsbB are attractive targets for antivirulence drug discovery strategies (Smith et al., 

2016; Bocian-Ostrzycka et al., 2017). A key advantage of targeting DSBs is that it is 

anticipated to apply less pressure on the organism to develop resistance, compared to 

bactericidal compounds (Heras et al., 2015; Mühlen & Dersch, 2016) since DSBs are not 

essential for survival under optimal conditions.  

There has been some success in finding inhibitors of EcDsbA and EcDsbB. A small 

molecule inhibitor of both EcDsbA and EcDsbB, was found to covalently modify the catalytic 

cysteines of each enzyme, thereby inhibiting the oxidation of substrates (Halili et al., 2015). 

Short peptides derived from the second extracellular loop of EcDsbB (that interacts with 

EcDsbA) bind and inhibit EcDsbA (Duprez et al., 2015a); fragment based drug discovery 

(FBDD) and in silico approaches have found several molecules that bind and inhibit EcDsbA 

(Adams et al., 2015; Duprez et al., 2015b; Totsika et al., 2018; Duncan et al., 2019). One 

might also expect that an inhibitor targeting a DsbA from a specific class would inhibit other 

DsbAs of the same class (thereby potentially stopping several pathogens) (McMahon et al., 

2014; Totsika et al., 2018) though this is yet to be confirmed experimentally.  

DsbB is also involved in bacterial virulence. For example, in B. pseudomallei 

(McMahon et al., 2018) and F. tularensis (Qin et al., 2008) deletion of dsbB gene results in 

a highly attenuated phenotype in mouse models of infection. Mutation of the dsbB gene from 

the plant pathogen Xanthomonas campestris (Jiang et al., 2008) that causes the black rot 

disease, results in defective Type II and Type III secretion systems and disrupts flagellar 

assembly. As a result, DsbB has also been targeted for inhibitor development. However, 

DsbB is an integral membrane protein and studying it makes for a more challenging task. 

EcDsbB ligands were identified by NMR methods using EcDsbB protein embedded in 
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nanodiscs (Fruh et al., 2010). Additionally, using a cell-based reporter assay, Landeta et al. 

identified covalent-binding compounds that inhibit EcDsbB (Landeta et al., 2015; Landeta et 

al., 2017).  

DsbA proteins have traits that make them attractive targets for drug discovery, 

however they also have drawbacks. Because of their need to interact with many different 

substrates, DsbA proteins have a rather featureless active site surface compared to 

enzymes with well-defined catalytic pockets (McMahon et al., 2014). This makes DsbA more 

difficult to target for inhibition. Interestingly, the Class Ib protein B. pseudomallei DsbA 

(BpsDsbA) has recently been shown to have highly dynamic surface features that are only 

revealed upon binding of a ligand or when oxidised (Nebl et al., 2020). These so-called 

cryptic pockets could be important in the discovery and design of inhibitors. 

 

1.2  The suppressor of copper sensitivity proteins  

1.2.1  The role of copper in bacterial homeostasis 

In trace amounts, copper is essential for a majority of living organisms, from most 

bacteria to plants and animals. Due to its ability to cycle between two oxidation states, the 

Cu(II) cupric oxidised form, and the Cu(I) cuprous reduced form, copper is used as a co-

factor by numerous proteins in essential biological processes (Ladomersky & Petris, 2015; 

Li et al., 2019). For example, copper is found in several metallo-enzymes involved in 

molecular respiration (Cobine et al., 2006), within denitrification pathways of bacteria 

(Tavares et al., 2006), and in superoxide dismutase enzymes (Arguello et al., 2013) to name 

a few. However excess copper is toxic. Reduced Cu(I) can produce hydroxyl radicals via 

the Fenton-Weiss reactions under aerobic conditions, which can damage proteins and cell 

membranes (Ladomersky & Petris, 2015). Furthermore, copper can compete with other 

metals to occupy the active site of enzymes, killing the enzyme activity (Macomber & Imlay, 

2009). Finally copper can react with the thiol groups of cysteine residues in proteins, 

oxidising them to sulfenic, sulfinic and sulfonic acids or causing the nonspecific formation of 

disulfide bonds, damaging and inactivating these proteins.  

The toxic properties of copper are exploited by our immune system. Phagocytic cells 

such as macrophages and neutrophils utilise Cu(I) to kill engulfed pathogens by generating 

hydroxyl free radicals and hydrogen peroxides. This effect of Cu(I) leads to localised 

bacterial cell death within the phagocyte (Samanovic et al., 2012; Li et al., 2019). In return, 
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bacteria have evolved a complex system to counteract copper-induced damage and keep 

copper levels under control. 

Bacteria are especially adept at regulating intracellular levels of copper to maintain 

homeostatic concentrations and avoid toxicity (Pontel & Soncini, 2009; Arguello et al., 2013; 

Bondarczuk & Piotrowska-Seget, 2013; Vita et al., 2016; Giachino & Waldron, 2020). In E. 

coli, two main chromosomally-encoded copper-resistance systems have been described, 

the cue system and the cus system (Figure 1.13) (Bondarczuk & Piotrowska-Seget, 2013). 

The cue system encodes CueR, a copper-sensing regulator of the genes cueO and copA. 

The gene copA encodes the primary protein responsible for copper efflux from the 

cytoplasm, CopA ATPase. CopA uses ATP hydrolysis to translocate copper out of the 

cytoplasm and thus minimise damage inside the cell. The second protein in the cue system 

is CueO, located in the periplasm. CueO functions as a copper oxidase, oxidising Cu(I) to 

the less problematic Cu(II). CueO works in the periplasm alongside the cus proteins 

CusCFBA, to remove excess copper. CusCFBA is a large protein complex comprised of the 

individual proteins CusC, CusB, CusA and the chaperone CusF. The complex spans the 

entire bacterial envelope: CusA is anchored to the inner cytoplasmic membrane, CusB 

spans the periplasm, and CusC is anchored to the outer membrane. The CusCFBA proteins 

are regulated by the copper sensing CusRS system in response to copper stress (Munson 

et al., 2000; Kershaw et al., 2005). 

Recently, a novel family of copper storage proteins was identified, which uses 

cysteine residues to bind and store large quantities of copper within helix bundles (Figure 

1.13). Csp1 (Copper storage protein 1) is thought to store copper for use in methane 

oxidation in methanotroph bacteria (Dennison et al., 2018). The role of Csp3 protein is not 

as clear as this protein is also encoded in non-methanotroph organisms (Dennison et al., 

2018). These proteins have a twin-arginine translocation (TAT) signal sequence suggesting 

that they fold and may bind copper in the cytoplasm before translocation to the periplasm 

(Dennison et al., 2018). Both bind Cu(I) with extremely high affinity (1017 M 1) (Vita et al., 

2016; Lee & Dennison, 2019).  

Bacteria have differing ways of dealing with copper. For example, S. Typhimurium 

lacks a cus operon. Instead, it possesses an extra copper-ATPase, GolT (Espariz et al., 

2007), involved in gold resistance but which is also able to export copper (Giachino & 

Waldron, 2020). S. Typhimurium also expresses an extra component of the cue system, 

CueP, a periplasmic protein capable of binding excess copper (Yoon et al., 2013). CueP 
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has been shown to activate the superoxide dismutases SodCI and SodCII - enzymes that 

convert hydroxy radicals to the less-hazardous molecular oxygen (Osman et al., 2013). 

Furthermore in S. Typhimurium, ScsC has been shown to transfer Cu(I) to CueP (Subedi et 

al., 2019).  

 
Figure 1.13: Overview of the copper regulation system in bacteria. Sensor and 
expression regulator CueR upregulates the expression of the CopA transporter, CueO 
oxidase and the copper binding protein CueP in the cytoplasm and periplasm. Similarly the 
sensor CusS and regulator CusR upregulate the expression of CusCFBA to export Cu(I) out 
of the periplasm. The Csp proteins bind large amounts of copper and are thought to transport 
the metal across the cytoplasmic membrane. Finally, in S. Typhimurium, ScsC can bind 
Cu(I) and transfer it further to CueP, which uses this copper to activate the superoxide 
dismutases (SodC) that convert peroxides and hydroxy radicals into molecular oxygen. Solid 
arrows indicate the path of copper, dashed arrows indicate protein communication or 
upregulation, red circles represent Cu(I) ions and blue circles Cu(II) ions. 

As copper can bind to cysteines, it is no surprise that the DSB system can be affected 

by excess copper. One study showed that the loss of DsbC sensitises E. coli to copper 

toxicity. As mentioned at the start of section 1.2, excess copper triggers the formation of 

unregulated disulfide bonds under aerobic condition, leading to incorrect protein folding and 

oligomerisation (Hiniker et al., 2005).  
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1.2.2  The suppressor of copper sensitivity proteins  

Another set of proteins involved in the regulation of copper in bacteria are the 

Suppressor of Copper Sensitivity proteins (SCS). The four genes encoding SCSs are found 

in one locus and spread over two operons. The first operon supports the gene coding for 

ScsA while the second operon bears the genes coding for ScsB, ScsC and ScsD (Figure 

1.14)(Gupta et al., 1997). First identified in S. Typhimurium, these proteins restore copper 

tolerance in a copper sensitive E. coli mutant. Since 1997, similar loci have been identified 

in other bacteria species, most notably Proteus mirabilis (Furlong et al., 2017) and Klebsiella 

pneumoniae.  

In S. Typhimurium, the scsABCD locus is reported to be under the control of the 

kinase CpxA and the regulator CpxR which is activated in response to stress induced by 

copper and oxygen peroxides (López et al., 2018). Copper regulation by the scsABCD 

operon may also involve interplay with thioredoxin A (Anwar et al., 2013).  

 
Figure 1.14: Schematic of the suppressor of copper sensitivity proteins. ScsA is 
predicted to have at least one transmembrane domain with a possible second N-terminal 
transmembrane helix. ScsB is comprised of three domains, a large globular α-domain that 
interacts with ScsC, a β-domain of six transmembrane helices and a smaller γ-domain. Each 
of the three ScsB domains carries a pair of cysteines. ScsC is a periplasmic protein, found 
to be monomeric in S. Typhimurium (StScsC) and trimeric in P. mirabilis (PmScsC). Finally, 
ScsD which is thought to be membrane anchored, also carries two cysteines organised in a 
thioredoxin fold.  
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1.2.3  ScsA 

The first gene on the scs locus encodes the protein ScsA. Based on homology 

modelling and amino acid sequence analysis, ScsA is predicted to be an integral membrane 

protein with up to two transmembrane helices (Gupta et al., 1997)(Figure 1.14). The protein 

ScsA is the only one of the four from the scsABCD locus with predicted copper-binding 

motifs. ScsA also has a CXXC (C13LAC15) motif located in the sequence between the two 

predicted copper-binding sites (Gupta et al., 1997; Anwar et al., 2013). This protein contains 

a putative lipobox at the N-terminus, suggesting that it may function as an outer membrane 

lipoprotein (El Rayes et al., 2021, BioRxive preprint). However, processing of the predicted 

lipobox sequence would remove the CXXC and copper-binding motifs from the protein 

(Anwar et al., 2013). Removal of scsA alone does not affect S. Typhimurium sensitivity 

towards copper-induced stress, however it did increase sensitivity to peroxides (López et 

al., 2018).  

 

1.2.4  ScsB 

The scsB gene from S. Typhimurium was originally predicted to encode an integral 

membrane protein starting with a single transmembrane helix in a large N-terminal 

periplasmic domain (ScsBα), followed by a six transmembrane helical domain in the middle 

of the protein (ScsBβ) and a smaller C-terminal periplasmic globular domain (ScsBγ). Each 

domain, ScsBα, ScsBβ and ScsBγ supports a pair of cysteines (Gupta et al., 1997) (Figure 

1.14). The protein ScsB was also predicted to have a putative lipobox at the N-terminus, 

however the sequence lies very close to the initial methionine and therefore the protein was 

designated an integral membrane protein rather than a lipoprotein (Anwar et al., 2013). 

Topology prediction with current methods (TOPCONS (Tsirigos et al., 2015)) does not 

predict the transmembrane helix in the α-domain.  

Previous reports showed that deletion of the full scsABCD locus made the S. 

Typhimurium bacterium highly sensitive to copper-induced stress (Anwar et al., 2013; López 

et al., 2018). However, further studies revealed a hierarchy in the importance of each protein 

during copper stress. In S. Typhimurium, deletion of the scsB gene renders the bacterium 

as sensitive to copper as when the whole scsABCD locus is deleted.  

Based on homology, ScsB were classified as a distinct family of proteins, separate 

from the DsbD-like and CcdA-like family of proteins, described above in section 1.1.4 (Cho 
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et al., 2012). Structurally, ScsB is predicted to closely resemble DsbD, having a similar 

domain organisation of two periplasmic domains - ScsBα at the N-terminus and ScsBγ at 

the C-terminus - joined by a transmembrane β-domain (with six to eight transmembrane 

helices (Figure 1.14) depending on the bacterial species). Each domain of ScsB contains 

two redox-active cysteines that are all essential for the electron transfer activity. Cho et al., 

found that the scsB gene was present in most proteobacteria, and that some γ-

proteobacteria have both scsB and dsbD encoded on their chromosomes. Finally, some 

bacteria express ScsBα without other SCS proteins, in addition to CcdA homologues, or as 

a ScsBβ/γ fusion protein, suggesting that full-length ScsB may have evolved through a 

series of domain fusions (Cho et al., 2012).  

The major difference between ScsB and DsbD architecture lies in their periplasmic 

α-domains. Both DsbDα and ScsBα were predicted to be mainly β-sheet structures (Cho et 

al., 2012) however, DsbDα domain forms a single immunoglobulin-like fold while ScsBα 

from P. mirabilis has two immunoglobulin-like folds (Furlong et al., 2018). It was postulated 

that the double immunoglobulin fold of ScsBα helps with the recognition of ScsC (Subedi et 

al., 2019). 

 

1.2.5  ScsC 

The best characterised of the SCSs is ScsC. Based on homology modelling, it was 

initially predicted to be an outer membrane protein with one transmembrane domain (Gupta 

et al., 1997). Subsequent studies have shown that ScsC is in fact a soluble periplasmic 

protein, being the only one of the SCSs with a periplasmic export signal sequence (Anwar 

et al., 2013). However the structure and function of ScsC varies across the different bacteria 

from which it has been characterised to date.  

S. Typhimurium expresses a monomeric ScsC (StScsC, PDB ID 4GXZ,  

Figure 1.15A) which has a similar structure to the DsbA of the same organism (StDsbA) 

though it is more closely structurally related to B. subtilis DsbA protein (BdbD)(Shepherd et 

al., 2013) and the catalytic domain of E. coli DsbG. Overall, StScsC consists of a thioredoxin 

fold domain containing the conserved CXXC (CPYC in StScsC) motif and adjacent cis-

proline (Shepherd et al., 2013) with an inserted helix region comparable to that of EcDsbA 

although missing the equivalent of helix α5 in DsbA. StScsC was found to display moderate 

oxidase and no isomerase activity compared to EcDsbA (Shepherd et al., 2013; Subedi et 

al., 2019).  
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In the organism C. crescentus, biochemical analysis of ScsC (CcScsC) led to its 

description as a dimeric disulfide isomerase, with a long N-terminal α-helix contributing to 

dimerisation (Cho et al., 2012). This helical dimerisation domain contrasts with that of E. coli 

DsbC, which is formed from β-strands (McCarthy et al., 2000).  

P. mirabilis ScsC (PmScsC), adds another dimension to the quaternary structures. It 

is a trimeric isomerase, relying on its N-terminal helical region for oligomerisation. This last 

protein has a flexible linker region in its N-terminal domain (Figure 1.15B) that gives rise to 

highly dynamic “shape-shifting” properties (Furlong et al., 2017). 

As indicated above, PmScsC can function as a protein disulfide isomerase, 

interacting with PmScsB to maintain an active, reduced state, similar to the interactions 

between E. coli DsbC and DsbD. CcScsC is also maintained in a reduced state in the 

periplasm by CcScsB, and has protein disulfide isomerase activity (Cho et al., 2012). In a 

similar manner to the interaction between EcDsbC and EcDsbD, PmScsC is maintained in 

a reduced state in the periplasm by interaction with the PmScsBα-domain (Furlong et al., 

2018). Finally, StScsC is monomeric, lacks isomerase activity and is maintained in a 

reduced state by StScsB (Shepherd et al., 2013; Subedi et al., 2019).  
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Figure 1.15: Comparison of ScsC proteins. A) Structure of the StScsC monomer (PDB 
ID 4GXZ, (Shepherd et al., 2013) and B) of the PmScsC protomer from the extended trimer 
(PDB ID 5ID4, (Furlong et al., 2017)). The long N-terminus of PmScsC is required for 
trimerisation of the protein. Active sites catalytic cysteines and the region where helix α5 of  
DsbA would be found are highlighted by red circles. Colouring is based on residue position 
in the sequence, blue – N-terminus, to red, C-terminus. Secondary structures are labelled.  

The differences in the quaternary structures of ScsC proteins might indicate 

differences in their downstream functions and substrates. PmScsC is required for swarming 

motility under copper stress but is not essential for growth (Furlong et al., 2017), whereas 

StScsC is required for growth in the presence of copper (Shepherd et al., 2013). Additionally, 

StScsC in its reduced form is able to bind Cu(I) with picomolar affinity while the oxidised 

form of the protein binds Cu(II) at nanomolar affinity, suggesting that StScsC can sequester 

copper within the periplasm (Subedi et al., 2019). StScsC, along with StScsB, was observed 

to transfer Cu(I) to CueP, and all three proteins are thought to pass copper to the stress 
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response enzyme Cu/Zn-superoxide dismutase, to initiate defence mechanisms that fight 

oxidative damages caused by copper. 

 

1.2.6 ScsD  

Very little is known of this last member of the Scs family. StScsD consists of 168 

amino acids, with a predicted membrane anchor region at the N-terminus and a thioredoxin-

like periplasmic globular domain. Based on structural and homology modelling, ScsD shares 

similarities to several thioredoxin-like proteins involved in cytochrome c maturation. This 

includes E. coli CcmG, a thioredoxin-like protein with a CXXC motif (Edeling et al., 2004).  

 

1.2.7 Comparison of SCSs to DSBs  

While the SCS family has not been as thoroughly characterised as the DSB family, 

clear similarities can be observed, especially between ScsC-ScsB and the DsbC-DsbD 

redox pairs. It is thus of interest to understand why some bacteria have acquired redundancy 

in these pathways and how these proteins are intertwined in the copper resistance and 

disulfide bond formation pathways. This understanding could provide another angle of attack 

when searching for new approaches to tackle bacterial infections. 

 

1.3  Burkholderia pseudomallei and Caulobacter crescentus 

In this thesis I have focused my research on the DsbA and DsbB proteins from the 

pathogen Burkholderia pseudomallei and the ScsC protein from the model organism 

Caulobacter crescentus.  

 

1.3.1  B. pseudomallei and melioidosis  

B. pseudomallei is primarily a soil and water dwelling organism that thrives in tropical 

areas, mostly South-East Asia and Northern Australia (Brett et al., 1997). B. pseudomallei 

infections in humans causes the disease melioidosis with severe symptoms that are hard to 

treat and often lethal (Chakravorty & Heath, 2019). 

Melioidosis was first reported in 1911 by A. Whitmore and S.C. Krishnaswami in 

Myanmar (White, 2003). The main symptoms, the appearance of abscesses, were similar 



 30 

to those of glanders, a zoonotic disease caused by Burkholderia mallei (Van Zandt et al., 

2013). However differences in the motility of the bacteria (B. mallei is non-motile outside of 

host cells), the faster growing rate of isolates and the absence of a Strauss reaction 

(diagnostic test for glanders (Arms, 1910)), convinced Whitmore and Krishnaswami that they 

had found a new species of pathogenic bacteria. Originally named Bacillus pseudomallei, 

and later Pseudomonas pseudomallei, this bacterium was finally classified as Burkholderia 

pseudomallei in the early 1990s (White, 2003). Since then, melioidosis has been diagnosed 

in patients mostly in tropical regions of Asia and Oceania, with a few exceptions: American 

soldiers returning from the Vietnam war, unlucky tourists coming back from endemic regions 

and a handful of cases in Central and South America (Cheng & Currie, 2005; Wiersinga et 

al., 2018). Recent studies suggest that melioidosis is more prevalent than initially thought, 

with an estimated 68 000 – 412 000 infections and 36 000 – 227 000 deaths worldwide in 

2015 (Limmathurotsakul et al., 2016) (Figure 1.16). Routes of infection by B. pseudomallei 

include cuts, inhalation or ingestion of the bacterium after exposure to contaminated water 

and soil. Healthy adults are unlikely to become infected, but diabetic and immuno-

compromised individuals are susceptible to this disease (Wiersinga et al., 2006; Currie, 

2015). Melioidosis generally presents in one of two forms: (i) an acute respiratory infection 

with or without sepsis or (ii) a more chronic infection that can last for months or even years.  

 
Figure 1.16: Map of melioidosis infections and presence of B. pseudomallei. Black 
dots represent recorded cases of melioidosis and presence of the bacterium. Map colouring 
is based on the consensus presence (red) or absence (green) of the bacterium and disease. 
Figure adapted from Limmathurotsakul et al., (Limmathurotsakul et al., 2016) with 
permission from the author.  

In tropical areas, the incidence of melioidosis is linked to the wet season where 

people are more likely to come into contact with contaminated water. With increasing 

extreme climate conditions, due inter alia to climate change, the number of melioidosis 
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cases is expected to increase in parallel with the population exposed to water inundations 

(Merritt & Inglis, 2017).  

The first challenge in the treatment of melioidosis is its diagnosis. Nicknamed “the 

great mimicker”, melioidosis has a plethora of clinical symptoms, primarily pneumonia, but 

also ulcers, abscesses, fever and sometimes encephalomyelitis (inflammation of the brain 

and spinal cord), affecting many different organs - lungs, skin, brain, muscles, bones, liver, 

spleen, prostate - depending on where the bacteria settles (Wiersinga et al., 2006; Currie, 

2015; Wiersinga et al., 2018). B. pseudomallei infection is often misdiagnosed as 

tuberculosis. After a correct diagnosis, curing the infection is also a challenge, due mostly 

to the ability of B. pseudomallei to survive and adapt to its environment. The bacterium is 

naturally resistant to a large number of antibiotics (Schweizer, 2012) and treatment is not 

trivial. The current medication consists of two weeks of intravenous ceftazidime 

(approximatively 50 mg/kg every eight hr) followed by three months of oral trimethoprim–

sulfamethoxazole treatment (Dance, 2014). This long and expensive treatment regime has 

poor patient compliance (Currie, 2015). 

A key reason for B. pseudomallei resistance to treatment is its outer membrane made 

of atypical lipopolysaccharides. This creates a difficult barrier for many molecules to cross, 

including polymyxin B, an antibiotic often used to treat Gram-negative antibiotic-resistant 

bacterial infections. Additionally, B. pseudomallei possesses broad substrate efflux pumps 

that nullify the effect of other antibiotics including chloramphenicol, macrolides, 

fluoroquinolone, tetracycline and aminoglycosides (Podnecky et al., 2015). Most B. 

pseudomallei strains are also resistant to β-lactams via the expression of the PenA β-

lactamase enzyme and can occasionally develop resistance to ceftazidime after mutation of 

this lactamase (Rhodes & Schweizer, 2016; Webb et al., 2017). It is interesting to note that 

B. pseudomallei resistance genes are all chromosomally encoded and mobile genetic 

elements that confer antibiotic resistance are yet to be identified in this species (Schweizer, 

2012). Finally, this bacterium has access to a panoply of tools necessary for survival and 

adaptation and can deploy a large array of virulence factors (Type III, IV, V and VI secretion 

systems, proteases and many others) to escape and neutralise mammalian cellular 

defences (Willcocks et al., 2016). These virulence factors often require disulfide bridges for 

activity and B. pseudomallei expresses a DsbA and a DsbB. Experiments in which these 

DSB genes were knocked out showed that the bacterium was still able to grow, though lost 

the ability to kill mice in infection models, with some variability depending on the strain tested 

(Ireland et al., 2014; McMahon et al., 2018). 
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1.3.2 Caulobacter crescentus  

C. crescentus is a Gram-negative α-proteobacteria that thrives in freshwater and low 

nutrient environments. In contrast to B. pseudomallei it is not known to be pathogenic or to 

lead to severe disease (Scott et al., 2018). Instead, interest in C. crescentus lies in the 

bacterium’s ability to live in the presence of toxic metals (Yung et al., 2014) and its very 

unusual dimorphic life cycle (Govers & Jacobs-Wagner, 2020). When dividing, this organism 

produces two different daughter cells, one with a stalk and the second with flagella, each 

having different fates. This feature makes C. crescentus a valuable model for the study of 

the cell cycle. Last but not least, this organism expresses an arsenal of copper resistance 

proteins (Gillet, 2019) including ScsC and ScsB, (Cho et al., 2012) which are of specific 

interest for my PhD research.  

 

1.4  Significance and thesis objectives 

In an era where antibiotics are failing due to resistance, understanding the 

mechanisms behind bacterial virulence is critical. One area of growing interest is the 

diversity of oxidoreductases in the bacterial periplasm, and their importance in virulence 

factor production. EcDsbA has been studied in-depth for thirty years and, along with its 

membrane partner EcDsbB, has many of the traits of an ideal antivirulence drug target.  

This thesis focuses primarily on the pathogenic B. pseudomallei DsbA and DsbB 

proteins for which discovery of inhibitors could have implications in the treatment of 

melioidosis in the future. Additionally, a better understanding of the redox cycle between 

DsbA and DsbB could offer new angles for therapeutic targeting of the redox reaction. 

Structural biology is my weapon of choice as it offers molecular insights into the shape, 

potential active sites and interactions of proteins, allowing characterisation of the protein of 

interest and identification of their inhibitors.   

DSB proteins may not have a monopoly on the introduction and regulation of disulfide 

bonds in the bacterial periplasm. SCSs, described as bacterial copper resistance proteins, 

may also contribute to this task. We know little about these proteins in comparison to DSBs. 

Together, these two pathways can provide a platform to tackle bacterial infections using a 

unique antivirulence strategy.  

In this regard, the thesis reports my work in the following areas:  
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 Chapter 2 explores the screening of a natural products library to identify compounds 

that bind to BpsDsbA and slow the dithiol oxidation reaction catalysed by BpsDsbA and 

BpsDsbB.  

Chapter 3 uses structural biology approaches to identify drug-like fragments that bind 

to BpsDsbA. This aspect of my research required the application of new technologies to 

improve the identification and characterisation of weakly bound compounds. The work 

presented in this chapter has been submitted for publication. 

Chapter 4 investigates the preliminary structural characterisation of the BpsDsbA and 

BpsDsbB protein complex. Currently the only reported DsbB structure is that of EcDsbB 

(which interacts with EcDsbA, a Class Ia DsbA). This chapter reports on my development of 

a routine procedure to produce a stable complex of the normally transient 

BpsDsbA/BpsDsbB complex, and to generate diffracting crystals of BpsDsbB (this DsbB 

interacts with a Class Ib DsbA).  

Chapter 5 reports on the use of computational methods to discover and investigate 

potential substrates of DsbA. This study was aimed at identifying virulence factors that could 

be targeted for vaccine or antivirulence drug development. The work from this chapter was 

published in PLoS ONE. 

Chapter 6 looks at the characterisation of the ScsC protein from the model organism 

C. crescentus, using biochemical and structural biology methods. Specifically, I wanted to 

answer the question of whether CcScsC is monomeric like StScsC, dimeric as reported in 

the literature (and like EcDsbC) or trimeric like PmScsC. 

Chapter 7 brings together the outcomes of each of the thesis chapters, to highlight 

the key findings, the impact of my research on the broader field, and the future prospects. 

 

1.4.1  Aims 

Broadly, this thesis focuses on thiol oxidoreductase enzymes present in bacteria 

across the DSB and SCS pathways. The aims of this thesis were:  

1. To identify B. pseudomallei DsbA (BpsDsbA) inhibitors by screening a small 

natural product library. 
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2. To find drug-like fragment molecules that bind to BpsDsbA and could be a 

starting point for the development of more potent inhibitors.  

3.  To develop procedures to generate purified stable complex of BpsDsbA/ 

BpsDsbB, and to use this procedure to determine the structure of the complex.  

4. To use bioinformatic approaches to identify putative virulence factor 

substrates of BpsDsbA.  

5. To characterise C. crescentus ScsC using structural biology and biochemical 

techniques, and to determine its oligomeric state.  
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CHAPTER 2 
  



 36 

2 Identification of natural products that inhibit the Burkholderia 

pseudomallei DsbA/B catalysed peptide oxidation assay  

 

2.1 Introduction  

This chapter focuses on the screening of Natural Products (NPs) and NP-derivatives 

to find inhibitors of the B. pseudomallei DSBs. The importance of disulfide bonds during 

virulence factor maturation is revisited, with particular focus on the proteins of B. 

pseudomallei. The use of NPs as a source of drug discovery is introduced.  

 

2.1.1 DSBs as targets for antivirulence drug development 

The development of drug resistance in bacteria is a serious problem worldwide 

(Rossolini et al., 2014; Dadgostar, 2019). According to the Centres for Disease Control and 

Prevention more than 2 million people are infected by antibiotic resistant bacteria annually 

in the United States of America alone, and over 20 000 of those succumb to these infections 

(WHO, 2018). A study on antimicrobial resistance (which includes parasitic infections such 

as malaria) supported by the United Kingdom government and the Wellcome Trust, came 

to the alarming projection that by 2050, humanity will expect millions of additional deaths 

per year and trillions of US dollars of costs associated with antimicrobial resistance, if no 

action is taken (O'Neil, 2014; de Kraker et al., 2016). 

The development of new antibiotics with novel mechanisms of action is lacking 

(Simpkin et al., 2017). In the past fifty years, only three new classes of antibiotics have been 

discovered: lipopeptides, oxazolidinones (Tacconelli et al., 2018) and more recently an 

optimised arylomycin active against Gram-negative bacteria (Smith et al., 2018). In addition, 

several of the larger pharmaceutical companies (Novartis GA, AstraZeneca, Sanofi for 

example) have considerably reduced their antibiotic and antimicrobial research due to the 

low potential for profit from these medicines (Sukkar, 2013; Paavola, 2018). To reduce 

development of resistance, antibiotics need to be used cautiously, which makes their 

commercialisation less profitable than remedies for chronic diseases or cancer for example.  

In this chapter, I explore an alternative approach to combat bacterial infections: 

targeting virulence rather than viability. This strategy is anticipated to apply less selective 

pressure towards bacterial survival, and hence reduce the rate of resistance development 
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toward new drugs (Heras et al., 2015; Herbst et al., 2018). When considering this approach, 

the DSBs make a very good target, as they are heavily involved in virulence in several 

bacterial species studied (E. coli or B. pseudomallei for example). These proteins are not 

essential for growth or proliferation under optimal conditions (Ireland et al., 2014; Bocian-

Ostrzycka et al., 2017).  

 

2.1.2 NPs as a source of new medicines  

Well before modern instruments and laboratories were available, illnesses and 

diseases were often treated with concoctions and remedies made from plants - as described 

in several historical documents such as the Egyptian “Ebers Papyrus” from 1600 B.C. or the 

Chinese “Compendium of Materia Medica” from the 16th century. Similar examples are found 

in other ancient civilisations (Cragg & Newman, 2013). As natural philosophy developed, it 

was observed that often, the molecules found in these plants were responsible for the 

activity of the medicine. Today, these compounds originating from Nature, or NPs, are 

routinely identified, purified, modified and developed into potent drugs to treat a range of 

sicknesses, ailments and infections (Cragg & Newman, 2013).  

The Lipinski “Rule of Five” (Lipinski et al., 1997), are guidelines adopted by synthetic 

and medicinal chemists around the World, used to determine the “drug-likeness” of a 

molecule. These rules state that, to increase the chances of a compound being translated 

into an orally active drug it should have the following physicochemical properties:   

1. A molecular weight below 500 Dalton (Da) 

2.  Five or less H-bond donors,  

3. Ten or less H-bond acceptors and  

4. A calculated LogP of five or less, where P corresponds to the octanol-water partition 

coefficient. This is an estimation of the solubility of the compound in fat (i.e. the ability 

to cross or get stuck in biological membranes).  

However, NPs are the result of billions of years of evolution and co-evolution of 

different organisms, and have been optimised over time to interact with proteins and bind to 

specific receptors thus providing a competitive advantage. As a result, NPs are generally 

larger, have more stereogenic centres and are usually more complex than compounds 

created by synthetic chemists (Clardy & Walsh, 2004). In this regard, it has become 
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apparent that the Lipinski “Rule of Five” does not apply to NPs as strictly as it does to smaller 

synthetic molecules.  

There are plenty of examples of successful plant-derived NPs such as the 

antimalarial drug artemisinin ("Antimalarial Studies on Qinghaosu", 1979) extracted from 

Artemisia annua; the blockbuster anticancer drug paclitaxel obtained from the bark of the 

Pacific Yew tree Taxus brevifolia discovered in 1971 (Wani et al., 1971); morphine, a strong 

painkiller originally extracted from poppy and characterised in the early 1800’s (Sertürner, 

1805) (Figure 2.1); aspirin derived from salicin from the bark of the willow tree (Mahdi et al., 

2006); quinine, another antimalarial drug from the cinchona tree (Medical Discoveries, N.D.); 

digoxin from the foxglove plant, to treat heart failure (Eichhorn & Gheorghiade, 2002), and 

many others (Cragg & Newman, 2013). 

 
Figure 2.1: Examples of NPs derived from plants. The chemical structures are shown for 
artemisinin, paclitaxel and morphine. 

Although more difficult to access and collect than plants, marine organisms such as 

sea sponges, corals, seaweeds, marine microbes, marine fungi and molluscs are also a 

significant source of NPs (Choudhary et al., 2017). Whilst the marine environment has only 

started to be thoroughly investigated for NPs in the last 70 years, it is rapidly expanding. In 

the last five years, nearly 1500 new marine NPs have been identified each year, routinely 

uncovering novel chemistry (Carroll et al., 2020). A number of these marine NPs have 

reached the drug market, examples include the anticancer drug trabectedin, extracted from 

the sea squirt Ecteinascidia turbinate (Rinehart, 2000); another anticancer drug, eribulin 

mesylate, a synthetic analogue of the marine NP halichondrin B from the sea sponge 

Halichondria okadaic (Towle et al., 2001); and the analgesic ziconotide, a ω-conotoxin 

circular peptide containing three disulfide bonds, isolated from a marine cone snail 

(McIntosh et al., 1982) (Figure 2.2). Many marine NPs are also being investigated for 

antimicrobial activity (Choudhary et al., 2017).  
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Figure 2.2: Examples of marine NPs and NP-based drugs. Presentation of the chemical 
structure of trabectedin and ziconotide, and of halichondrin B which led to the development 
of the potent anticancer eribulin mesylate. The three-dimensional structure of ziconotide is 
represented as a cartoon of the circular peptide backbone. Disulfide bonds are depicted in 
yellow while the main chain is rainbow coloured (N-terminal is magenta, C-terminal is cyan, 
image was generated with Pymol using the PDB coordinates 1DW5 of ω-conotoxin MVIIA 
(Atkinson et al., 2000)) 

In addition to plants and marine organisms, NPs can be sourced from 

microorganisms or even vertebrates. One famous example is the group of antibiotics called 

penicillin (from the fungi Penicillium rubens) discovered in 1928 by Alexander Fleming 

(Fleming, 1929) and developed as a drug by Ernst Boris Chain, Howard Florey and Cecil 

George Pains in the 1930s and early 1940s (Howie, 1986). The discovery and drug 

development of penicillins was awarded a Nobel prize in Physiology and Medicine in 1945 

to Fleming, Chain and Florey.  

Venoms and poisons from animals contain biologically active molecules that have 

occasionally also been developed into drugs. For example teprotide a peptide found in the 

venom of the Brazilian viper Bothrops jararaca (Wikström, 1983) resulted in the development 

of captopril, the first angiotensin-converting enzyme inhibitor (ACE inhibitor) (Brian, 

2009)(Figure 2.3). 
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Figure 2.3: Examples of NP and drugs from a vertebrate poison and from microbial 
fungi. Chemical structure of teprotide, a peptide found in viper venom which led to the 
discovery and development of captopril, a potent ACE inhibitor; and of penicillin G (from P. 
rubens), one of the first and most successful antibiotics.  

A comprehensive review of drugs that entered the market between 1981 and 2019 

(1881 entries) determined that almost 50% of these drugs were derived from NPs in some 

way (unmodified NPs, NP-derivatives, including synthetic compounds with NP 

pharmacophores or NP mimics, Figure 2.4) (Newman & Cragg, 2020). Purely synthetic 

compounds make up a quarter of all these drugs while biologicals (proteins and large 

peptides) and vaccines make up the last quarter of the chart (Figure 2.4).     

The properties described above make NPs a rich and diverse source of biologically 

active material when searching for compounds with new chemistry and a specific activity. 

Therefore I chose to investigate a NP library in a preliminary screen for DSB inhibitors. The 

compounds that I screened were obtained from the Davis open access NP library, the 

majority of which has been purified from NatureBank biota (NatureBank, N.D.). 
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formation of a β-hairpin secondary structure (Lee et al., 2004). The sequence was further 

optimised by Prof. Scanlon and his team to improve the fluorescent signal (sequence 

presented in Figure 2.5B). When the two cysteines in the peptide substrate are oxidised, the 

two fluorescent groups are brought into close proximity. Upon excitation with light at 340 

nm, the coumarin absorbs energy and transfers it to the nearby Eu3+ via sensitised emission 

(Lee et al., 2004) (Figure 2.5). The Eu3+ then emits light at 615 nm. The advantage of using 

Eu3+ lies in the slow release of energy, as lanthanides relax over a period of microseconds 

while aromatic amino acids fluoresce in a very short time period (nanosecond) (Royer, 

2006). Time-resolved fluorescence allows for the separation of the signal of the europium-

peptide conjugate from background fluorescence produced by the proteins, thereby 

reducing background noise. The two cysteines that form the disulfide bond are located at 

each end of the peptide. In the presence of active DsbA, these two cysteines are oxidised, 

bringing the two fluorescent groups into close contact and allowing the generation of a 

fluorescent signal that can be monitored over time (Figure 2.5).   
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Figure 2.5: Schematic of the assay that reports on DsbA and DsbB enzyme activity. 
A) Active DsbA oxidises the two cysteines in the synthetic peptide to form a disulfide bond 
bringing the coumarin (blue) and europium atom (Eu, pink) into close proximity allowing 
time-resolved Förster Resonance Energy Transfer measurement (FRET). B) The chemical 
structure of the synthetic peptide and its corresponding one letter amino acid code 
underneath. The side cysteine side chains are highlighted by orange circles. The europium 
atom (pink) is in a DOTA cage at the N-terminus while the coumarin (blue) is at the C-
terminus of the peptide. 

Purified NP compounds selected for testing were generously provided by Associate 

Professor Rohan Davis (Griffith Institute for Drug Discovery, Griffith University). A/Prof Davis 

curates a unique open access NP-derived library consisting of 512 purified compounds. The 

majority of these compounds come from Australian fauna and flora and include endophytic 

fungi (Davis, 2005), macrofungi (Choomuenwai et al., 2012), plants (Levrier et al., 2013) 

and marine invertebrates (Barnes et al., 2010). Approximately one third of the library is made 

of semi-synthetic analogues of NPs (Barnes et al., 2016), another portion of the library 

consists of commercial drugs or NP-like synthetic compounds. The Davis open access 

library is stored and managed by Compounds Australia (www.compoundsaustralia.com) at 
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the Griffith Institute for Drug Discovery. The library provided me with a starting point for the 

rapid identification of DSB inhibitor hits. 

 

2.2 Material and methods  

2.2.1 Purification of BpsDsbA and BpsDsbB proteins 

A construct containing the codon-optimised BpsDsbA gene (Uniprot accession 

number Q63Y08) without its signal sequence, was cloned into a modified pET21a vector 

encoding an N-terminal His6 tag followed by a tobacco etch virus (TEV) cleavage site similar 

to that described in Shouldice et al., 2009 (Shouldice et al., 2009), followed by the protein 

sequence for BpsDsbA (Figure 2.6) This vector was transformed into BL21(DE3) pLysS E. 

coli cells (Invitrogen). Cultures were grown for approximately 20 hr in ZYP autoinduction 

medium (Studier, 2005) containing chloramphenicol (CAM) and ampicillin (AMP). Cells were 

harvested by centrifugation for 15 min at 6000 x g. Cell pellets were frozen in liquid nitrogen 

and maintained at –80 °C until purification.  

 

 
Figure 2.6: The BpsDsbA and BpsDsbB constructs used in the NP screening studies. 
His6 and His8 tags are engineered to allow capture of the protein on metal affinity resin. The 
TEV cleavage site is recognised by TEV protease which cuts between the Q and S residues 
to remove the His6 tag and linker from BpsDsbA . 

Cell pellets from 2 l of culture were thawed in 300 ml of Tris Buffer (25 mM TRIS, pH 

7.5, 150 mM NaCl) mixed with 150 μl of DNAse I from bovine pancreas solution (6.7 mg/ml, 

Roche) and 200 μl of EDTA free protease inhibitor cocktail Set III (Merck) and thoroughly 

resuspended while kept on ice. Cells were passed twice through a cell disruptor (Constant 
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Systems) at 20 kilopound per square inch (ksi). Lysate was centrifuged for 45 min at 42 000 

x g at 4° C and the cell debris (pellet) discarded. Imidazole was added to the supernatant 

containing the protein, to a final concentration of 5 mM and this solution was incubated with 

5 ml of pre-equilibrated TALON® metal affinity resin (Clonetech) for 1 hr at 4° C with gentle 

mixing. The resin was washed with TALON washing buffer (25 mM HEPES pH 7.5, 500 mM 

NaCl, 10 mM imidazole) and the protein eluted in 25 ml of TALON elution buffer (25 mM 

HEPES pH 7.5, 150 mM NaCl, 300 mM imidazole). This solution was concentrated using 

Amicon 10 kDa centrifugal filters (Millipore), to a volume less than 5 ml and injected in a 

desalting column (GE 25 superfine, hand packed) using a Bio-RAD NGC fast protein liquid 

chromatography (FPLC) system, to remove the imidazole. After the desalting step, the 

BpsDsbA concentration was measured using A280 nm absorption on a NanoDrop ND-1000 

(Thermo Scientific). The protein solution was concentrated to 5 mg/ml and mixed with TEV 

protease in a 40:1-DsbA:TEV mass ratio, incubated for 1 hr with gentle mixing at room 

temperature (RT) and then at 4° C overnight. The TEV protease/BpsDsbA solution was 

mixed again with 3 ml of pre-equilibrated TALON resin and agitated gently for 1 hr at 4° C. 

The cleaved BpsDsbA was washed from the resin using HEPES buffer (25 mM HEPES pH 

7.5, 150 mM NaCl) (the TEV-protease is His-tagged and remains bound to the resin). 

BpsDsbA was then oxidised by incubating it with oxidised glutathione (GSSG) in a 50:1 

molar ratio (GSSG:BpsDsbA). The protein was again concentrated to a volume less than 5 

ml and injected into a Superdex S75 16/600 column in HEPES buffer for size exclusion 

chromatography (SEC) using the Bio-Rad NGC FPLC.  

B. pseudomallei DsbB (BpsDsbB) was expressed as described in McMahon et al., 

(McMahon et al., 2018). Briefly, the gene (Uniprot accession number Q63RY4) was 

transformed into a pET28a vector with a C-terminal non-cleavable His8-tag (Figure 2.6). The 

protein was expressed in C41 (DE3) E. coli cells specialised for membrane protein 

expression (Wagner et al., 2008) (kindly provided by Cy Jeffries, University of Sydney) in 

PASM autoinduction medium (Studier, 2005) containing 50 mg/l of kanamycin (KAN) for 24 

hr at 30 ˚C. Cells were collected by centrifugation at 6000 x g for 15 min. Pellets were 

resuspended in 200 ml of phosphate-buffered saline (PBS) at pH 7.4 containing 150 µl of 

DNase I from bovine pancreas (6.7 mg/l, Roche) and 200 µl of EDTA free protease inhibitor 

cocktail Set III (Merck). Cells were lysed by two passages through a cell disruptor (Constant 

System) first at 27 ksi then at 30 ksi. Large debris was removed by low speed centrifugation 

(15 000 x g, 15 min, 4 ˚C). The supernatant was collected and subjected to 

ultracentrifugation (180 000 x g for 1 hr 15 min at 4 ˚C) to pellet the membrane fraction. 



 46 

Membranes were then homogenised in 50 ml PBS per litre of starting culture using a glass 

Dounce homogeniser and the homogenate was then ready for use in the peptide oxidation 

assay. The concentration of BpsDsbB present in the crude membranes was estimated by 

comparison of samples of the membrane preparation with samples of known quantity of 

purified BpsDsbB (determined using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and densitometric analysis). The crude membranes 

containing overexpressed BpsDsbB were flash-frozen in liquid nitrogen and stored at -80˚C 

until use. Some of the crude membrane preparations for BpsDsbB that I used in the peptide 

oxidation assay were prepared by Dr. R. McMahon. 

 

2.2.2 Screening a NP-derived library using the peptide oxidation assay  

The Davis open access compound library – with each molecule stored in dimethyl 

sulfoxide (DMSO) – was dispensed into white OptiPlate-384 well plates (PerkinElmer®) by 

Compounds Australia (www.compoundsaustralia.com) at 5 mM concentration in 1 μl 

aliquots. Plates contained duplicates of each of the compounds. BpsDsbA was mixed with 

BpsDsbB membranes in a master mix at final concentration of 120 nM and 3.2 μM, 

respectively, in POA buffer (50 mM MES, pH 5.5, 50 mM NaCl and 2 mM EDTA). 24 μl of 

the master mix was dispensed in each well of the plate using a Thermofisher Multidrop™ 

dispensing device. A baseline activity negative control (reaction mix without BpsDsbA) was 

added manually. A positive control reaction with no inhibitor present was generated by 

adding 24 μl of the master mix to 1 µl of DMSO without compound. Substrate peptide - 

dissolved in 100 mM imidazole pH 6 and kept frozen until use - was thawed and rapidly 

mixed with POA buffer to a final concentration of approximately 20 μM, and 25 μl of the 

substrate solution was added to each well using the Multidrop. Final concentrations of 

reactants were: 60 nM BpsDsbA, 1.6 μM BpsDsbB in membranes, 100 μM of NP compound, 

and 10 μM of peptide substrate, in a final volume of 50 μl. The reaction was monitored using 

a Synergy H1 Hybrid plate reader (Biotek™), with the excitation wavelength set to 340 nm 

and the emission wavelength set to 620 nm with a 100 μs delay between the excitation and 

reading. Plates were monitored for 3 hr, until a reaction plateau was reached. 

A dose response analysis was performed in a similar manner using varying 

concentrations of selected compounds (from 200 µM to 0.8 µM final compound 

concentration) in 50 µl final reaction volume.  



 47 

Initial reaction rates were calculated using the first 10 minutes of the reactions, where 

the progression of the fluorescence is anticipated to be linear. Calculations were performed 

using Gen5 software (Biotek) and custom Python scripts (see Appendix A). 

 

2.2.3 Analysis of the peptide oxidation assay results  

Initial velocities of a given peptide oxidation assay reaction in the presence of a 

particular compound sample (V0S) were compared to the initial velocities of the reaction with 

DMSO only (no compound present), termed the positive control or PC (V0PC , reaction with 

both proteins BpsDsbA and BpsDsbB and DMSO only) and baseline reference, or negative 

control (NC, giving V0NC , reaction with no BpsDsbA present, see Figure 2.7) to calculate 

the rate factor of sample “S” (RFS).  

!"# =
%0#	 − %0)*
%0+* − %0)*

 

The higher the RFS, the lower the level of inhibition by the NP. Conversely, the lower 

the RFS, the greater the inhibition of the BpsDsbA/BpsDsbB catalysed reaction. An RFS of 

0 indicates that compound S completely inhibits the reaction. I used the RFS value as a 

selection criterion for the assessment of inhibition. Reactions with RFS below 0.6 were 

flagged in the Python script I wrote (Appendix A) and selected for further analysis. 

Some of the coloured compounds caused a reduction of the fluorescence signal 

without necessarily inhibiting peptide oxidation. This phenomenon was defined as assay 

interference. Thus, a low RFS could be the result of interference rather than inhibition. I 

adapted the automated script to quantify interference (IS): 

,- =
.)* −	.-
∆+*

 

Where BNC and BS are the fluorescence values for the negative control and 

compound S respectively, at t = 0, and ∆+* is the change in amplitude of the signal of the 

positive control (Figure 2.7). The lower the initial value of the fluorescent signal of the 

reaction in the presence of a compound compared to the negative control, the higher the 

interference. Both IS and RFS were used to characterise the efficacy of each compound in 

the peptide oxidation assay.  
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Figure 2.7: Schematic of the assay inhibition and interference calculation. V0PC and 
V0S are the initial reaction velocities for the positive control (BpsDsbA, BpsDsbB and DMSO 
without compound) and in the presence of compound S, respectively (BpsDsbA, BpsDsbB 
and compound dissolved in DMSO). The initial velocities are represented by the slope of 
the line that fits the fluorescence signal over the first 10 minutes of the reaction. (V0NC – not 
displayed – is calculated from the negative control). The initial fluorescence value of the 
different reactions are represented by the blue and red horizontal dashed lines labelled BNC 
for the negative control, and BS for the sample S. The difference between the start and final 
fluorescence of the PC is described by ΔPC. In summary: initial velocities are used to 
calculate inhibition whereas the fluorescence value at t=0 is used to quantify interference.    

 

2.2.4 Electrospray ionisation (ESI) mass spectrometry analysis of compound binding to 

BpsDsbA  

20 μM of BpsDsbA was buffer exchanged in 10 mM ammonium sulfate buffer and 

mixed with either 20 μM or 10 μM of selected compounds then incubated at room 

temperature for at least 20 min. Injection of the protein and each compound was done with 

a NanoMate® Chip electrospray. Measurements were performed with a Bruker SolariX XR 

12.0 T magnetic resonance mass spectrometer. Mass spectrometry experiments were 

performed with Dr. J. Ma at the Griffith Institute for Drug Discovery. 

 

2.2.5 Co-crystallisation and crystal soaking experiment 

Crystallisation experiments were performed at the University of Queensland remote 

operation and crystallisation X-ray facility (UQ-ROCX), part of the Centre for Microscopy 

and Microanalysis (CMM) at the University of Queensland. Drops of 200 nl of purified 

protein, concentrated to 34 mg/ml, were dispensed in sitting drop MRC-2 96-well 
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crystallisation plates with a Mosquito® crystallisation robot (SPT Labtech) against a 200 nl 

drop of buffer containing 0.2 M Li2SO4, 0.1 M HEPES pH 7.5, and varying concentrations of 

polyethylene glycol (PEG) 3350 (from 27 % to 37.5 % w/v). Plates were incubated at 20 °C 

in a Rock Imager (Formulatrix®) and imaged automatically every day for a week, with white 

light, polarised light and ultra-violet (UV) light – the latter used to detect protein fluorescence. 

BpsDsbA crystals typically appeared after 1-2 days and continued to grow for another 1-2 

days. Single crystals were harvested with a nylon loop and soaked for 1-2 hr in a solution 

identical to the crystallisation buffer, containing an additional 5% DMSO + 500 μM of a NP 

compound. Soaked crystals were harvested from the soaking solution with nylon loops and 

flash frozen in liquid nitrogen before shipping to the Australian synchrotron in Melbourne for 

data collection. 

For co-crystallisation experiments, BpsDsbA protein solution was mixed with NP 

compound before crystallisation. The compound was dissolved in the protein solution until 

saturation was reached, as observed by the appearance of small white crystals of the 

compound precipitating out of solution. The 30-37% PEG 3350, 0.2 M Li2SO4, 0.1 M HEPES 

pH 7.5 crystallisation condition was used, as well as the Shot Gun 1 screen from Molecular 

Dimensions. One crystal of BpsDsbA mixed with resveratrol grew from 25% PEG 3350, after 

2-3 days. The crystal was harvested with a nylon loop and flash frozen in liquid nitrogen 

before shipping to the Australian Synchrotron. 

2.2.6 Seeding experiment 

To increase the rate of crystal formation of BpsDsbA/NP complex I used both streak 

seeding and microseeding techniques for co-crystallisation experiments. BpsDsbA crystals 

without ligand were collected with a nylon loop and placed in a 50 µl drop of crystallisation 

buffer in the bottom of a 1.5 ml Eppendorf tube. A small poly-tetrafluoroethylene (PTFE) 

bead from Hampton Research Seed Bead Kits was added to the Eppendorf and the solution 

was vortexed for three minutes to pulverise the crystals.  

For streak seeding, a thin seeding tool was dipped into the pulverised crystal solution 

and streaked once across each crystallisation drop. For micro matrix seeding, a tenfold 

dilution series of the pulverised crystal solution was made (from undiluted to 10 7 dilution of 

the original seeding solution). 20 nl of each of the dilutions was mixed with the crystallisation 

drops which contained the protein/NP and precipitant mixture. To minimise evaporation, 

crystallisation wells were sealed with crystal clear tape immediately after seeding.  
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2.2.7 Crystallisation data collection and analysis 

Diffraction experiments were undertaken at 100 K on the MX1 (ADSC Quantum 210r 

Detector) or MX2 (Eiger 16M detector, funded by the Australian Cancer Research 

Foundation) beamlines, at the Australian Synchrotron. Datasets were collected using an 

updated version of BlueIce (McPhillips et al., 2002). On MX1, one image was taken per 

rotational degree over a total 360° rotation of the crystal around one axis. On MX2, diffraction 

images were recorded every 0.1° over 360° around one rotational axis, resulting in much 

finer data collection.  

Diffraction data were processed using the autoPROC (Vonrhein et al., 2011) pipeline 

incorporating XDS (Kabsch, 2010), and Aimless and Pointless software (Evans & 

Murshudov, 2013). Dimple from CCP4 (Winn et al., 2011) was used for molecular 

replacement and initial refinement, using the unliganded BpsDsbA structure PDB ID 4K2D 

(Ireland et al., 2014) as the search model. In a few instances it was necessary to reprocess 

datasets manually with XDS, mainly to correct the space group, in which case molecular 

replacement was performed with Phaser (McCoy et al., 2007) within the Phenix program 

bundle (Adams et al., 2010; Afonine et al., 2012) using the same search model (PDB ID 

4K2D). Refinement was performed by alternating between automated rounds with 

phenix.refine (Adams et al., 2010; Afonine et al., 2012) and manual corrections using Coot 

(Emsley et al., 2010) and Molprobity (Chen et al., 2010) to assess the quality of the models. 

3D models and restraints for the different ligands ((-)-hopeaphenol, vaticanol B, resveratrol, 

spermatinamine) were generated with phenix.eLBOW (Moriarty et al., 2009) 

The datasets resulting from BpsDsbA crystals soaked with the different compounds 

were also tested with the Pan-Dataset Density Analysis (PanDDA) software (Pearce et al., 

2017). This tool uses a background map of apo-BpsDsbA crystals (without any ligand) and 

compares it to datasets collected from crystals soaked in compounds to reveal weakly 

binding compounds. A background map of BpsDsbA was generated using 32 high quality 

datasets (resolution ranging from 1.8 Å to 2.28 Å) of apo-BpsDsbA crystals (see chapter 3 

for more detail). Pandda.analyse was run on the Griffith University Gowonda high 

performance cluster (HPC) using default parameters specifying datasets with and without 

ligand. Results were manually inspected with pandda.inspect.  
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2.3 Results  

2.3.1 Purification of BpsDsbA for the peptide oxidation assay  

BpsDsbA was expressed and purified using an established protocol described in 

Ireland et al. 2014 (Ireland et al., 2014) that used metal affinity and size exclusion 

chromatography. No contaminants were detected when assessing the purity of the protein 

by SDS-PAGE (Figure 2.8 right). The typical yield for this construct was 15 mg of protein 

per litre of cell culture. After purification, the protein was flash frozen and stored at -80˚C 

before use in the peptide oxidation assay or for crystallisation trials.  

BpsDsbB was generated as a membrane preparation without further purification as 

described in the methods section, flash frozen in liquid nitrogen and stored at -80˚C before 

use in the peptide oxidation assay.  

 

 

 
Figure 2.8: BpsDsbA purification. On the left is a typical FPLC A280 trace of the size 
exclusion chromatogram of BpsDsbA from a Superdex 75 16/600 column. Most of the 
protein eluted in a monodisperse peak at 0.6 column volume (CV). The small shoulder at 
approximately 0.5 CV was avoided by stringent selection of fractions. On the right, an SDS-
PAGE of the same protein after SEC, shows that the protein SEC peak ran as a single band. 
BpsDsbA (left lane) migrated around 24 kDa which corresponds roughly to its calculated 
molecular weight (MW, 21.5 kDa) . The MW of the marker proteins (right lane) from top to 
bottom is 45 kDa, 30 kDa and 20.1 kDa 
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2.3.2 Identification of NPs that inhibit the BpsDsbA/B catalysed peptide oxidation assay 

Using the peptide oxidation assay, the fluorescence change over time for the enzyme 

catalysed reaction in each well in the presence of compounds was compared to the 

BpsDsbA-free negative control signal (Figure 2.9, red lines) and the DMSO only positive 

control signal (Figure 2.9, olive lines). Typically, in the positive control reaction, the 

fluorescent signal increased linearly over the first 10 min until the ubiquinone co-factor of 

BpsDsbB in the membrane was depleted. At this point the signal stabilised (Figure 2.9A). 

By comparison, the negative control fluorescent trace was almost flat and only increased 

slightly over time due to air oxidation.  

Some coloured compounds interfered with the fluorescence signal directly, 

decreasing the amplitude of the signal and making it difficult to differentiate from inhibition 

(Figure 2.9B). 
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Figure 2.9: Analysis of the screening results of NP compounds using the peptide 
oxidation assay. The initial rates of the reactions (slope of the curve during the linear 
phase, between zero and ten minutes), represented by the straight lines on the diagrams, 
were used to quantify inhibition. If the initial rate of a reaction in the presence of a particular 
compound was below 60% of the initial rate of the positive control, the reaction was selected 
for a more thorough analysis. The mean value of the reaction with compound present (n=2) 
is displayed as a black line while the standard deviation is depicted as the blue area around 
this mean value. A) In most cases (474 out of 512) the initial velocity in the presence of NPs 
did not diverge significantly from the positive control (no inhibition). B) In some instances, 
the presence of the NP interfered with the assay, causing an apparent significant reduction 
of the initial velocity of the reaction leading to a more complicated analysis. In most cases 
the shape of the curve (whether the reaction reaches a plateau as fast as the positive control 
for instance) and the fluorescence intensities at the initial point (t=0) compared to the 
fluorescence intensity of the negative control (nc) made it possible to distinguish between 
inhibition and interference (32 out of 38 of the hits were considered to interfere rather than 
inhibit the peptide oxidation assay reaction). C) Reaction profile for (-)-hopeaphenol. Despite 
starting with a fairly low fluorescence at t = 0, this compound was classified as a hit because 
the initial velocity was much lower than that of the positive control and because the reaction 
did not plateau as fast as the positive control (or at all over the three hr of monitoring).  

Using the peptide oxidation assay described above, I screened the 512 NP 

compounds from the Davis library. Analysis of the results was performed in part using a 

short Python script (Appendix A) that highlighted reactions for which the initial reaction rate 

was below a threshold value of the controls (Figure 2.9). From this initial screen, I selected 
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six hits with initial rates below 60% of the initial rate of the positive controls and in one case, 

a reaction curve worth investigating despite moderate inhibition (Figure 2.10). These NPs 

were selected for further study to investigate whether they bound to and inhibited BpsDsbA 

or BpsDsbB. 

Quantitative analysis of the inhibition, for example calculation of a half maximal 

inhibitory concentration (IC50), was challenging because the initial velocity of the reactions 

for most of the hit compounds was a combination of inhibition and interference. While it was 

possible to identify reaction inhibition, a precise quantification of inhibition was difficult to 

calculate or to justify.  

The six compounds that were selected were: 

• (-)-Hopeaphenol (referred to as hopeaphenol, 9, see Figure 2.11 for the structure) – 

this compound demonstrated the most promising kinetics overall; in the presence of 

this compound, the peptide oxidation assay was inhibited to the greatest degree 

(Figure 2.10A).  

• Spermatinamine (11) – not as potent an inhibitor as hopeaphenol but had very low 

interference of the fluorescent signal (Figure 2.10B). 

• A semi-synthetic analogue of (1S,3S)-austrocortirubin (referred to as 

austrocortirubin, 2) – this coloured compound interfered strongly with the assay but 

also exhibited slowing of the reaction (Figure 2.10C).  

• Alternariol (13) – strong interference but showed some inhibition and was chosen for 

further testing (Figure 2.10D). 

• Thiaplakortone A urea analogue (14) – this compound showed significant 

interference but was considered as a possible inhibitor as the reaction appeared to 

be strongly inhibited (Figure 2.10E). Unfortunately limited material prevented further 

evaluation.  

• A semi-synthetic analogue of a diterpenoid serrulatane (15) –which displayed low 

interference and some inhibition. This compound was selected based on the unique 

shape of the peptide oxidation assay curve. Initially, the reaction was fast, but slowed 

after 15 minutes, and the signal did not reach positive control level until the end of 

the entire 3 hr of the assay (Figure 2.10F). Again limited material availability 

prevented further evaluation.  
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Figure 2.10: Initial NP hits discovered using the peptide oxidation assay. A) 
hopeaphenol (9), strong inhibition and some interference was observed over the course of 
the assay. B) Spermatinamine (11), inhibition was not as strong as that of hopeaphenol but 
very little interference was detected. C) An austrocortirubin semi-synthetic analogue (2), this 
strongly coloured compound interfered with assay fluorescence. D) Alternariol (13) exhibited 
strong interference and moderate inhibition. E) Thiaplakortone A urea (14) showed strong 
interference and potentially strong inhibition. F) Serrulatane semi synthetic analogue (15), 
which exhibited poor inhibition according to my criteria, but the reaction appeared to enter a 
second much slower phase after the initial burst of fluorescence. Each graph shows a 
positive control in olive (each measurement shown as a dot), and a negative control in red. 
The mean of the measurements taken in the presence of a given compound (n=2) is shown 
as a black line, with the blue area corresponding to the standard deviation. The slope of the 
straight line corresponds to the initial velocity of the reaction and is a visual aid to compare 
the initial velocity of the different samples.  
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I retested the compounds that were readily available – 2, 9, 11 and 13 - in a dose 

dependent manner as well as available analogues of these four compounds. This resulted 

in a final set of 13 molecules from four different structural groups (Figure 2.11):  

1) Stilbenoids: including hopeaphenol (the initial hit) (9), vaticanol B, (10) and 

resveratrol (8). 

2) Quinones: austrocortirubin and six other analogues with a range of different 

functional groups (1-7). 

3) Alkaloids: spermatinamine (11) (initial hit) and pistillarin (12); and  

4) Benzopyrone represented by one molecule, namely alternariol (13).  

In the dose response analysis, the concentration of compound varied from 200 µM 

to 0.8 µM. The most promising hits were: vaticanol B, with some activity detectable at a 

concentration of 50 µM, and hopeaphenol at 100 µM (Figure 2.13 Top). (1S,3S)-

austrocortirubin and most of its analogues (compounds 2-7) showed poor inhibition and 

mostly interference of the assay, with only 6 possibly displaying low inhibition and high 

interference (Figure 2.12 Top). Pistillarin, an alkaloid with some structural similarities to 

spermatinamine, did not display any inhibition. Resveratrol and alternariol displayed weak 

inhibition. Spermatinamine differed from the other compounds tested, as its effects on the 

initial velocity of the redox reaction in the peptide oxidation assay were similar to that of 

resveratrol at 200 µM, but without any apparent interference (Figure 2.13 Top). Figure 2.12 

and 2.13 have X-axis presented in Log2 scale because the concentrations of the 

compounds, which started at 200 μM was consecutively halved down to a final concentration 

of 0.8 μM. Raw data curves are presented in Appendix A. 

As mentioned previously, because the fluorescent signal was sensitive to 

interference caused by coloured compounds, the curves that were obtained were not 

suitable for IC50 calculation with confidence. For this reason, additional experiments were 

necessary to conclude activity against BpsDsbA or BpsDsbB.  
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Figure 2.11: Chemical structures of the compounds tested in the second round of the 
peptide oxidation assay. Compound 1 is (1S,3S)-austrocortirubin, 2-7 are analogues of 1. 
8 is resveratrol, 9 is hopeaphenol, 10 vaticanol B, 11 and 12 are spermatinamine and 
pistillarin, respectively, and 13 is alternariol. The two compounds 14 thiaplakortone A urea 
and 15 an analogue of serrulatane showed activity but were not tested further due to limited 
availability of purified material for additional testing. 
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Figure 2.12: Peptide oxidation assay initial velocity and interference plotted against 
concentration of compounds 1-7. The inhibitory activity of this series of compounds was 
minimal. Initial velocity difference could mostly be attributed to interference rather than 
BpsDsbA/BpsDsbB redox cycle inhibition (Appendix A). Measurements were made for final 
compound concentrations of 200, 100, 50, 25, 12.5, 6.3, 3.1, 1.6 and 0.8 µM. Error bars 
(most often too small to be visible) represent the standard error of the mean (n=2). 
Interference is represented as a fraction of the amplitude of the positive control.  
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Figure 2.13: Peptide oxidation assay initial velocity and interference plotted against 
concentration of compounds 8-13. Hopeaphenol and vaticanol B clearly inhibited the 
peptide oxidation assay although also displayed interference. Resveratrol and 
spermatinamine had weak inhibition however spermatinamine did not interfere significantly, 
suggesting that its effect was principally due to inhibition. Alternariol and pistillarin did not 
show any inhibition. Measurements were made for final compound concentrations of 200, 
100, 50, 25, 12.5, 6.3, 3.1, 1.6 and 0.8 µM. Symbols represent the mean of a given point 
and vertical error bars (not visible in most cases) represent the standard error of the mean 
(n=2). Interference is represented as a fraction of the amplitude of the positive control. 
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2.3.3 ESI mass spectrometry confirms that stilbenoids bind to BpsDsbA  

The peptide oxidation assay identified NPs capable of inhibiting the catalytic 

formation of disulfide bonds mediated by BpsDsbA and BpsDsbB. However due to the 

interference of the fluorescence signal by some of the compounds, quantifying the inhibition 

was challenging. Additionally, the assay provided no information as to which protein – 

BpsDsbA or BpsDsbB – the compounds bound to. Mass spectrometry can assess the 

binding of a compound to native protein, and was a relatively quick and convenient 

experiment to perform on a soluble protein such as BpsDsbA (Woods et al., 2016). For these 

reasons, I chose to use mass spectrometry to evaluate binding to BpsDsbA of the four best 

hits from the peptide oxidation assay (austrocortirubin analogue 6, hopeaphenol 9 , vaticanol 
B 10 and spermatinamine 11). Resveratrol 8, as the monomeric building block of both 

hopeaphenol and vaticanol B was also included.  

BpsDsbA was mixed with the individual compounds in a 1:1 molar ratio. Mass spectra 

analysis of BpsDsbA alone showed a large peak at a mass to charge (m/z) ratio of 2748.5 

(labelled P - for protein, on Figures 2.14-2.18) for the +8 ionisation state of the protein 

(overall eight positive charges). This ionisation state was chosen because the relative 

intensity of the signal was the highest for all the experiments with compounds (labelled L - 

for ligand), though the +7 state had the highest intensity for BpsDsbA alone (data not 

shown).  

For the austrocortirubin analogue 6 (Figure 2.14, middle panel) and resveratrol 8 

(Figure 2.15, middle panel) binding to BpsDsbA was detected, corresponding to the m/z 

ratio of protein plus compound, but additional peaks were also observed at positions 

corresponding to the m/z ratio of the protein binding up to four copies of 6 or up to two copies 

of resveratrol, indicating possible non-specific interactions. 

Hopeaphenol generated an additional peak at the m/z ratio of BpsDsbA plus one 

copy of the ligand (labelled P+L, Figure 2.16, middle panel) and trace of a peak at BpsDsbA 

corresponding to binding of two copies of hopeaphenol (labelled P+2L, Figure 2.16, middle 

panel).  

For vaticanol B, peaks corresponding to BpsDsbA alone or BpsDsbA with one bound 

vaticanol B molecule were observed (Figure 2.17, middle panel). In the case of 

spermatinamine no ligand-bound peak was detected, indicating no binding of this compound 

to BpsDsbA (Figure 2.18, bottom panel).  
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To reduce the possibility of non-specific binding, these experiments were repeated 

with a 2:1 stoichiometric ratio of BpsDsbA:ligand. In all cases, the peaks were lower than at 

the 1:1 ratio. Results for austrocortirubin analogue and resveratrol at this 2:1 protein:ligand 

ratio revealed peaks for P+L and P+2L (Figure 2.14 and 2.15, bottom panel) further 

supporting the notion of non-specific binding. The peaks for hopeaphenol at 2:1 

protein:ligand ratio were very small, making it difficult to rule out non-specific binding in that 

case. 

 
Figure 2.14: Mass to charge spectra of BpsDsbA mixed with the austrocortirubin 
analogue (6). The top panel represents the spectrum of BpsDsbA (P) alone centred around 
the +8 m/z peak. The relative intensity of the signal is around 20% because the +8 m/z state 
was not the dominant peak for BpsDsbA alone. The middle panel is the spectrum of 
BpsDsbA+ 6 mixed in a 1:1 stoichiometric ratio, revealing additional peaks corresponding 
to the m/z of A plus one or more austrocortirubin analogue molecules (four additional peaks 
distinguishable, represented by L). This result indicated that 6 bound to BpsDsbA but that 
binding was probably non-specific. Bottom panel, by increasing the relative protein 
concentration to 2:1 (protein: ligand) stoichiometric ratio, the peaks corresponding to 
BpsDsbA binding multiple copies of 6 were minimised though still present.  
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Figure 2.15: Mass to charge spectra of BpsDsbA and resveratrol (8). The top panel 
represents the spectrum of BpsDsbA (P) alone centred around the +8 m/z peak. The middle 
panel represents the spectrum of BpsDsbA + 8 mixed in a 1 to 1 stoichiometric ratio. Two 
additional peaks corresponding to the m/z of P + one (P+L) or two (P+2L) molecules of 8 
appeared on the spectrum. This result indicated some non-specific binding between 
BpsDsbA and 8. Bottom panel, by increasing the relative protein concentration to 2:1 
(protein: ligand) stoichiometric ratio, the peak corresponding to BpsDsbA + two 8 molecules 
(P+2L) was minimised. 
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Figure 2.16: Mass to charge spectra of BpsDsbA and hopeaphenol (9). The top panel 
represents the mass spectrum of BpsDsbA (P) alone centred around the +8 m/z peak. The 
middle panel represents the mass spectrum of BpsDsbA + 9 mixed in a 1 to 1 stoichiometric 
ratio. Two additional peaks corresponding to the m/z of A plus one (P+L) or two (P+2L) 
molecules of 9 appeared on the spectrum. This result indicated some non-specific binding 
between BpsDsbA and 9. Bottom panel, by increasing the relative protein concentration to 
2:1 (protein: ligand) stoichiometric ratio, the peak corresponding to BpsDsbA + two 
molecules of 9 (P+2L) was removed.  

 
Figure 2.17: Mass to charge spectra of BpsDsbA and vaticanol B (10). The top panel 
represents the spectrum of BpsDsbA (P) alone centred around the +8 m/z peak. The middle 
panel represents the spectrum of BpsDsbA + 10 mixed in a 1 to 1 stoichiometric ratio. One 
additional peak corresponding to the m/z of P + one molecule of 10 (P+L) appeared on the 
spectrum. Bottom panel, after increasing the relative protein concentration to 2:1 (protein: 
ligand) stoichiometric ratio, the (P+L) peak was retained. 
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Figure 2.18: Mass to charge spectra of BpsDsbA and spermatinamine (11). The top 
panel represents the spectrum of BpsDsbA (P) alone centred around the +8 m/z peak. The 
bottom panel represents the spectrum of BpsDsbA mixed with 11 in a 1:1 molar ratio. No 
additional peak corresponding to the m/z of BpsDsbA + 11 could be identified. This result 
indicated that 11 did not bind to BpsDsbA.  

 

2.3.4 Crystallography was unable to detect ligand binding to BpsDsbA 

X-ray crystallography can provide structural information on the interactions between 

proteins and ligands. Soaking and co-crystallisation are two types of experiments for 

measuring data from crystals of protein in the presence of a ligand, to gain information on 

the binding mode and interactions. I used both methods in crystallisation trials of BpsDsbA 

with the most promising compounds identified from mass spectrometry experiments – the 

austrocortirubin analogue (6), resveratrol (8), hopeaphenol (9) and vaticanol B (10). Soaking 

experiments, where crystals of BpsDsbA were grown and then soaked in a solution of the 

compound dissolved in DMSO prior to diffraction data measurement, did not reveal positive 

difference density, even with PanDDA analysis for weakly binding ligands.  

Co-crystallisation trials involved mixing the protein and ligand together before 

crystallisation of BpsDsbA. My attempts at co-crystallisation yielded crystals with and 

without seeding with BpsDsbA microcrystals. However, no positive difference density was 

observed in the Fourier maps for co-crystal data with hopeaphenol or vaticanol B using the 

refinement pipeline Dimple (Winn et al., 2011), the automated ligand identification pipeline 

in Phenix (Adams et al., 2010; Afonine et al., 2012) or manual evaluation. The co-crystallised 

BpsDsbA had a unit cell and space group identical to unliganded BpsDsbA crystal data.  
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During co-crystallisation trials, I identified a new condition that supported the growth 

of BpsDsbA in the presence of resveratrol. The crystal morphology was different from the 

BpsDsbA needle crystals that formed in the lithium sulfate and PEG 3350 condition (Figure 

2.19).  

 
Figure 2.19: BpsDsbA crystal morphology in different crystallisation conditions. Left, 
typical BpsDsbA needles formed when the protein is incubated in 0.2 M Li2SO4, 0.1 M 
HEPES pH 7.5, 30% PEG 3350 at 20˚C. Right, BpsDsbA crystals with cubic morphology 
formed in the presence of 25% PEG3350 and saturated resveratrol.  

The space group (P 21, space group number 4) and unit cell of the diffraction data 

from this crystal differed from those of crystals grown from lithium sulfate/PEG3350 (Table 

2.1). The structure of the protein in this new crystal form was solved by molecular 

replacement using the original BpsDsbA structure as a search model (PDB ID 4K2D). Two 

copies of the protein were found per unit cell where helix α6 of one copy was adjacent to 

the loop between the strands β1 and β2 of the other copy (Figure 2.20A).  

In this arrangement, a small, positively charged pocket formed at the interface of the 

two copies of the protein and positive electron density was present in that pocket in Fourier 

maps (Figure 2.20B and C). However, I was unable to confirm that resveratrol was bound 

in the pocket of the protein in this crystal structure. Resveratrol could not be easily fitted to 

the difference density in the pocket (Figure 2.20E). Modelling of resveratrol into this region 

either resulted in serious clashes with protein residues (i.e. > 0.4 Å overlap between non-

hydrogen atoms with amino acid: S21, A22 and K61 of chain A and residues E28,V29, I30 

and F60 of chain B) or required highly unfavourable atomic bond length and angle 

conformations for resveratrol. Alternatively the pocket could be modelled with PEG and 

water molecules (Figure 2.20D), however the best Rwork and Rfree values were obtained 

without any ligand modelled into this density (Table 2.1). Hence I could not conclude that 

this new crystal morphology was caused by the binding of resveratrol.   
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Figure 2.20: BpsDsbA structure generated from a newly identified crystallisation 
condition. A) Organisation of the two copies of the protein in the unit cell. Rainbow colouring 
is used with blue from the N-termini to red at the C-termini. The two copies of the BpsDsbA 
protein are oriented “back to back” with the α6 helices and β1-β2 loops of each chain 
adjacent to each other. B) Surface electrostatic map in vacuum representation of the protein 
(calculated with APBS (Baker et al., 2001)). Red corresponds to negatively charged surfaces 
and blue positively charged surfaces (scale is given under the structure). White represents 
uncharged surfaces. Orange circles show the positions of the enzyme active sites, the 
magenta ellipse highlights the charged pocket where unmodelled density was observed. C) 
Positive Fourier density at the interface pocket. The image on the right is a 90˚ rotation 
around the X-axis of the orientation on the left. D) modelling PEG (pink) and two water 
molecules into the density displayed in C was possible but did not improve the Rwork and 
Rfree values, suggesting the possibility of multiple bound PEG conformations or some other 
bound molecules. E) Attempts to fit resveratrol (pink) into the pocket resulted in large 
negative Fo-Fc densities. Resveratrol was too large to fit the difference density unless it 
adopted a highly unfavourable conformation. Colouring of panels C,D and E: 2Fo-Fc maps 
are shown in blue at a contour level of 1s, Fo-Fc maps are shown in green (positive) and red 
(negative) at a contour level of ± 3s. Images generated with Pymol.   
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Table 2.1: Data collection and refinement statistics for the BpsDsbA crystal grown in 
PEG3350 conditions. Three models were refined against the same diffraction data, one 
without ligand in the pocket (BpsDsbA no ligand), one with a PEG and two water molecules 
in the pocket (BpsDsbA PEG) and one with a resveratrol molecule in the pocket (BpsDsbA 
resveratrol). Statistics for the high resolution shell are shown in parentheses. 

 BpsDsbA no ligand BpsDsbA PEG BpsDsbA resveratrol 

Wavelength (Å) 0 9537   

Resolution range (Å) 35 51 - 2 01 (2 082 - 2 01)   

Space group P 1 21 1   
Unit cell (Å, ˚) 33 5 86 4 63 1 90 99 90   
Total reflections 160276 (15437)   
Unique reflections 23535 (2234)   
Multiplicity 6 8 (6 8)   
Completeness (%) 99 35 (95 10)   
Mean I/sigma(I) 14 10 (4 59)   
Wilson B-factor 28 3   
Rmerge 0 0908 (0 3065)   
Rmeas 0 0984 (0 3317)   
Rpim 0 0374 (0 1254)   
CC1/2 0 997 (0 977)   
CC* 0 999 (0 994)   
Reflections used in 
refinement 

23479 (2234)   

Reflections used for Rfree 1136 (125)   
Rwork 0 1895 (0 2664) 0 1861 (0 2671) 0 1884 (0 2712) 
Rfree 0 2273 (0 3299) 0 2312 (0 3266) 0 2311 (0 3325) 
CCwork 0 935 (0 470) 0 936 (0 469) 0 935 (0 462) 
CCfree 0 905 (0 425) 0 909 (0 428) 0 904 (0 417) 
Number of non-hydrogen 
atoms 

3310 3319 3327 

     protein 3031 3031 3031 
     ligands  0 17 29 
     solvent 279 281 279 
Protein residues 377 377 377 
RMSD(bonds) 0 004 0 004 0 005 
RMSD(angles) 0 66 0 68 0 71 
Ramachandran favoured 
(%) 

97 84 97 84 97 84 

Ramachandran allowed 
(%) 

2 16 2 16 2 16 

Ramachandran outliers 
(%) 

0 00 0 00 0 00 

Rotamer outliers (%) 0 93 0 62 0 62 
Clashscore a 4 14 4 29 5 12 
Average B-factor 34 34 34 
     macromolecules 34 34 34 
     ligands - 38 33 
     solvent 35 35 35 
Number of TLS groups 6 6 6 

Statistics for the highest-resolution shell are shown in parentheses.  

00∗ = 2
3**4/6
78**4/6

 (Karplus & Diederichs, 2012)  

a: the clashscore represents the number of serious overlap (> 0.4 Å between non donor -
acceptor atoms) per thousand atoms.  
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2.4 Discussion and conclusions 

B. pseudomallei is a bacterium responsible for the deadly disease melioidosis. 

Genetic removal of its disulfide bond forming proteins BpsDsbA and BpsDsbB strongly 

attenuates its virulence (Ireland et al., 2014; McMahon et al., 2018) making this enzyme 

system a potential antivirulence drug target.  

This chapter reported the experiments that I performed to identify potential BpsDsbA 

and BpsDsbB inhibitors derived from NPs. Using an in vitro activity assay to screen the 

purified NPs and analogues library from A/Prof R. A. Davis, I identified six hits (Figure 2.10): 

an austrocortirubin analogue (6), (-)-hopeaphenol (9), spermatinamine (11), alternariol (13), 

thiaplakortone A urea (14) and serrulatane analogue (15). Hopeaphenol (9), its building 

block resveratrol (8) and isomer vaticanol B (10), spermatinamine (11) and analogue 

pistillarin (12), alternariol (13) and seven austrocortirubin analogues (1 – 7) were retested in 

dose response experiments. Hopeaphenol and vaticanol B showed the strongest inhibition 

against BpsDsbA and BpsDsbB in the peptide oxidation assay (Figure 2.12 and 2.13).  

Due to issues with interference inherent to the peptide oxidation assay used, I 

selected the five most promising compounds (austrocortirubin analogue (6), resveratrol (8), 
hopeaphenol (9), vaticanol B (10) and spermatinamine (11)) to confirm whether they 

interacted with BpsDsbA, using mass spectrometry techniques. I found that austrocortirubin 

analogue (6) and resveratrol bound to BpsDsbA, although in an unspecific manner (Figure 

2.14 and 2.15) while the binding of hopeaphenol and vaticanol B to BpsDsbA appeared 

more specific (Figure 2.16 and 2.17). Finally mass spectrometry analysis indicated that 

spermatinamine did not bind to BpsDsbA (Figure 2.18). 

These compounds were also tested in soaking and co-crystallisation X-ray 

crystallography experiments with BpsDsbA. None of the diffraction datasets confirmed the 

binding of a NP ligand.  

 

2.4.1 Compounds identified as BpsDsbA and BpsDsbB inhibitors are known NPs with 

biological activity 

Resveratrol is a small compound with a molecular mass of 230 Da, three H-bond 

donors and three H-bond acceptors. This compound is commonly found in plant species 

including berries, grapes, peanuts and other legumes (Burns et al., 2002). It is generally 

produced as a response to stress and damage to the plant (Burns et al., 2002; Salehi et al., 
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2018). Over the years resveratrol has been attributed many beneficial biological properties: 

anticancer, antioxidant, increased lifespan (reviewed in Vang et al., (Vang et al., 2011)). 

However some of these claims were not supported by robust evidence (Vang et al., 2011). 

Additionally resveratrol binds to many different protein targets as shown by the dozens of 

structures of protein-resveratrol complex found in the PDB (Table 2.2). It is thus possible 

that resveratrol is a Pan-Assay INterference compoundS (PAINS), that is often detected as 

a hit or binder in assays due to non-specific interactions (Baell & Walters, 2014). My result 

suggested resveratrol bound BpsDsbA in a non-specific manner and may not be a good 

candidate for drug development. On the other hand, resveratrol is a sub-structure of the 

more complex compounds hopeaphenol and vaticanol B which inhibited and bound 

BpsDsbA more potently and could contribute to a better understanding of the binding 

characteristics of the latter compounds.   

Table 2.2: Short selection of protein structures found to have a resveratrol ligand in 
the PDB. Resveratrol binds to a range of proteins from multiple organisms.  

PDB ID: Technique Source of 
protein 

Year of 
deposition 

Protein name 

2L98 Solution NMR Homo sapiens 2011 Cardiac regulatory protein Troponin C  

1SG0 X-ray 

crystallography 

Homo sapiens 2004 Quinone reductase 2 

5J54 X-ray 

crystallography  

Novosphingobium 

aromaticivorans  

2016 Resveratrol cleaving dioxygenase 

NOV1 

1CGZ X-ray 

crystallography 

Medicago sativa 1999 Chalcone synthase 

1DVS X-ray 

crystallography 

Homo sapiens 2000 Transthyretin  

4PP6 X-ray 

crystallography 

Homo sapiens 2014 Estrogen receptor ligand-binding 

domain  

7CCW X-ray 
crystallography 

Homo sapiens 2020 Death-associated protein kinase 1 

 

Hopeaphenol is a resveratrol tetramer isolated from the plants Anisoptera thurifera 

and Anisoptera polyandra, which are both found in Papua New Guinea (Davis et al., 



 70 

2014). This resveratrol tetramer is formed from aromatic rings and hydroxy groups 

resulting in a relatively large (907 Da) three-dimensional molecule. Hopeaphenol was 

shown to inhibit the T3SS of Yersinia pseudotuberculosis, reported via decreased activity 

of YopH and reduction of expression of YopE, two proteins that rely on the T3SS for 

export (Zetterström et al., 2013; Davis et al., 2014). Additionally hopeaphenol abolished P. 

aeruginosa virulence in HeLa cells at 100 µM concentration (Zetterström et al., 2013). 

Hopeaphenol also interfered with the ability of C. trachomatis to infect and survive in HeLa 

cells (Zetterström et al., 2013). It inhibited the growth of the canine glioblastoma cell line 

with an IC50 of 1.8 µM and canine histiocytic sarcoma cell line (DH82) with an IC50 of 8.8 

µM (Empl et al., 2014) and reduced release of cytochrome C in the mitochondria of rat 

myocardiocytes, inhibiting apoptosis (Seya et al., 2009). The molecular mass and number 

of H-bond donors – 10, and acceptors – 12, in the hopeaphenol structure falls outside of 

the Lipinski “Rule of Five” (Lipinski et al., 1997). Finally, hopeaphenol has a number of 

alcohol groups that may bind proteins in an unspecific manner (Haslam, 1996) and thus is 

also considered to be a PAINS, although the inhibition of the peptide oxidation assay 

suggested that it might be a slightly better candidate than resveratrol in blocking 

BpsDsbA/B catalysis of thiol oxidation.   

Vaticanol B is a structural isomer of hopeaphenol and a resveratrol tetramer and its 

molecular mass is therefore also 907 Da. It was reported to have antiproliferative and 

cytotoxic properties against human melanoma cell lines SK-MEL 28 (IC50 16.6 µM) 

(Moriyama et al., 2016). Additionally vaticanol B was found to reduce chemical stress 

caused by tunicamycin (inhibition of glycosylation pathway) in the endoplasmic reticulum of 

mouse macrophages (Tabata et al., 2007). Like hopeaphenol, vaticanol B does not meet 

Lipinski’s “Rule of Five” (Lipinski et al., 1997).  

Spermatinamine is a relatively large (928 Da) alkaloid and more linear and flexible 

than hopeaphenol or vaticanol B. Found in the Australian sea sponge, Pseudoceratina sp., 

spermatinamine had inhibitory activity against the cancer target isoprenylcysteine carboxyl 

methyltransferase (Buchanan et al., 2007). Spermatinamine also showed activity against 

the T3SS of Y. pseudotuberculosis (IC50 6 µM) although the activity was probably caused 

by more general antimicrobial properties as spermatinamine also inhibited bacterial growth 

(Yin et al., 2011). Spermatinamine does not comply with Lipinski’s rules as its mass and 

number of H-bond acceptors – 16, are well above the recommended limit, although the 

number of H-bond donors – 4, are within acceptable range. Since spermatinamine did not 
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display any binding to BpsDsbA in the mass spectrometry analysis, there is a possibility that 

it interacts with BpsDsbB instead.   

(1S,3S) – Austrocortirubin (1) is a dark red pigment isolated from the fruiting body of 

the fungi Dermocybes splendida (Gill et al., 1990). It is a 320 Da tetrahydroquinone with 

structural similarity to ubiquinone, one of the natural co-factors of DsbB. (1S, 3S)- 

Austrocortirubin was shown to display mild antimicrobial activity against S. aureus (Beattie 

et al., 2010) and had cytotoxic activity against HEK293 and HepG2 cell lines (Beattie et al., 

2016) and HCT116 cancer cell lines (Wang et al., 2015). Additionally, austrocortirubin and 

its semi-synthetic analogues, where the methoxy group was functionalised with different 

active groups, moderately inhibited a chloroquine sensitive malaria parasite Plasmodium 

falciparum (IC50 for 1 of around 2 µM). The compounds also displayed some toxicity toward 

neonatal foreskin fibroblasts (IC50 of 15.6 µM for 1) (Choomuenwai et al., 2012) which limits 

its potential for therapeutical use. Austrocortirubin caused interference more than inhibition 

of the peptide oxidation assay and resulted in non-specific binding in mass spectrometry 

experiments and was therefore not suitable for further studies as a BpsDsbA or BpsDsbB 

inhibitor.  

Alternariol is a 258 Da mycotoxin originating from the fungi Alternaria. This fungus is 

responsible for the contamination of cereals and vegetables around the globe (Johannessen 

& Torp, 2005). Alternariol showed mutagenic effects against several mammalian cell lines 

(Brugger et al., 2006). Additionally, it interfered with the endocrine system via multiple 

mechanisms (Stypula-Trebas et al., 2017). Alternariol showed very mild antibacterial activity 

against B. subtilis and S. aureus (minimal inhibitory concentration around 250 µM) (Zhang 

et al., 2017). This compound has five H-bond acceptor and three H-bond donors and thereby 

complies with the “Rule of Five” though it is not very promising as a potential B. pseudomallei 

DSB inhibitor because of poor inhibition in the peptide oxidation assay.  

The mass spectrometry experiments reported in this chapter demonstrated that the 

stilbenoids hopeaphenol, vaticanol B and resveratrol bound to BpsDsbA. However, all three 

of them have multiple hydroxy groups with potential to bind to proteins in a nonspecific 

manner (Stevens et al., 1983). This is evident in the peaks observed for resveratrol binding 

at +1, +2 copies of the compounds to BpsDsbA when mixed in 1:1 molar ratio.  

I attempted to obtain more information on the interaction between the ligands and the 

protein by crystallising BpsDsbA with the stilbenoids. In the case of hopeaphenol and 

vaticanol B, soaking and co-crystallisation experiments were unsuccessful and did not yield 
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any new crystal or structure where density for these compounds could be identified. For 

resveratrol, co-crystallisation experiments gave a crystal of BpsDsbA in a new condition with 

new morphology, unit cell and space group. Positive difference density in Fourier maps was 

identified at the interface of two BpsDsbA molecules but modelling suggested that this 

density was most likely due to binding of a PEG or multiple water molecules rather than 

resveratrol (Figure 2.20C – E). The Rfree value (table 2.1) suggested that the best of the three 

model was the one without anything modelled in the pocket. Therefore, I was unable to 

determine whether the new crystal form was obtained by the addition of resveratrol, or 

simply by a change of the crystallisation conditions. Even if resveratrol was bound in the 

pocket it would likely too far from the active site to affect activity, and binding would require 

two copies of BpsDsbA, suggesting that it is not a good target for further development. 

Interestingly hopeaphenol and vaticanol B were reported to inhibit the T3SS in Y. 

pseudotuberculosis and P. aeruginosa. Both compounds lower the expression of YopE-

luciferase fusion (monitored by fluorescence intensity) and lower the activity of the YopH 

phosphatase. Both Yop proteins rely on the T3SS for export and activity (Davis et al., 2014). 

Several components of the T3SS are substrates of DsbA in Yersinia pestis (Jackson & 

Plano, 1999) and it may be that the loss of YopH activity is indirectly caused by DsbA 

inhibition which led to T3SS defects. Although this hypothesis remains to be tested, it would 

be consistent with my findings, that hopeaphenol and vaticanol B inhibit BpsDsbA.  

 

2.4.2 Conclusions 

In conclusion, this work identified two compounds, hopeaphenol and vaticanol B, that 

inhibited the BpsDsbA/B mediated oxidation of a substrate peptide and which bound to  

BpsDsbA (as demonstrated by mass spectrometry). Neither compound adheres to the 

Lipinski “Rule of Five” (for orally active drugs, and which does not always apply to NPs 

(Zhang & Wilkinson, 2007)) and either would be challenging to functionalise (due to the 

difficulty in targeting a specific hydroxy group). Both are interesting hits and show that 

BpsDsbA can interact with ligands. One could imagine using these compounds as potential 

chemical probe, to characterise the enzyme through tagging it in different experiments, for 

example as a chemical biology tools. However, because of their PAINS potential resveratrol, 

hopeaphenol and vaticanol B would require specific set up to work, as they might also bind 

other proteins in a non-specific manner. Spermatinamine was mildly active in the peptide 

oxidation assay but mass spectrometry did not detect binding to BpsDsbA.  
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While I identified NPs that inhibited and bound to BpsDsbA, the activity and relative 

binding capacity estimated by mass spectrometry was relatively weak. Overall, the set of 

initial hits against BpsDsbA identified in this chapter are not particularly promising as 

BpsDsbA inhibitors. None of the compounds stood out as strong inhibitors or relatively 

strong binders with chemical structures suitable for modification and improvement.  

Two of the compounds initially considered to inhibit BpsDsbA/B in the peptide 

oxidation assay (thiaplakortone A urea and a serrulatane analogue) could not be retested 

because of insufficient material. It is difficult to predict how well these two compounds would 

have performed in mass spectrometry and crystallisation experiment, however both have a 

structure more opportune for functionalisation compared to the stilbenoids. In the future, 

testing analogues of these compounds in the peptide oxidation assay and mass 

spectrometry experiments could determine whether the activity observed is attributable to 

the scaffold and if these two compounds or similar scaffolds are worth investigating further.     

Generally NPs library screening offers a chemical diversity that synthetic compounds 

libraries can lack. However there are drawbacks, NPs are often stored as extracts and 

mixtures of compounds. Follow-up work is generally required to isolate and to characterise 

the active compound from the mixture. Getting additional material for follow-up work can be 

difficult, in particular if the organisms where the extracts come from are rare or in short 

supply or if there is a high demand for specific extracts. Another problem is the presence of 

interfering compounds such as PAINS, the extraction process does not or cannot 

discriminate between biologically active molecules and compounds that interfere with assay 

readouts. These PAINS need to be identified early in the screening process and library 

generation to avoid chasing hits which have little or no chance of development into a drug.   

By selecting a purified NPs and NP-derivatives library, I hoped to avoid some of these 

problems and save time because the purity and chemistry of the NPs was already 

documented. Initial hits were to be used as a starting point to search for inhibitors with similar 

core structures in organisms related to those where the hit originated; or improved by 

chemical functionalisation. Unfortunately some of the compounds in this library were in 

limited supply and could not be retested and the other hits did not yield good candidates for 

insight into improving activity. 

The peptide oxidation assay used to screen for DSB inhibitors also had limitations: 

the fluorescent signal that reported on activity of DSB proteins was prone to interference 

caused by coloured compounds (and NP libraries tend to include many coloured 
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compounds). Finally, the peptide oxidation assay as implemented here did not distinguish 

between DsbA and DsbB inhibitors.   
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CHAPTER 3 
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3 Discovery of fragments binding to BpsDsbA 

This chapter describes the characterisation of two small drug-like fragments, a 

bromophenoxy propanamide and a 4-methoxy-N-phenylbenzenesulfonamide, that bind 

weakly to a cryptic pocket on the surface of BpsDsbA. I identified the binding site of these 

fragments by using a software called PanDDA, which compared datasets of apo-BpsDsbA 

crystals with datasets of BpsDsbA crystals soaked in a solution containing the fragments. 

Further characterisation of these fragments was performed using co-crystallisation X-ray 

crystallography experiment and NMR techniques. This chapter is a reproduction of a 

manuscript submitted for publication to the journal Acta Crystallographica Section D: 

Structural Biology.  

Supplementary figures for this article are available in Appendix B 

 

Contributions  

Experiments were designed by myself, Róisín McMahon, Martin Scanlon, Jennifer 

Martin and Maria Halili. I conducted the large majority of the crystallisation experiments: 

production of protein for crystallisation, growing and collecting crystals of apo-BpsDsbA, 

BpsDsbA soaked and co-crystallised with the fragments and processing/re-processing all 

the diffraction datasets that were collected by Róisín or myself. I set up the PanDDA tool 

and used it to obtain the preliminary indication of fragment binding to the protein. Biswarajan 

Mohanty, Stefan Nebl, Karyn Wilde and Martin Scanlon were responsible for the NMR work. 

Róisín McMahon grew, collected and soaked BpsDsbA crystals that were used in the initial 

soaking experiments in addition to performing preliminary refinement and inspection of the 

datasets that she collected. Róisín also contributed to the setup of PanDDA. Jenny Martin 

assisted with the refinement of the co-crystallised BpsDsbA structures. David Hilko 

synthesised the 4-methoxy-N-phenylbenzenesulfonamide. Maria Halili and I performed the 

peptide oxidation assay. I wrote the first draft of the manuscript. All authors contributed to 

the manuscript preparation and editing.  
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3.1 Abstract  

DiSulfide Bond forming proteins (DSB) play a crucial role in the pathogenicity of many 

Gram-negative bacteria. Disulfide bond protein A (DsbA) catalyses the formation of disulfide 

bonds necessary for the activity and stability of multiple substrate proteins, including many 

virulence factors. Hence, DsbA is an attractive target for the development of new drugs to 

combat bacterial infections. Here, we identified two fragments - 1 (bromophenoxy 

propanamide) and 2 (4-methoxy-N-phenylbenzenesulfonamide), that bind to the DsbA from 

the pathogenic bacterium Burkholderia pseudomallei, the causative agent of melioidosis. 

Crystal structures of the oxidised B. pseudomallei DsbA (termed BpsDsbA) co-crystallised 

with 1 or 2 suggest that both fragments bind to a hydrophobic pocket that is formed by a 

change in the side chain orientation of tyrosine 110. This conformational change opens a 

“cryptic” pocket that is not evident in the apo-protein structure. This binding location was 

supported by 2D-NMR studies which identified a chemical shift perturbation of the tyrosine 

110 backbone amide resonance of more than 0.05 ppm upon addition of 2 mM of fragment 

1 and over 0.04 ppm upon addition of 1 mM of fragment 2. Although binding was detected 

by both X-ray crystallography and NMR, the binding affinity (KD) for both fragments was low 

(above 2 mM), suggesting weak interactions with BpsDsbA. This conclusion is also 

supported by the modelled crystal structures which ascribe partial occupancy to the ligands 

in the cryptic binding pocket. Small fragments such as 1 and 2 are not expected to have 

high binding affinity due to their size, their relatively small surface area and the smaller 

number of functional groups available for intermolecular interaction. However, their 

simplicity makes them ideal for functionalisation and optimisation. Identification of the 

binding sites of 1 and 2 to BpsDsbA could provide a starting point for the development of 

more potent novel antimicrobial compounds that target DsbA and bacterial virulence. 

 

Keywords: BpsDsbA, fragment, cryptic pocket, NMR, X-ray crystallography 
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3.2 Introduction  

Fragment based drug discovery (FBDD) is the process of testing small molecules, 

termed fragments, against a target protein or enzyme, to identify hits that bind and - in ideal 

circumstances - alter the protein’s activity. Fragments often bind with low affinity due to their 

small size and therefore form few interactions with the protein. However, the combination 

and/or modification of these simple building blocks can lead to potent compounds (Murray 

& Rees, 2009; Woods et al., 2016; Kirsch et al., 2019). Here, we screened our fragment 

library against Burkholderia pseudomallei Disulfide bond forming protein A (BpsDsbA) using 

nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography. This enabled 

us to obtain structural information on the binding site and binding interactions between the 

fragment ligands and the protein.  

The oxidoreductase disulfide bond forming protein A (DsbA) is required for the correct 

folding of multiple virulence factors, such as the type three secretion system, diverse 

proteases, flagellar proteins and many other virulence-associated proteins in bacteria 

(Coulthurst et al., 2008; Heras et al., 2009; Ireland et al., 2014; Smith et al., 2016; Bocian-

Ostrzycka et al., 2017). A deletion of the DsbA gene (ΔdsbA), is not lethal for bacteria such 

as Escherichia coli (Bardwell et al., 1991), Shigella flexneri (Yu, 1998), Francisella tularensis 

(Qin et al., 2011; Ren et al., 2014) and B. pseudomallei (Ireland et al., 2014), although 

mutants display phenotypes such as reduced motility, reduced adhesion, and a decreased 

ability to replicate inside a host. Many of these phenotypes are due to the misfolding of 

disulfide-containing proteins in the absence of DsbA. These characteristics make DsbA an 

attractive target for anti-virulence drug discovery, a strategy that aims to disarm rather than 

kill bacteria. Such a strategy may be beneficial in reducing the selective pressure for 

resistance development (Allen et al., 2014; Heras et al., 2015; Mühlen & Dersch, 2016; 

Smith et al., 2016; Bocian-Ostrzycka et al., 2017).  

B. pseudomallei is a Gram-negative bacterium, found predominantly in tropical areas, 

and the causative agent of the deadly disease melioidosis (Wiersinga et al., 2018). Infections 

by this pathogen often result in severe illness or death, even after intensive antibiotic 

treatment (Schweizer, 2012; Dance, 2014; Rhodes & Schweizer, 2016). B. pseudomallei is 

intrinsically resistant to many currently available antibiotics so that treatment of infection is 

prolonged and expensive, often requiring intravenous antibiotics for up to two weeks 

followed by oral antibiotics for several months (Currie, 2015).  
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Deletion of dsbA or dsbB results in attenuation of B. pseudomallei virulence, and the 

deletion mutants have reduced protease activity and reduced motility. Importantly, mice 

infected with the deletion mutants have significantly increased survival rates in infection 

models, compared to mice infected with wild type B. pseudomallei (Ireland et al., 2014; 

McMahon et al., 2018).  

BpsDsbA is an oxidoreductase enzyme that has been biochemically characterised 

and its structure determined to a resolution of 1.9 Å (Ireland et al., 2014). The structure 

revealed a relatively featureless active site surface with shallow pockets and a significantly 

shortened hydrophobic groove (Ireland et al., 2014; McMahon et al., 2014) suggesting that 

it may be challenging to find small molecule inhibitors of BpsDsbA.  

Techniques such as NMR, surface plasmon resonance (SPR) (Adams et al., 2015), 

and crystallography (Smith et al., 2016; Duncan et al., 2019) have all been used to identify 

small molecules that bind to EcDsbA, and some of these small molecules also inhibit 

EcDsbA in activity based assays (Halili et al., 2015; Mohanty et al., 2017; Totsika et al., 

2018). Although inhibitors and small molecules screening has mostly focused on EcDsbA, 

there has been some success in identifying molecules binding to BpsDsbA as well 

(McMahon et al., 2018; Nebl et al., 2020). A short peptide derived from the sequence of its 

partner protein BpsDsbB has been shown by crystallography to bind BpsDsbA, revealing a 

relatively flat interaction site around the active site of the protein (McMahon et al., 2018). 

Additionally a fragment was shown to bind at a conformationally dynamic site on the surface 

of the protein, using NMR (Nebl et al., 2020).  

In this work we report two fragments that bind to BpsDsbA, which could potentially 

be suitable for further development as inhibitors. These are bromophenoxy propanamide 

(1), and 4-methoxy-N-phenylbenzenesulfonamide (2). Binding was characterised using 

NMR and X-ray crystallography. Both 1 and 2 bind to a cryptic pocket on BpsDsbA - not 

observed in the apo-BpsDsbA structure - located adjacent to the redox active site. This 

transient (or “cryptic”) pocket is formed by a shift in the side chain conformation of a tyrosine 

residue to accommodate the fragments.  
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3.3 Materials and methods 

3.3.1 Protein expression and purification for crystallisation and peptide oxidation assay  

Recombinant BpsDsbA was expressed as described in Ireland et al. (Ireland et al., 

2014). Briefly, plasmids with the BpsDsbA gene in a modified pET22 vector with Tobacco 

etch virus protease (TEV) cleavage site followed by a His6 metal affinity tag were 

transformed into E. coli BL21(DE3)pLysS competent cells, grown in 10 ml lysogeny broth 

(LB) containing chloramphenicol (CAM) and ampicillin (AMP) and incubated at 37˚C 

overnight. Pre-cultures were used to start 1 l culture in autoinduction media also containing 

CAM and AMP (Studier, 2005). pET28a plasmid containing the BpsDsbB gene with a non-

cleavable His8-tag was used to transform C41 E. coli cells specialised in membrane protein 

expression, also using autoinduction media supplemented with kanamycin (KAN).  

BpsDsbA was purified according to the protocol described in Ireland et al. (Ireland et 

al., 2014). In short, after expression cells were harvested by centrifugation at 6000 x g. The 

pellet was resuspended in buffer containing 25 mM tris(hydroxymethyl)aminomethane 

(TRIS) pH 7.5 and 150 mM NaCl. Cells were lysed by two passages at 165 MPa in a cell 

disrupter (Constant System) and the debris separated from supernatant containing the 

soluble protein by centrifugation (30 min at 30,000 x g). Imidazole (pH 7.5) was then added 

to the supernatant to a final concentration of 5 mM and the solution was subjected to 

immobilised metal affinity chromatography (IMAC) by incubation with TALON cobalt resin 

(Takara) for 1 hr at 4˚C. Resin-bound protein was loaded onto a gravity flow column and 

washed with 2 x 5 column volumes (CV) of wash buffer (10 mM imidazole, 500 mM NaCl 

and 25 mM TRIS pH 7.5) before elution in 5 CV of 300 mM imidazole, 150 mM NaCl and 25 

mM TRIS pH 7.5. The protein was buffer exchanged to remove imidazole using a 16/260 

HiLoad desalting column (GE healthcare). BpsDsbA was then incubated with TEV protease 

in a 1:50 (TEV:BpsDsbA) stoichiometric ratio overnight at 4˚C. The next day the cleaved 

His6-tags, non-cleaved protein and the TEV protease (also His6-tagged) were removed by 

reverse IMAC in TALON resin with the target protein in the flowthrough. The protein was 

oxidised by mixing it with a molar excess of oxidised glutathione (GSSG) at room 

temperature for 1 hr (50:1 stochiometric ratio of GSSG:BpsDsbA), the oxidation state of the 

protein was monitored by Ellman test (Ellman, 1959). A final size exclusion step in 25 mM 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5 and 150 mM NaCl was 

used to remove GSSG and impurities. The fractions corresponding to the protein were 

pooled, concentrated to 33 mg/ml using an Amicon Ultra 50 ml 10 kDa molecular weight cut-
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off centrifugal filter (Merck Millipore) and then aliquoted before flash freezing the protein 

sample in liquid nitrogen. Protein concentration was estimated using a NanoDropTM ND-

1000 (Thermo Scientific) photo-spectrometer.  

Membrane preparations of BpsDsbB for the peptide oxidation assay were generated 

using a method similar to that reported in (Christensen et al., 2019). Briefly, the gene for 

BpsDsbB (Uniprot ID Q63RY4) was inserted in a pET28a plasmid in front of a sequence 

coding for a C-terminal non-cleavable His8-tag. The plasmid was inserted in C41 E. coli cells 

specialised for the expression of membrane proteins (Wagner et al., 2008) which were 

grown in autoinduction medium (Studier, 2005) for 24 hr at 30 ˚C with shaking at 220 rpm. 

The cells were harvested by centrifugation at 6 000 x g and resuspended in phosphate 

buffered saline (PBS). Cells were disrupted by two passages at 207 MPa through a cell 

disruptor (Constant System). Large debris was removed by centrifugation for 15 min at 

15 000 x g, and membranes containing protein were further separated from solution by 

ultracentrifugation for 1 hr 15 min at 180 000 x g. The membrane pellet was resuspended in 

PBS prior to usage in peptide oxidation assay.  

 

3.3.2 Expression and purification of [U-15N]-labelled BpsDsbA for NMR spectroscopy 

Uniformly 15N-labelled ([U-15N]) BpsDsbA was expressed at the National Deuteration 

Facility (NDF), Australian Nuclear Science and Technology Organisation (ANSTO). The 

gene encoding BpsDsbA was inserted in a pET24a vector maintaining the TEV protease 

cleavable N-terminal His6-tag for protein expression using a high cell density protocol as 

reported previously (Duff et al., 2015). Briefly, 300 µl of freshly transformed E. coli 

BL21Star™(DE3) cells were inoculated into 10 ml of H2O ModC1 minimal medium and 

incubated overnight at 30 °C with shaking at 220 rpm. This cell suspension was diluted 5x 

in fresh 1H, 15N-ModC1 medium (40 g/l glycerol, 5.16 g/l 15NH4Cl ≥ 98 atom % 15N) and 

grown at 37 °C for two OD600 doublings. Finally, cells were inoculated into fresh 1H, 15N-

ModC1 to a volume of 100 ml and grown to an OD600 of 0.9 before inoculation into 900 ml 

of labelled expression medium as described in a 1 l working volume bioreactor. E. coli cells 

were grown at 25 °C until OD600 reached 14.8 and expression induced by addition of 

isopropylthio-β-D-galactopyranoside (IPTG) at a final concentration of 1 mM. After 22.5 hr 

induction at 20 °C during which a further 5.1 g of 15NH4Cl was added to the culture, the 

labelled cell suspension was pelleted by centrifugation at 8 000 x g for 20 min and the pellet 

stored at -80 °C. 
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BpsDsbA purification was performed in-house using the protocol reported previously 

by Nebl et. al., (Nebl et al., 2020). Briefly, the frozen cell pellet was resuspended in lysis 

buffer comprising 50% BugBuster MasterMix (Novagen) and 50% buffer A containing 20 

mM HEPES, 100 mM NaCl, 10 mM imidazole (pH 8.0) at 2.5 ml/g of cell pellet. One EDTA-

free protease inhibitor tablet (Roche) was added into the lysis buffer to prevent proteolysis. 

The mixture was agitated for 30 min at room temperature. To ensure complete cell lysis, 

sonication was performed on ice for 30 s x 7 times at 50% duty cycle. The lysate was 

centrifuged at 75 465 x g for 30 min at 4°C. The supernatant was filtered through a 0.22 μm 

syringe filter and loaded onto an immobilised Ni2+ affinity column (HisTrap HP 5ml, GE 

Healthcare) using buffer A and eluted using a gradient of 10-500 mM imidazole. Fractions 

containing target protein were pooled and exchanged back to 100% buffer A using a 

Sephadex desalting column (HiPrep 26/10 column, GE Healthcare). TEV cleavage was 

performed overnight at 23°C with 1 mM DTT, and 0.1 mg TEV per 10 mg protein. A second 

reverse IMAC step was performed to collect the TEV-cleaved protein and remove His-

tagged TEV protease, cleaved His6-tag and uncleaved BpsDsbA. The TEV-cleaved 

BpsDsbA was oxidised overnight at 4 °C using freshly prepared copper-phenanthroline at a 

final concentration of 1.5 mM. A final desalting step was performed to remove copper-

phenanthroline and exchange the sample into 50 mM HEPES, 50 mM NaCl, 2 mM EDTA 

(pH 6.8) prior to purification by size exclusion chromatography using a gel filtration column 

(HiLoad 26/60 Superdex 75 column, GE Healthcare). The sample was concentrated using 

a 10 kDa molecular weight cut-off centrifugal filter (Merck Millipore). The protein 

concentration was estimated using a NanoDropTM 1000 (Thermo Scientific) 

spectrophotometer. Finally, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.02 % NaN3 and 

10% D2O were added into the protein stock prior to NMR experiments. 

 

3.3.3 Acquisition of small molecule fragments  

Fragment bromophenoxy propenamide (1) (≥95% purity) was purchased from 

hit2lead (Chembridge Corporation, San Diego, CA).  

Fragment 4-methoxy-N-phenylbenzenesulfonamide (2) was synthesised according 

to literature procedure (Bernar et al., 2018). See supporting information for more details 

(Appendix B, Figure S1).  
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3.3.4 Quality control and solubility assessment of 1 and 2 in aqueous NMR buffer 

The solubility of 1 and 2 was assessed by recording a set of 1D 1H-NMR spectra in 

aqueous NMR buffer (50 mM HEPES, 25 mM NaCl, 2 mM EDTA, 2% D6-DMSO, 100 µM 

DSS, 10% D2O at pH 6.8). Chemical shift and peak volumes of individual proton signals in 

the 1D 1H spectra were measured in order to identify possible aggregation either via 

concentration-dependent changes in the chemical shifts of the peaks or deviation from the 

expected concentration-dependent increase in peak volume (LaPlante et al., 2013). 1D 1H 

spectra were collected on a 600 MHz spectrometer equipped with CryoProbe at 298 K with 

a relaxation delay of 10 s. 1D 1H spectra were processed and analyzed by Mnova (Bernstein 

et al., 2013). 

 

3.3.5 Chemical shift perturbation analysis and estimation of ligand binding affinity (KD) by 

2D [15N,1H]-HSQC NMR 

Binding affinity of 1 and 2 against oxidised BpsDsbA was assessed by titration 

against 100 μM 15N-labelled BpsDsbA. Backbone assignments of both redox states of 

BpsDsbA have been reported previously by Nebl et. al., (Nebl et al., 2020), these 

assignments were used for the chemical shift perturbations (CSP) analysis in the 2D 

[15N,1H]- heteronuclear single quantum coherence (HSQC) spectra using either CARA 

((Keller, 2005), Diss. ETH Nr. 15947; http://cara.nmr.ch/) or SPARKY (Lee et al., 2015). 

Fragments 1 and 2 were titrated at concentrations of 0.25, 0.50, 1 and 2 mM with 100 μM 

[U-15N]-BpsDsbA in NMR buffer (50 mM HEPES, 25 mM NaCl, 2 mM EDTA, 2% D6-DMSO, 

1 mM PMSF, 10% D2O at pH 6.8). CSPs were calculated for each perturbed peak according 

to equation 1 (Nebl et al., 2020). 

 

09:(∆δ) = 	2∆δ>
3 + (0.2 × ∆δ))3     (1) 

 

where ΔδH and ΔδN are the measured differences between the chemical shifts in the free vs 

bound spectra for the hydrogen and nitrogen signal (in ppm), respectively. In an effort to 

estimate the dissociation constants (KD) of fragment 1 and fragment 2, the CSP titration data 

were fitted to a one-site binding model in GraphPad Prism using nonlinear regression with 

equation 2 (Nebl et al., 2020). 

 

09:(∆δ) = 	 ∆CDEF
3+

	G(: + H + IJ) − K(: + H + IJ)3 − 4:HM  (2) 
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where P and L are total concentrations of protein and ligand respectively, Δδmax is the 

maximum CSP upon saturation and KD is the calculated dissociation constant. However, the 

CSP responses were observed to increase linearly with concentration and reliable estimates 

of KD could not be obtained. These data do provide an indication of the site of interaction 

between the ligand and oxidised BpsDsbA, by plotting the CSP magnitude as a gradient 

onto the crystal structure of BpsDsbA. 

 

3.3.6 Crystallisation of BpsDsbA for soaking experiments 

Oxidised BpsDsbA, purified in 25 mM HEPES with 150 mM NaCl was concentrated 

to 25-33 mg/ml and dispensed in 100 nl drop onto a MRC-2 sitting drop 96 well plate 

(Hampton research) and mixed with 100 nl of crystallisation buffer (0.1 M HEPES pH 7.5, 

0.2 M Li2SO4 and gradient of PEG 3350 28-34%). Crystal needles typically appeared after 

several hours and continued to grow for 4-5 days. Fragments were dissolved in DMSO to a 

final concentration between 5 mM and 25 mM. The fragment-DMSO solution was mixed with 

the crystallisation buffer to final concentrations ranging from 0.25 mM to 1.25 mM and a 

BpsDsbA crystal was soaked in the fragment solution for approximatively 2 hr. Similarly, 

crystals used to generate the background Pan-dataset density analysis (PanDDA) (Pearce 

et al., 2017) map were soaked in mother liquor containing 5% DMSO without fragment for 2 

hr. After soaking, crystals were fished using nylon loops and cryo-cooled in liquid nitrogen 

(the high concentration of PEG in the mother liquor acted as a cryoprotectant). 

 

3.3.7 Co-crystallisation of BpsDsbA with 1 or with 2 

BpsDsbA was purified and oxidised as described above, concentrated to 33 mg/ml 

and mixed with 10 mM of 1 and kept on ice for 2 hr. The solution was centrifuged to remove 

excess fragment that did not dissolve. A 100 nl drop of solution containing the protein in the 

presence of 1 was then dispensed in hanging drop and combined with a 100 nl drop of 

mother solution from commercial screens at 20˚C by a Mosquito robot (SPT Labtech). 

Crystal needles grew in 60% tacsimate after a few hours and kept growing over 2-3 days. A 

large needle crystal was fished with a nylon loop and cryoprotected in mother liquor 

containing 20% ethylene glycol. The crystal was then cryo-cooled in liquid nitrogen and 

tested in X-ray diffraction experiment.  



 86 

Similarly, oxidised BpsDsbA at 33 mg/ml was mixed with a large molar excess of 2 

and incubated on ice for 2 hr. Once again the solution was centrifuged to remove excess 

fragment that did not dissolve. A 100 nl drop of solution containing protein in the presence 

of 2, was mixed with 100 nl of crystallisation solution, dispensed as a hanging drop onto 

MRC-2 crystallisation plate and incubated at 20˚C. Long crystal needles appeared after 2-3 

days in 0.1 M HEPES pH 7.5, 0.2 M Li2SO4 and 29.5% PEG3350. Crystals were fished with 

nylon loops and flash frozen without additional cryoprotection.   

 

3.3.8 X-ray diffraction experiments and refinement  

X-ray diffraction data were collected at the Australian Synchrotron (part of the 

Australian Nuclear Science and Technology Organisation (ANSTO)) on the macromolecular 

crystallography beamlines MX1 (ADSC Quantum 210r Detector) and MX2 (Eiger 16M 

detector, funded by the Australian Cancer Research Foundation). Data were indexed, 

scaled and analyzed with the autoProc pipeline (Vonrhein et al., 2011) where possible - or 

manually with XDS (Kabsch, 2010) when autoProc analysis failed. Structures were solved 

by molecular replacement using the oxidised BpsDsbA model PDB ID 4K2D and refined 

using the Dimple pipeline, part of CCP4 (Winn et al., 2011). Occasionally datasets required 

a step wise analysis, in which case phaser (McCoy et al., 2007) and phenix.refine (Adams 

et al., 2010) were used. Structures were then manually inspected with Coot (Emsley et al., 

2010) and Molprobity (Chen et al., 2010). Refinement steps were repeated as required, 

alternating between Coot and phenix.refine. Ligand coordinates were generated from 

SMILES files using eLBOW (Moriarty et al., 2009). Initial inspection of the datasets did not 

suggest density indicative of ligand binding. PanDDA (pandda.analyse) was run on the 

Griffith University high performance cluster (HPC) Gowonda, following the instructions from 

https://pandda.bitbucket.io/tutorials.html. “Hits” were inspected with PanDDA 

(pandda.inspect) through the Coot interface. The majority of these hits were false positives. 

Fragments 1 and 2 were identified as hits and further refined with phenix.refine and Coot. 

The structures of BpsDsbA co-crystallised with fragments 1 or 2 were solved by 

molecular replacement with Dimple (Winn et al., 2011) and phaser (McCoy et al., 2007) 

using the oxidised BpsDsbA structure (PDB ID 4K2D) as a search model. Models were 

refined using phenix.refine (Afonine et al., 2012). Ligand occupancy was refined in both 

structures. Non-crystallographic symmetry restraints were used for BpsDsbA crystallised 

with fragment 2 using chain A as reference. Between automated refinement cycles, Coot 
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and Molprobity (Chen et al., 2010) were used for manual inspection and validation of the 

models.   

   

3.3.9 Peptide oxidation assay  

The ability of fragments 1 and 2 to inhibit BpsDsbA was tested in a peptide oxidation 

assay described previously in Halili et al. 2015 (Halili et al., 2015). Briefly, a synthetic peptide 

with two fluorescent groups at each extremity and two cysteines near each end can be 

oxidised in the presence of active DsbA. Upon oxidation the two fluorescent groups are 

brought into close contact and can be excited at 340 nm to fluoresce at 615 nm. During the 

typical uninhibited reaction, the fluorescence of the peptide increases over 10 to 15 min until 

a plateau is reached. In the presence of BpsDsbA inhibitors, the enzyme fails to oxidise the 

peptide and the fluorescence does not increase over time.  

Samples were prepared in 384 well plates with a final concentration of reactants of 

60 nM BpsDsbA, 1.6 μM of BpsDsbB in membranes, a range from 0 to 20 mM of fragment, 

and 10 μM of substrate peptide, in a final volume of 50 μl. The reaction was monitored using 

a Synergy H1 Hybrid plate reader (Biotek™), with the excitation wavelength set to 340 nm, 

emission to 620 nm and a 100 μs delay between the excitation and reading. Plates were 

monitored for 3 hr, until a reaction plateau was reached. 

 

3.4 Results 

3.4.1 Identification of fragments binding to oxidised BpsDsbA using crystal soaking 

experiments and PanDDA analysis 

An initial screen of ~1130 fragments obtained from the Monash Institute for 

Pharmaceutical Science (MIPS) fragment libraries (Doak et al., 2014) was performed using 

ligand-detected saturation transfer difference (STD) NMR (Mayer & Meyer, 1999) against 

the oxidised BpsDsbA and EcDsbA proteins (Adams et al., 2015; Nebl et al., 2020). A set 

of fragments was initially identified as binding to BpsDsbA by STD-NMR. These hits were 

considered validated if they elicited detectable CSP in protein detected 2D [15N,1H]- HSQC 

spectra of BpsDsbA (Nebl et al., 2020). Among these promising candidates, a small subset 

of fragments was selected for further analysis in this study.  

A total of 29 unique fragments (Appendix B, Figure S2) were dissolved separately in 

100% DMSO at a concentration up to 25 mM and the solution was used to soak individual 
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BpsDsbA crystals. Crystals were exposed to X-rays either at the Australian Synchrotron (on 

the MX1 or MX2 beamlines) or on the laboratory source at The University of Queensland 

UQ ROCX crystallisation facility. All the crystals were indexed in the P212121 space group, 

all unit cell angles were 90˚ as expected for this space group. All the axes length were found 

between 59.0 and 60.0 Å for axis A, 61.5 to 63.5 Å for axis B and 68.0 to 70.5 Å for axis C. 

There was no interpretable positive difference Fourier density in any of the datasets to 

indicate binding of the different fragments to the protein. We then reprocessed the diffraction 

datasets using a more sensitive method, PanDDA (Pearce et al., 2017). We generated a 

background map from 32 X-ray diffraction datasets of the apo-protein soaked in DMSO 

(resolution ranging from 1.70 Å to 2.28 Å). This was used as the “ground-state” model to 

reanalyse datasets of the protein soaked with the individual fragments. Using this method, 

we identified that two of the soaked crystal datasets showed peaks of positive Fourier 

densities that could be interpreted as bound fragments 1 and 2 (structure of fragments 

shown in Appendix B, Figure S2 and S3), respectively. In both models, the fragments bind 

near tyrosine 110 (Y110), causing a change in the tyrosine sidechain position in comparison 

to the apo-structure (Figure 3.1B). This shift revealed the presence of a small hydrophobic 

pocket into which each fragment binds (Figure 3.1C and D). The binding of both fragment 

to BpsDsbA was then reproduced using independent co-crystallisation experiments.  
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Figure 3.1: Event map generated by PanDDA around Y110 and fragments 1 and 2. (A) 
Architecture of the apo-BpsDsbA structure (PDB ID 4K2D, (Ireland et al., 2014)) represented 
as a cartoon. α-helices and β-strands are numbered α1-7, β1-5 respectively. The active site 
cysteines are indicated by yellow spheres, Y110 is represented in purple in stick format. (B) 
Close up of the orientation of Y110 in the apo-structure (no ligand present) and (C) and (D) 
in the presence of 1 and 2 respectively. In this orientation, the Y110 sidechain rotates to the 
right (viewed along the Cβ-Cγ bond) towards helix α3 compared to the apo-structure. This 
shift opens a small hydrophobic pocket into which each respective fragment binds. The 
reference apo-map 2Fo-Fc is contoured at 1σ and shown in orange, and is the result of 
averaging 32 electron density maps of apo-BpsDsbA. Blue is the event difference map 
contoured at 3σ for 1 and 2 (C and D, respectively). It displays the differences between the 
reference map and the map of the ligand-soaked datasets. In green, the PanDDA Z-maps 
highlight significant deviations between the reference map and the ligand soaked- dataset 
(Pearce et al., 2017) 
3.4.2 2D [15N,1H]-HSQC-NMR binding assay of 1 and 2 with BpsDsbA 

Fragments 1 and 2 were previously identified as binding to oxidised BpsDsbA in a 

HSQC-NMR binding assay (Nebl et al., 2020). The original HSQC screen was conducted 

using mixtures of two fragments. To confirm binding we followed up the original experiment 

by recording 2D [15N,1H]-HSQC of BpsDsbA with each fragment individually.  

Prior to HSQC-screening of the two fragments, we evaluated their solubility in the 

NMR buffer (50 mM HEPES, 25 mM NaCl, 2 mM EDTA, 2% D6-DMSO, 100 µM DSS, 10% 

D2O at pH 6.8). This confirmed that 1 and 2 were soluble in the NMR buffer (Appendix B, 

Figures S3 and S4). Overlays of the 2D [15N, 1H]-HSQC spectra of oxidised BpsDsbA (100 

µM) in the absence and presence of 1 (2 mM) and 2 (1 mM) are shown in Figures 3.2 and 

3.3, respectively. Chemical shift perturbations (CSPs) resulting from the addition of 1 and 2 
are mapped onto the crystal structure of oxidised BpsDsbA in Figures 3.2 and 3.3 to provide 

a visual estimate of their binding sites. Both fragments produced backbone amide CSPs > 

0.02 ppm for residues C43, E48, H105, Y110 and L111. Two additional residues: A72 and 
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K108, showed CSP > 0.02 ppm for 1. These residues form a cluster between the C43PHC46 

active site, the cisPro loop adjacent to the active site, the C-terminal residues of helix α3, a 

loop connecting helix α3 and α4 and a loop between β3 and α2, connecting the two domains 

of the protein (Figures 3.4A and B). The location of the largest CSPs suggest that 1 and 2 
may interact near the catalytic site of oxidised BpsDsbA; this site has been previously 

identified as a small molecule binding site (Nebl et al., 2020). Linear chemical shift 

trajectories upon increasing fragment concentrations (Appendix B, Figure S5) indicate that 

the fragments are in fast exchange on the chemical shift time scale, suggesting weak binding 

(Ziarek et al., 2011). 

To estimate the binding affinity of fragments 1 and 2 with oxidised BpsDsbA, we 

recorded a series of [15N,1H]-HSQC spectra of 100 µM BpsDsbA with increasing 

concentrations of fragment 1 (0 – 2 mM) and 2 ( 0 – 1 mM). For both fragments, CSPs were 

observed to increase linearly with respect to concentration, and saturation was not achieved. 

Figure S6 in Appendix B shows the concentration-dependent CSP profiles of several binding 

site residues. The CSP did not reach saturation at 2 mM ligand concentration, indicating that 

fragments 1 and 2 bind weakly with a KD greater than the highest concentrations tested.  
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Figure 3.2: Characterisation of bromophenoxy propanamide (1) binding to oxidised 
BpsDsbA by 2D [15N, 1H]-HSQC NMR. (A) Expanded regions of the 2D [15N,1H]-HSQC 
data highlighting the backbone amide CSP for selected residues of BpsDsbA without (blue) 
and with 2 mM of fragment 1 (red). (B) CSP observed for each BpsDsbA residue. (C) CSPs 
resulting from the addition of 2 mM fragment 1 are mapped onto the crystal structure of 
oxidised BpsDsbA (PDB ID 4K2D) as a colour gradient from red (CSP = 0.04 ppm) to white 
(CSP = 0 ppm). Non-shifting residues are shown in grey. Residues with unassigned amides 
and proline residues are shown in black. N-terminal residues (A1-G14) were removed for 
clarity. 
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Figure 3.3: Characterisation of methoxy-phenylbenzenesulfonamide (2) binding to 
oxidised BpsDsbA by 2D [15N, 1H]-HSQC NMR. (A) Expanded regions of the 2D [15N,1H]-
HSQC data highlighting the backbone amide CSP for selected residues of BpsDsbA without 
(blue) and with 1 mM of fragment 2 (red). (B) CSP observed for each BpsDsbA residue. (C) 
CSPs resulting from the addition of 1 mM 2 are mapped onto the crystal structure of oxidised 
BpsDsbA (PDB ID 4K2D) as a colour gradient from red (CSP = 0.04 ppm) to white (CSP = 
0 ppm). Residues with unassigned amides and proline residues are shown in black. Non-
shifting residues are shown in grey. N-terminal residues (A1-G14) were removed for clarity.    
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Figure 3.4: Characterisation of fragments 1 and 2 binding to oxidised BpsDsbA by 2D 
[15N, 1H]-HSQC NMR. Chemical shift perturbations (CSP) resulting from addition of 2 mM 1 
(A) and 1 mM 2 (B) are mapped onto their corresponding complex crystal structures (PDB 
ID 7LUH for 1 and chain A of PDB ID 7LUJ for 2). CSPs are plotted as a colour gradient 
from red (CSP = 0.04 ppm) to white (CSP = 0 ppm). Residues with unassigned amides and 
proline residues are shown in black. Non-shifting residues are shown in grey. N-terminal 
residues (A1-G14) were removed for clarity. 

We previously observed redox dependent ligand binding to BpsDsbA, and we 

hypothesised that this is due to differences in the dynamics of reduced and oxidised 

BpsDsbA (Nebl et al., 2020). Here, we repeated the HSQC-titrations of 1 and 2 against 

reduced BpsDsbA, and we did not observe any significant CSP (Appendix B, Figure S7). 

This indicates that fragments 1 and 2 bind preferentially to the oxidised form of BpsDsbA. 

 

3.4.3 BpsDsbA co-crystallised with bromophenoxy propanamide (1) in a cryptic pocket 

binding site 

Oxidised BpsDsbA was co-crystallised with 1 in 60% tacsimate and the resulting 

crystals diffracted to a resolution of 1.84 Å on beamline MX2 at the Australian Synchrotron, 

in space group, P212121. The structure was solved by molecular replacement using the 

original oxidised BpsDsbA structure (PDB ID 4K2D) (Ireland et al., 2014) as a search model. 

The structure was further refined by addition of the ligand giving final Rwork and Rfree values 

of 16.82% and 19.84% respectively (Table 3.1), suggesting that the model is a good fit to 

the data. Overall, the backbone structure (Cα) of BpsDsbA in complex with 1 was very 

similar to that of the structure with no ligand (Figure 3.5), with a root mean square deviation 

(RMSD) of 0.14 Å between the residues of the two proteins (191 residues aligned with 191 

residues, with the Pymol super function (Schödinger, 2015))  
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Table 3.1: Data collection and refinement statistics 
 BpsDsbA + 1 (PDB ID 7LUH) BpsDsbA +2 (PDB ID 7LUJ) 
Wavelength (Å) 0.9537 0.9537 
Resolution range (Å)  36.7   1.84 (1.91   1.84) 38.4   2.31 (2.40   2.31) 
Space group P 21 21 21 P 21 
Unit cell (Å, ) 59.5, 62.9, 69.4, 90, 90, 90 69.4 59.4 105.4 90 104.9 90 
Total reflections 154193 (15785) 241760 (21753) 
Unique reflections 23090 (2249) 36226 (3064) 
Multiplicity 6.8 (7.1) 6.7 (6.1) 
Completeness (%) 99.22 (98.38) 97.40 (84.08) 
Mean I/sigma(I) 16.92 (1.51) 6.88 (1.05) 
Wilson B-factor 31 45 
Rmerge 0.0707 (1.274) 0.1723 (1.358) 
Rmeas 0.0768 (1.374) 0.1871 (1.485) 
Rpim 0.0296 (0.5124) 0.0722 (0.5915) 
CC1/2 0.999 (0.633) 0.994 (0.573) 
CC* 1 (0.88) 0.999 (0.854) 
Reflections used in refinement 23062 (2248) 35652 (3064) 
Reflections used for Rfree 1986 (183) 1785 (137) 
Rwork 0.1682 (0.2927) 0.2127 (0.2984) 
Rfree 0.1984 (0.3388) 0.2704 (0.3234) 
CCwork 0.969 (0.839) 0.947 (0.624) 
CCfree 0.955 (0.763) 0.920 (0.561) 
Number of non-hydrogen atoms 1735 6108 

  macromolecules 1534 5838 
  ligands 13 72 
  solvent 188 224 

Protein residues 192 756 
RMS(bonds, Å)  0.008 0.003 
RMS(angles, ) 0.82 0.53 
Ramachandran favoured (%) 98.41 98.79 
Ramachandran allowed (%) 1.59 1.21 
Ramachandran outliers (%) 0.00 0.00 
Rotamer outliers (%) 0.60 0.49 
Clashscore 1.62 2.77 
Average B-factor (Å2) 41 53 

  macromolecules 40 53 
  ligands 68 72 
  solvent 45 46 

Number of TLS groups 10 12 

Statistics for the highest-resolution shell are shown in parentheses.	00∗ = 2
3**4/6
78**4/6

   (Karplus 

& Diederichs, 2012)  
 
The data collected for BpsDsbA + fragment 1 (PDB ID 7LUH) showed difference 

density corresponding to the ligand without the use of PanDDA and this was verified by 

using a Polder map (an OMIT map that accounts for solvent (Liebschner et al., 2017)). The 

Polder map showed positive difference density for the ligand at 3σ contour level (Figure 3.6). 

Additional unexplained density was present near the modelled carboxamide of the ligand, 

possibly from water or a component of the crystallisation conditions (malonate, citrate, 

succinate, malic acid, acetate, formate and tartrate). We chose not to model anything into 

this density. 
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Figure 3.5: Structure of BpsDsbA co-crystallised with bromophenoxy propanamide 
(1). On the left, the structure of the oxidised apo-protein (PDB ID 4K2D). On the right, the 
structure of oxidised BpsDsbA in presence of 1 (PDB ID 7LUH). The proteins are shown as 
a white surface, with the fragment 1 shown in magenta and binding to a small pocket near 
Y110. 

 
Figure 3.6: Polder Map around bromophenoxy propanamide (1). Left panel, side view 
of 1 and corresponding Polder map showing positive Fourier density peak at 3σ surrounding 
the fragment. Right panel, 90° rotation of the same region. The density on the right of the 
ligand could be explained by binding of water molecules or of crystallant molecules or a 
combination thereof.  

Binding of fragment 1 caused the side chain of Y110 to shift more than 2 Å from its 

orientation in the apo-structure (measured from the centres of the aromatic rings of the two 

Y110 conformations), revealing a small hydrophobic pocket (Figure 3.7). The interactions 

between 1 and the protein are mostly hydrophobic involving: Y110, W40, F77 and L112. 

The oxygen of the hydroxy group of Y110 and the nitrogen of 1 are found 3.5 Å apart (Figure 

3.7). Additionally, there are π-stacking interactions between the aromatic rings of the 

fragment and of Y110 (4.3 Å, measured from the centroid of each ring). The fragment binds 
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within 10 Å of residue C43 (Figure 3.7) which is part of the redox active site of the protein. 

During refinement of the structure, the optimal occupancy for the fragment was found to be 

0.7, suggesting that the observed density reflects a mixture of the apo- and fragment-bound 

forms of the protein.  

 
Figure 3.7: Bromophenoxy propanamide (1) binding requires a shift in Y110 to open 
a cryptic hydrophobic pocket. (A) Side chain position of Y110 in the absence of ligand. 
(B) The same region in presence of 1, Y110 shifts up (towards the helix α3), opening a 
binding site for 1. (C) Superposition of Y110 in apo- and liganded conformations (Fragment 
1), the centre of the benzene ring of the tyrosine is displaced 2.1 Å between the two 
conformations. (D) Structure of BpsDsbA – fragment 1 complex (7LUH) showing the cryptic 
pocket above the catalytic active site. Fragment 1 (magenta) binds in a hydrophobic pocket. 
All residues within 5 Å of 1 are shown as purple sticks and labelled. The distances between 
different atoms or ring centromeres separated by an orange dashed line is given in italics 
(Angstrom). The sulfurs in the C43PHC46 active site of BpsDsbA are shown as yellow sticks, 
the α-helices are also numbered.  
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3.4.4 BpsDsbA crystallises as a tetramer when complexed with 

phenylbenzenesulfonamide (2).  

Oxidised BpsDsbA was co-crystallised with 2 in a crystallisation solution that typically 

generated crystals of the apo-protein, that is 200 mM Li2SO4, 100 mM HEPES pH 7.5, 29.5% 

of PEG 3350. A crystal was harvested and diffracted to a resolution of 2.3 Å in the P 21 

space group with unit cell A = 69.4 Å, B = 59.4 Å, C = 105.4 Å and angles α = γ = 90˚ and β 

= 104.9˚ (Table 3.1). The structure was solved by molecular replacement using the oxidised 

apo-BpsDsbA structure (PDB ID 4K2D, space group P 212121) as a search model. One 

solution was found that included four copies of the BpsDsbA per asymmetric unit (Figure 

3.8) and was refined to Rwork and Rfree values of 21.27% and 27.04% respectively (Table 

3.1). All four chains of the model align with each other with RMSD between the residues of 

the different chains below 0.3 Å (alignment of 188 residues with 188 residues for each 

pairwise comparison), (RMSD chain A - chain B = 0.16 Å, RMSD chain A - chain C = 0.26 

Å and RMSD chain A - chain D = 0.25 Å, measured using the Pymol super function 

(Schödinger, 2015)). The backbone of chain A of this structure also aligns with the apo-

model PDB ID 4K2D, with a RMSD of 0.24 Å (188 vs 191 residues aligned). The major 

difference between chain A and the apo-model is the truncation of the three N-terminal 

residues of chain A in the dataset of the complex, relative to the published apo-structure, 

which could not be modelled due to a lack of electron density to justify their placement. In 

chain D, electron density was poorly resolved for the side chains of residues in the loop 29 

to 32 (Figure 3.8B), and residue Y110 that is reorientated in the presence of 2 (Figure 3.8C). 

Modelling of this residue is therefore tentative and must be interpreted with caution.  

Although there are four copies of BpsDsbA in the asymmetric unit, the electron 

density indicates that only two copies of fragment 2 are bound between the four copies of 

the protein. One copy of fragment 2 is bound at the interface of chains A and B, its methoxy 

group binds near Y110 of chain A and its sulfoxide group binds near Y110 of chain B (Figure 

3.9). The second copy of fragment 2 is located at the interface of chains C and D. Again the 

methoxy side of this copy of the fragment binds near Y110 of chain D while its phenyl side 

binds closer to the active site on chain C (Figure 3.9). We note that different parts of this 

asymmetric fragment are able to bind the same hydrophobic pocket under Y110 of chain A, 

B and D; this is consistent with the lack of well-defined electrostatic interactions between 

the fragment and charged residues of the protein. Binding of 2 is apparent in both locations 

in 2Fo-Fc maps at 1σ (Figure 3.10A and B), although the density is clearer for the binding 

site involving chains A and B. The presence of the ligand was confirmed by Polder map 
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analysis which also suggested two alternate bound conformations of 2 at the interface 

between chains C and D (Figure 3.10C).  

 
Figure 3.8: Structure of BpsDsbA crystallised with 2 (PDB ID 7LUJ). (A) Overall 
representation of the four molecules of BpsDsbA in their asymmetric unit. There are two 
copies of fragment 2, one binding between chains A and B and the other binding between 
chains C and D (highlighted by red circles). The active site sulfur atoms are represented as 
spheres. (B) and (C) 2Fo-Fc electron densities (at 0.8 σ, in blue) around chain D. (B) The 
map around the loop between residue P29 and K32 (highlighted in grey) was not particularly 
sharp; single residues were difficult to fit in the densities and the electron density is 
discontinuous between A30 and G31. (C) Similarly, electron density was absent for the side 
chain of Y110 (note that fragment 2 was removed from this image, for clarity). 



 99 

 
Figure 3.9: Interaction of phenylbenzenesulfonamide (2) with the four different chains 
of 7LUJ. In chain A, B and D, 2 binds below Y110 (Site 1, orange arrow). In chain C, the 
fragment is found closer to the active site (Site 2, orange arrow). Note that there are only 
two fragments in the asymmetric unit which adopt four different orientations relative to each 
of the four protein chains (labelled based on the chain they are related to: A, B, C and D). 
R74 from chain A was also found in a different conformation than in the other chains and 
wild type protein, making room for 2 to bind to the pocket; other relevant residues are also 
labelled. The different chains of BpsDsbA are shown as purple cartoon and white surface. 
The inset figure top left shows the conformations of the four Y110 side chains relative to 
Y110 of the apo-structure. There is more than a 4 Å shift between the hydroxy groups of 
apo-Y110 and Y110 of chain A, B and C.  
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Figure 3.10: Electron density maps for fragment 2. (A) Fragment 2 at the interface of 
chain A (in cyan) and B (in light brown) is clearly visible on 2Fo-Fc maps set at 1σ in blue 
suggesting its presence in the pocket. (B) 2Fo-Fc maps set at 1σ do not cover the entirety of 
fragment 2 at the interface of chain C (in olive green) and D (in purple); the methoxy group 
is not well resolved and its position needed to be confirmed by Polder maps. (C) Polder map 
displayed at 3σ in green, revealed more detail in the density for 2 at the interface of chain C 
and D, also suggesting that the ligand may bind in two alternate conformations. Residues 
and helices are labeled where relevant; some residues have been removed from the images 
for clarity. 
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It is interesting to note that 2 binds two different sites on the surface of BpsDsbA 

(Figure 3.9). On chain A, B and D, fragment 2 is found to bind to the protein in a similar 

manner to fragment 1, in a pocket created by the displacement of Y110 towards helix α3, 

hereafter named site 1 (although the position of Y110 in chain D is not strongly supported 

by electron densities). In the case of chain C, 2 binds much closer to the active site 

cysteines, in proximity to residues C43, P44, H45, V159, P160, P172, N176, S177 and L178, 

hereafter named site 2 (Figure 3.9). Binding of fragment 2 on site 1 accompanies a 

conformational change of chain A’s R74 side chain relative to apo-BpsDsbA (Figure 3.9). 

Surprisingly Y110 adopts the same orientation in all four molecules in the asymmetric unit 

whether the fragment is bound or not (fragment 2 does not bind near Y110 of chain C), 

suggesting that the pocket may not require a ligand to open (Figure 3.9, inset).  

 
3.4.5 Fragments 1 and 2 do not inhibit the BpsDsbA-BpsDsbB redox cycle 

Although the fragments bind weakly to BpsDsbA, we tested whether 1 or 2 were 

capable of inhibiting the enzymatic activity of BpsDsbA. This was evaluated in a peptide 

oxidation assay using oxidised BpsDsbA. The assay utilises a fluorescently-labelled 

synthetic peptide with cysteines at either end. Oxidation of the substrate by BpsDsbA causes 

an increase in the fluorescence signal (Halili et al., 2015). The reaction was monitored by 

measuring the increase in fluorescence over the first 10 minutes of the reaction, defined as 

the initial velocity. Inhibition is indicated by a decrease in the initial velocity compared to the 

control with no ligand present (addition of matched concentration of DMSO only, Figure S8 

in Appendix B). Neither of the fragments exhibited any inhibitory activity in this assay; even 

at a maximum concentration of 20 mM, the initial velocity of the reaction was comparable to 

that of the control reaction. This suggests that the weak binding affinity of the two fragments 

is not sufficient to compete with or inhibit the peptide used in this assay for binding to 

BpsDsbA. 
 

3.5 Discussion  

DsbA enzymes contribute to the virulence of many Gram-negative bacteria 

(Coulthurst et al., 2008; Heras et al., 2009; Ireland et al., 2014; McMahon et al., 2014) 

including the often-neglected pathogen B. pseudomallei. DsbA proteins have thus been 

identified as targets for therapeutic drugs (Allen et al., 2014; Heras et al., 2015; Smith et al., 

2016; Bocian-Ostrzycka et al., 2017). 
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Several molecules have been reported that inhibit the activity of DsbA enzymes from 

E. coli (Adams et al., 2015; Duprez et al., 2015b; Halili et al., 2015), Pseudomonas 

aeruginosa (Mohanty et al., 2017) and Salmonella enterica serovar Typhimurium (Totsika 

et al., 2018). To date, only one small molecule has been reported to bind to oxidised 

BpsDsbA and inhibit the enzymatic activity in vitro (Nebl et al., 2020). BpsDsbA has a 

shallow hydrophobic groove in comparison to EcDsbA, and a generally flatter surface 

(McMahon et al., 2014), making it a more challenging drug target.  

Here we reported the structure and binding interactions of two fragment molecules to 

oxidised BpsDsbA, both interacting with a small, cryptic pocket close to the protein redox 

active site. Both fragments, bromophenoxy propanamide (1) and 4-methoxy-N-

phenylbenzenesulfonamide (2), bound under Y110 which was shifted towards helix α3 

compared to the apo-structure of the protein (Figure 3.7 and Figure 3.9). Results were 

generated using both NMR and X-ray crystallography, and support the findings of Nebl et 

al., (Nebl et al., 2020) who had previously identified the presence of a cryptic pocket in the 

vicinity of W40, C43, C46, R74, I104, Y110 and L112.  

Crystallography experiments identified two distinct binding sites on the surface of the 

protein for 2. Site 1 is located near Y110 and is replicated in three of the four chains of the 

ASU of the structure 7LUJ (chain A, B and D). This site is also supported by the NMR 

experiments which show a large CSP for Y110 upon addition of 2 to the protein; and by the 

initial crystal soaks analysed with PanDDA (Figure 3.1). The second site (site 2) is only 

visible on chain C of 7LUJ and NMR experiments do not show clear CSP for residues 

adjacent to site 2. This binding site follows a small pocket at the interface of chain C and D. 

In chain C this pocket happens to be located on a different region of the protein surface 

compared to the other chains. For both binding sites, binding of the fragments seems weak 

and relies on the formation of pockets at the interface of the different protein chains.  

The binding of fragments 1 and 2 to BpsDsbA is weak (KD > 2 mM) consistent with 

their small size. Weak binding is evident in the partial occupancy and high B-factors of the 

modelled ligand in the crystal structures (Table 3.1). We found very weak or no evidence of 

fragment binding to reduced BpsDsbA (Appendix B, Figure S7), supporting the hypothesis 

that the redox state of BpsDsbA governs the formation of the cryptic pocket, and perhaps 

the flexibility of the Y110 side chain, which allows the pocket to form (Nebl et al., 2020).  

The identification and characterisation of the binding of fragments 1 and 2 to 

BpsDsbA is a key first step towards understanding this cryptic pocket and the dynamic 
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behavior of the active site at atomic resolution. This pocket is of interest because of its 

proximity to the active site, which suggests that expanding the size and bonding interactions 

of these fragments may generate tighter-binding compounds that block the active site, and 

inhibit the activity of BpsDsbA. The results presented here provide a starting point for the 

elaboration and further optimisation of more potent small molecule inhibitors for BpsDsbA 

using rational drug design.  
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4 Crystallisation trials of the B. pseudomallei DsbA/B protein complex 

BpsDsbA has previously been crystallised and characterised, however the same is 

not true for its membrane-embedded partner, BpsDsbB, or for the BpsDsbA/B protein 

complex which forms during the disulfide exchange process. Membrane proteins are 

notoriously difficult to work with, as they need to be extracted from a lipid bilayer and then 

maintained in a native shape in solution. This is most commonly achieved through the use 

of detergents that form micelles around the protein insoluble domain. This chapter 

summarises the experiments I performed to generate a stable BpsDsbA/B protein complex, 

with the BpsDsbB membrane protein in detergent micelles, and my attempts to crystallise 

the complex. Specifically, I used Lipidic Cubic Phase (LCP) crystallisation methods to 

generate a three-dimensional lipid bilayer. This membrane-like water/lipid phase can 

facilitate the growth of membrane protein crystals. In this chapter I report the generation of 

tiny crystals in LCP from a solution containing purified complex of BpsDsbA/B.  

 

4.1 Introduction 

4.1.1 Foreword 

This project was initiated by Dr. Róisín M. McMahon who established the purification 

protocols for both BpsDsbA and BpsDsbB, and initiated crystallisation experiments mostly 

using in surfo methods. This is the most common method for crystallising membrane 

proteins, and consists of solubilising the protein with a surfactant or detergent, followed by 

hanging drop or sitting drop crystallisation experiments. Unfortunately this approach did not 

lead to the formation of crystals during the period that it was implemented.  

My work primarily focused on using LCP to generate diffracting crystals of the 

BpsDsbA/B complex for further structural studies of these proteins. 

For clarity, the amino acids of the two proteins in the complex are labelled using the 

following convention: one letter code for the amino acid type followed by a number indicating 

the position in the protein sequence and A or B to specify whether the protein is DsbA or 

DsbB. In addition, a two or three letter abbreviation at the front indicates the source of the 

organism when that is not clear from the text. For example cysteine position 104 of E. coli 

DsbB would be denoted C104-B or EcC104-B if E. coli is not obvious from the text.  
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4.1.2  Structures of the E. coli DsbA and DsbB 

The structure of E.coli DsbA (EcDsbA, PDB ID 1DSB, (Martin et al., 1993)) was first 

reported in 1993, revealing the substructural components of the protein and the presence 

of a thioredoxin fold supporting the catalytic cysteines in the active site. Subsequent 

experiments revealed the importance of specific amino acids of the active site and refined 

our understanding of the redox mechanism, including the importance of the H32-A and C33-

A residues in stabilising the C30-A thiolate, and contributing to the high redox potential of 

the protein (Wunderlich & Glockshuber, 1993; Guddat et al., 1997a; Guddat et al., 1998). A 

large uncharged groove beside the active site of EcDsbA was predicted to be important for 

the binding and recognition of unfolded substrates (Martin et al., 1993; Guddat et al., 1997b). 

Subsequently, this motif was observed to be the site that binds the second extracellular loop 

of the membrane partner EcDsbB (Inaba et al., 2006). In the case of B. pseudomallei, 

peptides derived from the predicted second periplasmic loop of BpsDsbB were shown, using 

X-ray crystallography, to bind in the corresponding location in BpsDsbA (McMahon et al., 

2018). More broadly, hydrophobic grooves and polar residue have been identified in DsbA 

proteins from other species (for example in S. Typhimurium, K. pneumoniae, Vibrio cholera) 

while smaller, shallower pockets were observed in DsbA proteins from B. pseudomallei, 

Xylella fastidiosa, P. aeruginosa and B. subtilis, (reviewed in McMahon et al., (McMahon et 

al., 2014)). 

Due to the difficulties inherent in membrane protein purification and crystallisation, 

the first structure of DsbB (from E. coli) was solved only relatively recently in 2006 (Inaba et 

al., 2006), long after the structure of EcDsbA (Martin et al., 1993). Inaba et al., trapped the 

complex of EcDsbA with EcDsbB by mutating one of the two catalytic cysteines on each 

protein (C33-A to Ala and C130-B to Ser) to generate a complex with an intermolecular 

disulfide bond that could not be resolved. Using this strategy, their team was able to 

crystallise the protein complex and determine its structure (Figure 4.1). This structure - which 

had a resolution of approximately 3.7 Å – revealed the main features of the interactions 

between the two proteins. The three dimensional structure of EcDsbB is made of four 

transmembrane helices, a short first loop carrying two cysteines exposed to the periplasm 

(C41-B and C44-B, Figure 4.1) that do not directly interact with EcDsbA; and a second, 

larger periplasmic loop that bears two more cysteines C104-B and C130-B. One of these 

two cysteines, C104-B, forms an intermolecular disulfide bond with C30-A. EcDsbB also has 

an α-helix that sits atop the cytoplasmic membrane (Figure 4.1). The structure revealed a 

bound ubiquinone co-factor which serves as a final electron acceptor after the reoxidation 
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of EcDsbA. Another structure of EcDsbB without EcDsbA was solved, this time crystallised 

in complex with a Fab-antibody and helped clarify details of some interactions (Inaba et al., 

2009). Without the mutations locking C130-B in the complex with C33-A, C130-B remains 

bound to C104-B, bringing the two cysteines close together. This finding suggests an 

enzyme mechanism whereby DsbA prevents backflow of electrons during the disulfide 

exchange reaction by physically separating C104-B from C130-B. Additionally, the structure 

confirmed the presence of a charge-transfer complex between R48-B, C44-B and the 

ubiquinone co-factor that acts as a final electron acceptor. Lastly, the functional role of the 

amphiphilic α-helix sitting on the membrane was hypothesised to restrict the movement of 

the catalytic cysteines and control activity of the protein (Inaba et al., 2009).   

 
Figure 4.1: Crystal structure of the EcDsbA/B protein complex. Cartoon representation 
of the two proteins EcDsbA in green and EcDsbB in blue (PDB ID 2ZUP (Inaba et al., 2006)). 
EcDsbB is depicted in a lipid bilayer, represented by orange spheres with black tails 
(although the crystal structure was solved using protein in detergent micelles). Ubiquinone-
1 (UQ-1) is shown in green stick format and the sulfurs of the cysteines that link the two 
proteins together are shown as yellow spheres (the second sphere is partially hidden behind 
the first sphere). Parts of EcDsbB periplasmic loop one (P1) could not be reliably modelled 
and is therefore represented as a dashed line. The second periplasmic loop of EcDsbB (P2) 
binds in the hydrophobic groove besides the EcDsbA active site. The amphiphilic α-helix of 
EcDsbB is highlighted by a red circle.  
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4.1.3 The DsbA and DsbB oxidative cycle  

The proposed mechanism for the reoxidation of EcDsbA by EcDsbB starts with 

nucleophilic attack by reduced C30-A on C104-B, (Figure 4.2, step 1) to form an 

intermediate mixed disulfide bond complex between EcDsbA and EcDsbB (Inaba & Ito, 

2008). By resolving the bond between C104-B and C130-B, EcDsbA triggers a 

conformational change in EcDsbB’s second periplasmic loop, effectively increasing the 

distance between the two cysteines on this loop and preventing backward nucleophilic 

attack (Ito & Inaba, 2008; Inaba et al., 2009) (Figure 4.2, step 2). This mechanism also 

explains the ability of EcDsbB to oxidise a fraction of EcDsbA even in the absence of 

quinone and despite a lower redox potential (Inaba et al., 2005).  

From this point onward, the reaction can proceed via one of two different pathways. 

In the rapid pathway (named pathway I or two cysteines pathway) C33-A attacks C30-A to 

regenerate the EcDsbA active site disulfide bond and release oxidised EcDsbA from the 

membrane protein partner (Figure 4.2, step 3A). A series of intramolecular reactions then 

occurs to regenerate the disulfide bonds on the EcDsbB loops. The thiolate of C130-B 

attacks the C41-B – C44-B disulfide bond resulting in a C130-B – C41-B interloop disulfide 

bond, releasing C104-B in the process. The thiolate of C104-B then attacks the C130-B – 

C41-B disulfide bond to regenerate the initial C104-B – C130-B disulfide bond. The two 

electrons gained in this reaction are transferred to the bound quinone co-factor. 

The slow pathway is also called pathway II or four cysteines pathway. After the 

generation of a mixed disulfide between C30-A and C104-B, the thiolate of C130-B attacks 

C44-B on the first periplasmic loop of EcDsbB, generating the interloop disulfide between 

C41-B and C130-B. EcDsbA remains attached to EcDsbB via a C30-A – C104-B 

intermolecular disulfide bond. This results in the formation of a stable intermediate between 

EcDsbA and EcDsbB (Figure 4.2, step 3B). To resolve the complex, the thiolate of C33-A 

makes an intramolecular nucleophilic attack on C30-A releasing the intermolecular disulfide 

bond. Electrons are shuffled from EcDsbB’s second periplasmic loop to the cysteine pair in 

the first periplasmic loop (C41-B – C44-B) and are then transferred to the quinone co-factor 

(Figure 4.2, steps 4A and 5) (Inaba & Ito, 2008). R48-B plays a critical role in supplying the 

positive charge required to stabilise reduced C44-B and ubiquinone, allowing the formation 

of a charge transfer complex (Inaba & Ito, 2008; Yazawa & Furusawa, 2019). The 

mechanism of quinone replacement or reoxidation in EcDsbB remains unclear (Ito & Inaba, 

2008). The terminal ubiquinol eventually transfers electrons to the cytochrome oxidase 
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complex in the membrane, which can then be used to convert molecular oxygen to water 

(Bader et al., 1999). Under anaerobic conditions, menaquinone serves as the final electron 

acceptor in place of ubiquinone.  

Of the two, the slow pathway is the most prevalent according to quartz crystal 

microbalance analysis, which measure small changes in vibration frequency corresponding 

to the binding and release of EcDsbA from EcDsbB (Yazawa et al., 2013; Yazawa & 

Furusawa, 2019). With this method, Yazawa and Furusawa also demonstrated that the 

directionality of the reaction (oxidation of EcDsbA by EcDsbB) results from the delocalisation 

of electrons from EcDsbA over the four cysteines of EcDsbB, stabilising the complex and 

resulting in an “entropy-driven” reaction (Yazawa & Furusawa 2019).   

 
Figure 4.2: Summary of the current understanding of the EcDsbA-EcDsbB 
interactions. EcDsbA (blue shape) active site cysteine C30 attacks and makes a 
intermolecular disulfide bond with EcDsbB (green helices) C104. The binding of EcDsbA to 
EcDsbB pushes C130-B away preventing the backward attack ensuring the directionality of 
the reaction. In the fast pathway (3A and 4A) The complex is rapidly resolved by EcDsbA. 
In the slow pathway (3B and 4B) C130-B attack the C41-B–C44-B disulfide first. In both 
cases EcDsbA is oxidised while its extra electrons are transferred to a quinone co-factor. 
Key to the figure: critical cysteines, yellow circles; disulfide bonds, amber line; thiolate, red 
negative sign; ubiquinone, pink hexagon; ubiquinol, yellow hexagon, nucleophilic attacks, 
brown arrows and finally steric hindrance is displayed as a red lightnings bolt.   
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4.1.4 Burkholderia pseudomallei DsbA   

B. pseudomallei DsbA (BpsDsbA, Uniprot ID: Q63Y08) shares 27% sequence 

identity and 45% similarity with EcDsbA (Uniprot ID: P0AEG4, Figure 4.3). The crystal 

structure of the protein was reported in 2014 (Ireland et al., 2014), revealing the major 

hallmarks of a typical DsbA enzyme: a thioredoxin fold (with active site motifs C40PHC43 and 

V156-cisP157) with an embedded helical domain (Figure 4.3B). However, BpsDsbA differs 

from EcDsbA in several ways: first, the loop number three (L3) that is thought to interact 

with DsbB is significantly shorter in BpsDsbA than in EcDsbA (Figure 4.3B and C). Secondly, 

the BpsDsbA hydrophobic groove is shallower than that of EcDsbA (Ireland et al., 2014; 

McMahon et al., 2014). 

The different DsbA structures solved to date have been classified into 4 distinct 

groups, based on the arrangement of their β-strands and the dimensions of the hydrophobic 

groove surrounding the active site (McMahon et al., 2014). BpsDsbA belongs to DsbA Class 

Ib, meaning that its β-strands are organised similarly to those of EcDsbA but that the active 

site groove is much smaller/shallower than that of Class Ia DsbAs.   

 

4.1.5 BpsDsbB topology  

B. pseudomallei DsbB (BpsDsbB, Uniprot ID Q63RY4) shares 29% sequence identity 

and 45% similarity with EcDsbB (Uniprot ID P0A6M2), calculated using the global alignment 

algorithm Needle from EMBOSS (Madeira et al., 2019).There is no experimentally reported 

structure of BpsDsbB. However, it is predicted to have a similar architecture to EcDsbB, with 

four transmembrane helices connected by two periplasmic loops, each loop having a pair of 

cysteines. The structure is also predicted to have a short cytoplasmic loop and cytoplasmic 

N and C-terminal regions (Figure 4.4). 

BpsDsbB was confirmed to be the redox partner of BpsDsbA: when incubated 

together, BpsDsbB oxidises BpsDsbA and reduces ubiquinone 1 (determined by SDS-

PAGE AMS analysis and spectroscopic assays) (McMahon et al., 2018). Additionally, the 

crystal structure of BpsDsbA in complex with a short peptide corresponding to BpsDsbB 

residues in the catalytic second loop (G99FSCGF104) shows that the peptide binds to the 

BpsDsbA hydrophobic groove (McMahon et al., 2018).  
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Figure 4.3: Comparison between EcDsbA and BpsDsbA. A) Structure based sequence 
alignment of EcDsbA and BpsDsbA: the two proteins share a sequence identity of 27% and 
sequence similarity of 45%. Identical residues are highlighted in red, similar residues are 
shown in yellow. Secondary structure elements are displayed above (BpsDsbA) or below 
(EcDsbA) their corresponding residues (coils for α-helix and arrows for β-strands). 
Alignment was calculated with T-coffee (Di Tommaso et al., 2011), and figure generated 
with eSPript 3.0 (Robert & Gouet, 2014). B) Comparison of the crystal structures of the two 
proteins. The polypeptide chain of oxidised EcDsbA (left) is shown in green (PDB ID 1FVK 
(Guddat et al., 1997a)) and oxidised BpsDsbA (right) in magenta (PDB ID 4K2D (Ireland et 
al., 2014)). Both structures have a thioredoxin fold composed of a 5-stranded β-sheet 
surrounded by three α-helices, with two cysteines on one of the helices forming a typical 
CXXC active site motif. A second domain, all α-helical, (labelled) is embedded in the 
thioredoxin fold sequence. The hydrophobic groove of each protein is shown in red and the 
sulfur atoms of the catalytic cysteines are shown as yellow spheres. The proteins are shown 
in both polypeptide cartoon and surface representation. C) Superposition of the third loop 
(L3) of the two DsbA proteins. The sequence that forms EcDsbA L3, green, is significantly 
longer than that of BpsDsbA, magenta. This loop forms part of the binding groove for 
EcDsbB, suggesting that the differences between the two protein structures in this region 
may change the way they interact with their DsbB partners and other substrate proteins.  

A 

B 

C 
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Both predicted periplasmic loops of BpsDsbB are slightly longer than those of 

EcDsbB (PDB ID 2ZUP, Figure 4.4). However, the loop sequences are not well conserved 

across the two DsbB proteins, suggesting differences in their interactions with their 

respective DsbAs. Importantly, BpsDsbA and BpsDsbB sequences are highly conserved 

across B. pseudomallei clinical isolates (McMahon et al., 2018) indicating their biological 

importance.  

Solving the structure of BpsDsbB is of enormous interest for several reasons. First, 

membrane proteins are underrepresented in the PDB: they are estimated to comprise 20 to 

30% of all encoded proteins in genomes (Wallin & von Heijne, 1998; Krogh et al., 2001) but 

make up just 3% of structures in the PDB (5 872 of 174 000 entries, PDBTM, 

http://pdbtm.enzim.hu/? =/statistics/growth, accessed 19.03.2021). Every new membrane 

protein structure therefore adds enormously to our knowledge base of these proteins. 

Second, the DsbA/B mechanism and structure have only been reported for E. coli proteins. 

By determining the structure of the complex formed by a different class of DsbA proteins (in 

the case of BpsDsbA, Class Ib) we can expect to gain new knowledge of the DsbA/B 

reaction, and further insight into the enzymatic mechanism. Finally, obtaining structural 

information of the interaction between the B. pseudomallei proteins could help guide the 

future development of inhibitors of these enzymes with the potential for use in the treatment 

of melioidosis.  
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Figure 4.4: Comparison of EcDsbB and BpsDsbB sequences and secondary 
structures. Topology of EcDsbB (based on structure PDB ID 2ZUP (Inaba et al., 2006)) 
and topology prediction of BpsDsbB (Uniprot ID Q63RY4). A) The amino acid sequence is 
provided as one letter code, cysteines involved in disulfide bonds are highlighted in yellow 
with black lines representing intra-loop disulfide bonds, the amphiphilic α-helix of EcDsbB, 
interacting with the membrane and the equivalent region in BpsDsbB are highlighted in 
green. The cytoplasmic membrane is depicted as an orange band. Topology prediction and 
figures were made with Protter (Omasits et al., 2014). B) Sequence-based alignment of the 
two proteins. Overall, the sequences are similar, although the residues around EcC104-B 
and BpsC102-B do not show high local conservation, suggesting some specificity in the 
mechanism of binding to their respective DsbA partner proteins. Red boxes indicate identical 
residues, yellow boxes similar residues, coils indicate α-helices and horizontal lines indicate 
the two periplasmic loops P1 and P2 in the EcDsbB structure. The short amphiphilic α-helix 
in the middle of loop P2 of EcDsbB (LPLDKWVP) is highlighted in green. There are 
similarities with the sequence in the equivalent region of BpsDsbB (LPPARWLP), 
suggesting that the short amphiphilic α-helix may also be conserved. 
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4.1.6 Crystallisation of membrane proteins  

Membrane proteins are located at the interface between compartments in cells, or 

between the interior and exterior of cells. They include important protein families at the cell 

surface such as receptors, sensors and transporters, which are essential for responding and 

reacting to the extracellular environment.  

Because of their hydrophobic motifs (α-helices and β-barrels) that span the lipid 

bilayer, membrane proteins are challenging to work with. For crystallisation and 

characterisation studies, they need to be extracted from the lipid membrane, and their trans-

membrane (TM) domains need to be maintained in a suitable, hydrophobic environment to 

avoid aggregation and precipitation. Typically, extraction is done by solubilising the 

membrane protein using amphiphilic molecules such as detergents, that have a polar or 

charged head that interacts with the buffer solution, and a hydrophobic tail that binds to the 

TM domains of the protein (Figure 4.5). However solubilising membrane proteins into a 

detergent micelle is not straightforward. Detergents can denature the protein, and empirical 

testing is required to find the optimal conditions to maintain a specific protein in its native 

shape (Birch et al., 2018). In addition, if the protein is to be used for crystallography, large 

detergent micelles can interfere with the formation of ordered crystals in in surfo 

crystallisation experiments. The in surfo crystallisation method consists of mixing the 

membrane protein with surfactant or detergent, after what it is essentially treated like a 

soluble protein and set up in hanging or sitting drop crystallisation trials. Therefore finding 

the optimal detergent is a priority when establishing a new purification protocol for 

membrane proteins (Mus-Veteau et al., 2014). 
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Figure 4.5: Detergents and membrane protein solubilisation. A) chemical structures of 
the detergents used in this study, DDM comprises a polar maltose head and a 12 carbon 
aliphatic tail, DM has a 10 carbon tail and NM a 9 carbon tail. The polar heads interact with 
the solvent while the tails bind to hydrophobic areas of the membrane protein. B) Schematic 
representation of free detergent molecules and soluble micelles. The polar head is 
represented in red while the long alkyl tail is shown in black. C) Schematic of detergent 
solubilisation of membrane protein. The hydrophobic tails of detergent molecules interact 
with the hydrophobic transmembrane regions of the protein, preventing aggregation of these 
hydrophobic regions. Once solubilised in detergent micelle, the membrane protein may be 
suitable for crystallisation experiments.  

 

4.1.7  LCP, an artificial lipid bilayer 

LCP crystallisation is a technique developed in the 1990s. The process requires 

mixing water and lipid, typically monoacylglycerol (MAG), in a very specific ratio to generate 

B C 
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a three dimensional phase into which membrane proteins can be inserted and crystallised 

(Landau & Rosenbusch, 1996) (Figure 4.6). The convention is to name these lipids based 

on the number of carbons before and after the cis-double bond (when these are present). 

For example monoolein, or 9.9 [MAG], has an 18 carbon chain with a cis-double bond 

between carbon 9 and 10 (Figure 4.6C). 

Originally LCP was developed to: 

• have a viscosity and elasticity comparable to that of biological membranes;  

• keep its properties even after integrating a large quantity of membrane proteins and 

other molecules involved in crystallisation;  

• keep the protein in a native functional state, and 

• facilitate crystallisation (Landau & Rosenbusch, 1996) 

When prepared carefully, monoolein (the typical MAG) and water form a three-

dimensional crystalline phase with symmetry Pn3m that consists of a continuous lipid bilayer 

and connected water channels (Figure 4.6A and B). Membrane proteins can be inserted into 

the lipid bilayer and are mobile in the bilayer until enough of them gather together to start 

crystal nucleation.  

The thickness of the lipid bilayer and size of the channel can be adjusted by varying 

the length of the lipid tail and the position of the double bond. Monoolein (9.9 [MAG]) is the 

most commonly used lipid, but there are alternatives. For example 7.9 [MAG], 11.7 [MAG] 

and others variants, have been used to crystallise and solve the structures of membrane 

proteins (Landau & Rosenbusch, 1996; Gordeliy et al., 2002; Misquitta et al., 2004).  
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Figure 4.6: Structure of LCP. A) Schematic representation of the three-dimensional Pn3m 
cubic phase that supports protein crystallisation, where connected water channels are 
shown in green or blue and the MAG bilayer is shown in orange. B) The phase diagram for 
monoolein. The different coloured regions correspond to different phases. FI is fluid 
isotropic, HII is inverted hexagonal, Lc is lamellar crystalline, Lα is lamellar liquid crystalline, 
Ia3d and Pn3m are the continuous lipidic cubic phases. The red star indicates the optimal 
water/lipid ratio for membrane protein crystallisation. C) Structure of 9.9 [MAG], the carbons 
in the tail are numbered according to the naming convention, nine carbons before and nine 
carbons after the cis double bond. Figures 4.6A and 4.6B are modified from (Qiu & Caffrey, 
2000) with permission from the authors. 

LCP facilitates the crystallisation of membrane proteins by providing a continuous 

membrane-like environment in three dimensions (see Figure 4.6A) allowing membrane 

protein mobility. The precipitant circulates via water channels and can alter the matrix locally 

to facilitate the accumulation of the membrane protein molecules and trigger nucleation 

(Caffrey, 2015). While this technique has advantages over typical in surfo crystallisation 

methods, it also introduces challenges. First, generation of the correct phase relies on a 

precise ratio of water and lipid at a given temperature. Fortunately, phase diagrams for LCP 

A 
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have been developed (Figure 4.6B) and the contribution of different factors, such as 

detergents, additives, lipids have been carefully evaluated (Ai & Caffrey, 2000; Cherezov et 

al., 2001; Cherezov et al., 2006; Caffrey & Cherezov, 2009; Wallace et al., 2011). Second 

LCP is viscous, sticky and difficult to handle. But again, tools to dispense the viscous phases 

and to collect crystals from LCP have also been developed, resulting in easier handling, 

increased scalability and improved reproducibility. These tools include the LCP Mosquito 

robot to dispense the viscous water-lipid mix, LCP glass plates, tungsten-carbide glass 

cutter to open the wells, mesh-cryo loops to facilitate harvesting minuscule crystals and even 

LCP-specific crystallisation screens that are compatible with the formation of the lipidic cubic 

phase (Caffrey & Cherezov, 2009; Caffrey, 2015)  

More recently another in meso crystallisation method has been characterised, 

sponge phase crystallisation, which like LCP relies on the mixing of lipid with buffer. In this 

case the three dimensional matrix is more fluid than in LCP (Wadsten et al., 2006). This is 

usually achieved by mixing set amounts of polyethylene glycol (PEG) to the crystallisation 

mixture or changing the lipid water ratio. Sponge phase, while still being a continuous three-

dimensional phase, is less rigid than LCP, which is especially relevant in situations where 

the strong curvature of the cubic phase interferes with crystallisation, typically for the 

crystallisation of larger proteins. Unfortunately, like LCP, harvesting crystals from sponge 

phase can be difficult (Caffrey, 2015).   

 

4.1.8  Forming the BpsDsbA/B protein complex 

At 21.4 kDa and 18.1 kDa respectively, BpsDsbA and BpsDsbB are too small to be 

evaluated individually in cryo-electron microscopy (cryo-EM) experiments. One way to 

increase the size of the protein is to form a protein complex via a strategy similar to that 

used by Inaba et al. for EcDsbA and EcDsbB (Inaba et al., 2006). However, the mass of the 

BpsDsbA/B complex at ~40 kDa is still relatively small for cryo-EM currently. Therefore, I 

chose to use the LCP technique to grow crystals of the protein complex with the aim to 

determine its structure using X-ray crystallography. To this end, I used a BpsDsbA C46A 

variant (where cysteine 46 has been mutated to alanine) and a BpsDsbB C130S variant 
(similarly, cysteine 130 was mutated to a serine). Combining these two variants allows 

formation of a covalent intermolecular disulfide bond between C43-A and C102-B which 

cannot be resolved. Furthermore, by forming a covalent complex between BpsDsbA and 

BpsDsbB the soluble proportion of protein is increased compared to BpsDsbB alone, 
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providing a larger accessible surface for crystal contacts. This is hypothesised to increase 

the chance of generating crystals. 

This chapter details the steps I employed to generate crystals of the complex of 

BpsDsbA and BpsDsbB. I focused on the LCP technique and identified conditions that 

generated crystal needles that diffracted to low resolution when exposed to synchrotron 

radiations. These initial findings can be used in the future to further optimise the 

crystallisation conditions and potentially lead to the determination of the crystal structure of 

the complex. 

 
4.2 Methods  

4.2.1 Purification of BpsDsbA and BpsDsbB 

The purification of the soluble protein BpsDsbA C46A mutant has been previously 

described in Ireland et al., (Ireland et al., 2014). Section 2.2.1 provides a detailed description 

of both protocols. The only modification to these protocols was that I buffer exchanged 

BpsDsbA C46A in solution containing 25 mM MES pH 6.5, 150 mM NaCl and different 

detergents, DDM, NM or DM, to a final concentration of 1.5 x the critical micelle 

concentration (CMC) during the final size exclusion run. This step was necessary to avoid 

buffer mismatch and to ensure that the detergent did not fall below its CMC when mixing 

BpsDsbA C46A and BpsDsbB C130S together during formation of the complex.  

The gene for BpsDsbB C130S (derived from Uniprot Q63RY4) was inserted in a 

pET28a plasmid in front of a sequence coding for a C-terminal non-cleavable His8-tag 

(McMahon et al., 2018). The plasmid was inserted in C41 E. coli cells - which are specialised 

for the expression of membrane proteins (Wagner et al., 2008) – and the cells grown in 

autoinduction medium (Studier, 2005) for 24 hr at 30 ˚C with shaking at 220 rpm. Cells were 

then harvested by centrifugation at 6 000 x g for 15 min.  

The cell pellet from two litres of cell culture was typically resuspended in 250 ml of 

PBS, with addition of 200 μl of EDTA-free protease inhibitor cocktail (Roche) and 150 μl of 

DNase I from bovine pancreas (Roche) at 15 mg/ml, and passed twice through a Constant 

Systems cell disruptor at 27 and 30 ksi. Large cell debris was removed from the solution by 

centrifugation at 15 000 x g, 4˚C for 15 minutes. The supernatant was directly transferred to 

ultracentrifuge tubes and spun for 75 min at 170 000 x g, 4˚C in an ultracentrifuge 

(Beckmann-Coulter). This time the supernatant was discarded and the membranes (pellet) 
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were resuspended in 100 ml of PBS using a Dounce homogeniser. At this stage DDM was 

added to the solution to a final concentration of 1% weight/volume (w/v) and the solution 

was gently agitated for about 1 hr at 4˚C.  

Non-solubilised membranes were removed by a further ultracentrifugation step at 

200 000 x g, 4˚C for 1 hr. At this step, the membrane protein of interest were in the 

supernatant.  

Imidazole was added to the protein solution to a final concentration of 40 mM and the 

solution was loaded onto a 5 ml HisTrap™ HP Nickel-sepharose column (GE healthcare). 

DM was added to a final concentration of 0.3% w/v (~3.3 x CMC) to reach an optimal yield 

of protein after the last SEC step. The column was washed with a buffer comprising 0.3% 

w/v DM and 60 mM imidazole, 25 mM MES pH 6.5 and 150 mM NaCl. Then the membrane 

protein was eluted in a similar buffer containing 600 mM imidazole. The eluted protein (~5 

ml) was directly injected onto a Superdex S200 16/600 SEC column equilibrated in 25 mM 

MES pH 6.5, 150 mM NaCl, 0.15% DM w/v, to remove other impurities. The final yield of 

BpsDsbB C130S ranged from 6 to 10 mg of protein per two litres of cell culture.  

 

4.2.2  Formation of a stable complex between BpsDsbA C46A and BpsDsbB C130S  

Formation of a stable complex was initiated by loading all the BpsDsbB C130S 

produced during the purification protocol described in the previous section onto a 1 ml 

HisTrap™ HP column (Figure 4.7A) and circulating the protein over the column multiple 

times until the absorbance at 280 nm (A280) remained stable indicating binding of the 

membrane protein to the HisTrap™ column via the His8-tag. Once the BpsDsbB C130S was 

bound to the column, a 1.5 stoichiometric equivalent of BpsDsbA C46A was loaded onto the 

same column and again circulated for up to three hours, to allow for the complex to form via 

disulfide bond formation. This reaction was monitored by measuring the A280 to determine 

when binding of BpsDsbA C46A to BpsDsbB C130S reached completion, indicated by a 

slow decrease in absorbance. Unbound protein was washed off the column with 25 mM 

MES, pH 6.5, 150 mM NaCl, 0.15% DM w/v. Finally the complex was eluted with 25 mM 

MES, pH 6.5, 150 mM NaCl, 0.15% DM w/v and 600 mM imidazole (Figure 4.7C). The 

fractions containing the complex were pooled and injected onto a S200 16/600 Superdex 

SEC column equilibrated in 25 mM MES pH 6.5, 150 mM NaCl, 0.42% NM (~1.5 CMC). 

Using this method the BpsDsbA C46A / BpsDsbB C130S complex could be separated from 

free BpsDsbB C130S. With this protocol, I was able to routinely concentrate the membrane 
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protein complex to 30 mg/ml using 50 kDa Amicon Ultra centrifugal filters (Millipore) with no 

noticeable precipitation or aggregation.  

 

 
Figure 4.7: Formation of the membrane protein complex on a HisTrap column. In the 
first step (A) BpsDsbB C130S which has a C-terminal His tag is loaded onto the HisTrap 
column and binds to the immobilised nickel affinity resin. Second (B) BpsDsbA C46A is 
loaded onto the immobilised BpsDsbB C130S and the protein is circulated for up to three 
hours to form a complex with BpsDsbB C130S. Next, the column is washed to remove 
unbound protein after which (C) the complex is eluted from the HisTrap column using a 
buffer containing 600 mM imidazole, and collected in fractions. The example A280 traces 
shown in the panels are reproductions of typical traces observed in each given step. 

 

4.2.3 LCP crystallisation  

Preparation of the LCP is a delicate process. To gain experience in this technique, I 

travelled to the University of Stockholm, in Sweden, to work directly with our collaborator Dr. 
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David Drew, where I was trained in preparing the three-dimensional phase that facilitates 

protein crystallisation. Buffer containing the purified membrane protein complex from section 

4.2.2 and monoolein must be mixed in a precise mass to mass ratio (3:2 lipid:buffer) to 

produce the three dimensional phase with Pn3m symmetry that favours protein crystal 

formation (Caffrey & Cherezov, 2009; Birch et al., 2018). The preparation started with 

heating monoolein lipid to 42˚C and calculating the amount required for a given volume of 

protein solution. The molten lipid was transferred into a Hamilton glass syringe (Figure 4.8A) 

and weighed using a four decimal-point scale to obtain an accurate measurement of the 

monoolein mass. The protein volume was then adjusted accordingly to ensure that the 

lipid:protein mass:mass ratio was correct (assuming a density of water of 1 g/cm3 for the 

protein-buffer solution). The protein-buffer solution was then transferred to a second 

Hamilton syringe and weighed accurately to match exactly 2/3 of the weight of the lipid. Any 

bubbles formed while loading the buffer and lipids into the Hamilton syringes were removed 

by moving the plungers of the Hamilton syringe up and down repeatedly, to fuse small 

bubbles and move them to the surface (Figure 4.8B). After removing bubbles the two 

syringes, containing the molten lipid and the protein-buffer solution respectively, were 

connected and the two solutions were thoroughly mixed to form the LCP (Figure 4.8C). 

Finally, dispensing of the LCP in glass plates was performed by an LCP mosquito robot 

(SPT Labtech). Typically, a 50 nl drop of LCP was covered with an 800 nl drop of 

crystallisation solution from crystallisation and optimisation screens. The most successful 

attempts used the crystallisation screens MemGoldMeso and MemMeso from Molecular 

Dimension (Sheffield, UK), which were dispensed as supplied or diluted in deionised water 

to 70% of their original concentrations. The resulting plates were sealed with a UV 

transparent plastic cover and incubated at 20˚C or at 4˚C. Manual inspection of the drops 

under white and polarised light indicated whether the LCP was correctly formed (Figure 

4.8D, E and F). Typically, a good LCP drop is transparent under white light and should not 

show signs of birefringence under polarised light. The edges of the drop should be relatively 

sharp (Figure 4.8D).  
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Figure 4.8: Preparation of LCP. The first step consists of pipetting the viscous monoolein 
(orange) into a glass Hamilton syringe, after determining the precise mass requirement of 
the lipid to yield a 2:1 ratio of lipid:protein. The protein solution (green) is dispensed in a 
similar manner in a second Hamilton syringe. B) bubbles are removed from the lipid and 
protein solutions by briskly pushing the plunger up and down. C) Finally, the two syringes 
containing the lipid and the protein are connected and the two solutions mixed together until 
they form a homogenous transparent and viscous phase: LCP. D) Properly prepared LCP 
drops are transparent and do not shine under polarised light. For comparison, (E) shows a 
dehydrated water/lipid drop and (F) a drop that has formed Lα phase monoolein – water 
mixture. For the last two, the drop is strongly birefringent. Pictures were taken under white 
light (top) and polarised light (bottom). Scale bars are 400 μm for D and E and 900 μm for 
F. 
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Identical protocols were used to generate LCP and to test home-designed 

crystallisation screens. These latter screens focused around promising conditions consisting 

of mostly PEG 200 and PEG 400, while varying the protein complex concentration between 

12 to 30 mg/ml. Additional screens were prepared around the following promising 

conditions: 

• PEG 500 MME, NaCl, Li2SO4, and ranges of slightly acidic pH: 4.5-6 in 0.1 M 

NaCitrate  

• PEG 400, SrCl and Li2SO4 

• PEG 400, MgSO4 and bicine,  

 

4.2.4  Sitting drop crystallisation  

While most of my efforts were spent optimising LCP crystallisation conditions, I also 

tested the BpsDsbA C46A/BpsDsbB C130S complex in crystallisation screens that I made 

manually to follow up on previous results identified by Dr. McMahon. The proteins and 

protein complex were produced as described in sections 4.2.1 and 4.2.2. The protein 

complex was concentrated to 8.5 mg/ml and dispensed in SWISSCI MRC2-96 well UV  

sitting drop crystallisation plates (Hampton research, USA). In each case, 100 nl of protein-

buffer solution was mixed with 100 nl of crystallisation buffer by a crystallisation Mosquito 

robot (SPT Labtech). The screening conditions were 2 mM ZnSO4, 80 mM MES with pH 

varying between 6.0 and 6.5, or 80 mM HEPES pH 7.0 and 7.5, concentration of glycerol 

varying between 10% and 20%, and concentration of jeffamine ED-2001 varying between 

23% to 25%. The experiment was repeated with the protein complex concentrated to 10 

mg/ml and slightly different concentrations of the aforementioned conditions: 40 mM MES 

or HEPES at pH varying between 6.0 and 7.0, 1 mM of ZnSO4, concentration of glycerol 

ranging from 4 to 7% and concentration of jeffamine ED-2001 ranging from 10.5% and 

12.5%.   

 

4.2.5 Harvesting crystals in LCP  

Harvesting crystals from LCP glass plates required cutting the glass, as shown in 

Figure 4.9, by using a tungsten-carbide glass cutter to access the LCP drop. The crystals 

were fished using mesh litholoops or nylon loops. LCP crystals do not need to be cryo-

protected and thus were flash frozen in liquid nitrogen directly after harvesting.  
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Figure 4.9: Fishing crystals from LCP. The first step (left panel) consists of scratching two 
lines around the crystallisation well with a tungsten-carbide glass cutter and breaking the 
glass between these lines to open the well (typical cutting pattern shown as red lines). 
Second (middle panel) the cut-out piece of glass needs to be removed carefully, surface 
tension will sometimes cause the precipitant solution to flow toward the edges of the well 
and get sucked in between the glass and the sticky spacer. Finally (right panel) if the well 
was opened successfully, the LCP bolus and crystals are fished with a mesh litholoop and 
flash frozen in liquid nitrogen.  

 

4.2.6  X-ray data collection 

Crystals obtained in Sweden were sent to the Diamond light source synchrotron 

facility at the Harwell Science and Innovation Campus, Oxfordshire, UK. These crystals were 

tested by Dr. Jan Skerle from Stockholm University on the MX I04 beamline.  

 

4.3 Results and discussion  

4.3.1 BpsDsbA and BpsDsbB purification  

While the expression and purification of the soluble protein BpsDsbA C46A mutant 

was straightforward, typically yielding 15 mg of protein per litre of cell culture, this was not 

the case for the purification of the membrane protein BpsDsbB C130S. Initial membrane 

solubilisation was done in 1% DDM as this detergent is considered relatively mild, due to its 

large non-ionic head group. Preliminary data collected during my Master’s Thesis research 

(Figure 4.10) suggested that BpsDsbBssss was most stable in the shorter 9-carbon tail 

detergent NM at pH 6.5 assessed by monitoring the exposure of membrane-embedded 

cysteines with a thiol-reactive dye, as the protein is incubated at 40˚C (Alexandrov et al., 

2008). Increase in fluorescence indicated that the protein was being denatured. I performed 

these experiments with the help of Dr. McMahon.  
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Figure 4.11: Comparison of detergent effect in size exclusion chromatography. The 
BpsDsbB protein was injected into a SEC column equilibrated in buffer containing the 
indicated detergent after elution from the HisTrap column. While preliminary data suggested 
that NM was more stabilising for BpsDsbBssss, the SEC profiles of BpsDsbB purified in NM 
(top) suggested the presence of mixed micelles. Keeping the protein in DM (bottom) seemed 
to be a better option for early stage purification, producing a monodisperse peak on the 
elution profile. The arrows indicate the BpsDsbB C130S peaks. All SEC steps were 
performed in S200 16/600 packed with Superdex resin. The column was equilibrated in 25 
mM MES pH 6.5,150 mM NaCl and 1.5 CMC of the indicated detergent 

 

4.3.2 Formation of the complex  

The protocol for BpsDsbA C46A/BpsDsbB C130S complex formation required 

optimisation. My initial experiments were performed by mixing concentrated BpsDsbB 

C130S with concentrated BpsDsbA C46A in a 1.5 ml Eppendorf tube at 20˚C and incubating 

for set periods of time to allow the two proteins to form an intermolecular bond between their 

non-mutated cysteines. This protocol required concentrating BpsDsbB C130S in 0.15% DM, 

which can result in the formation of empty detergent-only micelles, which can cause 

problems at the crystallisation stage (Prince & Jia, 2013). To avoid excessive concentration 

steps, I chose to perform the BpsDsbA C46A/BpsDsbB C130S complex formation step on 

a His-trap column. This was done by binding BpsDsbB C130S to the His-trap column using 
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its non-cleavable C-terminal His8-tag and by circulating BpsDsbA C46A through the same 

column for as long as required (Figure 4.7). This method resulted in complex formation 

between BpsDsbA C46A and BpsDsbB C130S, as evidenced by SDS-PAGE analysis 

(Figure 4.12) 

Using this approach, I was able to obtain approximately 2mg of BpsDsbA C46A-

BpsDsbB C130S complex from 13 mg of BpsDsbA C46A and 6.5 mg of BpsDsbB C130S.  

 
Figure 4.12: Purification of the BpsDsbA C46A/BpsDsbB C130S complex in NM. Top: 
representative SEC trace of the final purification step of the complex. The main peak 
contained the protein complex (arrow). The shoulder on the right, likely BpsDsbB C130S, 
and additional peak on the left, unidentified contaminant, were separated from the complex 
by stringent selection of the fractions (pink area). Bottom: SDS-PAGE of selected fractions 
from the peak of the BpsDsbA C46A/BpsDsbB C130S complex purification, in reducing and 
non-reducing conditions. The complex (AB) can be separated into its two components 
BpsDsbA C46A (A) and BpsDsbB C130S (B) upon addition of 100 mM of reducing agent 
DTT. Molecular mass of the reference proteins are given beside the last lane of the right 
hand gel. CV = column volume, A280 is the absorbance recorded at 280 nm. SEC was 
performed using a S200 16/600 column (Superdex resin, 25 mM MES pH 6.5, 150 mM NaCl 
and 0.42% NM w/v) with FPLC NGC from BIO RAD.    
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4.3.3 Small crystals grow in LCP 

After several moderately successful attempts at preparing LCP myself in Brisbane, I 

had the opportunity to visit Dr. David Drew at the University of Stockholm, Sweden, under a 

Griffith Graduate Research School International Experience Incentive Scheme conference 

travel grant. Dr Drew is an expert in the production, handling and structure determination of 

membrane proteins. During my time in his lab, I gained first-hand experience in LCP 

techniques from this expertise. 

Using the strategy described in section 4.2.3 to produce and set-up LCP 

crystallisation trials, I observed small birefringent objects appearing in the LCP drops after 

one week incubation at 4˚C. These crystals absorbed UV light, strongly suggesting that they 

were formed from protein (Figure 4.13). The most promising conditions are given in table 

4.1.  

 

Table 4.1: Initial screening and conditions leading to the formation of crystals in LCP, 
all conditions were identified at 4˚C. 

Salt and buffer solution   Precipitant pH 

0.1 M NaCl 0.1 M Li2SO4 0.1M NaCit 30% PEG 500 MME 5.0 

0.004 M SrCl 0.16 M Li2SO4 0.1M ADA 40% PEG 400 6.5 

0.075 M MgSO4 0.1 M Bicine  30% PEG 400 8.0 

0.03 M NH4HCOO 0.05M HEPES  38% PEG 200 7.5 

0.1 M NaCl 0.005 M MgCl 0.1M Tris 30% PEG 2000 MME 8.5 

0.02 M NaCit 0.08 M NaH2PO4  18% PEG 2000 6.2 

0.1 M NaCl 0.05 M Bicine  33% PEG 400 9.0 
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Figure 4.13: LCP drop supporting BpsDsbA C46A/BpsDsbB C130S crystal formation. 
Images were taken after 2 weeks of growth in conditions containing 0.1 M NaCl, 0.1 M 
Li2SO4, 0.1 M NaCitrate, 30% PEG 500 MME pH 5.0 at 4˚C. The top left panel picture was 
taken under UV light. Apparent protein crystals appeared as white needles. The top right 
panel is the same drop imaged under white light; the crystals looked like black needles. The 
bottom panel shows a zoomed in region of the red rectangle on the top right panel. The red 
circle points to the same area on all three images showing clusters of needles. The red 
arrow in the bottom panel points to a larger needle. The LCP bolus has a volume of 50 nl 
and a radius of roughly 350 μm.  

Follow up crystallisation trials were set up around the most promising conditions and 

using other available reagents in Dr Drew’s lab. Conditions containing 0.1 M NaCitrate at 

pH values ranging from 4.5 to 4.8, with 30% PEG 500 MME, and 100-200 mM of Li2SO4 
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gave tiny needle-like crystals after approximately 10 days of incubation at 4˚C. The presence 

of NaCl did not seem to influence the appearance of crystals as they formed in conditions 

containing 0 to 150 mM of sodium chloride.  

Crystals were sent to the Diamond Light Source (UK) for X-ray analysis. One crystal 

from an optimisation plate (0.2 M Li2SO4, 0.1 M NaCitrate pH 4.5, 30% PEG 500 MME) 

showed protein diffraction (Figure 4.14). The limiting resolution of the diffraction was below 

7Å, and the diffraction showed evidence of twinning (i.e. diffraction from several crystals 

oriented in different directions, creating overlapping reflections that are difficult to interpret). 

Attempts to index the data with XDS (Kabsch, 2010) to obtain an estimate of the space 

group and unit cell size using the best frames were unsuccessful. It was not possible to 

extract other information from the data. 

  
Figure 4.14: X-ray diffraction of the BpsDsbA C46A/BpsDsbB C130S crystal grown in 
LCP. Protein diffraction was evident, though the resolution and diffraction quality was low. 
The left panel is representative of some of the better diffraction images. This image was 
generated by stacking 10 consecutive frames together, corresponding to a total of 1˚ rotation 
of the crystal. The red arc on the edge of the image is the 4.78 Å resolution mark. The right 
panel is an enlargement of the red square area, showing the reflections in more detail. The 
reflections were somewhat smeared which can be sign of twinning or disorder, and there is 
also evidence of anisotropy.  

 

4.3.4  Reproducing the data in Australia  

After obtaining the initial promising results from the Diamond Light Source (early 

2020), I planned to repeat and optimise the LCP experiments upon my return to Brisbane. 

Unfortunately, due to circumstances beyond my control (COVID-19 pandemic, lab shutdown 

and LCP mosquito sensor failure at UQ ROCX) I had to abandon further work and focus on 

other aspects of my thesis that I could complete within the timeframe of my PhD candidature. 
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4.4  Conclusions and future directions  

The structure determination of membrane proteins is a challenging task. Only a small 

percentage of the structures in the PDB are membrane proteins, although recent 

developments in protein crystallography techniques and other structural biology methods 

such as cryo-EM have allowed for a more rapid structural determination pipeline than 

previously possible. Historically most protein structures, membrane and soluble, were 

solved using crystallography. However, the last decade has seen a revolution in the use of 

single particle cryo-EM, especially for determining the structure of large proteins and protein-

complexes that are challenging to crystallise (Cheng, 2018). Resting on the shoulders of the 

Nobel Prize winning development of electron microscopy (1986 Physics) and bolstered by 

several recent technical and computational breakthroughs (Cheng, 2018), that led to 

another Nobel Prize (2017 Chemistry), cryo-EM recently broke the atomic resolution 

threshold yielding a structure of mouse apo-ferritin (a large 24-mer complex with a molecular 

mass close to 500 kDa) at 1.22 Å (Nakane et al., 2020). Although cryo-EM is a powerful 

technique it remains challenging to apply to smaller proteins of the size of BpsDsbB or 

BpsDsbA. There are very few examples of cryo-EM derived protein structures of less than 

100 kDa and at a resolution higher than 3 Å (Herzik et al., 2019).  

In this chapter, I sought to use LCP to aid in the crystal formation of the 

BpsDsbA/BpsDsbB complex. This interaction between two key redox proteins is normally 

transient and difficult to capture. Therefore, for my studies I utilised the technique of using 

mutants in which specific cysteines in BpsDsbA and BpsDsbB were mutated to other amino 

acids and locked the protein complex together, as the intermolecular disulfide bond between 

C43-A and C102-B could not be resolved easily. 

In these experiments, the amount of ubiquinone bound to BpsDsbB was not 

quantified. It is possible that the quinone co-factor stabilises the protein (Inaba et al., 2008; 

Inaba et al., 2009). If that is the case, its presence could facilitate the purification and 

crystallisation of the BpsDsbA/B complex. It is important to note that we are not sure whether 

ubiquinone, the endogenous quinone found in the E. coli expression system, is the quinone 

used by BpsDsbB in B. pseudomallei. The use of a non-native quinone could explain why 

the BpsDsbA-BpsDsbB redox pair reacts more slowly than EcDsbA-EcDsbB in vitro 

(McMahon et al., 2018). Identifying the optimal quinone for BpsDsbB would be of interest 

and could be used to improve the efficiency and stability of the BpsDsbA/B purification in 

future studies.      
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I was able to optimise the purification of the membrane protein BpsDsbB C130S by 

using DDM, DM and NM to ensure the monodispersity and stability of the protein. In addition, 

I identified promising LCP crystallisation conditions and generated small crystals that 

diffracted like protein crystals under synchrotron X-ray radiations. By optimising the 

crystallisation conditions further it should be possible to obtain larger/better diffracting single 

crystals.   

One important point that I did not address was whether the crystals were comprised 

of the target protein complex and not of one or other of the two proteins, or of another 

contaminant protein. Although unlikely, it is possible that the covalent disulfide bond 

between BpsDsbA C46A and BpsDsbB C130S resolved over time in the crystallisation 

buffer, and that only one protein crystallised. Optimising the current crystallisation condition 

around 0.1 M NaCl, 0.1 M Li2SO4, 0.1 M NaCitrate, 30% PEG 500 MME pH 5.0 at 4˚C to 

improve diffraction would be the next step to address this question. Being able to index the 

diffraction data and measure the unit cell could partially answer the question. A small unit 

cell would indicate that the protein in the crystal is a BpsDsbA or BpsDsbB monomer. A 

larger unit cell would be harder to interpret as it could be a sign of a high symmetry crystal 

or of a large molecule (a complex between BpsDsbA C46A and BpsDsbB C130S for 

example). 

Another option would be to collect crystals, wash them, and run them on an SDS-

PAGE. In practice this approach is challenging. First the crystals are tiny and many would 

be required for analysis by Coomassie staining or even silver staining. Second the crystals 

need to be cleaned and separated from the uncrystallised protein that might be present in 

the LCP bolus. Again, this would be extremely complicated, as harvesting single crystals 

from the viscous LCP is already challenging. Cleaning the crystals without losing or 

dissolving them adds another layer of difficulty. 

A third option would be to use native mass-spectrometry to estimate the molecular 

mass of the species in the crystals. This approach might be more sensitive than SDS-PAGE 

but still requires the crystals to be washed beforehand.  

The results presented in this chapter provide a promising start for future studies and 

further optimisation. This aspect of my PhD research project also allowed me to develop 

new skills and the opportunity to learn more about techniques for working with challenging 

targets such as membrane proteins.   
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5 Identification of virulence factor substrates of BpsDsbA  

This chapter describes bioinformatic approaches used to predict virulence factors 

substrates of BpsDsbA. Signal sequence analysis and the number of cysteine residues in 

B. pseudomallei proteins can be used to infer whether these proteins are DSB substrates 

and potentially involved in virulence. Parallelly, a list of known experimentally verified DsbA 

substrates from other bacteria species was used to identify putative DsbA substrate in B. 

pseudomallei, by homology.  

This work was published in PLOS One on the 20th of November 2020.  

DOI: https://doi.org/10.1371/journal.pone.0241306  
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5.1 Abstract 

Identification of bacterial virulence factors is critical for understanding disease 

pathogenesis, drug discovery and vaccine development. In this study we used two 

approaches to predict virulence factors of Burkholderia pseudomallei, the Gram-negative 

bacterium that causes melioidosis. B. pseudomallei is naturally antibiotic resistant and there 

are no clinically available melioidosis vaccines. To identify B. pseudomallei protein targets 

for drug discovery and vaccine development, we chose to search for substrates of the B. 

pseudomallei periplasmic disulfide bond forming protein A (DsbA). DsbA introduces disulfide 

bonds into extra-cytoplasmic proteins and is essential for virulence in many Gram-negative 

organisms, including B. pseudomallei. The first approach to identify B. pseudomallei DsbA 

virulence factor substrates was a large-scale genomic analysis of 511 unique B. 

pseudomallei disease-associated strains. This yielded 4,496 core gene products, of which 

we hypothesise 263 are DsbA substrates. Manual curation and database screening of the 

263 mature proteins yielded 81 associated with disease pathogenesis or virulence. These 

were screened for structural homologues to predict potential B-cell epitopes. In the second 

approach, we searched the B. pseudomallei genome for homologues of the more than 90 

known DsbA substrates in other bacteria. Using this approach, we identified 15 putative B. 

pseudomallei DsbA virulence factor substrates, with two of these previously identified in the 

genomic approach, bringing the total number of putative DsbA virulence factor substrates to 

94. The two putative B. pseudomallei virulence factors identified by both methods are 

homologues of PenI family β-lactamase and a molecular chaperone. These two proteins 

could serve as high priority targets for future B. pseudomallei virulence factor 

characterisation.  
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5.2 Introduction 

Burkholderia pseudomallei is a Gram-negative soil dwelling saprophyte, and an 

opportunistic pathogen responsible for the severe tropical disease melioidosis (White, 

2003). B. pseudomallei infections are difficult to treat (Willcocks et al., 2016; Wiersinga et 

al., 2018; Chakravorty & Heath, 2019) and are intrinsically resistant to almost all available 

antibiotics (Podnecky et al., 2015; Rhodes & Schweizer, 2016; Podnecky et al., 2017; Held 

et al., 2018). Predominant resistance factors utilised by B. pseudomallei include a thick, 

impermeable cell wall combined with efficient efflux pumps that interfere with drug activity 

(Schweizer, 2012). Furthermore, B. pseudomallei infections are difficult to diagnose as 

melioidosis symptoms vary significantly, ranging from fever, pneumonia, urinary tract 

infections, and on rare occasions encephalomyelitis (Wiersinga et al., 2018). Standard 

treatment consists of a combination of intravenous antibiotic for two weeks to stop 

septicaemia, followed by a second eradication phase that can last for up to six months, with 

no guarantee of success (Dance, 2014).  

More generally, antibiotic resistance is increasing at an accelerating rate among 

pathogenic bacteria (WHO, 2014). New approaches and treatment strategies are needed 

including vaccination (Kennedy & Read, 2018) novel antimicrobial compounds (Thabit et al., 

2015), and antivirulence strategies (Rasko & Sperandio, 2010). There is currently no 

successful, persistent vaccine against B. pseudomallei (Johnson & Ainslie, 2017). However 

several vaccine candidates have shown promising results in mice, for example the BatA 

autotransporter protein expressed in virus was efficient at preventing infection by inhaled B. 

pseudomallei (Lafontaine et al., 2019). Moreover vaccines which use a combination of 

different antigens have also yielded promising candidates (thoroughly reviewed in (Morici et 

al., 2019)). For example Burtnick et. al. (Burtnick et al., 2018) combined capsular 

polysaccharides, diphtheria toxin mutant and Type VI secretion system component Hcp1 

from B. pseudomallei to protect mice from inhaled bacteria. Other combinations of capsular 

polysaccharides and/or B. pseudomallei antigenic proteins (such as flagellar proteins, Type 

3 secretion system (T3SS) and outer membrane proteins) have also shown encouraging 

results (Casey et al., 2016; Champion et al., 2016; Muruato et al., 2017). 

Using attenuated or inactivated B. pseudomallei strains lacking essential virulence 

genes to vaccinate mice has also produced excellent results. B. pseudomallei strains with 

deletion of a gene such as purM (Silva et al., 2013; Muruato et al., 2017), hcp1, tonB 

(Muruato et al., 2017; Khakhum et al., 2019), aroC (Srilunchang et al., 2009; Muruato et al., 
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2017) and others (see (Muruato et al., 2017; Morici et al., 2019) for a recent review) have 

successfully protected mice against melioidosis. 

For both these vaccination strategies (combined antigenic components, or attenuated 

live strain), identification of new B. pseudomallei virulence factors would increase options 

for vaccination. Identification of virulence factors would also contribute to a better 

understanding of B. pseudomallei pathogenesis (Nagpal et al., 2018). 

Targeting virulence rather than viability is an approach that is hypothesised to have 

a number of benefits including an increased range of possible anti-virulence mechanisms 

compared to antimicrobial compounds, as well as the possibility of reducing selection 

pressure (Heras et al., 2015; Mühlen & Dersch, 2016). Both vaccine development and novel 

anti-virulence approaches could reduce selection pressure and potentially reduce resistance 

development (Rasko & Sperandio, 2010; Heras et al., 2015; Mühlen & Dersch, 2016).  

The formation of correct disulfide bonds is critical for the proper folding and function 

of proteins (Anfinsen, 1973). In bacteria, the introduction of disulfide bonds is mediated by 

the DiSufide Bond-forming proteins (DSB). The DSB proteins are of particular interest as an 

antivirulence strategy, because many virulence factors contain disulfide bonds (Heras et al., 

2009; Heras et al., 2015; Smith et al., 2016; Bocian-Ostrzycka et al., 2017). The Disulfide 

bond forming protein A (DsbA) is a periplasmic protein found in most Gram-negative bacteria 

and incorporates a thioredoxin fold with two cysteines which introduce disulfide bonds into 

substrate proteins via a redox transfer reaction (Shouldice et al., 2011).  

Mice infected with B. pseudomallei DsbA knockouts (or of its redox partner DsbB) 

have an increased rate of survival compared with mice infected with wild type B. 

pseudomallei (Ireland et al., 2014; McMahon et al., 2018). These findings suggest that many 

B. pseudomallei virulence factors are substrates of DsbA, as is also observed in Escherichia 

coli (Dailey & Berg, 1993; Totsika et al., 2009), Klebsiella pneumoniae (Kurth et al., 2013), 

Salmonella enterica (Heras et al., 2010), Francisella tularensis (Straskova et al., 2009) and 

many more (Heras et al., 2009; Hatahet et al., 2014; Bocian-Ostrzycka et al., 2017). 

However, the full extent of B. pseudomallei DsbA substrates has not been investigated. 

Identification of B. pseudomallei DsbA substrates would help identification of infection 

mechanisms, and could lead to the discovery of key virulence factors and potential drug and 

vaccine targets. Finding potential DsbA substrates is assisted by the observation that: (i) 

DsbA is located in the periplasm, and thus its substrates are likely to have a secretion signal 

sequence; and (ii) proteins containing disulfide bonds may have an even rather than an odd 
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number of cysteines in their sequence. This last point is thought to have evolved to limit 

formation of mis-matched disulfide bonds and therefore misfolded proteins (Dutton et al., 

2008; Ren et al., 2014).  

In the present study, we used two approaches to identify potential B. pseudomallei 

DsbA substrates for further study as virulence factors. In one approach, we used 

computational methods to generate a curated list of 263 putatively extra-cytoplasmic 

proteins from the core genome of 511 disease-associated isolates of B. pseudomallei, 81 of 

which were predicted to be virulence-associated. In the second approach, 15 candidate 

DsbA virulence factor substrates were identified by sequence homology to known DsbA 

virulence factor substrates in other bacteria. 

 

5.3 Results 

5.3.1 Genomic analysis to predict B. pseudomallei DsbA virulence factor substrates  

In this approach, our strategy was to cast a wide net initially, by determining the 

pangenome of disease-associated isolates of B. pseudomallei, and then filtering from that 

the core genome (i.e. the highly conserved genes). The disease-associated B. pseudomallei 

core genome should then be enriched in conserved virulence factors. At the time of this 

analysis the NCBI database (Benson et al., 2015) contained 1577 B. pseudomallei isolates. 

Metadata notation allowed selection of 512 isolates associated with disease (i.e. isolates 

from swabs/clinical isolates: accession numbers of these are given in S1 Figure); other 

genomes were discarded. We note that only 355 of the 512 isolates were tagged ‘pathogen’ 

in the NCBI database indicating a discrepancy between NCBI assignment and user-

uploaded metadata. Analysis of the pangenome, that is the core, accessory and unique 

genes of these 512 B. pseudomallei isolates (see Table 5.1), revealed two identical strains. 

Therefore for the remainder of this analysis, only the 511 unique strains were used.  
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Figure 5.1: Bioinformatic workflow. From the 1,577 B. pseudomallei genomes found on 
NCBI, 511 were unique and associated with disease and these were used for further 
analysis. The pangenome of these 511 genomes comprised 19,991 unique genes. 4,496 of 
these were classified as core genes. Predicted translation of these genes gave 726 
predicted extra-cytoplasmic proteins. Of these extra-cytoplasmic proteins, 263 were 
predicted to contain an even number of cysteines. We predict that these 263 proteins are 
substrates of B. pseudomallei DsbA.  

 

5.3.2 Distribution of cysteines in the core genome of disease-related B. pseudomallei  

Many bacterial extra-cytoplasmic (periplasmic and extracellular) proteins have a 

strong preference for an even number of cysteines, which is thought to minimise non-native 

disulfide bond formation (Dutton et al., 2008). This point could be of interest as a means to 

reduce false positive DsbA substrates by filtering out proteins with an odd number of 

cysteines. We examined the cysteine distribution of encoded proteins in the B. pseudomallei 

pangenome to investigate whether the previously demonstrated enrichment of an even 

number of cysteines in extra-cytoplasmic proteins in other Gram-negative bacteria (Dutton 

et al., 2008) was also true for B. pseudomallei.  
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The distribution of cysteines in B. pseudomallei cytoplasmic and extra-cytoplasmic 

proteins was calculated for the pangenome (total of 19,991 genes) and the core genome 

(4,496 genes) (refer to Table 5.1). In cytoplasmic B. pseudomallei proteins, cysteine 

distribution followed a Poisson law peaking at zero for the pangenome and at one for the 

core genome (denoted by the orange lines in the histograms on Figure 5.2A and B). This 

distribution changed for extra-cytoplasmic B. pseudomallei proteins. For the core genome 

(blue bars Figure 5.2B), B. pseudomallei proteins with an even number of cysteines were 

over-represented compared to a typical Poisson distribution. As extra-cytoplasmic proteins 

represent a small fraction of the total number of the translated core genome and pangenome 

(16% and 11.5% of all proteins, respectively), we also analysed the normalised frequency 

(Figure 5.2C and D). The core genome normalised cysteine distribution reveals a sawtooth 

pattern with a preference for even number of cysteines with peaks for two, four, six and eight 

cysteines (Figure 5.2D). In contrast, the pangenomic normalised cysteine distribution for 

extra-cytoplasmic B. pseudomallei proteins does not indicate a strong preference for even 

number of cysteines (Figure 5.2C). Overall, the saw-tooth pattern observed in Figure 5.2B 

and 5.2D is similar to that described for E. coli exported proteins (Dutton et al., 2008) 

although not as pronounced.  

 



 143 

 
Figure 5.2: Cysteine distribution in the translated genome of B. pseudomallei. Panel 
A shows the distribution of cysteines in the pangenome (19,991 proteins). Panel B 
represents the same analysis for the core genome, comprising 4,496 translated genes. 
Predicted number of extra-cytoplasmic proteins for each number of cysteines are 
represented as blue bars. Similarly, predicted cytoplasmic proteins are represented as 
orange lines. Panels C and D represent the normalised frequency of cysteine-containing 
extra-cytoplasmic proteins. The blue line in panel D peaks for proteins with 2, 4, 6 and 8 
cysteines suggesting a preference for an even number of cysteines. This trend is not 
observed as strongly in panel C, where a clear peak can only be seen for two and eight 
cysteines. The normalised frequency was calculated by dividing the number of extra-
cytoplasmic proteins (having N number of cysteines) by the total number of proteins with N 
cysteines (N being a number between 0 - 20 as per the data points in C and D above). 

 

5.3.3 Functional assignment of core, extra-cytoplasmic, putative DsbA substrates 

The next step in the genomic analysis was to predict which of the 263 putative DsbA 

substrates are associated with virulence. Of the 263 selected proteins, 44 were annotated 

as hypothetical/uncharacterised. The remaining 219 proteins include ABC transporter-

related proteins, housekeeping proteins like cytochrome C, proteins required for motility 

such as flagellar and fimbrial proteins, enzymes such as collagenase, peptidases and 

proteases, as well as antibiotic resistance enzymes, β-lactamases. Many oxidoreductases 
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were also present including DsbA, DsbD and others such as Gfo/Idh/MocA family, glycerol-

3-phosphate dehydrogenase GpsA and thioredoxin-like TlpA oxidoreductases. Redox 

enzymes such as DsbB and DsbC are core genes with signal sequences, and they have 

catalytic rather than structural disulfides. These two enzymes are not identified as DsbA 

substrates in our filter as they have an odd number of cysteines. 

The list of 263 proteins with an even number of cysteines was initially screened 

against the Virulence Factor DataBase (VFDB) (Chen et al., 2015), the Burkholderia 

Genome Database (BGD)(Winsor et al., 2008) and against a list of B. pseudomallei 

virulence genes identified by previous studies (Holden et al., 2004; Moule et al., 2016). Of 

the 263 putative DsbA substrates two are closely related to virulence factors from the VFDB 

(flagellar proteins FlgA and FlhG), six are close homologues to proteins identified previously 

by Moule et al. (Moule et al., 2016) five reported by Holden et. al. (Holden et al., 2004) and 

one identified from the BGD, giving a total of 14 virulence factors identified through cross-

analysis (see S4 File for a full list). It was also noted that two of the 14 identified putative 

virulence factors, were homologous to the same collagenase (BPSS0666). 

Gene Ontology (GO) classification of the gene and gene-product function of the 263 

proteins revealed a variety of functions, totalling 223 GO descriptions (Figure 5.3) (see S4 

File). The highest frequency are integral components of the membrane (66 proteins), 

followed by proteins involved in redox processes (25 proteins). Of particular interest due to 

their putative involvement in virulence, are proteins associated with: proteolysis (20), heme 

binding (15), hydrolase activity (9), carbohydrate metabolism (8), serine-type endopeptidase 

activity (7), cell adhesion (6), metallo-endopeptidase activity (6), pilus formation and 

organisation (6), copper binding (5), lipid catabolism (4), choline binding (3), triglyceride 

lipase activity (3), aminopeptidase activity (2), porin activity (OmpA family proteins) (2), chitin 

catabolism (1), N-carbamoylputrescine amidase activity (1) and toxin activity (Tat pathway 

signal protein) (1). 
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Figure 5.3: Gene Ontology (GO) descriptions of predicted extra-cytoplasmic proteins with an even number of cysteines. The 
highest frequency of proteins with an even number of cysteines are integral components of membranes (66 proteins), followed by proteins 
involved in redox (oxidation-reduction) processes (25 proteins) and proteolysis (20 proteins). For ease of representation and clarity, GO 
descriptors with less than three counts were excluded from this graph. A complete graph, along with raw values can be found in S4 File.  
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Chitin catabolic process WP_076802983.1 

Choline binding and transport ABA51731.1; ABN86005.1; ABN92885.1 

Copper ion binding WP_004529973.1; WP_004546221.1 

Heme binding 
WP_004194773.1; WP_004535805.1; WP_004536717.1; 
WP_004538457.1; WP_004538458.1; WP_038730764.1; 
WP_041189005.1; WP_043304483.1; WP_076903047.1; 
WP_139900217.1; WP_151277731.1 

Heme binding/copper ion binding WP_029671417.1; WP_122827599.1 

Heme binding/proteolysis WP_009981622.1 

Heme bindingcopper ion binding WP_080248664.1 

Hydrolase activity CFL10512.1; EEC34719.1; WP_004525656.1; WP_024428578.1; 
WP 024429096.1; WP 080300428.1 

Lipid metabolic/catabolic process WP_009956690.1; WP_080248725.1 
Metallopeptidase/metalloendopepti
dase activity 

AFR18870.1; WP_004548157.1; WP_011204325.1; 
WP 038708181.1; WP_038730428.1; WP_076887541.1 

N-carbamoylputrescine amidase 
activity WP_045597613.1 

Penicillin binding/beta-lactamase 
activity EDO89205.1 

Pillus and pillus organisation WP_151269450.1 

Porin activity WP_004189892.1; WP_011205039.1 

Proteolysis/hydrolase activity WP_011204795.1; WP_076852667.1 
Serine-type 
endopeptidase/carboxypeptidase 
activity 

ABA50268.1; ACQ98979.1; AFR20596.1; WP_004528537.1; 
WP_004529035.1; WP_004553586.1; WP_011852052.1; 
WP 024428782.1; WP_038778478.1 

Toxin activity WP_038707916.1 

Triglyceride lipase activity EEH28759.1; WP_038741497.1; WP_038775093.1 
Xenobiotic transmembrane 
transporter activity WP_004534049.1 

Putative virulence factors identified 
from literature and VFDB Accession numbers 

Acid phosphatase activity WP_122651768.1 

Endoribonuclease activity  WP_004194152.1 

Catalytic activity WP_065793661.1 
DNA-binding transcription factor 
activity  WP_004524330.1 

Methylation AHE31311.1 

NAD Binding WP_004527508.1 

N/A OMW33686.1 

Bacterial-type flagellum assembly WP_004198637.1 

Analysis of the 263 putative DsbA substrates revealed 73 proteins associated with virulence, 
based on GO descriptions. In addition, 8 proteins were identified as potential virulence 
factors from literature or from database screening. Accession numbers from B. pseudomallei 

are shown, separated by a semicolon. 
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5.3.4 Sequence homology prediction of B. pseudomallei DsbA virulence factor substrates 

To complement the genomic analysis described above we used a second approach 

to identify DsbA substrates, by screening all B. pseudomallei genomes uploaded on NCBI 

(NCBI, 2016) (taxid 28450) for homologues of known DsbA substrates. We implemented 

this approach because some DsbA substrates might be filtered out using the genomic 

approach described above if the substrates are not encoded by core genes, or if the gene 

product has an odd number of cysteines.  

Over 90 DsbA substrates have been reported in the literature. We searched for B. 

pseudomallei homologues of these DsbA substrates using the following criteria: (i) presence 

of secretion signal, (ii) at least two cysteines in the mature sequence, (iii) at least 20% 

identity and (iv) 50% coverage to a known DsbA substrate sequence. After removing 

duplicates, our analysis found that B. pseudomallei encodes homologues of 15 DsbA 

substrates (Table 5.3). Two of these 15 are DsbA substrates in other Burkholderia species 

B. cepacia and B. cenocepacia (Abe & Nakazawa, 1996; Hayashi et al., 2000; Corbett et 

al., 2003; Kooi et al., 2006): a metalloproteases, ZmpA and a sulfatase-like hydrolase 

transferase. In B. cenocepacia, ZmpA is a wide spectrum metalloprotease, thought to cause 

tissue damage during infection (Kooi et al., 2005).  
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rearrangement) and homologues of two pilin proteins involved in the formation of pilus and 

flagella. Also present is a MoeB homologue; MoeB is a molybdopterin synthase adenyl 

transferase (cytoplasmic in E. coli but likely periplasmic in B. pseudomallei due to the twin-

arginine translocation (TAT) signal sequence). A PenI family β-lactamase homologue is also 

found in B. pseudomallei; this is a class A β-lactamase that confers resistance to β-lactams 

including, in rare cases, ceftazidime (commonly used to treat melioidosis) (Papp-Wallace et 

al., 2016). A succinate dehydrogenase flavoprotein subunit homologue, found in the 

bacterial inner membrane and part of the electron transport chain, is also encoded in B. 

pseudomallei. This protein is cytoplasmically oriented in E. coli, though again the B. 

pseudomallei version has a TAT signal sequence suggesting a possible periplasmic 

localisation.  

A number of DsbA substrates identified in E. coli (reviewed in (Heras et al., 2009)) 

have B. pseudomallei homologues including a molecular chaperone homologous to PapD 

and EscC, involved in the formation of the Type III secretion system (T3SS). The T3SS 

assembly requires DsbA activity in many Gram-negative bacteria, including E. coli and S. 

typhimurium (Miki et al., 2004; Miki et al., 2008). Finally, a B. pseudomallei protein 

homologous to the Y. pestis pilus assembly protein Caf1M (a molecular chaperone involved 

with assembly of the surface capsule of the bacterium) was also identified. 

Of the 15 putative B. pseudomallei DsbA substrates identified using this substrate 

homology method, two were also identified in the genomic pipeline method. These are the 

PenI (WP 050772403) and a molecular chaperon (WP 102811167).  

We then aligned the sequences of the Table 5.3 B. pseudomallei proteins to identify 

any possible sequence conservation around the cysteine residues, but no pattern was 

identified. This lack of peptide sequence motif in DsbA substrates has also been observed 

in E.coli, demonstrating the difficulty of DsbA substrate prediction (Paxman et al., 2009). 

 

5.3.5 Epitope prediction of virulence-associated proteins 

To determine whether the DsbA substrates identified in the two methods above could 

contribute to vaccination efforts against B. pseudomallei, we also predicted B-cell epitopes, 

using a structure-informed approach. The sequences of the 81 putative, extra-cytoplasmic 

DsbA substrates (predicted virulence factors, Table 5.2) along with the 13 unique, 
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homologous DsbA substrates (Table 5.3) were screened against the Protein Data Bank 

(PDB) (Berman et al., 2000), to identify structurally characterised homologues. Seven of the 

94 proteins were found to have at least 80% similarity to a structurally characterised protein. 

Three of these seven protein structures were from Pseudomonas species, while the other 

four were from Burkholderia species. Similarity was used rather than identity to account for 

mutations of functionally similar residues. The seven protein structures were then used as 

models to predict structurally-informed B-cell epitopes of length 10-32 residues (Table 5.4 

and Figure 5.4) using the SEPPA 3.0 server. While SEPPA 3.0 is considered the foremost 

B-cell epitope predictor, the software also accounts for potential glycosylation of the peptide 

(Zhou et al., 2019), a feature that is mostly absent from bacterial proteins. To ensure that 

the epitopes identified by SEPPA 3.0 were not the result of erroneous glycosylation 

interpretation, the epitopes were cross-validated using ElliPro software that does not rely on 

glycosylation patterns (Ponomarenko et al., 2008). All hits obtained with SEPPA 3.0 were 

also identified with ElliPro, with 1 - 3 residue differences in the starting and ending residues, 

suggesting that they were not based on wrongly attributed glycosylation patterns. However, 

we recommend using the more stringent list of epitopes identified with SEPPA 3.0 over the 

much longer list of potential epitopes and antigenic determinants identified with ElliPro.   
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Figure 5.4: Predicted B-cell epitopes. Graphical representation of B-cell epitopes found 
in Table 5.4. Proteins are shown as white surfaces and their respective PDB ID is given in 
the bottom left corner of each box. The epitope region is highlighted in red and the 
corresponding homologous sequences found in B. pseudomallei are given in one letter code 
under each respective structure and separated by semicolon when more than one sequence 
pointed to the same epitope.  
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These epitopes provide an interesting list for further evaluation. For example, 

epitopes from beta-lactamase Toho-1 and class D beta-lactamase could provide a useful 

vaccination approach for B. pseudomallei because these directly target antibiotic resistance 

proteins. Similar approaches have conferred protection against other bacteria in animal 

models (Ciofu et al., 2002; Senna et al., 2003; Zarantonelli et al., 2006; Lipsitch & Siber, 

2016).  

Vaccination targeting adhesion proteins and essential virulence factors such as FimA 

(Fenno et al., 1995) and type 1 fimbrial protein (Liu et al., 2016) is a commonly used 

approach due to the external localisation of these proteins and their exposure to host 

immune systems. Anti-fimbrial antibodies have been shown to interfere with function and 

reduce disease (Holmgren & Svennerholm, 2012; Singh et al., 2017) and a FimA vaccine 

provided protection against Streptococcus parasanguis, Streptococcus mitis, Streptococcus 

mutans and Streptococcus salivarius in rats (Viscount et al., 1997; Kitten et al., 2002; 

Vandemaele et al., 2005). 

Vaccination against conserved, secreted enzymes such as the triacylglycerol lipase 

(EstA) and S8 family serine peptidase enzymes may also be a useful strategy. Secreted 

peptidases are known virulence factors in many pathogenic bacteria (Hritonenko & 

Stathopoulos, 2007; Backert et al., 2018) and vaccines targeting them have attenuated 

disease in animal models (Santillan et al., 2008; Marana et al., 2017). Two triacylglycerol 

lipases (WP 038741497.1 and WP 038775093.1) were identified as having a structural 

homologue in the PDB. These two lipases are both core genes and share 78% similarity 

(72% identity, 87% query cover) and their sequences were both aligned to the same PDB 

code, resulting in epitope variants of similar sequences.   

Finally the UDP-glucose dehydrogenase appears to be a key player in the synthesis 

of exopolysaccharide in the B. cepacia complex (Rocha et al., 2011), and is suspected to 

contribute to virulence and cystic fibrosis.  

 

5.4 Discussion  

In the present study, we analysed genomes from 511 B. pseudomallei isolates 

specifically associated with disease to identify core putative DsbA substrates and virulence 

factors. Pangenomic analysis of B. pseudomallei has previously been performed utilising 37 
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isolates from a variety of isolation sources (Spring-Pearson et al., 2015) and concluded the 

pangenome to be ‘open’, indicating that new isolates will continually increase the number of 

total genes, which we found to be the case, based on a pangenome of 19,991 genes from 

511 isolates. Previous studies comparing the B. pseudomallei genome with the obligate 

pathogen Burkholderia mallei (responsible for glanders) and the generally non-pathogenic 

Burkholderia thailandensis (Ong et al., 2004; Kim et al., 2005; Yu et al., 2006; Majerczyk et 

al., 2014), identified several loci likely to be involved in B. pseudomallei virulence. These 

include the capsular polysaccharide gene cluster and Type III secretion needle complex (Yu 

et al., 2006), which were not considered core genes, demonstrating the importance of large-

scale analysis.  

In the present study, we used two orthogonal approaches to identify a total of 278 

putative DsbA substrates, with 94 predicted to be virulence factors (S5 File). Of these, 73 

were identified by the genome analysis approach, 8 more via comparison to previous studies 

and 15 were identified by the DsbA substrate homology approach, with two of the putative 

94 DsbA virulence factor substrates identified in both genomic and homology analysis. 

These two are the experimentally validated bacterial virulence factors and DsbA substrates 

- a molecular chaperon (reported to be an E. coli DsbA substrate (Heras et al., 2009)), and 

a PenI family b-lactamase (reported to be a F. tularensis DsbA substrates) (Ren et al., 2014).  

Delving deeper into the results presents some curious outcomes. For example, the 

well-characterised E. coli DsbA substrate and virulence factor FlgI (Dailey & Berg, 1993; 

Hizukuri et al., 2006) was not picked up as a potential B. pseudomallei DsbA substrate by 

either method, though B. pseudomallei encodes FlgI. The B. pseudomallei FlgI sequence 

has 4 cysteines in the translated gene product but the predicted mature sequence after 

cleavage of the signal sequence has just one cysteine. Generally, DsbA does not interact 

with proteins having just one cysteine. If B. pseudomallei FlgI is a DsbA substrate (that is 

yet to be tested), then the most likely reasons that it was not identified as a substrate by 

either of the two methods we used are that (i) the predicted signal peptide is incorrect and/or 

(ii) the single cysteine of B. pseudomallei FlgI forms an inter-molecular disulfide bond.  

The finding that the two orthogonal approaches identified the same two target 

proteins suggests that there is merit in using different theoretical approaches to select high 

priority targets for further evaluation (in this case, the PenI family beta-lactamase and the 

molecular chaperon). On the other hand, the fact that there were so few overlaps in the 
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predicted substrates from the two methods raises questions about the filters we applied. 

Specifically, we found that of the 15 potential substrates identified by the substrate homology 

method, 5 had an odd numbers of cysteines, whereas the genomic analysis filtered these 

proteins out of consideration to reduce the number of false negatives. We applied the even 

cysteine filter because previous reports showed that E. coli exported proteins have a strong 

preference for an even number of cysteines (Dutton et al., 2008). This even number of 

cysteine preference is present in B. pseudomallei exported proteins (Figure 5.2) though is 

not as pronounced as in E. coli. By restricting our genomic analysis to core, extra-

cytoplasmic B. pseudomallei proteins with an even number of cysteines, some DsbA 

substrates may therefore have been missed. There is considerable evidence that many 

virulence factors such as adhesion and motility proteins, toxins and enzymes are extra-

cytoplasmic proteins in both Gram-positive and Gram-negative bacteria (Heras et al., 2009; 

Allen et al., 2014; Smith et al., 2016). Given that extra-cytoplasmic proteins in the translated 

core genome of B. pseudomallei have a slight preference for even number of cysteines 

(Figure 5.2) and the identification of many virulence-associated proteins within the 263 

proteins in the list, the approach taken in this analysis (Figure 5.1) to identify DsbA 

substrates was justified. Further, the genomic analysis focused on highly conserved proteins 

from the core genome; accessory proteins associated with virulence would not be identified 

using this approach. Nevertheless, the genomic analysis identified homologues of known 

DsbA substrates in other bacteria, such as the OmpA porin, supporting the use of this 

approach. However, attempting to identify epitopes from proteins which are not found in 

every disease-causing isolate may present challenges for anti-virulence and vaccination 

attempts.   

In addition, the genomic analysis identified several proteins of unknown function 

which could represent novel virulence factors for future studies. Importantly, our theoretical 

approach was extended to predict structurally-informed surface epitopes for several core 

gene DsbA substrates for potential vaccine or antibody development (Table 5.4).  

In summary, our in silico analysis combined a substrate homology approach and a 

genomic analysis approach to identify more than 90 potential B. pseudomallei DsbA 

virulence factor substrates, two of which we mark as high priority for experimental validation. 

Future characterisation of these proteins will aid our understanding of B. pseudomallei 

virulence and could provide new targets for antivirulence drug discovery and vaccine 
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development. The approaches we report here could also be applied to identify potential 

DsbA virulence factor substrates in other pathogenic bacteria. 

 

5.5 Methods  

5.5.1 Data acquisition and filtering of core, extra-cytoplasmic, putative DsbA substrates 

1577 B. pseudomallei genomes were obtained from the genome information table 

from NCBI (https://www.ncbi.nlm.nih.gov/genome/genomes/476) (date accessed: 

1/2/20).The biosample accession numbers were batch downloaded using Entrez. A list of 

assembly accession numbers can be found in S1 Fig. Metadata was then scraped for 

disease association using grep with the following command: 
grep -A 1 "disease" 

 

The assemblies were then downloaded using Entrez and annotated using a prokka 

(version 1.14.5) (Seemann, 2014) for loop with the following command: 

for file in *.fna; do tag=${file%.fna}; prokka --prefix "$tag" --locustag "$tag" --genus 

Burkholderia --species pseudomallei --strain "$tag" --outdir "$tag"_prokka --force --addgenes "$file"; 

done 

 

The .gff files were used as input for roary (version 3.11.2) (Page et al., 2015) without 

splitting paralogues via the following command: 

roary -e --mafft -i 90 -v -p 72 -z -s -o output -f *.gff 

 

The roary output file was altered from interleaved fasta to one line per sequence 
awk '{if(NR==1) {print $0} else {if($0 ~ /^>/) {print "\n"$0} else {printf $0}}}' input.fa > output fa 

 

The core genome was then used in the remaining analysis and core DNA sequences 

were translated into protein sequences using transeq (Madeira et al., 2019) with the 

following command: 
transeq -sequence input.fasta -outseq output fasta -table 11 -frame 1 
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The core genome was then filtered based on signal sequence and then the sequence 

of the mature exported protein, as predicted utilising SignalP 5.0 (Käll et al., 2007; 

Armenteros et al., 2019). 
signalp -fasta prot_core_genome_complete fasta -format short -mature -org gram- -verbose  

 

These sequences were then filtered for genes containing even numbers of cysteines 
awk -F \C 'NF % 2' < input.fasta | awk "/C.*C/" | sed '/>/{$!N;/\n.*>/!P;D}' > output fasta 

 

This list was then annotated via screening sequences against NCBI and Gene 

Ontology (Harris et al., 2004) using the PANNZER2 server (Törönen et al., 2018). 

 

5.5.2 Identification of DsbA substrate homologues in B. pseudomallei   

DsbA substrates were also predicted using a substrate homology search. This 

approach may identify proteins not encoded in the core genome. The B. pseudomallei 

genome was screened for homologues of known DsbA substrates using BLASTP. A starting 

list of confirmed DsbA substrates was extracted from the literature (Abe & Nakazawa, 1996; 

Hayashi et al., 2000; Corbett et al., 2003; Kooi et al., 2005; Kooi et al., 2006; Heras et al., 

2009; Ren et al., 2014), and their amino acid sequences used in BLAST searches (Johnson 

et al., 2008) against the NCBI protein database (NCBI, 2016) for homologues in B. 

pseudomallei using default search parameters. In some cases two search proteins identified 

the same homologue in B. pseudomallei. In these cases only the search protein most similar 

to the B. pseudomallei homologue is given in Table 5.3. The results were filtered to select 

proteins with at least 20% sequence identity and a sequence coverage of at least 50%. 

Protein sequences with fewer than two cysteines were removed. Exported proteins were 

selected on the basis of predicted signal sequence (SignalP 5.0 (Armenteros et al., 2019)) 

or experimental evidence of extra-cytoplasmic localisation for the reported DsbA substrate 

in another Burkholderia species. 

 

5.5.3 Identification of putative virulence factors 

ABRicate version 1.0.1 (https://github.com/tseemann/abricate) (Seemann) was used, 

along with the virulence factor database (VFDB) (Chen et al., 2015) to identify the presence 

of putative virulence factors of the paired cysteine gene list. 244 genes identified as 
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virulence-related, on the basis of mutagenesis studies (Holden et al., 2004; Cuccui et al., 

2007; Moule et al., 2014) were also screened against the paired cysteine gene list using 

blastp version 2.9.0+ (Johnson et al., 2008; Camacho et al., 2009) and results were filtered 

for ≥90% coverage and ≥80% similarity/positives to be considered a putative virulence 

factor. Additionally, the burkholderia.com virulence database (Winsor et al., 2008) was 

downloaded and screened against gene lists using blastp version 2.9.0+ with the same 

filtering conditions.  

 

5.5.4 Cysteine distribution analysis 

Fasta files containing either the 19,991 pan genes or the 4,496 core gene of B. 

pseudomallei with their corresponding amino acid sequences and descriptors were utilised 

to calculate the distribution of cysteines with a custom Python 3.0 script (available on 

Github : 

(https://github.com/gpetit99/cysteineCount bPseudomallei/blob/master/CysCountFrequen

cy.py”). Briefly, lists of the extra-cytoplasmic protein sequences with signal peptides 

removed were compared to lists of the protein sequences from the whole genome to 

create dataframes with either cytoplasmic or extra-cytoplasmic proteins. Proteins were 

grouped based on the presence or absence of SP, and based on the number of cysteines 

in the mature protein. To calculate the normalised frequency of cysteines for extra-

cytoplasmic proteins, we divided the number of extra-cytoplasmic proteins having N 

cysteines by the total number of proteins having N cysteines (N being an integer from 0 to 

73 – No protein has more than 73 cysteines in the B. pseudomallei translated genome). 

This analysis was run for the core genome and pangenome independently. Other statistics 

(e.g. number of proteins in each group) were extracted from the dataframes.  

 

5.5.5 Epitope prediction 

The metadata for each of the 263 proteins in the annotated list was manually 

inspected to select for further analysis a total of 81 proteins likely related to virulence. The 

sequences of these 81 selected proteins were combined with the 13 unique proteins from 

the homology analysis (to give 94 unique protein sequences). These were screened against 

the protein data bank using BLAST (criteria: ≥80% positive substitutions/similarity used as 
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a threshold) to find structurally characterised homologues. These structural homologues 

were then used to predict B-cell epitopes using SEPPA 3.0 (http://www.badd-

cao.net/seppa3/index.html) with a threshold of 0.1 (Zhou et al., 2019). Similarity was used 

rather than identity to account for mutations of functionally similar residues. Predicted B-cell 

epitopes were accepted if they were 10 – 32 residues in length, as described in (Shey et al., 

2019). The same structural homologues were also tested with the ElliPro server 

(Ponomarenko et al., 2008) and the resulting epitope sequences compared with the results 

from SEPPA 3.0 to ensure that the results were redundant and method independent.   
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S5 File Predicted virulence-associated substrates of DsbA 
  



 

 

161 

 
 

CHAPTER 6  



 

 

162 

6 Characterisation and structure of the suppressor of copper sensitivity 
protein C  

This chapter covers the characterisation of the suppressor of copper sensitivity 

protein C from the model organism C. crescentus (CcScsC). This protein is shown to have 

isomerase activity comparable to that of EcDsbC, it also displays a trimeric configuration in 

solution, and is able to bind Cu(I) with picomolar affinity. The structure of CcScsC, 

determined by X-ray crystallography, is reported to a resolution of 2.8 Å, revealing a long N-

terminal α-helix involved in its trimerisation.  

 

6.1  Introduction  

6.1.1  Suppressor of copper sensitivity proteins  

The suppressor of copper sensitivity (SCS) proteins were initially described in 1997 

by Gupta et al. ((Gupta et al., 1997)) in the organism S. Typhimurium. This group of proteins 

were characterised by having four genes – scsA, scsB, scsC and scsD – located on the 

same locus, coding for four proteins involved in resisting copper stress. The scs genes are 

distributed over two operons, one for scsA and the other supporting scsB, scsC and scsD 

(Figure 6.1). A similar locus is found in P. mirabilis and K. pneumoniae.  

In C. crescentus, the suppressor of copper sensitivity proteins have a different 

organisation. Initially C. crescentus ScsB (CcScsB, gene: CC 0217) was identified as a 

protein similar to DsbD and CcdA but sufficiently different in its α domain to be classified in 

a different category (Cho et al., 2012; Cho & Collet, 2013). Based on predicted architectural 

homology to S. Typhimurium ScsB (StScsB), this new protein was matched to the SCSs 

(Cho et al., 2012). C. crescentus ScsC (CcScsC, gene: CC 1879) was discovered when 

searching for putative substrate partners of CcScsB, and was subsequently confirmed (by 

SDS-PAGE and AMS gel shift assay) to interact with the latter (Cho et al., 2012). It is 

important to note that in C. crescentus, CcScsB and CcScsC are not located on the same 

operon or even locus. In the C. crescentus CB15 strain, on which the original research was 

conducted, the two genes sit approximatively two million base pairs apart. Additionally no 

homologues of StScsA or StScsD could be identified in C. crescentus in a BLAST search 

using the default parameters. 
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Figure 6.1: the Suppressor of copper sensitivity locus from S. Typhimurium. 
Schematic representation of the coding sequence for each gene and their corresponding 
proteins.  

 

6.1.2  N-terminal domain structure and function relationship 

Currently, the best-studied member of the SCS family is ScsC. However only a 

handful of ScsC proteins have been reported from a limited number of organisms, with each 

homologue varying in structure and function.  

The P. mirabilis ScsC (PmScsC) was demonstrated to be trimeric and highly dynamic 

(Figure 6.2). The three protomers of PmScsC are connected by long N-terminal α-helices 

interacting via their hydrophobic core and electrostatic interactions between charged 

residues (Furlong et al., 2019). In this case, trimerisation of the protein was shown to be 

necessary for isomerase activity. Mutants lacking the N-terminal domain displayed oxidase 

activity instead (Furlong et al., 2017; Furlong et al., 2019). Surprisingly, removing a short 

peptide sequence at the stem of the globular domain, thought to be involved in shape 

modulation of the protein, dampened both the isomerase and oxidase activity (Furlong et 

al., 2019).  

In contrast to the trimeric PmScsC, StScsC is monomeric. Although StScsC 

resembles the catalytic domain of PmScsC, it lacks the N-terminal α-helix required for 

PmScsC oligomerisation (Figure 6.2). Consistent with the observation that this N-terminal 

helix was responsible for the oligomerisation and isomerase activity in PmScsC, monomeric 
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StScsC lacks isomerase activity and shows no (Subedi et al., 2019) or moderate (Shepherd 

et al., 2013) oxidase activity, as compared to EcDsbA.  

 

 
Figure 6.2: Comparison of the ScsC proteins. A) Compact (PDB ID 4XVW (Furlong et 

al., 2017)) and B) extended (PDB ID 5ID4, (Furlong et al., 2017)) PmScsC trimers show the 
range of motion that this protein can achieve. N-terminal α-helices responsible for 
trimerisation are shown in green while the C-terminal globular domain is shown in orange. 
C) The monomeric StScsC is shown in magenta. D) Superposition of extended PmScsC 
(orange and green) with StScsC (magenta) show conservation of the globular catalytic 
domain. Active site cysteines are depicted and highlighted in yellow.  

CcScsC was shown to have disulfide isomerase activity, being able to rescue 

isomerase activity when expressed in an E. coli ΔdsbC mutant, as well as reshuffling 

disulfide bonds in C. crescentus endogenous RNase I (Cho et al., 2012). CcScsC was 

reported to be a dimer on the basis of size exclusion chromatography analysis, eluting with 

an apparent molecular weight of 47 ± 10 kDa. 

A trimeric oligomerisation state among bacterial oxidoreductases is uncommon. 

However, two recent publications highlight the structural variety of these proteins. The 

Gram-negative obligate bacterium W. pipientis infects arthropods resulting in widespread 
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phenotypic alterations to the host biology. W. pipientis expresses α-DsbA2 (WpDsbA2), a 

protein that has a typical DsbA-like C-terminal domain displaying a thioredoxin fold, and an 

additional ~50 residues at the N-terminal domain which are involved in the trimerisation of 

the protein (Figure 6.3) (Walden et al., 2019). Similar to what is observed in other 

oxidoreductases with oligomerisation domains, WpDsbA2 has isomerase rather than 

oxidase activity. This isomerase activity is lost upon removal of its N-terminal domain 

(Walden et al., 2019).  

More recently another DSB-like oxidoreductase, the bovine colonisation factor H 

(BcfH) from S. Typhimurium, which helps assemble fimbriae, was characterised. This 

protein is also trimeric and displays unique active site motifs including a mixture of cis- and 

a very unusual trans-proline facing the catalytic cysteines. The protein was also shown to 

adopt at least two different conformations, one extended-like and a more compact 

conformation (Subedi et al., 2021). BcfH displays both isomerase and oxidase activity, 

resembling the versatile eukaryotic protein PDI (Hatahet & Ruddock, 2009).  

These N-terminal oligomerisation domains are more than just a way to bring several 

protomers together, they also appear to modulate the function of the proteins. Similar 

observations were made with EcDsbC, where the dimerisation domain was shown to be 

essential for protein isomerase activity, even after one of the catalytic domains was 

deactivated (Arredondo et al., 2009); in addition, destabilising mutations in the N-terminal 

domain results in a failure to dimerise, in which case EcDsbC displayed oxidase activity 

(Bader et al., 2001). In EcDsbC the dimerisation domain is thought to be involved in 

substrate selectivity and in preventing cross-reaction with the oxidative pathway (through 

interaction/oxidation by EcDsbB) (Bader et al., 2001).  

Alignment of the first 50 residues (65 for BcfH which is a little longer) after the signal 

sequence of the N-terminal domains of the trimeric proteins described above (PmScsC, W. 

pipientis α-DsbA2, BcfH) and CcScsC shows that, while the sequence identity is low, there 

are short sequence segments of hydrophobic and charged residues that are similar across 

all four proteins (Figure 6.3B). 
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Figure 6.3: Sequence comparison of ScsC-like proteins. A) Alignment of the full-length 
protein sequences minus the signal peptide of CcScsC (Uniprot ID Q9A747), PmScsC 
(B4EV21), KpScsC (W9BCZ7), BcfH (A0A0H3N7J9), WpDsbA-2 (Q73FL6) and StScsC 
(H9L4C1). The N-terminal regions of these proteins show little conservation whereas the 
globular C-terminal domains display conserved motifs including a FXDY sequence 
preceding the CXXC active site, a SXXA motif preceding position 120 and the cis-proline 
motif GTP at position 190 on this alignment. B) Alignment of the 50 N-terminal residues after 
the signal peptide of the same proteins (65 residues for BcfH which has a longer N-terminal 
domain) and excluding KpScsC and StScsC which lack N-terminal α-helices. This alignment 
reveals similarity between the sequences, with patches of uncharged and charged residues, 
especially between CcScsC and PmScsC. Similar residues are shown in red font and 
highlighted in yellow; conserved residues are shown in white font and highlighted in red. The 
PmScsC flexible linker sequence (Furlong et al., 2019) is highlighted by a blue box. 
Alignment performed with T-Coffee (Di Tommaso et al., 2011), and figures prepared with 
eSPript 3.0 (Robert & Gouet, 2014)  
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6.1.3  ScsC, copper binding and stress response  

The SCS proteins were first characterised for their ability to alleviate copper stress in 

bacteria (Gupta et al., 1997), although the precise mechanism remains unclear. In S. 

Typhimurium, functional StScsC is required for bacterial growth in the presence of copper, 

suggesting direct involvement in response to copper stress (Shepherd et al., 2013). 

Reduced StScsC binds copper with sub-picomolar affinity (KD = 10 13.1) and transfers Cu(I) 

ions to the copper binding protein CueP (Subedi et al., 2019), which then interacts with 

superoxide dismutase to disproportionate peroxides and reactive oxygen species into more 

stable molecules (Osman et al., 2013; Subedi et al., 2019). StScsC is also able to bind Cu(II) 

although with much weaker affinity. 

P. mirabilis wild-type PmScsC is necessary for bacterial swarming in the presence of 

CuSO4 (Furlong et al., 2017). However bacterial growth is unaffected by the presence or 

absence of PmScsC, indicating a difference in function and/or target substrate proteins 

between PmScsC and StScsC. The copper-binding ability of PmScsC is yet to be 

determined. 

Altogether, the data reported so far indicates a broad diversity of structure and 

function across the characterised ScsC proteins. This chapter reports the characterisation 

of the ScsC protein from C. crescentus. The copper binding capability of CcScsC, isomerase 

activity and oligomeric state were all determined. Finally, the structure of the protein was 

investigated using X-ray crystallography.  

 
 
6.2 Material and methods  

6.2.1 CcScsC construct preparation  

The gene for C. crescentus ScsC (Uniprot ID Q9A747) was codon optimised for E. 

coli expression system and ordered from GenScript (Piscataway, USA, Figure 6.4). 

Primers for this gene were order from IDT Integrated DNA technology (Science park 

II, Republic of Singapore). These primers were designed to remove the signal sequence 

from the gene and introduce restriction sites Nde1 and Xho1 (Figure 6.4). One primer also 

allowed for a mutation of the cysteine residue at position 2 to a serine, further referred to as 

C2S. This construct was designed to facilitate the investigation of the catalytic cysteines.   
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ATGACCATGCTGCGTCGTGCGGCGACCTTTGCGGTGCCGCTGGCGATCGCGGGTCTGACCCTGGCGGGTTGCGAC 
CAAAGCAAGCCGGATAAAGCGTTTGGCGAGAAAGTGCGTGCGTACCTGCTGGAGCACCCGGAAGTTCTGATGGAG 
GCGAGCCAGAAGCTGCAAGAAAAACAGGCGGCGCAGCAAGCGGTTAGCAGCCAAAAAGCGATCGGCGAGTATCGT 
CAGGCGATTGAACGTGACCCGCGTGATATCGTGATTAACCCGGCGGGTACCATCACCGTTACCGAGTTCTTTGAT 
TACCGTTGCGGTTATTGCCGTCAAGCGACCCCGGCGGTGCTGGAACTGGTTCAGAAGAACCCGGACATCCGTCTG 
GTGCTGAAAGATTTCGTTATTTTTGGTAACGATAGCGAGGCGGCGGCGCGTATTGCGCTGGGTGCGAAGGATCAA 
GGCAAAAGCCTGGAGCTGCACAAGGCGCTGATGGCGGAAAACGCGCTGGATGCGCGTGGTGCGCTGCGTATTGCG 
GAGCGTCTGGGTATTGACATGGATAAGGCGAAAGCGGTGGGTGAAAGCCAAGCGATCACCCAACATCTGGCGGAC 
ACCGATGCGCTGGCGCGTGCGCTGAACCTGAGCGGTACCCCGGCGTTCATTGTTGGTGACACCCTGGTTCCGGGT 
GCGGACATTGATGCGCTGAAGCTGGCGATTGAACAGACCCGTGCGGCGCGTGCGAAAGCGGGC 
 

Primer Sequences 

Forward No SS, Nde1 RS  GGA ATT CCA TAT GTG CGA CCA AAG CAA GCC GG 

Forward No SS, Nde1 RS, C2S GGA ATT CCA TAT GAG CGA CCA AAG CAA GCC GGA C 

Reverse, Xho1 RS CCG CTC GAG GCC CGC TTT CGC ACG CGC 

 
Figure 6.4: Codon optimised CcScsC gene and primers. Top, the whole codon optimised 
sequence used in this study, the signal sequence, not present in the final product is 
highlighted in cyan. Bottom, a list of the primers used in this study. SS = signal sequence, 
RS = restriction site.  

The codon optimised gene was amplified by polymerase chain reaction (PCR) using 

the primers provided in Figure 6.4. A master mix composed of 10 μl of 5X Phusion HF buffer 

(Biolabs, New England), 1 μl of 10 mM dNTPs, 2.5 μl of forward and 2.5 μl of reverse primer 

(10 μM each), 1 μl of template DNA on a plasmid (200 μg),1 μl of Phusion Hot start flex DNA 

polymerase (Biolabs, New England) and 32 μl of water was prepared. PCR reaction was 

performed the following way: initialisation: 98˚C for 5 minutes, then 32 cycles of denaturation 

(98˚C, 30 seconds), annealing (68˚C, 30 seconds) and elongation (72˚C, 30 seconds). The 

reaction was ended with a final elongation step (72˚C for 7 minutes). 10 μl of the resulting 

product was run onto 1% agarose gel to confirm the presence of CcScsC wild type (CcScsC 

wt) or CcScsC C2S gene. The rest (40 μl per sample) was cleaned up using the QIAquick 

PCR purification kit (Qiagen).  

The CcScsC sequence was transferred into a modified pet24a plasmid containing 

kanamycin resistance gene, an N-terminal TEV cleavage site and His10-tag behind the Xho1 

restriction site. 10 μl of cleaned-up PCR product was incubated at 37˚C for 2 hr with 5 μl of 

10 X Cutsmart buffer (Biolabs, New England), 2 μl of Nde1 restriction enzyme, 2 μl of Xho1 

restriction enzyme (Biolabs, New England) and 31 μl of water. The same was done with the 
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pet24a plasmid to create an empty linear plasmid. The reaction was stopped by heating the 

tubes and their content to 65˚C for 2 minutes.  

Plasmids and genes were run on 1% agarose gel to remove impurities. Bands 

corresponding to the cut plasmids and the genes CcScsC wt and CcScsC C2S were 

extracted from the gel and purified using QIAquick gel extraction kits (Qiagen). CcScsC wt 

and CcScsC C2S were then ligated to the plasmid. About 200 ng of each gene and 100 ng 

of the plasmids were mixed to 2 μl of 10 X T4 ligase buffer and 1 μl of T4 DNA ligase 

(Biolabs, New England) into a final volume of 20 μl and incubated at RT for 1 hr. The same 

protocol without gene insert was used as a control.  

The resulting product was transformed in E. coli Top 10 heat competent cells which 

were grown on agar plate containing KAN (Figure 6.5).  

 
Figure 6.5: Transformation of pet24a plasmids containing the CcScsC wt gene into 
Top 10 E. coli cells. The left plate is a control, showing cells transformed with linear empty 
plasmids. While colonies were visible, there were significantly fewer in number compared to 
the Top 10 cells transformed with plasmid containing the CcScsC wt gene, indicating that 
the ligation step worked. The same results were observed in cells transformed with pet24a 
containing the CcScsC C2S gene.  

Ten different colonies of each construct were picked and cultured in 5 ml LB 

overnight. The resulting plasmid constructs were extracted using QIAprep spin miniprep kit 

(Qiagen). PCR was run on the extracted plasmids as previously described using  

T7 primers Forward (5’ TAATACGACTCACTATAGGG 3’) and Reverse  

(5’ GCTAGTTATTGCTCAGCGG 3’) to verify that the CcScsC gene has been transferred 

into the pet24a plasmids. Samples that came up positive were sent for sequencing to AGRF 

(Sanger sequencing, AGRF Brisbane). Plasmids containing the genes (CcScsC wt or 
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CcScsC C2S) with correct sequences were selected to be transformed in E. coli expression 

strains.  

 

6.2.2  CcScsC protein expression and purification 

Plasmids containing CcScsC wt or CcScsC C2S (Figure 6.6) were transformed into 

E. coli BL21(DE3) pLysS cells (Invitrogen). Cultures were grown for 20 hr in ZYP 

autoinduction medium (Studier, 2005) containing KAN and CAM. Cells were harvested by 

centrifugation for 15 min at 6 000 x g; resulting cell pellets (around 15 g per litre of culture) 

were frozen and stored at -80˚C until purification.  

 
Figure 6.6: CcScsC protein sequence. Two variants were produced, (i) CcScsC wt where 
the second amino acid is a cysteine and (ii) CcScsC C2S, where the second amino acid is 
mutated to a serine to facilitate the use in thiol-sensitive assays. The Tev cleavage site is 
recognised by TEV protease which cuts the protein between the Q and S. The His10-tag is 
used to purify the protein by IMAC.    

The purification protocol was the same for the two variants of the protein CcScsC wt 

and CcScsC C2S. Cell pellet from 1 l of cell culture was resuspended in 300 ml of TRIS 

buffer (25 mM TRIS pH 7.5, 150 mM NaCl) mixed with 150 μl DNase I solution (6.7 mg/ml, 

Roche) and 200 μl of EDTA free protease inhibitor cocktail Set III (Merck). Cells were passed 

twice through a cell disruptor (Constant Systems) at 22 ksi. Lysate was centrifuged for 30 

mins at 40 000 x g, 4° C and the cell debris (pellet) discarded. Imidazole was added to the 

supernatant containing the protein, to a final concentration of 20 mM and this solution was 

mixed to 10 ml of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) equilibrated in 

HEPES-imidazole buffer (25 mM HEPES, 20 mM imidazole and 150 mM NaCl). The protein-

NiNTA mixture was loaded to two 25 ml gravity flow columns. The flow-through was 

collected and passed through the resin a second time. The protein was then eluted with 30 

ml of elution buffer (25 mM HEPES pH 7.5, 150 mM NaCl and 250 mM imidazole) and 

concentrated to 10 ml using Amicon ultra centrifugal filters (Millipore). The protein was 

divided into two 5 ml samples and injected onto a desalting column (GE 25 superfine), 5 ml 



 

 

171 

at a time using a Bio-RAD NGC FPLC system, to remove the imidazole. After desalting the 

protein was mixed with 5 mg of TEV protease, incubated for 30 min at RT and overnight at 

4 ˚C.  

Purification resumed the following day. It should be noted that the overnight 

incubation with TEV always led to a large amount of visible precipitate, most of which was 

the cleaved His-tag according to SDS-PAGE analysis. The protein solution was centrifuged 

for 10 min at 3 500 x g to remove precipitate. The supernatant was loaded once again onto 

5 ml of pre-equilibrated Ni-NTA resin and the protein-resin mixture loaded onto gravity flow 

columns. Cleaved protein was washed with 15 ml of SEC buffer (25 mM HEPES pH 7.5, 

150 mM NaCl). At this stage the protein could be reduced or oxidised as required. Reduction 

was performed by adding DTT to the protein solution to a final concentration of 5 mM and 

incubating at RT for 1 hr. Oxidation was more complicated, often resulting in partial oxidation 

or protein precipitation. Eventually I settled on a protocol consisting of diluting the protein to 

0.5 mg/ml and mixing to a final concentration of 400 μM of Cu(II) for 1 hr at RT. This reaction 

resulted in some precipitation but seemed to go to completion, and the precipitated protein 

was removed by centrifugation. Finally DTT and Cu(II) were removed by SEC in a Superdex 

S200 16/600 gel filtration column on the Bio-RAD NGC FPLC. The last SEC step was also 

used to buffer exchange the protein in Cu(I) buffer before mass photometry or crystallisation 

experiments. In this case the S200 16/600 SEC column was pre-equilibrated in SEC buffer 

containing 50 μM of Cu(I)acetate. The protein was separated using this same buffer. The 

preparation of the cupper acetate was done shortly before SEC, however I could not 

maintain the system under anaerobic conditions. Purity of the protein was checked on SDS-

PAGE and protein concentration determined with a NanoDrop ND-1000 (Thermofisher). 

Oxidation state of the protein was assessed using an Ellman test. Protein was concentrated 

as required (up to 130 mg/ml for crystallisation for example) and flash frozen in liquid 

nitrogen until used.  

 

6.2.3 RNase isomerisation assay.  

This assay was performed to measure the ability of CcScsC to isomerise misfolded 

RNase III from bovine pancreas. The protocol was run as described in Furlong et al. (Furlong 

et al., 2017).  
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The first step consisted in preparing scrambled RNase. RNase contains four disulfide 

bonds which are all required for activity. Breaking and scrambling the disulfide bonds into 

random configurations results in inactive RNase. Bovine RNase type III, 85% pure (Sigma-

Aldrich) was reduced and denatured by mixing it with 6 M guanidinium hydrochloride 

(GdmCl) and 150 mM DTT in 50 mM TRIS solution pH 8.0 and incubated for 28 hr at RT. 

The DTT and GdmCl were removed by running the protein through a desalting column (GE 

25 superfine) on the Bio-RAD NGC FPLC system in 100 mM acetic acid/NaOH pH 4.0 

solution. Ellman test was used to verify that the protein was reduced. The protein was then 

left to air-oxidise in the dark for 5 days in a 6 M GdmCl, 50 mM TRIS solution pH 8.5. The 

GdmCl was removed by desalting into 100 mM acetic acid/ NaOH pH 4.0 and concentrated 

to 10 mg/ml using 3 kDa cut-off centrifugal filter Amicon Ultra (Millipore). At this stage the 

RNase was shown by Ellman test to be fully oxidised, with randomly formed disulfide bonds 

between its eight cysteines (making it mostly non-functional).  

The RNAse isomerisation assay was performed in the following manner. Samples of 

10 μM of isomerase or oxidase (CcScsC wt, CcScsC C2S, EcDsbC or EcDsbA) were 

prepared in 1 mM EDTA, 100 mM sodium phosphate pH 7.0, 8.2 μM DTT. The assay was 

started by adding 40 μM of scrambled RNase to these samples (Figure 6.7). Scrambled 

RNase is isomerised to its native conformation by functional isomerases and becomes an 

active enzyme. At given timepoints (0 min, 5 min,10 min, 20 min, 45 min, 75 min, 90 min, 

120 min and 180 min) 50 μl from the isomerase/oxidase + RNase solution was collected 

and mixed with 150 μl of 4 mM of cytidine cyclic 2’,3’-monophosphate (cCMP). The cleavage 

of cCMP by active RNase can be monitored by measuring the absorbance at 296 nm. The 

reaction was monitored over 3 min with a Synergy H1 plate reader (Biotek). Increasing 

absorbance at 296 nm over the three minutes was a sign that cCMP was cleaved by active 

(hence disulfide-isomerised) RNase III. Results from the different samples were compared 

with controls (positive control – containing native RNase and no isomerase/oxidase – and 

negative control – containing scrambled RNase and no isomerase). Activity was determined 

by comparing the A296 reaction rate (over 3 minutes each time) of each sample compared 

to native RNase and plotting the results against time.   
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Figure 6.7: Schematic of scrambled RNase activity assay. Scrambled RNase (yellow 
solution) is mixed with dithiol oxidases or disulfide isomerases (blue solution). Over time, 
the isomerase (such as EcDsbC) will correct the scrambled disulfide bonds in RNase to form 
active RNase (top row). At specific time points 50 μl of the RNase/isomerase solution (green 
solution) is taken and mixed with cCMP in a microplate. The activity of the RNase is 
measured by monitoring the absorbance at 296 nm of the cCMP solution over three minutes. 
Active RNase hydrolyses cCMP increasing the absorbance (at 296 nm) of the solution. 
Bottom plot show illustrative examples of the increasing activity of RNase in hydrolysing 
cCMP over the duration of the experiment (samples collected at 0 min, 5 min,10 min, 20 min 
45 min, 75 min, 90 min, 120 min and 180 min). 

 

6.2.4 Determining CcScsC Cu(I) binding capacity 

CcScsC wt for use in Cu(I) binding experiments was purified as described in section 

5.2.2. Frozen aliquots of the protein were sent to the UK on dry ice (by World Courier 

Australia) where the experiments were performed by A/Prof Karerra Djoko and her team at 

Durham University. Cu(I) binding stoichiometry was determined by incubating 150 μM of 

protein with 2 equivalents of Cu(I) for 10 mins in the presence of 2 mM of sodium ascorbate 

(reducing agent) in 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 100 mM NaCl 

pH 7.4 . Excess metal was removed with a PD-10 desalting column (Cityva). The amount of 
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protein present in each elution fraction was determined by Ellman test while the amount of 

Cu(I) was determined colourimetrically using 1 mM of bathocuproine disulfonic acid (BCS, 

extinction coefficient of the [Cu(I)BCS2]3  complex is: ϵ483= 13 000 M 1 cm 1 ). Both 

measurements were performed under denaturing condition (6 M GdmCl).  

Binding affinity was determined by titrating CcScsC wt protein (0 to 36.7 μM final 

concentration) against Cu(I) [2,2′-bicinchoninic acid]2 (BCA) complex in 2 mM sodium 

ascorbate, 50 mM MOPS, 100 mM NaCl pH 7.4. Absorbance values at 562 nm were 

recorded and plotted in the following equations:  
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Assuming the equilibrium:  

(&'())/0):; + "	 ⇌ 	&'())" + 2	/0; 

Where [P] is the concentration of the protein CcScsC wt, L is the BCA ligand and 

[&'())/0] corresponds to [Cu(I)BCA2]3  complex which is measured colourimetrically (ϵ562 = 

7900 M  1 cm 1). Finally log(β2) was set to 17.3. Fitting the measurements to the first equation 

allows for the determination of KD (Xiao et al., 2011) (additionally see method sections from 

Subedi et al,. 2019 (Subedi et al., 2019)). The results were averaged over five replicates of 

the measurements.  

 

6.2.5  Crosslinking experiments 

The protein (either CcScsC wt or CcScsC C2S) was diluted to 75, 150 or 300 μM as 

required and mixed with a large excess (3 mM) of 3,3′-dithiobis(sulfosuccinimidyl 

propionate) (DTSSP) in 25 mM HEPES pH 7.5, 150 mM NaCl buffer. At a given timepoint, 

4 μl samples from this solution were collected and mixed with 1 μl of 500 mM ammonium 

carbonate to react with free DTSSP and stop the reaction. Samples were then run in 4%-

12% bis-tris Gel (Invitrogen) at 165 V for 40 min in MES running buffer.  
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6.2.6  Mass photometry  

I performed the mass photometry analysis at the Centre for Microscopy and 

Microanalysis at the University of Queensland on a Refeyn One mass photometer (Refeyn).  

The experiment was initiated by running a blank in the instrument against buffer (150 

mM NaCl, 25 mM HEPES pH 7.5 or 150 mM NaCl, 25 mM HEPES pH 7.5 plus 50 μM Cu(I) 

acetate for the measurement in presence of Cu(I)) at the start of the experiment: 10 μl of 

buffer was manually dispensed on a glass plate and maintained in place by a small sticky 

plastic gasket. The glass slide was adjusted on top of the instrument’s laser to monitor the 

upper surface of the glass. The measurements were calibrated using NativeMark unstained 

protein standard (ThermoFisher) by adding solution of diluted protein (150 nM), 2 μl at a 

time to the 10 μl buffer drop until enough events – proteins binding to the glass slide causing 

scattering – were observed. New buffer drops were set up for each different protein sample. 

Datasets were recorded by monitoring the glass slide with the laser for one minute, collecting 

100 frames per second (6000 frames total) with the software AcquireMP. Analysis was 

performed automatically with DiscoverMP. CcScsC samples were tested in a similar 

manner, diluting the protein to high nM concentrations (~ 150 nM) and adding 2 μl of protein 

solution at a time until enough events were observed. Successive addition of small volumes 

of protein solution was necessary as each protein bound to the glass slide differently.  

 

6.2.7  Crystallisation of CcScsC  

Crystallisation experiments were performed in a manner similar to that described in 

chapter 4, section 4.2.4. Oxidised and reduced CcScsC wt or CcScsC C2S was 

concentrated as required (from 30 mg/ml and up to 130 mg/ml) and mixed with commercial 

crystallisation screens (Shot gun 1 and JCSG from Molecular Dimension, as well as Index 

from Hampton Research and a UQROCX specific screen (Combo) around the conditions 

sodium malonate, ammonium sulfate, sodium chloride and PEG/LiCl). Protein was mixed 

with the aforementioned screens (100 nl drop of protein and 100 nl drop of crystallisation 

buffer) and set up in hanging drop crystallisation in 96 well plates. Plates were incubated 

either at 20˚C or 8˚C and crystal growth was monitored under white light, polarised light and 

UV light (UV light imaging was only available for plates set at 20˚C) remotely using a ROCX 

imager. After identifying successful crystallisation conditions at 8˚C, these were replicated 
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in 15 well plates and optimised by slightly modifying the concentration and pH of the 

ingredients of the solutions. Larger drops consisting of 1 ul of protein mixed with 1 or 2 μl of 

precipitant solution were prepared in 15 well plates against 500 μl of reservoir solution. 15 

well plates were monitored manually under white light and stored at either 4 or 8 ˚C 

depending on the experiment.  

Streak seeding was attempted to crystallise the CcScsC wt protein. Long crystal 

needles of CcScsC C2S forming in 37-39% of 2-methyl-2,4 pentanediol (MPD), 0.02 M 

CaCl2 and 0.2 M of sodium acetate pH 7.25 were pulverised and diluted in mother liquor. A 

seeding tool made of a natural fibre was dipped in the pulverised crystal solution and then 

dipped in the CcScsC wt crystallisation drop.  

Crystal dehydration was performed by fishing crystals formed in MPD (37-39% MPD, 

0.02 M CaCl2 and 0.2 M of sodium acetate pH 7.25) and successively bringing them to a 

drop containing higher and higher concentrations of MPD or slowly introducing ethylene 

glycol to the drop in an attempt to remove water from the crystal and obtain a tighter packing. 

Five solutions were prepared, all containing 0.02 M CaCl2 and 0.2 M of sodium acetate pH 

7.25, with increasing concentration of MPD: 42%, 45%, 50%, 55% and 60%. Crystals were 

sequentially incubated in each solution for 15 mins before being flash frozen in liquid 

nitrogen. Similarly five solutions all containing 0.02 M CaCl2 and 0.2 M of sodium acetate 

pH 7.25 were used to gradually add ethylene glycol to the crystals. Solution 1 contained 

42% MPD and 1% ethylene glycol, solution 2: 45% MPD, 2% ethylene glycol, solution 3: 

50% MPD, 3% ethylene glycol, solution 4: 54.4% MPD and 5% ethylene glycol and the last 

solution 54.4% MPD and 10% ethylene glycol. Again, a selection of crystals were 

sequentially incubated in these solutions for 15 min each time before freezing in liquid 

nitrogen. Crystals were fished and moved around with nylon cryo-loops.  

Collecting crystals for synchrotron data collection was done using nylon cryo-loops 

or litholoops (Molecular Dimension). Crystals grown in MPD did not require cryoprotection. 

Other crystals were cryoprotected by quickly dipping them in mother liquor containing an 

additional 20% ethylene glycol or 20% MPD, before flash freezing them in liquid nitrogen.  

Data collection was done at the Australian Synchrotron on the MX2 macromolecular 

beamline (supported by the Australian Cancer Research Foundation). The dataset that led 
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to the structure reported here was collected without attenuation over a 360˚ rotation of the 

crystal.  

The diffraction data was indexed, integrated and scaled using XDS (Kabsch, 2010). 

Merging and further space group exploration was done with Aimless and Pointless (Evans 

& Murshudov, 2013). In case of reanalysing the data in P 21 or P 1 space group, the data 

was reindexed and reintegrated in the given space group using XDS. Further space group 

search was done with Zanuda (Lebedev & Isupov, 2014). Molecular replacement was done 

with Phaser (McCoy et al., 2007), using different versions of PmScsC as initial search model 

(with and without N-terminal domain). The most successful attempt was done by using the 

globular domain of PmScsC where all residues but the active site cysteines and cis-proline 

were mutated to alanines. Model building was done manually with Coot (Emsley et al., 2010) 

sharpening the map to -40 level in the Coot interface, making small changes at a time. Most 

of the α-helices of the model were rebuilt manually to ensure good geometry. After each 

change, the updated model would be refined with phenix.refine (Afonine et al., 2012), 

enforcing secondary structure restraints over the predicted and newly built α-helices as well 

as optimising X-ray/geometry and X-ray/ADP weights. Given the poor quality of the maps, 

real space refinement was turned off. Translation Libration Screw (TLS) refinement was 

introduced once the Rfree value dropped below 30%. At this stage Ramachandran restraints 

were added to the refinement and secondary structure refinement was loosened. Where 

density was absent for specific sidechains in the 2Fo-Fc map at 0.8 σ, the side chains in the 

model were trimmed to their Cβ or Cγ. Finally two molecules of MPD were included in the 

model. No water molecules were included in the model, due to the low quality of the maps.  

 
 
6.3 Results  

6.3.1 Purification of CcScsC wt and CcScsC C2S. 

Purification of CcScsC wt and the CcScsC C2S variant was straightforward, with a 

typical yield of approximately 80 mg of protein (for both wild type and C2S) from a litre of E. 

coli cell culture. There was no difference in the yield of protein between CcScsC wt and 

CcScsC C2S, but the wt construct had a higher propensity to form oligomers according to 

non-reducing SDS-PAGE (Figure 6.8). My hypothesis was that the wt protein forms disulfide 

bonds between residues C2. This appeared to be correct as the C2S variant did not show 
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the higher molecular weight bands, which disappeared upon reduction of the wt protein with 

DTT (Figure 6.9B) .  

The CcScsC C2S mutant ran as a single band (Figure 6.8) with the expected 

molecular weight (25 kDa), while there was occasionally a much fainter band corresponding 

to lower molecular weight species (Figure 6.9). However when the CcScsC C2S mutant 

protein solution was tested in matrix assisted laser desorption/ionisation time-of-flight 

(MALDI-TOF) mass spectrometry, only a single species was observed (Figure 6.9C, mass 

spectrometry experiment performed by Dr. G. King at the University of Queensland), 

suggesting that the fainter bands may be a different conformation of the protein.   

 
Figure 6.8: Purification of CcScsC. SDS-PAGE of a selection of fractions collected during 
the last size exclusion step of the protein purification protocol. When loaded in non-reducing 
condition the wt protein runs as a mixture of bands (monomer, 25 kDa), and what appears 
to be oligomers (dimers and trimer or tetramers) that are not observed when the protein is 
reduced or in the C2S mutant. Molecular weight of the ladder proteins (right-most lane of 
each gel) given in kDa. 

Addition of Cu(II) to oxidise CcScsC caused heavy precipitation of both the wt and 

C2S construct. After removing the precipitated protein, the soluble protein was stable and 

could be concentrated to 130 mg/ml without coming out of solution.  
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Figure 6.9: Purification of CcScsC C2S reduced and oxidised. A) Size exclusion traces 
for oxidised and reduced CcScsC C2S are similar (difference in the A280 scale is due to the 
amount of protein loaded) with the exception of a small shoulder (arrow) in the reduced 
sample. B) Samples from representative fractions were collected across the peaks of the 
oxidised and reduced protein (pink area) and run on SDS-PAGE. The protein runs mostly 
as one band although a weaker lower molecular weight band (slightly above the 20.1 kDa 
mark) is visible in some lanes. This band may represent oxidised CcScsC C2S (even in the 
reduced sample). MALDI-TOF mass spectrometry on a 10 mg/ml solution of the protein 
reveals a single peak at a m/z that corresponds to CcScsC C2S (panel C). Mass 
spectrometry experiment was performed by Dr. G. King at the institute for Molecular 
Bioscience, University of Queensland 

 

6.3.2  Mutation of Cys to Ser at position 2 of CcScsC does not affect isomerase activity 

CcScsC rescued at least part of the E. coli ΔdsbC mutant isomerisation defect and 

was necessary for the correct folding of Rnase I (Cho et al., 2012). The C. crescentus 

genome does not encode DsbC or DsbG homologues (Cho et al., 2012) suggesting that 

CcScsC acts as an isomerase in this organism. To ensure that the C2S mutation engineered 
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into CcScsC was not deleterious to enzymatic activity, we evaluated the activity of both wt 

and C2S variant in an isomerase assay. It is unlikely that an amino acid in the second 

position of a protein sequence and predicted to be at the extremity of a long α-helix far from 

the active site, is involved in the isomerisation reaction. Nevertheless, the activity could be 

affected for other reasons (for example, the activity may depend on the oligomerisation 

state, which may depend on C2). For this reason, the isomerase activity of CcScsC C2S 

and CcScsC wt were measured and compared to the isomerase activity of EcDsbC which 

has been thoroughly characterised.    

As expected, the activity of CcScsC was not affected by the presence of a cysteine 

sidechain at position 2. Both the CcScsC wt and CcScsC C2S proteins showed isomerase 

activity comparable to that of EcDsbC in the scrambled Rnase assay (Figure 6.10). EcDsbA 

on the other hand showed lower and slower isomerase activity in this assay, as expected, 

as this protein is not classified as an isomerase.  

 
Figure 6.10: The isomerase activity of CcScsC does not depend on C2. Scrambled 
RNase (containing 4 disulfide bonds randomly formed between 8 cysteines) is incubated 
with different isomerases/oxidases. The activity of the RNase is tested as its native disulfide 
bonds are restored over time. The activity of RNase was measured at different time points 
(5 sec, 5 min,10 min, 20 min 45 min, 75 min, 90 min, 120 min and 180 min) and compared 
to a negative control that lacks any isomerase/ oxidase. The assay measured the change in 
absorbance caused by the hydrolysis of cCMP, and is presented as a ratio relative to native 
RNase. Each measurement corresponds to the mean activity value (n=5 except for EcDsbA 
where n=2) of each sample compared to native RNase. EcDsbA was used as an oxidase 
enzyme control, as it is expected to have moderate activity in this assay. Error bars 
correspond to the standard deviation.  
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6.3.3 CcScsC wt binds Cu(I) with sub-picomolar affinity 

CcScsC is reported to be involved in the bacterial copper sensitivity response. 

However the capacity of CcScsC to bind copper has not been investigated before. All copper 

binding experiments were performed by A/Prof. K. Djoko and her team at Durham University 

in England. 

We showed that CcScsC wt bound to Cu(I) in a 1:1 protein:Cu(I) stoichiometric ratio, 

demonstrated by equal amount of Cu(I) and CcScsC wt found in desalting column elution 

fraction (Figure 6.11A). CcScsC wt was also shown to bind Cu(I) with sub-picomolar affinity, 

with a KD of 6.3 x 10 14 M when competing against 2,2′-bicinchoninic acid (BCA) for 

complexing the monovalent metal ion (Figure 6.11B). The CcScsC C2S mutant was not 

tested for copper affinity. 

 
Figure 6.11: CcScsC wt binds Cu(I) with high affinity. A) Desalting elution fraction of 
CcScsC wt incubated with 2 molar equivalent of Cu(I). The elution fractions contained the 
same amount of protein and copper after the protein was denatured, indicating formation of 
1:1 copper:protein complex. B) Titration of CcScsC against Cu(I)BCA2  complex (either 75 
μM BCA, filled circles or 150 μM BCA, empty circles). The protein competed with BCA to 
bind copper. The resulting Log(KD) was calculated to be -13.2 (±0.1) M (5 replicates). Curves 
corresponding to a 10x tighter or 10x weaker affinity are displayed as reference. 
Experiments were performed by A/Prof. K. Djoko in Durham University.   

 

6.3.4 Crosslinking of CcScsC wt and CcScsC C2S 

Although CcScsC was reported to be a dimer (Cho et al., 2012), the N-terminal 

sequence similarity between CcScsC and PmScsC, which is trimeric, led to some re-
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evaluation of the original results. A key aim of this study was to conclusively determine the 

oligomeric state of CcScsC.  

One method of determining the oligomerisation state of a protein is by cross-linking 

(covalently linking non-covalent protomers within an oligomer). The cross-linked oligomers 

can then be run on SDS-PAGE. The resulting bands on the gel run at a molecular weight 

corresponding to the sum of the cross-linked monomers. Dimeric CcScsC would run at 50 

kDa and trimeric ScsC should run at 75 kDa  

Crosslinking experiments were performed on CcScsC wt or CcScsC C2S using the 

crosslinking reagent, DTSSP which can be cleaved using a reducing agent. As seen in 

Figure 6.12, addition of the crosslinking reagent led to a progression of the monomer to 

higher oligomers over time. Unfortunately, it was difficult to determine the definitive 

oligomeric state of the cross-linked species using this approach: the protein bands were 

found between the expected dimer and trimer molecular weight, and between trimer and 

tetramer molecular weight. The CcScsC bands also became more blurred as the incubation 

time with DTSSP increased. Upon addition of reducing agent DTT, the protein on the gel 

returned to a monomeric state. I investigated different concentrations of protein (from 75 μM 

to 300 μM) but the results were similar each time. In summary, crosslinking experiments 

showed that the protein was oligomeric but could not precisely determine the oligomeric 

state of CcScsC. A more accurate method was needed. 
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Figure 6.12: Crosslinking experiment with CcScsC wt and CcScsC C2S. 150 μM protein 
samples were incubated with a large excess of DTSSP. Bands corresponding to the 
monomeric and dimeric protein disappeared as incubation time increased while the 
trimer/tetramer bands became more intense. Addition of DTT to the sample cleaved the 
DTSSP linker and the protein then ran as a monomer. The protein was incubated with 
DTSSP for different time periods (from 5 second to 60 minutes) before the reaction was 
stopped by adding a large excess of (NH4)2CO3 which reacted with unbound DTSSP and 
prevented further reaction with the protein. Molecular ladder is shown as reference on the 
right hand side of each gel.  

 

5.3.5 Mass photometry on CcScsC confirmed trimeric state 

Mass photometry is a relatively new technique, able to estimate a protein’s molecular 

weight in solution without the use of labels, based on scattering of a laser on the surface of 

a glass slide. Mass photometry records the occurrence of an event, that is the binding of a 

protein molecule or protein complex, to a glass slide. Scattering of the laser at the surface 

of the glass slide is proportional to the mass of the species binding and can thus provide 

information on purity, oligomeric state or formation of complexes between several 

molecules. Collecting scattering data for hundreds or even thousands of such events allows 

an accurate calculation of the molecular weight of the species (Young et al., 2018). Mass 

photometry also provides a rapid overview of the quality of the samples - a homogenous 

protein should produce a single peak whereas multiple oligomeric states, contaminated 

sample or aggregating protein produce multiple peaks or flatter peaks.  
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Samples of the reduced proteins CcScsC wt and CcScsC C2S produced a single 

peak with scattering corresponding to a molecular mass of 75 (±9) kDa and 74 (±9) kDa 

respectively, which is the expected molecular weight for a CcScsC trimer (monomer is 25.1 

kDa) (Figure 6.13). The proteins were retested in the presence of 50 μM of Cu(I) to see 

whether the metal affected oligomerisation. The presence of Cu(I) did not affect the 

oligomerisation state but indicated some degradation of the protein, especially for CcScsC 

wt. The CcScsC C2S protein peak shifted to a slightly lower average molecular weight (70±9 

kDa) with a small tail on the right-hand side of the peak, while the wt protein displayed signs 

of deterioration (second wider peak) in presence of Cu(I). This was not unexpected as Cu(I) 

can have deleterious effects on proteins. Overall, the results in the absence of copper were 

robust (over 4000 events and 2000 events recorded respectively) indicating that the protein 

formed a trimer in solution. EcDsbC (24.1 kDa monomer) and PmScsC (24.5 kDa 

monomer), known dimer and trimer respectively, were used as controls.  
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Figure 6.13: Mass photometry experiments indicated that CcScsC formed a trimer in 
solution. Each panel represents the mass distribution for the sample indicated - CcScsC wt 
and C2S mutant with and without Cu(I), using EcDsbC and PmScsC as controls. Proteins 
diluted to 150 nM were slowly added to reference buffer until around 1000 events per minute 
were observed and recorded. The values for the mean mass of each peak ± the standard 
deviation and number of events included in the peak (and % of total events) are reported for 
each peak. In the absence of Cu(I), the peaks had an average mass of 75 kDa and 74 kDa 
for CcScsC C2S and CcScsC wt respectively, indicating a trimeric state in solution (mass of 
a monomer is 25.1 kDa including the short linker remaining after TEV cleavage). In the 
presence of Cu(I), CcScsC C2S mass was calculated to be 70 kDa which could indicate 
protein degradation. For CcScsC wt the addition of Cu(I) resulted in a second peak 
corresponding to a higher molecular weight, likely as a result of protein aggregation. The 
controls worked well showing a dimer peak for EcDsbC at 49 kDa (24.1 kDa monomer) and 
trimer peak for PmScsC at 72 kDa (24.5 kDa monomer).   
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6.3.5  Crystallisation trials  

The ultimate goal of protein characterisation was to obtain a molecular structure of 

the protein of interest. Because CcScsC is a soluble protein with a trimeric molecular mass 

around 75 kDa, the preferred method to obtain its structure was X-ray crystallography. Of 

the two protein constructs and different oxidation states tested, only the reduced CcScsC 

C2S variant formed crystals. Wild type CcScsC, even when seeded with CcScsC C2S 

crystal fragments, did not produce crystals regardless of the protein concentration I used 

(up to 120 mg/ml) or oxidation state.  

I made multiple attempts at crystallising both CcScsC wt and CcScsC C2S mutant 

proteins at room temperature (20˚C) using commercially available crystallisation screens, 

including Shot Gun 1 screen which contains many of the most successful crystallisation 

conditions reported in the literature and the JCSG sparse matrix screen, which covers a 

wide range of conditions. Various protein concentrations ranging from 30 mg/ml to 130 

mg/ml were also tested. Granular precipitate was visible in a few conditions - sodium 

malonate or high concentrations (>1 M) of ammonium sulfate for example. However, 

optimising the granular precipitate did not lead to any promising results. 

I obtained encouraging results from crystallisation experiments at 8˚C (Table 6.1, 

Figure 6.14). The most promising crystals were present in conditions containing MPD, or 

PEG 3350 and acetate (Table 6.1) and these conditions were optimised first.  

Table 6.1: Promising CcScsC C2S crystallisation conditions at 8˚C 

Salt and additive solutions  pH Precipitant 

0.1 M HEPES 10 % isopropanol 7.5 20% PEG 4000 

  - 25% PEG 3350 

0.02 M CaCl2 0.1 M NaAcetate 4.6 30% MPD 

0.1 M NaCacodylate 5% PEG 8000 6.5 40% MPD 

0.1 M KSCN  - 30% MPEG 2000 

0.2 M NH4Acetate  0.1 M Bis-Tris  5.5 25% PEG 3350 

0.2 M NaAcetate 0.1 M Bis-Tris 6.5 25% PEG 3350 
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Crystals grown from conditions containing 0.2 M NH4Acetate (pH 5 - 6), with PEG 

3350 (20% or 30%) (Figure 6.15) formed stacks of thin plates which were not ideal for X-ray 

diffraction experiments. Optimisation of the MPD conditions led to thick needle crystals 

(Figure 6.15). I then investigated the effect of varying the MPD concentration, and the pH or 

addition of other precipitants such as PEG 8000. The best single crystals grew from 

conditions containing 37 – 39% MPD, 0.2 M NaAcetate, 0.02 M CaCl2 at pH 7.25. Seeding 

a new crystallisation drop did not improve crystal size or quality. 

 
Figure 6.14: Examples of promising crystallisation conditions at 8˚C. CcScsC C2S was 
purified in 150 mM NaCl and 25 mM HEPES pH 7.5 buffer and concentrated to 127 mg/ml 
prior to the crystallisation experiment. Images were taken under a polarised lens five days 
after the crystallisation experiment was started. The ingredients in the mother liquor are 
given at the bottom-right of each panel. Scale bars are displayed at the top-left for each 
image. 
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Figure 6.15: Optimising CcScsC C2S crystals at 4˚C. Top panel: crystals resulting from 
optimisation of PEG 3350 conditions (20 – 30% PEG 3350, 0.2 M ammonium acetate, 0.1M 
Bis-Tris pH 5 – 6, 4˚C). Crystals grew as multiple clusters. Bottom panel: optimisation of the 
MPD condition (MPD 37 – 39%, 0.2 M sodium acetate pH 7.25, 0.02 M CaCl2, 4˚C). Large 
single rods (representative examples highlighted in red) were harvested from these 
conditions and diffracted to 3Å. Image taken under white light, no scale available (drop 
volume was 2 μl).  

I also attempted to crystallise CcScsC C2S in the presence of Cu(I) as the protein 

binds the metal tightly, and this could help with phasing of the X-ray diffraction data at a later 

stage of the analysis. I introduced 50 μM Cu(I) to the final purification buffer during the last 

SEC step of the purification. The copper was introduced late in the purification to avoid 

interference with the IMAC and reverse IMAC purification step. A low concentration of 

copper would also minimise any damage to the protein. The first attempt at crystallising the 

protein led to some very promising, beautiful looking crystals in 0.2 M Li2SO4, 0.1 M TRIS 

pH 8.5, 1.26 M ammonium sulfate at 8˚C when the protein was concentrated to 128 mg/ml 

(Figure 6.16). However reproducing these crystals turned out to be challenging. Fine 

screening around the initial crystallisation conditions would only very rarely produce crystals. 

Additionally, the crystals subsequently obtained were not stable; they dissolved a few days 

after they appeared.  
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Figure 6.16: CcScsC C2S crystals grown from protein purified in the presence of Cu(I). 
One crystallisation trial of CcScsC C2S purified in 150 mM NaCl, 25 mM HEPES, 50 μM 
Cu(I) acetate and concentrated to 128 mg/ml led to the formation of tetrahedral crystals. 
They appeared after 2 days of incubation at 8˚C in 0.2 M Li2SO4, 0.1 M TRIS pH 8.5, 1.26 
M ammonium sulfate. Unfortunately these crystals were not easily reproduced.  

Crystal rods from the MPD conditions (Figure 6.15) and co-purified with Cu(I) (Figure 

6.16) were harvested for use in X-ray diffraction experiments. The rod crystals needed no 

additional cryoprotectant as the high concentration of MPD already fulfilled this task. The 

Cu(I) condition crystals were cryo-protected in either 20% MPD or 20% ethylene glycol, and 

a few were tested without any cryo-protection.  

Crystals obtained from MPD crystallisation condition most often diffracted to a 

resolution of 3.2 Å with occasional examples of diffraction resolution to 2.8-2.7 Å (Figure 

6.17). Crystal dehydration by gradually incubating them in higher concentration MPD 

solutions or by gradually introducing ethylene glycol in the crystallisation mixture resulted in 

no diffraction.   

The Cu(I) condition crystal diffracted poorly. Without cryo-protection, there was no 

diffraction. MPD cryo-protection led to diffraction resolution of 9-8 Å and cryo-protection with 

ethylene glycol improved the diffraction resolution further to 6 Å. Dehydration experiments 

with these crystals was not attempted as the crystals could not be reproduced.  
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Figure 6.17: Representative diffraction image of a CcScsC C2S crystal rod grown in 
MPD-containing condition. Image generated by stacking 20 frames (0.1˚ rotation of the 
crystal per frame, corresponding to a stack of frames over a 2˚ rotation angle). Diffraction 
quality was good (indexing software XDS was able to detect spots corresponding to 2.7Å 
resolution). Resolution rings are displayed as red circles, the inner resolution ring shows the 
3.73 Å resolution mark; the outer one, visible in the corners of the figure, indicates the 2.64 
Å resolution mark.  

 

6.3.6 Analysis of the reduced CcScsC C2S crystal diffraction data  

Indexing and integration of the reflections collected on the MPD rod crystal was done 

automatically by XDS (Kabsch, 2010) and Aimless (Evans & Murshudov, 2013). Both 

programs strongly indicated P 63 as the correct space group (almost 95 % probability of 

being in the P 6/m Laue class and over 99% chance of being in P 63 space group based on 

systematic absence, in this Laue class) with unit cell: a =b = 114.2 Å, c= 48.7Å, α=β= 90˚ 

and γ= 120˚. The second most probable space group was P 21 with a probability of 1.7%. 

Diffraction data showed some deviation from Wilson plot (around 13% of all bins deviated 

from theoretical values) and the experimental Wilson B-factor was very high, almost 100. 



 

 

191 

No twinning or translational non-crystallographic symmetry was detected in Aimless or 

Xtriage (Adams et al., 2010).  

The structure was solved by molecular replacement. Using the globular domain of 

the compact structure of PmScsC (PDB ID 4XVW, residues 50-224 of chain A). I found a 

solution for the phasing problem with translation function Z (TFZ) score of 11.4 and log-

likelihood gain (LLG) of 85. A TFZ score > 8 is generally considered a sign of successful 

phasing (McCoy et al., 2007). The solvent content of the crystals was also very high (about 

70%).  

At this stage I attempted to automatically rebuild the model using AutoBuild 

(Terwilliger et al., 2008) which generated multiple disconnected fragments that were unlikely 

to be correct. I then inspected the map and model manually and built a new model using 

Coot (Emsley et al., 2010). The initial solution from Phaser had one copy of the protein chain 

per asymmetric unit (ASU). Another sign of correct phasing was that the maps suggested 

difference density for the N-terminal α-helix of the protein (that was not included in the 

search model) (Figure 6.18) and peaks of positive Fourier density which was later identified 

as the trimerisation domain. Generic poly-alanine α-helices were placed on the basis of 

these densities to generate a new search model for molecular replacement which was 

performed again with improved results.  

Despite the promising molecular replacement results, the Rwork and Rfree values 

remained stubbornly high, around 40% and 45%, respectively. The Rfree value is an 

unbiased measure of how well the model matches experimentally observed reflections that 

are not used in refinement, the lower the value the better (Kleywegt & Jones, 1997). A 

perfect match would give an Rfree value of 0, while a completely random model would give 

an Rfree value slightly above 60%. Several reasons can be the cause of high Rfree values, 

including refining the model in a wrong space group.  
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Figure 6.18: Building a structural model of CcScsC C2S. After molecular replacement, 
positive Fo-Fc electron density was observed at the N-terminal end of the globular domain 
used as the search model for molecular replacement. α-helices were built into the densities, 
which connected around a C3 symmetry axis to form a crystallographic trimer.  

I also investigated molecular replacement in the P 21 lower symmetry space group. 

Again molecular replacement suggested that a solution was found in this space group but 

the Rfree value did not fall below 39%. The same result was obtained when the data was 

reintegrated to lowest possible P1 symmetry. I also attempted to use Zanuda (Lebedev & 

Isupov, 2014) a program designed to automatically find the correct space group by running 

refinement steps in different space groups compatible with the given unit cell. This program 

indicated that the correct space group was most likely P 63 (Figure 6.19) suggesting that 

other factors contributed to the high Rfree values in the model in this space group.  

Model bias, which occurs after molecular replacement when phases are skewed 

toward the search model rather than reflecting the experimental data was another possibility. 

To avoid model bias, I used a more conservative approach: I used a modified version of the 

globular domain of PmScsC where all the residues were mutated to alanine except for the 

conserved active site and the cis-proline loop residues. A solution to the phasing problem 

was found in P 63 by molecular replacement - though Rfree values were still high.  
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I investigated whether the crystals might contain common contaminant proteins in E. 

coli protein expression system (15S ribosomal protein; ferric uptake regulator; RNA binding 

protein, (Hungler et al., 2016)) in addition to CcScsC, but none of the phasing solution 

obtained suggested presence of the other proteins. 

  
Figure 6.19: Unit cell and crystal symmetry of CcScsC C2S in P 63 space group. A) 
Visualisation of the protein chain in the crystal, in the ab plane. The unit cell contained 6 
copies of CcScsC C2S, assembled into two crystallographic trimers; one protomer per 
asymmetric unit. In this orientation, large solvent channels between the trimers are clearly 
visible explaining the high solvent content and high Wilson B-factors. In this crystal structure, 
the crystal contacts occur mostly via the N-terminal helical domain of the protein (termed 
the trimerisation domain) rather than through the globular domain. B) Visualisation of the 
crystallographic trimer in the ac plane. In this orientation, interactions between the 
trimerisation domains and globular domains of symmetry related chains are easier to 
visualise.  

 Finally, I returned to the poly-alanine model solved in P 63 with one molecule in the 

AU. I added an N-terminal poly-alanine α-helix. I then worked on improving the fit of the 

residues around the catalytic cysteines and cis-proline loop, which are the most conserved 

regions of the protein. Cycles of refinement with phenix.refine were performed in a 

conservative manner due to the high Wilson B-factor and the corresponding poor quality of 

the maps: real space refinement was turned off, secondary structure was constrained for α-

helices and geometry and atomic displacement parameter weight optimisation was turned 

on. Slowly, I was able to build in backbone and sidechains of residues from the active site 

and cis-proline and progress to other areas of the protein taking advantage of the map 

sharpening tool in Coot. As refinement progressed, the Rfree value diminished step by step 
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until it fell below 30%. At this point, TLS refinement was enabled and Ramachandran and 

rotamer outliers were addressed.   

Refinement plateaued at an Rfree value of 27%. At this stage there was no electron 

density visible at 1σ for several surface-exposed residues sidechains (E13, K36, Q40, K47, 

T70, K97, D127, K130, E133, K136, D145, R147, R151, R155, L156, I158, D159, M160, 

K162, D168, R184, R220 and K222) and these residues were trimmed to Cβ or Cγ in the 

model. In general, the N-terminal helix (which has multiple crystal contacts) and the β-sheet 

regions in the globular core of the protein were well-resolved. In contrast, density for surface 

loops, in particular residues 155-165 (Figure 6.20), were poorly defined and harder to model. 

Two molecules of MPD were placed in the model (Figure 6.21A). The final refinement 

statistics of the current model are given in table 6.2 

 
Figure 6.20: Fourier electron density for CcScsC C2S. Centre, Stick representation of 
the protein with electron density displayed as a blue mesh. Two regions of the protein are 
highlighted, the N-terminal region of CcScsC C2S where the densities were relatively sharp 
for the resolution (2.8Å) and into which residues could be modelled easily. At the opposite 
side of the protein a surface loop (residues 155-160) had poorly resolved electron density 
and side chains were trimmed. 2Fo-Fc maps are represented in blue at 1σ, Fo-Fc difference 
maps are shown in green and red at 3 σ and -3 σ, respectively.  

 

 

 



 

 

195 

Table 6.2: Refinement statistics for CcScsC C2S 
 CcScsC C2S 
Wavelength (Å) 0 9537 
Resolution range (Å)  49 5 - 2 8 (2 9 - 2 8) 
Space group P 63 
Unit cell (Å, ) 114 2 114 2 48 7; 90 90 120 
Total reflections 189065 (18507) 
Unique reflections 9132 (909) 
Multiplicity 20 7 (20 4) 
Completeness (%) 99 46 (99 45) 
Mean I/sigma(I) 29 79 (2 69) 
Wilson B-factor 99 
Rmerge 0 0566 (1 331) 
Rmeas 0 0581 (1 365) 
Rpim 0 0129 (0 3017) 
CC1/2 1 (0 926) 
CC* 1 (0 981) 
Reflections used in refinement 9085 (904) 
Reflections used for Rfree 427 (28) 
Rwork 0 2396 (0 4040) 
Rfree 0 2693 (0 4515) 
CCwork 0 945 (0 731) 
CCfree 0 929 (0 486) 
Number of non-hydrogen atoms 1627 

  macromolecules 1611 
  MPD 44 
  solvent 0 

Protein residues 223 
RMS(bonds, Å)  0 005 
RMS(angles, ) 0 83 
Ramachandran favoured (%) 97 29 
Ramachandran allowed (%) 2 71 
Ramachandran outliers (%) 0 00 
Rotamer outliers (%) 0 00 
Clashscore 3 44 
Average B-factor (Å2) 103 

  macromolecules 103 
  ligands 100 

Number of TLS groups 2 
Statistics for the highest-resolution shell are shown in parentheses. 

 

6.3.7 Crystal structure of reduced CcScsC C2S at 2.8 Å confirms a trimeric arrangement 

The crystal structure of reduced CcScsC C2S is presented in Figure 6.21. The protein 

structure has a long N-terminal α-helix with a bend between residues H22 and P23. The α-

helix joins the globular domain at Y52. The globular domain is very similar to the PmScsC 

globular domain and to other thioredoxin-like oxidoreductases. The two catalytic cysteines 

of CcScsC C2S are located at positions 81 and 84 and faced T191-cisP192 as observed in 

a thioredoxin fold. Overall the protein has 10 α-helices and 5 β-strands (Figure 6.21B).   
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Figure 6.21: Crystal structure of reduced CcScsC C2S protomer. A) Side and top view 
of the model in cartoon and surface representation. The structure is rotated of 90˚ along the 
Y-axis or 90˚ along the X-axis to facilitate visualisation under different orientations. Two 
MPD molecules are represented as pink sticks. Scale bars are positioned around the 
protein. B) Cartoon representation of the CcScsC C2S protomer, α-helices and β-strands 
are numbered similarly to other thioredoxin-like oxidoreductases. The polypeptide chain is 
coloured from blue (N-terminal) to red (C-terminal). The active site is highlighted by a red 
circle, and two yellow sphere for the sulfur atoms.   

The protein chains assembles into a trimer via tight interactions of the N-terminal 

helices of the three crystallographic symmetry copies (Figure 6.22). The trimerisation 

domain interactions are mainly hydrophobic (valine, leucine and phenylalanine) (Figure 

6.22). Electrostatic interactions occur between the side-chains D8 and K14, and R16 with 

E28. Interestingly, a similar interaction is found between the R18 and E30 of the N-terminal 
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domain of PmScsC (PDB ID 5ID4, (Furlong et al., 2019)). An electrostatic interaction 

between E24 and K36 of CcScsC may also be possible, mirroring the interaction observed 

between E26 and K38 in PmScsC. However the density for K36 sidechain of CcScsC C2S 

is weak so this interaction cannot be confirmed.  

 

 
Figure 6.22: Trimerisation of CcScsC. A) Left, assembly of the crystallographic trimer. 
Right, close-up bottom view from under the N-terminal helix and, top, from the C terminal-
globular domain, shows a tight interaction between the three helices of the trimer. The 
different protomers are coloured red, white or cyan. B) Surface electrostatic representation 
of CcScsC C2S indicates that the interior of the trimerization domains is uncharged 
(calculated with APBS (Baker et al., 2001)). Oligomerisation appears to depend on 
hydrophobic interactions between the N-terminal domains; though in C) some electrostatic 
interactions between residues of the different chains may also contribute: D8 with K14 and 
R16 with E28.  
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The crystal structure model of CcScsC C2S closely resembles that of the extended 

conformation of PmScsC (PDB ID 5ID4, Figure 6.23). The two protein structures align well 

with an RMSD between their atoms (2169 atoms aligned) of 2.155 Å. The main differences 

is the presence of an extra α-helix on “top” of CcScsC C2S (circled, Figure 6.23A and B) 

which is absent in PmScsC but generally present in DsbA proteins. Additionally, the C-

terminal helix of CcScsC C2S is longer (17 residues) than that of PmScsC (14 residues). 

Importantly, the N-terminal shape-shifting region of PmScsC that contributes to its 

remarkable flexibility (residues 38-49) (Furlong et al., 2019) was conserved in CcScsC 

(residues 31-43). This finding suggests that CcScsC might also be highly dynamic. 

The structure of the globular domain of CcScsC C2S aligns well with that of StScsC 

with RMSD score of 1.3 Å (864 atoms aligned). The largest difference is the presence of a 

N-terminal α-helix and helix α8 in CcScsC and the longer C-terminal α-helix in CcScsC 

(Figure 6.23).  

 

 



 

 

199 

 
Figure 6.23: Comparison of CcScsC C2S with PmScsC (extended) and StScsC. The 
CcScsC C2S globular domain superimposes well with the structure of monomeric StScsC 
(4GXZ, (Shepherd et al., 2013) (RMSD 1.26 Å over 864 atoms aligned, calculated with 
Pymol super). The crystal structure of CcScsC C2S resembles the extended conformation 
crystal structure of PmScsC (5ID4, (Furlong et al., 2017)) with an RMSD between the two 
proteins of 2.155 Å (2169 atoms aligned). A) Structures displayed side by side and B) 
superposed. Helix α8 of CcScsC C2S and the equivalent regions on the other two structure 
is highlighted with a red circle. C) Sequence alignment comparing the flexible linker 
sequence of PmScsC (highlighted in red in panel A) with the equivalent region in CcScsC 
C2S (also highlighted in red in panel A). 

 
6.4  Conclusions and future directions 

Contrary to a previous report (Cho et al., 2012), I showed using mass photometry 

that CcScsC (both wt and C2S mutant) was trimeric rather than dimeric in solution. I solved 

the crystal structure of CcScsC, (specifically the CcScsC C2S mutant in which the second 

residue cysteine was mutated into a serine) confirming that the CcScsC trimer resembles 

PmScsC. I showed that CcScsC wt and its mutant both have isomerase activity, confirming 

the previous finding by Cho et al. (Cho et al., 2012). Additionally, using protein that I 
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prepared, A/Prof K. Djoko showed that the wild type protein bound Cu(I) with sub-picomolar 

affinity, similar to what was observed in StScsC (Shepherd et al., 2013). Importantly residue 

C2 did not contribute to isomerase activity, justifying mutation for structural studies.  

Based on these results, CcScsC could help the bacteria fend off copper stress via 

two different mechanisms: first by sequestering Cu(I) before it causes damage to bacterial 

membranes and proteins, similarly to what is observed with StScsC (Subedi et al., 2019); 

second, by using its isomerase activity to repair damages caused by Cu(I)-induced non-

native protein disulfide oxidation. 

Overall the protein structure of CcScsC C2S resembles the extended conformation 

of PmScsC (PDB ID 5ID4). It forms a long N-terminal trimerisation domain that oligomerises 

via hydrophobic interactions of residues lining the interior of the N-terminal α-helix, in 

addition to a few electrostatic interactions. One of these interactions (R16 – E28) is 

conserved across PmScsC and CcScsC. PmScsC was described as a highly dynamic 

protein, as a consequence of a “shape-shifting” motif in the N-terminal region. The high 

degree of sequence similarity between the N-terminal sequence region of PmScsC and 

CcScsC suggests that the latter is also highly dynamic, though its flexibility has not been 

assessed yet.   

A surprising observation was the tendency of wild type CcScsC to dimerise (as 

observed on a gel) after purification in the absence of reducing agent (Figure 6.8). This 

characteristic was not observed in the mutant, suggesting that residue C2 is involved in the 

dimerisation. It is not clear whether such N-terminal cross-linking in the trimeric form of the 

protein is necessary for trimeric stability though this is a possibility. At low concentration, the 

addition of reducing agent DTT in mass photometry experiments gave a single peak with a 

molecular weight of 74 kDa and no traces of dimers or hexamers. It will be interesting to 

investigate further whether the disulfide formed between C2 residues occurs within a trimer, 

or across two trimers, and whether such a disulfide is physiologically relevant.  

The structure of CcScsC provides confirmation that bacterial disulfide isomerases 

can come in either dimeric (DsbC, DsbG) or trimeric flavours (CcScsC, PmScsC, W. 

pipientis alpha-DsbA 2 (Walden et al., 2019). Interestingly, another protein, BcfH is both a 

disulfide isomerase and a dithiol oxidase (Subedi et al., 2021). All four of these proteins 

have (or are predicted to have) a long N-terminal α-helical domain. In PmScsC, this helix 
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provides flexibility and was speculated to allow bound proteins to explore a wide range of 

conformations (Furlong et al., 2017). In the case of W. pipientis alpha-DsbA 2, small angle 

X-ray scattering data suggested that the N-terminal α-helix was more rigid and contributed 

to isomerase activity by trimerising the protein. In this case isomerase activity was theorised 

to depend on bringing multiple DsbA-like proteins into close proximity. BcfH was found to 

be flexible (two conformations found in the crystals asymmetric unit) and the protein displays 

both oxidase and isomerase activity (Subedi et al., 2021). Based on my results and 

comparison to other protein structures, CcScsC isomerase activity is also likely to be 

dependent on its N-terminal domain and I speculate that this confers flexibility similar to that 

observed in PmScsC.    

Such speculation can help to design the next experiments that probe the link between 

oligomerisation and oxidoreductase activity. Additionally, the copper binding site and binding 

mode can be followed up with, including the role the protein may play in bacterial copper 

resistance. The crystallisation attempts in the presence of Cu(I) could be followed up by 

closely monitoring crystal growth and collecting crystals as they reach their maximal size 

and before they dissolve again. However, improving the purification protocol of CcScsC in 

the presence of Cu(I) is also worth considering. Cu(I) oxidises to Cu(II) quickly in the 

presence of oxygen, and while it may be possible that this reaction is slowed after Cu(I) 

binds to CcScsC, it is likely that most of the copper in the crystallant solution is rapidly 

converted to its oxidised form. Oxidation of Cu(I) to Cu(II) might explain why some of the 

crystals obtained were very difficult to reproduce. Preventing copper oxidation is 

challenging, as this would require performing the protein purification and crystallisation 

experiments under anaerobic conditions. Another option could be to use a reducing agent 

such as ascorbate, to prevent the oxidation of Cu(I) during the final SEC step and throughout 

crystallisation trials.  
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CHAPTER 7 
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7 Conclusions  

7.1 Summary of findings  

In chapter 2, a screen of NPs and NP-derivatives using a peptide oxidation assay 

identified several weak inhibitors of BpsDsbA. The promising hits were confirmed to bind to 

BpsDsbA using electrospray ionisation native mass spectrometry. This research resulted in 

the identification of two large stilbenoids, (-)-hopeaphenol and vaticanol B, which had 

moderate inhibitory effect against the protein (Figure 7.1). 

Chapter 3 describes a different approach to identify inhibitors of BpsDsbA. Small 

drug-like fragments capable of binding to BpsDsbA were assessed using X-ray 

crystallisation techniques. This resulted in the identification of two molecules: 4-methoxy-N-

phenylbenzenesulfonamide and 2-(4-bromophenoxy)propenamide, binding to a cryptic 

pocket on the surface of BpsDsbA (Figure 7.1).  

In chapter 4, I describe the initial studies to structurally characterise BpsDsbA in 

complex with its membrane partner BpsDsbB (Figure 7.1). The structure of BpsDsbA was 

reported in 2014, however the structure of BpsDsbB remains elusive. I was able to identify 

a number of promising crystallisation conditions using LCP, which led to the formation of 

small weakly diffracting needle crystals.  

Chapter 5 consists of data from a manuscript published in PLoS One that used 

computational approaches to identify putative virulence factor substrates of BpsDsbA. 

Together with the co-authors, I used a range of criteria for selection of putative substrates, 

such as the presence of a signal sequence peptide and the number of cysteines in the 

protein sequences. The initial results were cross-checked against the literature for known 

DsbA substrates from other bacteria species with homologues in B. pseudomallei. In total, 

86 putative BpsDsbA substrates associated with virulence were identified (Figure 7.1).  

In chapter 6, my focus moved onto a DSB-like protein from C. crescentus. The 

oxidoreductase protein CcScsC is a member of the SCS family. This chapter described the 

structural characterisation of CcScsC using X-ray crystallography and mass photometry. I 

showed that the protein was trimeric in solution and I solved its crystal structure to a 

resolution of 2.8 Å. This structure adds to the growing knowledge about SCSs.  
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Figure 7.1: Summary of findings. Chapter 2 focuses on the screening of NPs to find 
inhibitors of BpsDsbA using an activity assay and mass spectrometry. Chapter 3 reports on 
my attempts to find fragments that bind to BpsDsbA, using X-ray crystallography. In chapter 
4, I investigated the BpsDsbA/B complex using LCP crystallisation. Chapter 5 focuses on 
potential virulence factor substrates of BpsDsbA. Finally, I investigated the ScsC protein 
from Caulobacter crescentus in chapter 6.  

 

7.1.1 Discussions 

Finding inhibitors of BpsDsbA proved challenging. None of the NPs (chapter 2) or 

fragments (chapter 3) that I tested had strong inhibitory effects against the protein. The 

crystallographic study of the fragments also suggested that, while the fragments bound to a 

novel cryptic pocket, binding was weak. This weak binding may be a consequence of the 

shallow hydrophobic pocket of BpsDsbA in comparison to many other enzyme targets that 

have deeper active sites with well-defined dimensions and electrostatic interactions.  
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For E. coli, the most successful attempts at finding EcDsbA inhibitors relied on 

covalent modification of the active cysteines (Halili et al., 2015), or using EcDsbB derived 

peptide, which again bound covalently to the EcDsbA catalytic site (Duprez et al., 2015b). 

Similarly, peptides derived from what was predicted to be the BpsDsbB second periplasmic 

loop bound and were crystallised in complex with a modified version of BpsDsbA (with C46 

mutated to an alanine), to trap the protein:peptide complex (McMahon et al., 2018). Non-

covalent inhibitors have been identified for E. coli DsbA with moderate IC50 values of around 

300 μM (Duncan et al., 2019).  

An important question when considering DsbA inhibition is the fraction of all copies 

of DsbA that need to be inhibited to render a bacteria avirulent. Studies on the E. coli 

proteome suggest that DsbA is a highly expressed protein (~104 copies per cell during 

growth in minimal medium and a little more than 103 passed the exponential growth phase) 

(Soufi et al., 2015). How many of these proteins need to be inhibited to render bacteria 

harmless? Another more general problem that might arise from not killing bacteria, is the 

duration of the treatment. If bacterial virulence resumes as soon as the medicine is removed, 

this may result in the need for long term therapies, until the host immune system or other 

medications clear the infection.  

When focusing on B. pseudomallei specifically, yet another challenge arises: 

reaching the BpsDsbA protein in the periplasm of the bacterium. B. pseudomallei is 

intrinsically resistant to antibiotics, mainly due to its impermeable outer membrane and the 

presence of efflux pumps (Schweizer, 2012). Ensuring that BpsDsbA inhibitors cross the 

outer wall and are not immediately pumped out again adds another level of complexity. In 

this regard, in vitro assays might not be best suited to identify drugs to treat melioidosis. 

Development or translation of an existing phenotypic assay that reports on DSB activity in 

B. pseudomallei or in its avirulent sister strain B. thailandensis might be an alternative place 

to start. Working with purified proteins, on the other hand, can contribute to a more 

fundamental understanding of the catalytic reaction, especially when crystallographic data 

is available to assist with deciphering mechanisms of action and inhibition.  

My studies on the characterisation of CcScsC led to both expected and unexpected 

results. As expected, the protein bound Cu(I) with very high affinity (picomolar), similar to 

what is observed with StScsC. Furthermore, CcScsC was shown to have isomerase activity, 

in that it was able to correct the randomly formed disulfide bonds of RNase, in a manner 
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similar to that of PmScsC or EcDsbC. On the other hand, CcScsC was demonstrated to be 

a trimer which contrasts with earlier reports that suggested it is dimeric (Cho et al., 2012). 

Overall, the protein has a long N-terminal oligomerisation domain and a globular domain 

incorporating a thioredoxin fold. The globular domain structure is comparable to that of 

PmScsC and StScsC. More interestingly, CcScsC’s trimerisation domain is similar to that of 

extended PmScsC, and relies mostly on hydrophobic contacts with a few additional 

electrostatic interaction between charged residues for oligomerisation.  

CcScsC is the second trimeric member of the SCS family, with PmScsC previously 

described as having a highly dynamic trimeric domain structure. In contrast to P. mirabilis, 

C. crescentus is not a pathogenic bacterium, and in this regard the copper-binding proteins 

such as ScsC are unlikely to have evolved to escape the immune system. In C. crescentus, 

it is more likely that this system is part of its metal detoxification toolkit. However, CcScsC 

is unlikely to participate in the detoxification of heavy metals because CcScsC (gene locus: 

CC 1879) is downregulated during exposure to uranium, cadmium or chromium (Yung et 

al., 2014).  

 

7.2  Future directions 

In this thesis I screened for BpsDsbA inhibitors, as a starting point for development 

of therapeutics in the treatment of melioidosis. There are many ways to continue this work. 

In my opinion, a critical aspect in the search for inhibitors is a good phenotypic assay. There 

is a significant gap between identifying a molecule able to inhibit a purified protein and a 

molecule able to disarm the whole bacteria. Developing a bacterial phenotypic assay would 

save time further along in the pipeline, by filtering out compounds unable to cross the cell 

wall or with kinetics that don’t affect the bacteria sufficiently to have a noticeable impact. A 

reporter assay has been utilised in E. coli, that reports directly on DSB activity using an 

engineered disulfide bond sensitive β-galactosidase (Landeta et al., 2015). Another idea 

that I briefly explored - not reported in this thesis - is the use of DTNB (Ellman’s reagent) to 

report on the oxidation state of secreted proteins in bacterial growth media. The assumption 

here is that non-functional DsbA will fail to oxidise its substrates resulting in an increase in 

free thiols in the media that can react with DTNB. This approach could lead to a simple way 

of reporting on DSB activity in the bacteria. A third option would be to use known DsbA 

substrates with reporter activity, for instance proteases or phosphatases, to indirectly assess 
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the activity of DsbA and DsbB based on protease or phosphatase activity. Chapter 5 

represented a starting point to identify such candidates.  

With a better assay, screening for inhibitors could be streamlined and initial hits would 

have more chance to be developed into leads (Figure 7.2).  

 
Figure 7.2: Developing DSB activity phenotypic assay. To facilitate the screening of 
inhibitors (NPs for example) of BpsDsbA and BpsDsbB, an assay reporting on the activity 
of these proteins in bacteria is preferred. The battery/bulb duo represent an oxidation 
sensitive reporter, the yellow dot of the bacterium represents an assay readout. Functional 
DSB turn the light on, while potential inhibitors would keep the reporter turned off.   

With a better assay, interesting paths for follow up with identification of BpsDsbA and 

BpsDsbB inhibitors include:  

(i) Screening larger NP libraries. The work presented in chapter 2 was an initial 

survey of just 500 compounds; by screening larger libraries, the chances of finding 

a hit would be increased (for example, high throughput screening in automated 

pipelines can process millions of compounds at a time).  
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(ii) Developing a follow-up assay. The assay that I used was convenient for testing 

the activity of DSB and can easily be applied to other DsbA/B proteins. However 

it did not provide information as to whether DsbA or DsbB or both are inhibited. 

To find out whether a compound targets DsbA or DsbB, it is possible to replace 

DsbB by GSSG. At a concentration up to 5 mM, GSSG will mostly reoxidise DsbA 

(without oxidising the peptide directly) (Vivian et al., 2009). By comparing results 

in the presence and absence of DsbB, one can determine which protein is being 

targeted by the inhibitors.  

Identification of fragments that bound to the cryptic pocket of BpsDsbA was a good 

starting point for drug development. I was able to generate crystallographic data for both 

compounds in complex with BpsDsbA and this can be used to design more potent inhibitors. 

However, the hydrophobic contacts that dominate the interactions between the fragments 

and the protein, appear to lead to non-specific binding, at least in the case of the 

phenylbenzosulfonamide. Going further I would take advantage of R74, D78, K108 or Y110 

to improve ligand:protein interactions. Additionally, to have an effect on the activity of 

BpsDsbA, extending the fragment towards the nearby catalytic cysteines could prevent 

interaction with BpsDsbB or other substrates and lower the activity of the protein. While the 

problem of eventually getting the inhibitor to reach its target in a phenotypic assay still 

remains, the ability to rely on structural data to guide functionalisation of the fragments could 

improve inhibition and generate functional insights on the reaction.  

I identified initial crystallisation conditions for the BpsDsbA/B complex in LCP. The 

next important step is to reproduce and optimise these conditions to obtain larger and better 

quality crystals, for X-ray diffraction experiments and hopefully to get a structure of the 

BpsDsbA/B complex. There remains some uncertainty as to whether the crystals I obtained 

contained the BpsDsbA/B complex, and this will need to be confirmed in follow-up 

experiments. Membrane protein crystallisation and LCP are time-consuming methods and 

results obtained might need significant optimisation.  

The characterisation and structure determination of CcScsC has significant potential 

for follow up experiments, comparison to other ScsC proteins and biochemical investigation 

of the redox potential and pKa of the catalytic cysteines in the presence or absence of 

copper. Crystals of the protein obtained in presence of Cu(I) may shed light on the 

mechanisms of copper sequestration but will require optimisation for high resolution 
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diffraction data collection. Finally, investigation of ScsC logically leads the path to 

investigation of other SCS proteins, including the putative partner protein CcScsB. In the 

case of the non-pathogenic organism C. crescentus, the SCS pathway may not be a target 

for antivirulence drug development but will improve our general understanding of copper 

resistance and disulfide bond isomerisation in bacteria. The contribution of the N-terminal 

oligomerisation domain to isomerase activity is also quite interesting and would benefit from 

further study. 

 

7.3 Final words 

Is a research project ever finished? Often, with each answer comes a new question 

or idea. The work presented in this thesis initiated several projects with findings that can be 

followed up in multiple directions: one could spend more time screening for better inhibitors 

or fragments for BpsDsbA; similarly, initial crystallisation conditions have been identified for 

BpsDsbA/B complex and CcScsC in the presence of copper and these could be optimised 

to generate new protein structures. Finally, the world of suppressor of copper sensitivity 

protein is just opening up and there is prospect for many new avenues of exploration around 

these bacterial machines.  
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Appendix  

Appendix A  

Dose response experiments for compounds 1 to 13:  
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Supplementary figure 1: Dose response data for compounds 1-7: for these coloured 
compounds the signal reduction is mostly due to interference (i.e., the curves corresponding 
to highest concentrations have a Y value at X=0 well below the negative control). Note that 
for 2 the large standard deviation for the 200 µM compound was likely a result of a bubble 
in the reaction mixture. Curves correspond to the mean fluorescence intensity values of the 
POA repeated with different compound concentrations (shown as different colours). The 
shaded area behind each curve corresponds to the standard deviation (n=2). Negative 
controls (absence of BpsDsbA) are represented by red circles, positive controls (DMSO 
only) are depicted by green circles  
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Supplementary figure 2: Dose response data for compounds 8-13: hopeaphenol (9), 
vaticanol B (10) and spermatinamine (11) effect the initial velocity beyond interference of 
the fluorescence signal. Pistillarin (12) has no effect and 8 and 13 have strong signal 
interference. Curves correspond to the mean values of fluorescence intensity of the POA 
(n=2) with different compound concentrations shown in different colours. The shaded area 
behind each curve corresponds to the standard deviation (n=2). Negative control (absence 
of BpsDsbA) are represented by red circles, positive control (DMSO only) are depicted by 
green circles. 
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Python Scripts: 

The following script was used to evaluate POA reactions to identify potential hits. 

Note that additional scripts derived from this original script were used to plot single well data 

and to perform dose response analysis. Edits to create those scripts only altered the 

aesthetic of the final plots and not the method of calculation.   
#!/usr/bin/env python3 
# -*- coding: utf-8 -*- 
""" 
Created on Mon Apr 23 08:43:43 2018 
 
@author: Guillaume A. Petit 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import pandas as pd 
import os 
import shutil 
 
""" 
VERSION 1.0  
This script is designed to analyse the excel files from the POA assay designed by Maria Greenup. 
Don't modify the excel file or it might affect the script  
 
This script will take the raw fluorescence intensity/time, calculate the mean of the positive  
and negative controls as well as the mean and standard deviation from the two replicates of each 
sample. It then calculates the initial velocity of everything and compares the samples to the 
controls. 
If the velocity of the sample is below a given threshold it selects the condition in question 
and plots it. It also looks as the interference for each samples.  
finally it puts all the data and images into a folder named after the filename.  
 
 
!!THIS PROGRAM WILL OVERWRITE ANY FOLDER(S) WITH THE SAME PATH NAME AS THE EXCEL FILE(S) THAT YOU 
ARE ANALYSING 
(without the extension)!!! 
 
Any questions?  
email: guillaume.petit@griffithuni.edu.au 
 
"""  
############################################################################### 
#  you can put your filepath in the name variable section below  
# with the same kind of structure put " " around the name and , between two 
# differents filelname  
# 
# You can modify the threInhib variable, it is the threshold under which the program  
# considers a reaction rate to be interesting (and plotting it) 
# 
############################################################################### 
 
##add your filename here, remove the one you don't use 
name=[\ 
     "/Users/s5108513/Desktop/Work_doc/POA/180620_DoseResp_CustomGP2.xlsx" 
      ] 
## you can play with the threshold value 100 = positive control, 0=negative control  
## 60 mean initial velocity below 60% of positive control initial velocity will be  
## plotted and saved as picture 
threshInhib=60.0 
 
# use one of the file of interest or add your own file to the mix 
 
###MARIA's plates  
#"/Users/s5108513/Desktop/Work_doc/POA/01-2018-02-05-CompAus-S000059187.xlsx" 
#"/Users/s5108513/Desktop/Work_doc/POA/02-2018-02-15-CompAus-S000059188.xlsx" 
#"/Users/s5108513/Desktop/Work_doc/POA/03-2018-02-19-CompAus-S000059189.xlsx" 
#"/Users/s5108513/Desktop/Work_doc/POA/04-2018-02-22-CompAus-S000059190.xlsx" 
#"/Users/s5108513/Desktop/Work_doc/POA/05-2018-02-22-CompAus-S000059191.xlsx" 
#"/Users/s5108513/Desktop/Work_doc/POA/06-2018-02-23-CompAus-S000059192.xlsx" 
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#"/Users/s5108513/Desktop/Work_doc/POA/07-2018-03-02-CompAus-S000059193.xlsx" 
 
### Guillaume's plate  
# "/Users/s5108513/Desktop/Work_doc/POA/180327_screeningControl.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180418_POA_plate_60161.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180418_POA_plate_60162.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180419_POA_plate_60163.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180420_POA_plate_60164.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180420_POA_plate_60165.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180328_POA_plate_60166.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180417_POA_plate_60167.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180417_POA_plate_60168.xlsx" 
 
### dose response  
# "/Users/s5108513/Desktop/Work_doc/POA/180620_DoseResp_CustomGP1.xlsx" 
 
 
def trimdata(df): 
    """taking the raw data frame and extracting the important information,  
    This function is very specific for the xl files coming from the script written by Maria, if the 
file is modified it might cause problem  
    take the dataframe created from the readfile function and returns a neat dataframe with only 
fluorescence intensity points 
    """  
    #select interesting regions from dataframe 
    c1=pd.DataFrame(df.iloc[93:220,1:99]) # select columns Time to I6 
    c2=pd.DataFrame(df.iloc[223:350,3:89])# select  the remaining columns (I7-O14) these number 
correspond to position on excel sheet any modification might cause problem 
     
    #reindexing to avoid problem later 
    c1.reset_index(drop=True,inplace=True)#reseting the indexing  
    c2.reset_index(drop=True,inplace=True) 
 
    #naming according to well ID 
    c1=c1.rename(columns=c1.iloc[0])#rename columns according to well ID 
    c1=c1.drop(c1.index[0])#remove well ID from datas points 
    c2=c2.rename(columns=c2.iloc[0])#rename columns according to well ID 
    c2=c2.drop(c2.index[0])#remove well ID from datas points 
 
    #making one final dataFrame containing all the data ordered by well ID 
    c=pd.concat([c1,c2],axis=1) 
     
    # converting the time hh:mm:ss in seconds to simplify computation later 
    c['Time']=c['Time'].astype('str')# convert time into string  
    c['Time']=c['Time'].str.split(':').apply(lambda x: int(x[0])*3600+int(x[1])*60+int(x[2]))# split 
string and add everything in sec 
     
    return c 
 
def poaAnalysis(df,pathtodata): 
    """  
    This is the main function, it does the analysis, plots interesting conditions  
    and save a summary of everything  
     
    """ 
 
    newpath=os.path.splitext(pathtodata)[0]# remove the extension from pathname 
    if os.path.exists(newpath): 
       shutil.rmtree(newpath)#remove directory and file with name newpath (overwrite basically) 
    os.makedirs(newpath)#make a new folder with name newpath 
     
    filepath=os.path.basename(newpath) 
    #filepath=os.path.splitext(filepath)[0]     
    filepath=os.path.join(newpath,filepath) 
    figurepath=filepath 
    filepath=filepath+'_log.txt' 
     
    # selecting and analysing positive controls  
    pc=pd.DataFrame(df[['B2','C2','D2','E2','F2','G2','H2','I2','J2','K2','L2','M2','N2','O2', 
          'B13','C13','D13','E13','F13','G13','H13','I13','J13','K13','L13','M13','N13','O13']]) 
    pcmean=pc.mean(axis=1)# mean of the positive control  
    pcStd=pc.std(axis=1)# standard deviation of the positive control 
     
    # selecting and analysing negative controls  
    nc=pd.DataFrame(df[['B14','C14','D14','E14','F14','G14','H14','I14','J14', 
                        'K14','L14','M14','N14','O14']]) 
    ncmean=nc.mean(axis=1)# mean of the neg. control  
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    ncStd=nc.std(axis=1)# standard deviation of the neg. control  
    time=df.iloc[:,0] 
     
    tempDf=df #remove the control from df to ease the analysis use a temporary df to avoid modifying 
the original one 
    tempDf.drop(tempDf[['B2','C2','D2','E2','F2','G2','H2','I2','J2','K2','L2','M2','N2','O2', 
          
'B13','C13','D13','E13','F13','G13','H13','I13','J13','K13','L13','M13','N13','O13']],axis=1,inplace
=True) 
    tempDf.drop(tempDf.iloc[:,0:2],axis=1,inplace=True) 
    tempDf.drop(tempDf[['B14','C14','D14','E14','F14','G14','H14','I14','J14', 
                        'K14','L14','M14','N14','O14']],axis=1,inplace=True) 
     
    # calculating the mean of each duplicate raising warning if large diff.  
    #between in value between duplicate 
    meanDf=pd.DataFrame(index=np.arange(1,127),columns=np.arange(1,71)) 
    stdDf=pd.DataFrame(index=np.arange(1,127),columns=np.arange(1,71)) 
     
    i=0 
    for i in np.arange(0,70): 
        meanDf.iloc[:,i]=pd.DataFrame.mean(tempDf.iloc[:,2*i:2*i+2],axis=1) 
        stdDf.iloc[:,i]=pd.DataFrame.std(tempDf.iloc[:,2*i:2*i+2],axis=1) 
         
    # just renaming the columns to facilitate searching for a well ID     
    lname=list(tempDf) 
    l1=lname[::2] 
    l2=lname[1::2] 
     
    for ii in np.arange(0,np.size(l1)): 
        l2[ii]=l1[ii]+l2[ii] 
         
    meanDf.columns=l2# just renaming the column 
    stdDf.columns=l2 
    #print(stdDf) 
     
    # check that the STD is not too large compared to the data making sure the duplicates are close 
together 
    warDf=(stdDf>=meanDf*0.1)#if STD larger than 10%(arbitrary value) of mean--> warDf=True  
    warDf=warDf.sum(axis=0) 
    warDf=pd.DataFrame(warDf).T 
    #print(warDf) 
    j=0 
     
    print('\n\n') 
    print('The following wells have a STD larger than 10% of their mean value') 
    for j in np.arange(0,np.size(warDf)): 
         
        if warDf.iloc[0,j]>30:# again arbitrary limit of 30 points or more diverging 
            print(warDf.columns[j]) 
            figursave=figurepath+'_dupSTD_'+str(warDf.columns[j])+'.png' 
            plt.figure(j) 
            plt.plot(time,pcmean,label='positive control',color='green',marker='o') 
            plt.plot(time,ncmean,label='negative control',color='red',marker='o') 
            plt.plot(time,tempDf.iloc[:,2*j],label=tempDf.columns[2*j],color='blue') 
            plt.plot(time,tempDf.iloc[:,2*j+1],label=tempDf.columns[2*j+1],color='cyan') 
            plt.title(warDf.columns[j]) 
            plt.xlabel('time (s)') 
            plt.ylabel('fluorescence intensity') 
            plt.legend() 
             
            plt.savefig(figursave,dpi=300) 
            #plt.show() ## uncomment to see the plot  
            plt.close() 
     
    vel=pd.DataFrame(np.array([np.zeros(np.size(warDf))]),columns=list(warDf))# declaration of 
velocity vector 
    intercept=pd.DataFrame(np.array([np.zeros(np.size(warDf))]),columns=list(warDf)) 
    rsq=pd.DataFrame(np.array([np.zeros(np.size(warDf))]),columns=list(warDf)) 
     
    inhib=pd.DataFrame(np.array([np.zeros(np.size(warDf))]),columns=list(warDf)) 
     
    endpoint=9 #number of points used for the calculation (here the 8 first timepoints) 
     
    #calculate the slope and the intercept of positive control 
    vpc=np.polyfit(time[0:endpoint],pcmean[0:endpoint],1)[0:2] 
     
    # calculate the correlation coefficent  
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    vpRsq=np.corrcoef(time[0:endpoint],pcmean[0:endpoint])[0,1] 
     
    # calculate R square as corrcoef^2 
    vpRsq=vpRsq**2 
     
    # same for the negative controls 
    npc=np.polyfit(time[0:endpoint],ncmean[0:endpoint],1)[0:2] 
    npRsq=np.corrcoef(time[0:endpoint],ncmean[0:endpoint])[0,1] 
    npRsq=npRsq**2 
     
    # calculates the initial velocity and the R square of the mean of all the wells  
    jj=0 
    for jj in np.arange(0,np.size(vel)): 
        #calculate the coefficients of the line that best fit the first 8 points 
        
vel.iloc[0,jj],intercept.iloc[0,jj]=np.polyfit(time[0:endpoint],meanDf.iloc[0:endpoint,jj],1) 
        # calculate R square (R = correlation coefficient (time,fluorecence)) 
        sq=np.corrcoef(time[0:endpoint],meanDf.iloc[0:endpoint,jj])[0,1] 
        sq=sq**2 
        rsq.iloc[0,jj]=sq 
      
    # calculate the ratio of initial reaction rate (% of PC 100= similar to pc 0 is fully inhibited) 
    # expression slighlty modified compare to Maria initial Idea, here I define the  
    #ratio of initial rate as vsample-vnc/vpc-vnc. 100% = no inhibition, 0% = completely inhibited 
    inhib=(vel-npc[0])/(vpc[0]-npc[0]) 
    inhib=inhib*100 
     
    #calculates the interferences  
    # delta PC= last point of the curve - first point of the curve 
    intf=(npc[1]-intercept)/(pcmean.iloc[-1]-pcmean.iloc[0]) 
    intf=intf*100 
    
     
    print('\n\n') 
    #assessing interference  
    k=0 
    for k in np.arange(0,np.size(intf)): 
        if intf.iloc[0,k]>=30: 
            print('well',intf.columns[k],'has',intf.iloc[0,k],'% interference') 
             
    #plotting inhibitors 
    print('\n\n') 
    k=0 
     
    x=np.arange(0,time[endpoint]*2) 
    for k in np.arange(0,np.size(inhib)): 
        if inhib.iloc[0,k]<=threshInhib: 
            print('well',inhib.columns[k],'rate is only ', inhib.iloc[0,k],'of the control initial 
velocity') 
            plt.figure() 
            figursave2=figurepath+'_inhib_'+str(inhib.columns[k])+'.png' 
            plt.plot(time,pcmean,label='positive control',color='green',marker='o') 
            plt.plot(time,ncmean,label='negative control',color='red',marker='o') 
            plt.plot(x,vpc[0]*x+vpc[1],label='rate PC',color='green') 
            #plt.text(8000,20000,(np.round(inhib.iloc[0,k],2),'% of pc initial velocity')) 
            #plt.text(8000,19000,(np.round(intf.iloc[0,k],2),'% of interference')) 
            plt.plot(time,meanDf.iloc[:,k],label=inhib.columns[k]) 
 
            plt.plot(x,vel.iloc[0,k]*x+intercept.iloc[0,k],label='rate',color='blue') 
            plt.xlabel('time (s)') 
            plt.ylabel('fluorescence intensity') 
            plt.legend() 
            plt.savefig(figursave2,dpi=300) 
            #plt.show()  ## uncomment to see the plots  
            plt.close() 
    #plotting everything now  
 
    it=int(np.ceil(np.size(warDf)/12)) 
    #print('it',it) 
    for kk in np.arange(0,it): 
        fig,axes=plt.subplots(nrows=3,ncols=4,sharex='col',sharey='row') 
        axe_list=[item for sublist in axes for item in sublist] 
        #print(12*kk+12) 
        s2 = min(np.size(warDf) - 12 * kk, 12)             
        figursave=figurepath+'_all_'+str(kk)+'.png'    
        for k in np.arange(0,s2): 
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                ax=axe_list.pop(0) 
                ax.plot(time,meanDf.iloc[:,12*kk+k],label=(meanDf.columns[12*kk+k]),color='blue') 
                ax.plot(time,pcmean,color='green') 
                ax.plot(time,ncmean,color='red') 
                ax.set_ylabel('fluorescence') 
                ax.set_xlabel('time/ (s)') 
                ax.legend() 
         
        plt.savefig(figursave,dpi=400) 
        #plt.show() ##uncomment to see plot  
        plt.close() 
    # getting ready to put data into log file 
    # putting all the relevant data into a dataframe 
    finalrep=pd.concat([vel.round(2),rsq.round(2),inhib.round(2),intf.round(2)],axis=0) 
    #adding PC and NC 
    finalrep.insert(loc=0,column='PC',value=(np.round(vpc[0],2),np.round(vpRsq,2),100.0,0.0)) 
    finalrep.insert(loc=1,column='NC',value=(np.round(npc[0],2),np.round(npRsq,2),0.0,0.0)) 
     
    #giving names to rows 
    finalrep.insert(loc=0,column='name',value=('V0/s-1','R^2 v0','% v0 PC','interference')) 
    finalrep=finalrep.T 
 
    finalrep.to_csv(filepath,sep='\t',header=False) 
     
    return(filepath)     
 
# use one of the file of interest or add your own file to the mix 
# "/Users/s5108513/Desktop/Work_doc/POA/180327_screeningControl.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180418_POA_plate_60161.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180418_POA_plate_60162.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180419_POA_plate_60163.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180420_POA_plate_60164.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180420_POA_plate_60165.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180328_POA_plate_60166.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180417_POA_plate_60167.xlsx" 
# "/Users/s5108513/Desktop/Work_doc/POA/180417_POA_plate_60168.xlsx" 
 
## function that does everything for you 
for n in name:     
    raw=pd.read_excel(n) 
    pcontrol=trimdata(raw) 
    ok=poaAnalysis(pcontrol,n) 
    print('\n') 
    print(ok,'OK') 
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Appendix B:  

Supplementary data for chapter 3: Identification and characterisation of 
two drug-like fragments that bind to the same cryptic binding pocket of 
Burkholderia pseudomallei DsbA  

 

Synthesis of 4-Methoxy-N-phenylbenzenesulfonamide 

All reactions were carried out in dry solvents under anhydrous conditions unless 

otherwise stated. All chemicals were purchased from commercial suppliers and used without 

further purification. All reactions were monitored by TLC using silica plates with visualisation 

of eluted bands by UC fluorescence (λ = 254 nm) and charring with vanillin stain (6 g vanillin 

in 100 ml of EtOH containing 1% v/v 98% Sulfuric acid. Silica gel flash chromatography was 

performed using silica gel 60 Å (230-400 mesh). NMR (1H, 13C, COSY, HSQC and HMBC) 

spectra were recorded on a Bruker AVANCE III HD 500 MHz NMR spectrometer equipped 

with a BBO probe at 25 ˚C. Chemical Shifts for 1H and 13C NMR obtained in Chemical Shifts 

for 1H and 13C NMR obtained in CDCl3 are reported in ppm relative to residual solvent proton 

(δ = 7.26 ppm) and carbon (δ = 77.16 ppm) signals, respectively. Signal splitting multiplicity 

is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet 

of doublets), and br (broad signal). 

4-Methoxy-N-phenylbenzenesulfonamide (2): The titled fragment was prepared 

according to literature procedures (Bernar et al., 2018) from 4-methoxybenzenesulfonyl 

chloride (0.250 g, 1.21 mmol, 1 equiv.) and aniline (0.120 mL, 1.33 mmol, 1.1 equiv.) in a 

mixture of pyridine (0.195 mL, 2.42 mmol, 2 equiv.) and CH2Cl2 (2.85 mL). The crude product 

was purified by silica gel flash chromatography employing a mobile phase gradient of 20% 

to 40% EtOAc in n-hexane to afford the desired product as a slightly yellow viscous oil 

(0.2967 g, 93% yield) which solidified to a white solid upon storage at -20 °C. 1H NMR and 
13C NMR spectroscopic data were consistent with reported values (Bernar et al., 2018). 1H 

NMR (500 MHz, CDCl3) δH 7.76 – 7.70 (m, 2H), 7.25 – 7.20 (m, 2H), 7.13 – 7.06 (m, 3H), 

7.02 (br s, 1H), 6.91 – 6.86 (m, 2H), 3.81 (s, 3H). 13C NMR (125 MHz, CDCl3) δC 163.2, 

136.8, 130.7, 129.6, 129.4, 125.4, 121.6, 114.3, 55.7. 
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Figure S1: NMR spectra of fragment 2. Spectra acquired at 500 MHz for hydrogen NMR 
and 125 MHz for Carbon NMR 
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Figure S2: Chemical structure of the 29 unique fragments tested in X-ray 
crystallisation experiments in this study 
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Figure S3: Solubility assessment of bromophenoxy propanamide (1) in aqueous NMR 
buffer. (A) Correlation between calculated and measured concentration of 1. Dotted 
diagonal line represents the linear relationship between the expected and observed values. 
Molecular structure of 1 is inset. (B) Zoomed region of the 1D 1H spectra showing the 
aromatic resonances of 1 to highlight the increasing peak intensity resulting from increasing 
concentration. At 4 mM, precipitate was observed. As such a large variance was observed 
between the expected and observed concentration, the corresponding 1D 1H spectrum has 
been excluded in (B). This suggests that 1 is soluble at concentrations ≤ 2 mM in aqueous 
NMR buffer at 298 K. 
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Figure S4: Solubility assessment of methoxy-phenylbenzenesulfonamide (2) in 
aqueous NMR buffer. (A) Correlation between expected and observed concentration of 2. 
Molecular structure of 2 is inset. Dotted diagonal line represents the linear relationship 
between the calculated and measured values. (B) Zoomed region of the 1D 1H spectra 
showing the methyl resonance of 2 to highlight the increasing peak intensity resulting from 
increasing concentration. At 1.25 mM visible precipitate was observed, the corresponding 
1D 1H spectrum has been excluded in (B). These data suggest that 2 is soluble at 
concentrations ≤ 1 mM in aqueous NMR buffer at 298 K. 
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Figure S5: Characterisation of 1 and 2 binding to oxidised BpsDsbA by 2D [15N, 1H]-
HSQC NMR. (A) 2D [15N,1H]-HSQC overlay of 100 μM [U-15N]- labelled oxidised BpsDsbA 
with increasing concentrations of 1. (B) 2D [15N,1H]-HSQC overlay of 100 μM [U-15N]- 
labelled oxidised BpsDsbA with increasing concentrations of 2. Concentration dependent 
backbone amide chemical shift perturbation of Y110 is highlighted in each case.  

 

 

 
Figure S6: Characterisation of fragment 1 and 2 binding affinities to oxidised 
BpsDsbA by 2D [15N, 1H]-HSQC NMR. (A) Y110 backbone amide CSP resulting from the 
addition of 0.5 mM,1 mM and 2 mM fragment 1. (B) Y110 backbone amide CSP resulting 
from the addition of 0.5 mM and 1 mM fragment 2. CSP responses were observed to 
increase linearly with concentration for both fragments and reliable estimates of KD could 
not be obtained. These data indicate weak interaction between fragments and oxidised 
BpsDsbA.  
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Figure S7: Characterisation of fragment 1 and 2 binding to reduced BpsDsbA by 2D 
[15N, 1H]-HSQC NMR. (A) CSPs resulting from the addition of 1 mM of fragment 1 are 
mapped onto the crystal structure of oxidised BpsDsbA (PDB ID 4K2D) as a colour gradient 
from red (CSP = 0.04 ppm) to white (CSP = 0 ppm). (B) CSPs resulting from the addition of 
1 mM of fragment 2 are mapped onto the crystal structure of oxidised BpsDsbA (PDB ID 
4K2D) as a colour gradient from red (CSP = 0.04 ppm) to white (CSP = 0 ppm). Residues 
with unassigned backbone amides and proline residues are shown in black. Non-shifting 
residues are shown in grey. N-terminal residues were removed for clarity. Three-
dimensional structure of reduced BpsDsbA is not solved to date therefore we used the 
crystal structure of oxidised BpsDsbA for the CSP mapping analysis.  



 

 

256 

 
Figure S8: Peptide oxidation assay in the presence of fragment 1 (upper panel) or 2 
(lower panel): The fragment did not inhibit enzyme activity in this assay, even at a 
concentration up to 20 mM. The fragments 1 and 2 were dissolved in DSMO and mixed with 
the protein to the final concentration indicated in the legend. Each different trace 
corresponds to the fluorescence value of two technical replicates at each concentration, and 
the error bar depicts the standard error. The dark green trace corresponds to the reaction 
without BpsDsbA (negative control, representing an entirely inhibited reaction) and the black 
trace corresponds to an uninhibited reaction (positive control).  




