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Abstract: 

Stringent starvation protein A (SspA) is a highly conserved protein found in Gram-negative 

bacteria, such as Escherichia coli (E. coli). SspA plays a critical role in the activation of defence 

systems in bacteria, such as acid tolerance, to aid in the survival of Gram-negative bacteria 

exposed to harmful conditions. E. coli SspA (EcSspA) is a bacterial homologue of human 

chloride intracellular channel 1 (hCLIC1) and both are members of the glutathione transferase 

(GST) superfamily. EcSspA and hCLIC1 exhibit similarities in structure and ion channel 

formation. Ion channel activity of membranous hCLIC1 and EcSspA is inhibited by 

indanyloxyacetic acid 94 (IAA-94) as well as the enzymatic activity of soluble hCLIC1, 

however, the effect that IAA-94 has on soluble EcSspA is unknown. Ethacrynic acid (EA), a 

structural homologue of IAA-94, is a known inhibitor of cytosolic GST enzymatic activity and 

its effect on EcSspA is also unknown. The aim of this study was to investigate the interaction 

of soluble EcSspA with IAA-94 and EA using 8-anilino-1-naphthalenesulfonic acid (ANS) 

displacement, isothermal titration calorimetry (ITC) and induced-fit molecular docking. 

EcSspA was purified to homogeneity using nickel ion immobilised metal affinity 

chromatography (Ni2+-IMAC). Structural analysis of soluble EcSspA using far-UV circular 

dichroism, intrinsic tryptophan fluorescence spectroscopy as well as size exclusion high 

performance liquid chromatography, confirmed that soluble EcSspA has a predominantly α-

helical backbone, with tryptophan residues that are partially solvent accessible and that it is a 

dimeric protein. Data obtained from ITC, ANS displacement and induced-fit molecular 

docking experiments, indicated that there was weak binding between EcSspA and both ligands 

at the dimer interface. The data further showed no interaction occurred at the EcSspA surface 

pocket. Therefore indicating that the dimer interface is a potential target site on soluble 

EcSspA. However, it remains unknown how the binding of IAA-94 and EA to soluble EcSspA 

would influence EcSspA function. 
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Chapter 1: Introduction 

1.1 Survival of bacteria in varying environments 

Bacteria are microorganisms that inhabit and thrive in varied environments, such as extreme 

temperatures (as high as 122 ̊ C and as low as -20 ̊ C), unusual chemical conditions or even 

anaerobic environments, all of which are due to their highly adaptable metabolism 

(Rampelotto, 2013). Bacteria have evolved mechanisms that allow them to survive and 

replicate in their preferred environments (Mekalanos, 1992). However, these environments can 

become hostile and unfavourable for bacteria and as a result, bacteria use their defence 

mechanisms to withstand changing environmental conditions (Murphy et al., 2006).  

Bacteria possess genes that encode for proteins that are responsible for the optimal function of 

their defence mechanisms and ensure that the necessary proteins are expressed when 

challenged by the environment (Gao et al., 2011). For example, to combat environmental 

stress, some bacteria resort to minimising metabolic activity and lie dormant (Voet and Voet, 

2011). However, bacteria like Escherichia coli (E. coli) for instance, express redox-sensitive 

transcriptional activator (SoxR) and hydrogen peroxide-inducible gene activator (OxyR) 

proteins to regulate oxidative stress (Hidalgo, 1998), as well as, rpoS-encoded sigma factor 

stationary phase responsive genes and RpoH to regulate heat-shock (Murphy et al., 2006). 

Additionally, stringent starvation protein A (SspA) is expressed to ensure acid tolerance in E. 

coli (Hansen et al., 2005b). 

1.2 The role of SspA in E. coli 

Enteric bacteria, like E. coli inhabit the gastrointestinal tract of mammalian hosts (Nguyen and 

Sperandio, 2012), and in order to successfully colonise this environment, enteric bacteria 

require a mechanism to tolerate the acidic conditions of the gut. This defence mechanism 

employs the use of SspA, a protein found to be highly conserved in Gram-negative bacteria, 

like E. coli (Hansen et al., 2005b). This acid tolerance mechanism ensures not only the survival 

of mutualistic enteric bacteria, but that of pathogenic enteric bacteria as well (Hansen et al., 

2005b).   

SspA is a RNA polymerase-associated protein, that is necessary in activating the transcription 

of bacteriophage P1 late lytic genes and does so, through protein-protein interactions with the 

RNA polymerase holo-enzyme (Williams et al., 1994), and thus, it has been suggested that 

SspA is involved in the regulation of gene expression (Hansen et al., 2005b). SspA expression 

is induced by a prolonged stationary phase, nutrient deprivation, as well as infection by λ 
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bacteriophage (Hansen et al., 2005b) and therefore, SspA has been implicated in stress 

responses.  

When the expression of SspA is induced, it affects the histone-like nucleoid structuring (H-

NS) protein by downregulating the level of H-NS protein present in E. coli (Hansen et al., 

2005b). H-NS protein represses the expression of genes that are involved in numerous stress 

defence mechanisms like, oxidative stress, acid tolerance and multi-drug resistance, to name a 

few (Hansen et al., 2005b). For instance, it has been shown that H-NS protein represses gadE, 

a gene that is responsible for the expression of GadE, a protein that enables the expression of 

Gad proteins necessary for the adequate functioning of the glutamate decarboxylase acid 

resistance (GDAR) system (Hansen et al., 2005b).  

The GDAR system is the primary mechanism for acid tolerance in E. coli. It is initiated in 

response to the entry of E. coli into the stationary phase as well as a decline in the 

environmental pH (Castanie-Cornet et al., 1999). When GadE is expressed, it binds to the 

transcriptional initiation sites of gadA and gadBC, allowing for the expression of GadA, GadB 

and GadC. GadA and GadB are glutamate decarboxylase isoforms that are biochemically 

identical but expressed separately in the GDAR system (Figure 1) (Capitani et al., 2003). GadC 

is a transmembrane protein that is co-transcribed with GadB and serves as a glutamate and γ-

aminobutyrate (GABA) antiporter (Smith et al., 1992; Capitani et al., 2003). Both GadA and 

GadB catalyse the decarboxylation of intracellular glutamate and with the consumption of H+ 

ions that leaked into the E. coli cytoplasm, neutral GABA is produced (Smith et al., 1992; 

Capitani et al., 2003) (Figure 1). In this way, GadA and GadB aid in maintaining the 

physiological pH of E. coli under acidic conditions (Castanie-Cornet et al., 1999). The 

expression of GadE is therefore vital in ensuring that GadA, GadB and GadC are expressed in 

the GDAR system to enable acid tolerance in E. coli (Hansen et al., 2005b).  

As a result, the expression of GadE relies on the downregulation of H-NS protein by SspA to 

allow the GDAR system to be activated and thus indicates that SspA is a positive regulator of 

gadE by negatively regulating H-NS protein (Hansen et al., 2005b). Hansen et al (2005b) has 

further shown that E. coli with an in-frame deletion of sspA, had decreased expression of 

numerous genes including those responsible for acid tolerance (gadA, gadB, gadC and gadE) 

in comparison to wild-type E. coli. The expression of these acid tolerance genes was restored 

when a plasmid containing sspA was introduced to the sspA mutant. This further shows that 
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SspA is a positive regulator of the gad genes and emphasises that SspA plays a role in gene 

regulation (Hansen et al., 2005b). 
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Figure 1: Schematic of GDAR system in E. coli bacterium. The GDAR system is activated 

by the expression of gadE, which relies on the presence of SspA to limit the number of H-NS 

protein in the E. coli cell. The successful expression of gadE will allow for gadA and gadBC 

to be expressed and enable GadA and GadB to convert intracellular glutamate into GABA by 

consuming H+ ions that leaked into the cell. GABA is exported out of the bacterium cytoplasm 

using GadC. The GDAR system allows for the maintenance of the physiological pH of the E. 

coli cell in highly acidic environment.  
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When the accumulation of H-NS protein is limited by the presence of SspA in pathogenic E. 

coli, the genes responsible for acid tolerance (like gadA, gadB, gadC and gadE) and virulence 

become activated, allowing the survival of pathogenic E. coli in acidic environments (Hansen 

and Jin, 2012). This enables pathogenic E. coli to affect the health of their mammalian hosts. 

As a result, understanding the structure and function of SspA will aid in determining 

mechanisms to hinder SspA function and ensure the health of infected hosts. 

1.3 SspA orthologues  

Orthologues are genes present in different organisms that are related to one another due to 

common ancestry (Fitch, 2000). Orthologous proteins possess enough similarity in their 

primary structures to enable their tertiary structures to fold in a similar way (Andrykovitch et 

al., 2003; Hansen et al., 2005a). Therefore, in the event that the protein from the organism of 

interest is unable to form a crystal or the crystal formed is not satisfactory for structural 

determination, the use of an orthologous protein can be promising (Andrykovitch et al., 2003).  

SspA orthologues from Yersinia pestis, Vibrio cholerae and Pseudomonas aeruginosa were 

crystallized, while crystals of E. coli SspA (EcSspA) were not suitable for structural 

determination (Andrykovitch et al., 2003). Only the Y. pestis SspA (YpSspA) crystal proved 

to be appropriate for predicting the structure of SspA (Andrykovitch et al., 2003; Hansen et al., 

2005a). YpSspA was found to have an amino acid sequence that is 83% identical to that of 

EcSspA (Andrykovitch et al., 2003). Therefore, it can be proposed that YpSspA has a similar 

three-dimensional structure as EcSspA and as a result, YpSspA can be used to gain further 

insight into the function(s) of EcSspA (Andrykovitch et al., 2003). Additionally, a triple alanine 

mutation of EcSspA (P84A, H85A and P86A) was constructed and the SspA of Y. pestis, V. 

cholerae as well as P. aeruginosa were studied in this E. coli sspA mutant and showed that the 

SspA orthologues were able to provide acid resistance to the acid-sensitive E. coli (Hansen et 

al., 2005a). This indicated that they share the ability to support acid resistance in E. coli and 

emphasised that the SspA orthologues share a similar function in E. coli (Hansen et al., 2005a). 
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1.4 EcSspA structure 

The EcSspA subunit is a 24.5 kDa protein (Gururaja Rao et al., 2017), that displays sequence 

and structural similarity with cytosolic members of the glutathione transferase (GST) family, 

such as beta-GSTs (Hansen et al., 2005a). Most cytosolic GSTs as well as EcSspA, exist and 

function as dimers (Hansen et al., 2005a; Atkinson and Babbitt, 2009), with each subunit 

containing two domains, a N-terminal and C-terminal domain. The N-terminal domain of both 

cytosolic GSTs and EcSspA, consists of a characteristic thioredoxin-fold (Atkinson and 

Babbitt, 2009; Gururaja Rao et al., 2017), further indicating the shared structural similarities 

between EcSspA and cytosolic GSTs.  

Most GSTs can conjugate the thiol group of glutathione (GSH), a compound that binds to the 

G-site of the thioredoxin-fold, to toxic substrates and facilitate their metabolism, therefore 

illustrating the enzymatic capabilities of GSTs (Winayanuwattikun and Ketterman, 2004). For 

instance, 1-chloro-2,4-dinitrobenzene (CDNB) is a synthetic substrate that is often used to 

measure the enzymatic activity of most GSTs in vitro and can give an indication as to whether 

a GST-like protein can catalyse GSH and CDNB (Zablotowicz et al., 1995). Unlike GSTs, 

EcSspA is found to have no catalytic activity towards CDNB, nor can it bind GSH (Hansen et 

al., 2005a). The absence of GST-like enzymatic activity was assumed to be due to the 

replacement of the catalytic Cys10 residue in GST B1-1 by Phe21 and Tyr21 residues in YpSspA 

and EcSspA respectively, as shown in Figure 2. However, when the Tyr21 residue in EcSspA 

was substituted with a cysteine residue, EcSspA continued to lack catalytic activity towards 

CDNB (Hansen et al., 2005a). This highlights that although there are structural similarities 

between EcSspA and beta-GSTs, there are differences within their structure that make fulfilling 

the same function, like GST enzymatic activity improbable. 

In comparison to GST B1-1, the proposed G-site in EcSspA has two vital residues altered at 

positions 21 and 58 that are required for protein-GSH interactions; where the catalytic residue 

Cys10 and Gln51 in GST B1-1 are replaced by Tyr21 and Ser58 in EcSspA, respectively (Hansen 

et al., 2005a). Phe21 and Tyr21 in YpSspA and EcSspA, respectively, are unable to form a 

hydrogen bond with the thiol group from GSH; furthermore, it was also proposed that the side 

chain of Phe21 and Tyr21 could cause some steric hinderance, therefore making it difficult to 

bind GSH or facilitate its conjunction to a xenobiotic substrate (Hansen et al., 2005a). The 

Thr58 and Ser58 in YpSspA and EcSspA, respectively, have side chains which are shorter than 

Gln51 in GST B1-1 (Figure 2) and as a result, alters the shape of the GSH binding site, with no 
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opportunity for a hydrogen bond to form between GSH and YpSspA and EcSspA (Hansen et 

al., 2005a). 
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Figure 2: Cartoon representation of GST B1-1 and YpSspA. (A) Dimeric GST B1-1 is 

shown with the N and C-domains displayed in blue and purple respectively. Cys10 and Gln51 

(in pink) are indicated in the N-domain, these residues are important in the binding of GSH in 

the G-site and the hydrogen bonds (yellow dashed lines) associated with Cys10 and Gln51 are 

shown in B (PDB code: 1A0F). (C) Dimeric YpSspA is shown with the N and C-domains 

illustrated in orange and green respectively. Phe21 and Thr58 (in blue) are indicated in the N-

domain, in the proposed G-site and the hydrogen bond (yellow dashed lines) associated with 

Phe21 and Thr58 are shown in D (PDB code: 1YY7). The location of the G-site (*) and H-site 

(*) are indicated. Images were created using PyMol version 2.2.0. 
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1.5 EcSspA surface pocket 

The crystal structure of YpSspA revealed a surface pocket at the dimer interface, which is 

formed by residues from both subunits (Hansen et al., 2005a). The residues that are involved 

in the formation of the surface pocket are located in the loop region between α-helices 3 and 4 

and these residues, which are predominantly surface exposed, include: Arg82, Pro84, His85, 

Pro86, Leu88 and Tyr92 (Hansen et al., 2005a). Pro84, His85 and Pro86 are amongst 20 amino 

acid residues that were found to be strictly conserved in 50 SspA orthologues, including 

EcSspA, through multiple sequence alignment (Hansen et al., 2005a). A homology model of 

EcSspA was constructed using the structure of YpSspA to determine the role the surface pocket 

played in EcSspA function, as the function(s) of YpSspA is unknown (Hansen et al., 2005a) 

(Figure 3).  

The surface pocket is mainly hydrophobic and has been suggested to be involved in forming 

protein-protein interactions between EcSspA and RNA polymerase (Gururaja Rao et al., 2017). 

The association of RNA polymerase with EcSspA would prove necessary for the transcription 

of phage P1 late lytic genes and genes associated with acid resistance (Hansen et al., 2005b). 

Furthermore, considering that His85 and Tyr92 can act as hydrogen bond donors, these residues 

could therefore strengthen the interaction between EcSspA and RNA polymerase (Hansen et 

al., 2005a).  

The surface pocket has also shown to play a critical role in acid tolerance. Single alanine 

substitutions of the residues making up the surface pocket had a 4-8-fold decrease in acid 

tolerance of the mutants, with the exception of the P84A mutant, which exhibited acid tolerance 

capabilities like that of wild-type SspA (Hansen et al., 2005a). The substitution of either His85 

or Tyr92 with alanine resulted in an 8-fold decrease in acid tolerance, where the substitution 

of both His85 and Tyr92 produced a 40-fold decrease in acid tolerance (Hansen et al., 2005a). 

The ring system produced by His85 and Tyr92 is therefore shown to be critical in ensuring that 

EcSspA fulfils its function in acid tolerance (Hansen et al., 2005a). It has been predicted that 

the proline residues in the surface pocket ensure that the ring system is well positioned to carry 

out the necessary functions of the surface pocket (Hansen et al., 2005a). 

When a triple alanine substitution of P84A, H85A and P86A was conducted, EcSspA was 

unable to tolerate the acidic environment (Hansen et al., 2005a). This emphasises that the 

structure of the surface pocket is important for EcSspA to allow tolerance of a low pH 

environment. Other than being necessary for acid tolerance, the surface pocket has been 
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postulated to be a potential target site for inhibiting the function of EcSspA (Gururaja Rao et 

al., 2017; Hansen et al., 2005a). 
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Figure 3: Surface pocket of EcSspA modelled after YpSspA (PDB code: 1YY7). (A) 

Cartoon representation of EcSspA homology model with residues in position 1-40 and 140-

213 of Chain A (dark grey) and Chain B (light grey) removed for clearer illustration of the 

labelled residues. The labelled residues (Arg82, Pro84, His85, Pro86, Leu88 and Tyr92) shown 

in pink from each subunit make up the surface pocket (*). (B) Surface of EcSspA homology 

model with Chain A (dark grey) and Chain B (light grey) shown. Indicated in pink are the 

residues making up the surface pocket (blue star) from each subunit: Arg82, Pro84, His85, 

Pro86, Leu88 and Tyr92. Images created using PyMol version 2.2.0. 
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1.6 EcSspA is a bacterial homologue of human CLIC1 

Human CLIC1 (hCLIC1) is a member of the chloride intracellular channel (CLIC) family of 

proteins. The CLIC proteins are classified as metamorphic proteins, as they can exist in both 

soluble and membranous forms (Valenzuela et al., 1997; Qian et al., 1999). The soluble form 

of the CLIC proteins are members of the GST superfamily (Dulhunty et al., 2001). The 

membrane form of the CLIC proteins, are located in plasma membranes as well as the 

membranes of intracellular organelles such as mitochondria and nuclei membranes, where they 

auto-insert into these membranes to form functional ion channels (Valenzuela et al., 1997; 

Berryman and Bretscher, 2000). CLIC proteins form selective ion channels and facilitate the 

transport of chloride ions in and out of cells; they are also associated with an array of 

physiological processes such as cell division and kidney function, to name a few (Valenzuela 

et al., 1997). 

The soluble form of hCLIC1 is structurally homologous to soluble EcSspA (Gururaja Rao et 

al., 2017). Although hCLIC1 and EcSspA have a low sequence identity, they share structural 

similarities such as the distinctive thioredoxin-fold in the N-terminal domain, as well as a 

predominantly α-helical C-terminal domain (Harrop et al., 2001; Gururaja Rao et al., 2017). 

The ion channel activity of EcSspA was monitored by recording single ion channel currents of 

EcSspA bound to planar lipid bilayers and approximately 35 out of 50 recorded experiments 

revealed the presence of ion channel activity (Gururaja Rao et al., 2017). This indicated that 

soluble EcSspA is also metamorphic and forms functional ion channels similarly to hCLIC1 

(Gururaja Rao et al., 2017). However, the mechanism in which both soluble hCLIC1 and 

EcSspA rearrange their structure to the membranous form and undergo insertion into 

membranes is still unknown (Tulk et al., 2000; Harrop et al., 2001). 

Additionally, indanyloxyacetic acid 94 (IAA-94) was introduced to the EcSspA that had 

formed ion channels, to assess the effect it would have on the ion channel activity of EcSspA 

(Gururaja Rao et al., 2017). IAA-94 is a chloride channel blocker that is known to inhibit the 

ion channel activity of CLIC proteins (Tulk et al., 2000; Harrop et al., 2001) and in the presence 

of approximately 100 µM of IAA-94, the ion channel activity of EcSspA had decreased to a 

near inhibition state (Gururaja Rao et al., 2017). This suggests that the membrane form of 

EcSspA and hCLIC1 share a similarity in their function as membrane proteins. 

Furthermore, it was shown that like the ion channel activity of hCLIC1, the ion channel activity 

of EcSspA is sensitive to pH and has increased ion channel activity in low pH environments 
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(Tulk et al., 2002; Gururaja Rao et al., 2017). The open probability of the EcSspA channel had 

increased significantly at a pH of 5.5, where changing the pH to 8.5, resulted in a significant 

decrease in the open probability of the EcSspA channel (Gururaja Rao et al., 2017). This further 

showed the similarities in the ion channel activity of hCLIC1 and EcSspA. 

The structural similarities noted between soluble hCLIC1 and EcSspA, as well as the 

similarities noted in the ion channel activity of hCLIC1 and EcSspA show the relatedness 

between the proteins in both soluble and membrane form. 

1.7 IAA-94 and Ethacrynic acid (EA) potentially inhibit EcSspA function 

IAA-94 has been found to inhibit the ion channel activity of membrane bound hCLIC1 (Harrop 

et al., 2001; Tulk et al., 2002) as well as the enzymatic activity of soluble hCLIC1 in its 

monomeric form (Al Khamici et al., 2015). Soluble hCLIC1 possesses glutaredoxin-like 

glutathione-dependent oxidoreductase activity towards 2-hydroxyethyl disulfide (HEDS) and 

can catalyse known substrates of glutaredoxin-1, such as sodium selenite (Al Khamici et al., 

2015). HEDS was shown to be reduced when hCLIC1 was coupled with GSH and glutathione 

reductase in the presence of NADPH (Al Khamici et al., 2015), therefore indicating that soluble 

hCLIC1 has glutathione-dependent oxidoreductase activity. Unlike soluble hCLIC1 and 

cytosolic GSTs, soluble EcSspA has shown no glutaredoxin-like or GST enzymatic activity, 

although soluble EcSspA has similar structural characteristics to soluble hCLIC1 and cytosolic 

GSTs (Hansen et al., 2005a).  

EcSspA in pathogenic E. coli has shown to play a role in pathogenesis (Hansen et al., 2005a) 

and as a result, identifying potential inhibitors of EcSspA function would be beneficial in 

preventing disease caused by pathogenic enteric E. coli. Therefore,  IAA-94 and EA, which are 

ligands that bind and inhibit the enzymatic activity of soluble hCLIC1 and cytosolic GSTs, 

respectively (Al Khamici et al., 2015; Rhodes and Twentyman, 1992), were used in this study 

to determine whether IAA-94 and EA would bind to soluble EcSspA and if so, where IAA-94 

and EA are most likely to bind as well as the affinity that soluble EcSspA has for these ligands. 

EA is a compound that inhibits the reabsorption of ions in the loop of Henle in the kidney and 

results in the excretion of the ions causing an increase in urine production (Allocati et al., 

2018). This compound is a known enzyme inhibitor of GSTs and binds to the H-site of cytosolic 

GSTs, where in the absence of EA, the hydrophobic substrate would bind (Rhodes and 

Twentyman, 1992; Allocati et al., 2018). EA is a structural homologue of IAA-94 (Harrop et 

al., 2001; Tulk et al., 2002; Wang et al., 2017) and therefore, given the structural relatedness 



 

14 
 

of IAA-94 and EA (Figure 4), identifying the effect that IAA-94 and EA have on soluble 

EcSspA may prove to be beneficial in finding potential EcSspA inhibitors.   
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Figure 4: Chemical structure of IAA-94 and EA represented in 2-D. (A) 2-D chemical 

structure of IAA-94. (B) 2-D chemical structure of EA. Both A and B were created using 

ChemDoodles® (iChemLabsTM, version 11.0, 2007-2020) 
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1.8 Aim 

The aim of this project was to investigate the interaction of soluble EcSspA with IAA-94 and 

EA, respectively. 

1.9 Objectives 

1. To verify, through Inqaba BiotechTM, the cDNA sequence encoding EcSspA, subcloned 

into the pET-28a vector. 

2. To overexpress EcSspA in E. coli T7 cells and purify EcSspA using a nickel-

immobilised metal affinity chromatography (Ni2+-IMAC) column. 

3. To verify the presence and purity of EcSspA using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). 

4. To characterise the structural properties of EcSspA: 

▪ Secondary structure determination using far-UV circular dichroism (CD) 

spectropolarimetry. 

▪ Tertiary structure determination using intrinsic fluorescence spectroscopy and near-

UV circular dichroism (CD) spectropolarimetry. 

▪ Quaternary structure determination using size exclusion-high performance liquid 

chromatography (SE-HPLC). 

5. To characterise the ligand binding ability of EcSspA: 

▪ Displacement of ANS from EcSspA by IAA-94 and EA using extrinsic 

fluorescence spectroscopy. 

▪ Assess the interaction of IAA-94 and EA to EcSspA using isothermal titration 

calorimetry (ITC).  

6. To computationally dock IAA-94 and EA to EcSspA using induced-fit molecular 

docking software from Schrödinger Maestro version 12.0.  
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Chapter 2: Experimental Procedures 

2.1 Materials 

The pET-28a vector encoding for EcSspA was purchased from GenScript (USA) and the T7 

Express Competent E. coli cells were obtained from New England Biolabs (USA). The 

GeneJET® plasmid mini-prep kit used was purchased from ThermoScientific (USA) and the 

HisTrap Fast Flow (FF) Column was purchased from GE Healthcare (Sweden). Isopropyl β-

D-1-thiogalactopyranoside (IPTG), kanamycin, chloramphenicol and the BLUeye Prestained 

Protein Ladder was purchased from Sigma-Aldrich (USA). The 8-anilino-1-

naphthalenesulfonic acid ammonium salt (ANS), IAA-94 and EA were obtained from Sigma-

Aldrich (USA). The gel filtration standards were purchased from Bio-Rad Laboratories (USA). 

All the other chemical reagents used in this study were of analytical grade.  

2.2 Methodology 

2.2.1 pET-28a vector 

In addition to containing the cDNA sequence for EcSspA, the pET-28a vector (GenScript, 

USA) used possesses a kanamycin resistance gene that served as a selection marker for T7 E. 

coli cells (New England Biolabs, USA) that were transformed with the pET-28a vector. The 

vector also consists of a T7 promoter which allowed for the T7 RNA polymerase that was 

transcribed by the genome of the T7 E. coli cells, to transcribe and overexpress EcSspA (Tabor 

Stanley, 1990; Zalenskaya et al., 1990). Furthermore, a poly-histidine tag (his-tag) present at 

the N-terminus, was used to aid the purification of EcSspA. A thrombin cleavage site is also 

present in the vector to remove the his-tag, however, in this study the his-tag was not cleaved 

from EcSspA. 

2.2.2 Verification of cDNA sequence encoding EcSspA 

A 1 ml glycerol stock of T7 E. coli cells, that was previously transformed with the pET-28a 

vector was thawed on ice. The T7 E. coli cells used, were previously transformed using the 

heat-shock method, where 100 µl of chemically competent T7 E. coli cells were thawed and 

introduced to 6 µl of the thawed plasmid. Once mixed, the microcentrifuge tube containing the 

competent T7 E. coli cells and plasmid were immediately placed on ice for 15 minutes and then 

heat-shocked at 42 ̊ C for 50 seconds and thereafter placed on ice for a further 2 minutes. The 

transformed cells were added to 1 ml of SOC media that was incubated at 37 ̊ C and were then 

plated on Luria Broth (LB) agar plates (1.5% (w/v) agar, 1% (w/v) tryptone, 0.5% (w/v) yeast 

extract and 0.5% (w/v) sodium chloride supplemented with 30 µg/ml kanamycin and 35 µg/ml 

chloramphenicol) to determine whether the competent T7 E. coli cells were indeed transformed 
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with the plasmid. The colonies of the transformed cells were used to prepare the above-

mentioned glycerol stock. Once thawed, the glycerol stock was used to inoculate 100 ml of 

2xYT medium (1% (w/v) yeast extract, 1.6% (w/v) tryptone, 0.5% (w/v) sodium chloride) that 

was supplemented with 30 µg/ml kanamycin and 35 µg/ml chloramphenicol. Chloramphenicol 

was introduced to the medium to select for only T7 E. coli cells as they possess a 

chloramphenicol resistance gene (Kesik-Brodacka et al., 2012). The inoculated medium was 

well aerated and placed in a rotating incubator at 250 rpm, for 12-16 hours at 37 ̊ C.  

Subsequently, the cell culture was used to extract the plasmid, as per the instructions of the 

GeneJETTM plasmid mini-prep kit (ThermoScientific, USA). The extracted plasmid was stored 

at -20 ̊ C and approximately 20 µl of the isolated plasmid was sent to Inqaba BiotechTM 

(Pretoria, South Africa) for Sanger sequencing, to verify that the cDNA sequence inserted in 

the plasmid encoded for EcSspA. The remaining cell culture was used to prepare glycerol 

stocks in a 1:1 ratio of glycerol (80% (v/v) glycerol) to cell culture. 

The sequence received from Inqaba BiotechTM (Pretoria, South Africa) was extracted using 

Finch-TV (Version 1.4.0, Geospiza Inc.) and the sequence was analysed using NCBI BLASTx 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). NCBI BLASTx searched protein databases to find 

amino acid sequences that aligned with the nucleotide sequence sent by Inqaba BiotechTM 

(Pretoria, South Africa). 

2.2.3 Overexpression of EcSspA 

In preparation for overexpressing EcSspA, 7.5 L of fresh 2xYT medium was prepared and 

added to 15 Erlenmeyer flasks, each containing 500 ml of medium supplemented with 30 µg/ml 

kanamycin. One flask was inoculated with 750 µl of a thawed glycerol stock of transformed 

T7 E. coli cells and placed in an incubator for 12-16 hours at 37 ̊ C, while rotating at 210 rpm 

to ensure the flask was well aerated during this period. Thereafter, 30 ml of the cell culture was 

transferred to each of the remaining 14 flasks. The 14 flasks were placed in a rotating incubator 

at 210 rpm, at 37 ̊ C for 12-16 hours. 

At 15-minute intervals, the optical density at 600 nm (OD600) (mid-exponential growth phase) 

of the growing cell culture was recorded using a UV-Vis spectrophotometer and a growth curve 

was established by plotting a graph of the absorbance recorded at 600 nm as a function of time. 

When an OD600 of approximately 0.7 was reached, a final concentration of 0.2 mM of IPTG 

was added to each flask to induce the overexpression of EcSspA for 6-8 hours. 
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Subsequent to the overexpression of EcSspA, the cells were harvested through centrifugation 

at 5000 x g, for 10 minutes at 4 ̊ C and a 1 ml sample of the supernatant was stored, and the 

remainder was discarded. The pellet was resuspended in 30 ml of resuspension buffer (20 mM 

Tris-HCl, 500 mM sodium chloride, 30 mM imidazole and 0.01% (w/v) sodium azide, pH 8) 

per litre of cell culture and 1 ml of 1 mM fresh benzamidine and phenylmethylsulfonyl fluoride 

(PMSF) were added to the resuspended pellet, to inhibit proteases that could be released during 

cell lysis, to ensure that no degradation of EcSspA would occur. The cells were placed in two 

50 ml falcon tubes and stored at – 20 ̊ C. 

2.2.4 Purification of EcSspA 

The cells (obtained in section 2.2.3) were placed in a beaker of water and were gently thawed 

over a benchtop stirrer. To aid in cell lysis, magnesium chloride (1 M), DNase (10 mg/ml) and 

lysozyme (10 mg/ml) (1 µl of each reagent was added per ml of cells) were added directly to 

the cells and left to incubate for 30 minutes. Thereafter, the cells were sonicated using the PRO 

200 homogenizer (PRO Scientific Inc, USA) for 3 x 30s cycles, with the pulse at a medium 

setting and the cells were placed on ice between cycles. The cell lysate was further centrifuged 

at 23 000 x g for 10 minutes at 4 ̊ C, the supernatant was collected and filtered using a 0.45 µm 

syringe filter. A sample of the supernatant and the pellet that remained after centrifugation was 

kept and stored at -20 ̊ C and used to prepare samples for SDS-PAGE (see section 2.2.5). 

Prior to applying the filtered supernatant onto the 5 ml Ni2+-IMAC column (GE Healthcare, 

Sweden), the column was connected to the AKTA purification system and the equilibration 

buffer (20 mM Tris-HCl, 500 mM sodium chloride, 30 mM imidazole and 0.01% (w/v) sodium 

azide, pH 8) was pumped into the system at a flow rate of 4 ml/min to equilibrate it prior to 

EcSspA purification. When the AKTA purification system was equilibrated with 10 column 

volumes (this was noted by an A280 of 0 mAU), 50 ml of the filtered supernatant was loaded 

onto the column (this was noted by an increase in the A280). The His-tagged EcSspA bound to 

the column and all the molecules that remained unbound were removed from the column using 

the equilibration buffer and collected as the flow-through. Elution of the bound His-tagged 

EcSspA was conducted when the A280 returned to 0 mAU by applying the elution buffer (20 

mM Tris-HCl, 500 mM sodium chloride, 300 mM imidazole and 0.01% (w/v) sodium azide, 

pH 8) to the column. The eluted EcSspA was collected in three 5 ml fractions when the A280 

started increasing.  
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The eluted EcSspA fractions were put in dialysis tubing with a 10 kDa molecular weight cut-

off and placed in dialysis buffer (50 mM potassium phosphate, 100 mM sodium chloride, 1 

mM EDTA, 0.01% (w/v) sodium azide, pH 7). Two buffer exchanges occurred in intervals of 

3-4 hours as well as a last buffer exchange that occurred for 12-16 hours. Dialysis took place 

at 4 ̊ C on a magnetic stirrer to aid the process of dialysis. Purified EcSspA was stored in the 

dialysis buffer at 4 ̊ C and a litre of the buffer was filtered and kept for spectroscopic studies.  

2.2.5 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

To assess the presence and purity of the eluted EcSspA, a 12.5% (w/v) SDS-PAGE gel 

(Laemmli, 1970) was made. A 12.5% discontinuous SDS-PAGE gel consists of a 12.5% (w/v) 

separating gel (30% acrylamide/2.67% bis-acrylamide solution, 10% (w/v) SDS, 10% (w/v) 

ammonium persulfate, 100% (v/v) TEMED and 1.5 M Tris-HCl, pH 8.8) and a 4% stacking 

gel (30% acrylamide/2.67% bis-acrylamide solution, 10% (w/v) SDS, 10% (w/v) ammonium 

persulfate, 100% (v/v) TEMED and 0.5 M Tris-HCl, pH 6.8).  

The samples that were analysed using SDS-PAGE were prepared as follows: 50 µl of each 

sample was added to 50 µl of reducing sample buffer (0.5 M Tris, pH 6.8, 20% (v/v) SDS, 25% 

(v/v) glycerol and 0.5% (w/v) bromophenol blue). Thereafter, β-mercaptoethanol was added to 

the samples in a 1:10 (v/v) ratio prior to heating the samples at 95  ̊ C for ~ 5 minutes. 

Approximately 2 µl of the BLUeye Prestained Protein Ladder (GeneDireX Inc.) was loaded 

into the first well to serve as the molecular weight marker (MWM) and 5 µl of each sample 

was loaded into the other remaining wells. The gel was placed in the electrophoresis tank that 

was appropriately filled with 1x electrophoresis buffer (25 mM Tris-HCl, 192 mM glycine and 

10% (w/v) SDS, pH 8.3) and electrophoretic separation of the samples occurred at 160 V for ~ 

1 hour. All electrophoretic apparatuses used are from Bio-Rad Laboratories (USA).  

Thereafter, the gel was removed from the electrophoretic tank and placed in a stain solution 

(0.25% (w/v) Coomassie Brilliant Blue R250, 45% (v/v) methanol and 10% (v/v) glacial acetic 

acid.) overnight. After that, the stain solution was removed and the de-stain solution (10% (v/v) 

glacial acetic acid, 40% (v/v) methanol and 50 % (v/v) distilled water) was poured over the gel 

until the gel was clear of the stain.  

An SDS-PAGE calibration curve was also constructed by measuring the distance (cm) that the 

protein standards of known molecular mass migrated on the gel and compared it to the distance 

(cm) that the protein sample migrated on the gel relative to the dye front. The distance migrated 

by the protein standards was plotted against the log of the molecular mass of the protein 
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standards and the linear regression model from the fit of the data was used to determine the 

size of the EcSspA subunit. All plots were created using SigmaPlot version 12.0. 

2.2.6 Protein concentration determination and purity assessment 

The concentration of EcSspA was determined using absorbance spectroscopy. Five dilutions 

of the protein were prepared. The dilutions of EcSspA measured at A280 were plotted and a 

regression line was computed for the data. Obtaining the A280 and the molar extinction 

coefficient of EcSspA is important in calculating the concentration when using the Beer-

Lambert Law: 

                                                             A = ε. c. l                                                                        (1) 

where A represents the absorbance value at 280 nm, ε represents the molar extinction 

coefficient of EcSspA at 280 nm (M-1 cm-1), c represents the concentration (M) of EcSspA and 

l represents the pathlength (1 cm) of the cuvette (Swinehart, 1962). To calculate the molar 

extinction coefficient the following equation was used: 

ε280 = (nW x εW) + (nY x εY) + (nC x εC)                     

ε280 = (nW x 5 500 M-1 cm-1) + (nY x 1 495 M-1 cm-1) + (nC x 125 M-1 cm-1)                     (2) 

where n represents the number of W (tryptophan), Y (tyrosine) or C (cystine) residues. The 

cysteine residues are considered negligible at A280 due to low contribution that the molar 

extinction coefficient has on the ε280 (Pace et al., 1995). The molar extinction coefficient of the 

EcSspA dimer was calculated to be 56 965 M-1 cm-1.  

An absorbance spectrum of EcSspA was also conducted to assess the purity of the protein. The 

absorbance spectrum was measured using the Jasco V-630 spectrophotometer over a 

wavelength range of 200-400 nm. The absorbance at 260 nm, 280 nm and 340 nm was closely 

observed. The A260/A280 ratio can be used to determine the purity of the protein. An A260/A280 

ratio of 0.6 or lower indicates that the protein is free of nucleic acid contamination (Warburg 

and Christian, 1942) and monitoring whether a peak is observed at 340 nm, gave an indication 

of possible aggregation of the protein. The following parameters were entered into the Jasco 

V-630 spectrophotometer: data pitch was 1 nm, the scan speed was 200 nm/min and 3 

accumulations were recorded. The data obtained was corrected for buffer (50 mM potassium 

phosphate, 100 mM sodium chloride, 1 mM EDTA, 0.01% (w/v) sodium azide, pH 7) 

contributions. All spectra and plots were plotted using SigmaPlot version 12.0. 
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2.2.7 Structural characterisation of EcSspA 

2.2.7.1 Far-UV Circular Dichroism (CD) spectropolarimetry 

Far-UV CD is a technique that was used to evaluate the secondary structural elements of 

EcSspA. CD makes use of circularly polarised light that is absorbed by the amide bonds present 

in the polypeptide backbone of proteins in the far-UV region (250-180 nm) (Kelly and Price, 

2009). Due to the chiral nature of the amide bonds, they can absorb right and left-handed 

circularly polarised light unequally and the differential absorption in turn gives rise to the CD 

signal produced (Kelly and Price, 2009). Different secondary structural elements produce 

distinct spectra: (i) α-helices have troughs present at 208 nm and 222 nm and a crest at 195 nm, 

(ii) β-sheets have a trough present at 218 nm and a crest at 196 nm and (iii) random coils have 

a crest present at 212 nm and a trough at 195 nm (Beychok, 1966; Kelly and Price, 2009).  

In addition, the CD spectropolarimeter generated a spectrum of high-tension voltage (HT) 

against the wavelength. The HT is an important parameter to monitor as it ensures that reliable 

CD data was obtained. A HT value of 700 V or greater, shows that an insufficient amount of 

light reached the detector and that CD data produced at those wavelengths are not reliable and 

therefore HT values below 700 V are more reliable to use (DiNitto and Kenney, 2012).  

A Jasco J-1500 spectropolarimeter was used to measure the far-UV spectrum of EcSspA and 

the following parameters were put in place: data pitch was 1 nm, the scan speed was 100 

nm/min, the bandwidth was 5 nm and the pathlength was 2 mm. A 2 mm quartz cuvette was 

used to measure the samples, and this occurred at 20 ̊ C. Approximately 2.5 µM of EcSspA 

was used in the samples and the samples were prepared by directly diluting the sample with 

Milli-Q water as opposed to the buffer (50 mM potassium phosphate, 100 mM sodium chloride, 

1 mM EDTA, 0.01% (w/v) sodium azide, pH 7), which created a lot of noise at a wavelength 

of 200 nm and below. An average of three samples was obtained and corrected for contributions 

made by the Milli-Q water. All spectra plotted using SigmaPlot version 12.0.  

The secondary structural content of YpSspA was determined the using the Full Protein Feature 

View from RCSB PDB (PDB ID: 1YY7; Hansen et al., 2005) which showed the number of 

amino acid residues present in each secondary structural element. 

 

 

 



 

23 
 

2.2.7.2 Near-UV CD spectropolarimetry 

Similar to far-UV CD, near-UV CD is a technique that makes use of the absorbance of right 

and left-handed circularly polarised light by chromophores. However, unlike far-UV CD, the 

chromophores that absorb light in the near-UV region (340-250 nm) are aromatic amino acid 

residues (Kelly and Price, 2009). The asymmetric environment of tryptophan, tyrosine and 

phenylalanine residues allows for their chiral nature, and therefore the differential absorption 

of the right and left-handed circularly polarised light by the aromatic amino acid residues will 

produce a characteristic CD signal (Kelly and Price, 2009). That is, phenylalanine will give 

account for the CD signal between 255-270 nm and tyrosine and tryptophan will give account 

for the CD signal observed between 275-282 nm and 290-305 nm, respectively (Beychok, 

1966; Kelly and Price, 2009).  

The Jasco J-1500 spectropolarimeter was also used to measure the near-UV spectrum of 

EcSspA as well as the corresponding HT spectrum. The same parameters as in section 2.2.7.1 

were put in place, aside from the 5 mm quartz cuvette used to measure the samples and 

approximately 20 µM of EcSspA was used in each sample. 

2.2.7.3 Intrinsic tryptophan fluorescence spectroscopy  

Intrinsic tryptophan fluorescence spectroscopy is a sensitive application that is commonly used 

to analyse the local environment of the tryptophan residues in protein (Lakowicz, 2006). 

Fluorescence occurs when a fluorophore absorbs light at a specific wavelength and the 

electrons become excited, moving to a higher energy level. As the electrons move back to their 

ground state, light is emitted at a longer wavelength than it was excited at (Lakowicz, 2006). 

The aromatic amino acid residues are naturally occurring fluorophores in protein (Lakowicz, 

2006). However, due to the poor fluorescence signal of phenylalanine and cysteine residues, 

their contribution to the intrinsic fluorescence of a protein are considered negligible (Lakowicz, 

2006). Tyrosine and tryptophan residues are readily excitable at 280 nm, however, tryptophan 

residues can be selectively excited at 295 nm (Moller and Denicola, 2002; Lakowicz, 2006). 

Tryptophan residues are sensitive to the polarity of their local environment and the changes 

occurring in that environment can be monitored by observing the maximum emission 

wavelength of the tryptophan residues (Moller and Denicola, 2002; Lakowicz, 2006). 

The Jasco FP-6300 spectrofluorometer was used to conduct the fluorescence measurements at 

20 ̊ C. The following parameters were put in place: data pitch was 1 nm, the excitation and 

emission band width were 5 nm, the scan speed was 200 nm/min, the excitation wavelength 



 

24 
 

was 295 nm and the emission spectra were recorded from 295-500 nm. A quartz cuvette with 

a pathlength of 10 mm was used and 3 accumulations of each sample were measured. 

Approximately, 2 µM of native EcSspA was used and an average of three samples was 

obtained, and the samples were corrected for buffer contributions (50 mM potassium 

phosphate, 100 mM sodium chloride, 1 mM EDTA, 0.01% (w/v) sodium azide, pH 7). All 

spectra were plotted using SigmaPlot version 12.0. 

2.2.7.4 Size Exclusion-High Performance Liquid Chromatography (SE-HPLC) 

SE-HPLC is a technique used to provide information on the oligomeric state of proteins by 

employing the principles of size exclusion chromatography (SEC). SE-HPLC separates 

molecules based on their hydrodynamic volumes, where larger molecules elute first and the 

smaller the molecule, the longer it is retained in the column prior to eluting (Tayyab et al., 

1991). However, unlike SEC, the HPLC system allows for higher resolution and quick 

separation of molecules into their various components due to the high pressure associated with 

the system (Tayyab et al., 1991; Garcia-Lopera et al., 2005). 

The Shimadzu UFLC LC-20A system, together with the TSK-Gel Super SW 2000 column, 

which has a fractionation range of 5-150 kDa and guard column were used to analyse the 

oligomeric state of EcSspA. Approximately, 20 µl of 164 µM purified EcSspA was injected 

into the SE-HPLC system and resolved over 30 minutes. The absorbance of the effluent was 

measured at 280 nm, at a flow rate of 0.2 ml/min. The mobile phase of the system was a buffer 

(50 mM potassium phosphate, 1 mM of EDTA, 0.01% (w/v) sodium azide and 500 mM sodium 

chloride, pH 7) that was used to equilibrate the HPLC system, as well as the column prior to 

injecting the EcSspA sample.  

A set of gel filtration standards that consisted of: thyroglobulin (670 kDa), gamma globulin 

(158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and vitamin B12 (1.5 kDa) (Bio-Rad 

Laboratories, USA) used to construct a calibration curve by plotting a curve of the log of the 

molecular mass of the gel filtration standards as a function of their corresponding retention 

times and a regression model was fitted to this data. The gel filtration standards (20 µl) were 

also injected into the system and resolved under identical conditions. The calibration curve was 

used to estimate the molecular mass of the EcSspA sample. The elution profiles and plots were 

plotted using SigmaPlot version 12.0. 
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2.2.8 Assessment of IAA-94 and EA interaction with EcSspA 

2.2.8.1 ANS concentration determination and fluorescence 

ANS is an amphiphilic dye that exhibits fluorescent capabilities in hydrophobic environments. 

ANS binds non-covalently to hydrophobic patches on the surface of protein and is sensitive to 

the polarity of the environment (Matulis and Lovrien, 1998). ANS has also been used 

considerably to characterise the ligand binding sites present on protein (Collini et al., 2000). 

Therefore, ANS was used to identify potential binding sites on EcSspA by using extrinsic ANS 

fluorescence. 

Prior to conducting any fluorescence measurements of ANS with EcSspA, the concentration 

of ANS was first determined by means of absorbance spectroscopy. A dilution plot of ANS 

measured at an absorbance of 350 nm was constructed and a regression model was fitted to the 

data. Using the Beer-Lambert Law (see equation 1), the concentration of ANS was determined 

using the molar extinction coefficient of ANS, which is 4950 M-1 cm-1 (Matulis and Lovrien, 

1998). The dilution series was measured using the Jasco V-630 spectrophotometer and the 

following parameters were in place: data pitch was 1 nm, the scan speed was 200 nm/min and 

3 accumulations were recorded at 20 ̊ C. The data was corrected for contributions made by the 

buffer (50 mM potassium phosphate, 100 mM sodium chloride, 1 mM EDTA, 0.01% (w/v) 

sodium azide, pH 7). 

The fluorescence measurements were conducted using the Jasco FP-6300 spectrofluorometer, 

200 µM of ANS was incubated in the dark, at room temperature in the appropriate buffer as 

well as in the presence of 2 µM of EcSspA for approximately 1 hour. The following parameters 

were used: data pitch was 1 nm, the scan speed was 200 nm/min, the excitation and emission 

band width were 5 nm, the excitation occurred at 390 nm and the emission spectrum ranged 

from 390-650 nm. Any contributions made by the buffer were subtracted from the data and the 

samples were measured in triplicates. All spectra and plots were plotted using SigmaPlot 

version 12.0. 

2.2.8.2 The displacement of ANS by IAA-94 and EA from EcSspA 

ANS displacement studies were conducted to determine whether IAA-94 and EA could 

displace ANS from EcSspA using extrinsic ANS fluorescence. 

Samples of free ANS in buffer were prepared, as well as samples of ANS with 3% (v/v) DMSO, 

ANS with 2.1 mM IAA-94 and ANS with 2.48 mM EA. The control consisted of ANS with 

EcSspA only. Samples that consisted of ANS, EcSspA and 3% (v/v) DMSO were made, as 
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well as samples of ANS, EcSspA with 2.1 mM IAA-94 and ANS, EcSspA with 2.48 mM EA. 

Approximately, 200 µM of ANS and 2 µM of EcSspA was used for the ANS displacement 

studies.  

Stock solutions of IAA-94 and EA were solubilised in 100% (v/v) DMSO and to ensure that 

EcSspA retains function and that minimal signal artefacts are present when conducting ITC 

titrations, 3% (v/v) DMSO was used in samples for ANS displacement and ITC (Velazquez-

Campoy and Freire, 2006), to provide consistency to the samples used in the interaction studies. 

The samples were prepared in triplicate and incubated in the dark at room temperature prior to 

conducting fluorescence measurements. 

The displacement of ANS was measured by monitoring the fluorescence intensity of ANS at 

the maximum emission wavelength. The same parameters as in section 2.2.8.1 were put in 

place, however, the emission spectra were measured over a wavelength range of 390-700 nm.  

2.2.8.3 Isothermal titration calorimetry (ITC) 

ITC is a technique used to study the binding of small molecules to larger macromolecules or 

the interaction of macromolecules in solution (Jelesarov and Bosshard, 1999). This technique 

measures the heat that is released or absorbed during the interaction between a ligand and a 

macromolecule, like a protein, in the sample cell with respect to a reference cell that contains 

only the buffer used in the titrations (Jelesarov and Bosshard, 1999). As the ligand is injected 

into the sample cell, the ligands bind to the macromolecules and peaks are produced as raw 

data (Figure 5A). The peaks represent the change in heat energy as binding occurs. A decrease 

in the peaks indicates the saturation of the macromolecule. These peaks are integrated by 

software and a Wiseman plot is produced and thermodynamic parameters can be derived from 

this plot (Figure 5B) (Wiseman et al., 1989). 

The isotherm produced thereafter can be used to directly determine the change in enthalpy 

(ΔH), the binding affinity constant (Ka) and the number of binding sites (N) (Wiseman et al., 

1989) (Figure 5). The change in Gibbs free energy (ΔG) and the change in entropy (ΔS) can be 

indirectly determined using the following equations: 

                                                    ΔG = RT ln (Ka) = ΔH – TΔS                         (3)                                         

where ΔG represents the change in Gibbs free energy (kJ/mol), the R represents the gas constant 

(8.314 J/mol/K), the T represents temperature in Kelvin and the Ka represents the binding 
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affinity constant (M or mol/l). The ΔH represents the change in enthalpy (kJ/mol) and the ΔS 

represents the change in entropy (kJ/mol/K). 
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Figure 5: Schematic diagram of raw data obtained from an ITC experiment and 

accompanying isotherm. (A) Raw data shows downward peaks generated by the heat released 

during binding of ligand to the macromolecule until saturation was reached. (B) ITC isotherm 

generated from the integration of the peaks in A. The change in enthalpy (ΔH), the binding 

affinity (Kd) and the stoichiometry (N) can be directly determined from the isotherm. (Source: 

https://www.malvernpanalytical.com/en/products/technology/microcalorimetry/isothermal-

titration-calorimetry) 
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When conducting ITC titrations, it is important to consider the c-value as reported by Wiseman 

et al (1989). The c-value is an important unitless parameter that ensures the reliability of 

binding isotherms and thus maximising the confidence in the binding parameters obtained from 

the titrations; the c-value is also considered a function of the binding constant (Ladbury and 

Chowdhry, 1996). The c-value is a product of the stoichiometry of the reaction (N) with the 

binding association constant (Ka) and the total macromolecular concentration in the sample cell 

of the calorimeter ([M]total), c = N x Ka x [M]total (Wiseman et al., 1989). When the c-value 

ranges between 1 < c < 1000, it reflects moderately tight binding reactions, with the c-value 

being considered optimal between 10 < c < 100 (O’Brien et al., 2000). When the c-value is 

between 10 and 50, the shape of the binding isotherms is sigmoidal and therefore preferable 

for directly determining the ΔH, Ka and N (Wiseman et al., 1989). When the c-value is below 

5, it represents weakly binding reactions and puts into question the reliability of directly 

determining the ΔH, Ka and N. If c-values are equal to or approach infinity, it results in very 

tight binding reactions (Figure 6) (Wiseman et al., 1989). 
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Figure 6: Simulated binding isotherm for various values of c. This binding isotherm 

indicates that low c-values result in shallow binding isotherms where binding parameters can 

be inaccurately determined and where high c-values result in steep isotherms where the binding 

constant cannot be determined accurately. Moderate c-values produce isotherms with a 

sigmoidal shape allowing for ΔH, Kd and N to be accurately and directly determined from the 

isotherm (Wiseman et al., 1989). 
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ITC was used to determine the thermodynamic properties associated with the interaction 

between EcSspA and IAA-94 or EA. Vials of 50 mg of IAA-94 and EA were solubilized in 2 

ml of 100% (v/v) DMSO, respectively, to yield a concentration of 25 mg/ml. EcSspA was 

dialysed (50 mM potassium phosphate, 1 mM EDTA and 0.01% (w/v) sodium azide, pH 7) 

and the dialysate was used to prepare the ligand solutions; 100 µM EcSspA with 3% (v/v) 

DMSO was prepared for the titrations. The stock concentration of IAA-94 was ~ 69.98 mM 

and that of EA was ~ 82.47 mM. To prepare for the titration, 30 µl of each ligand was added 

to 970 µl of the dialysate, to ensure no buffer mismatch occurred during the titrations. As a 

result, the concentration of IAA-94 and EA used in this study was 2.1 mM and 2.48 mM, 

respectively. All samples were degassed prior to titration.  

All titration experiments were performed using a Nano-ITC calorimeter (TA instruments, 

USA). The Nano-ITC calorimeter was appropriately cleaned prior to all titration experiments. 

The sample cell contained 100 µM EcSspA with 3% (v/v) DMSO to a volume of 1 ml and the 

syringe contained IAA-94 or EA to a volume of 250 µl. Initial equilibration of the Nano-ITC 

occurred while the EcSspA was stirred at 250 rpm. Automated 5 µl injections with an initial 

injection of 2 µl of the ligand introduced into the sample cell, were incremental and occurred 

every 300s, with an initial and final baseline of 300s and ~ 40 injections were made per ITC 

run. All titration experiments occurred at 20 ̊ C. Titrations of ligands into buffer alone (under 

identical conditions as the titrations of the ligands into protein) were also conducted to 

determine the heats of dilution for each ligand, as their addition causes a dilution effect which 

generates a heat signal. The heat signals generated due to the titration of EcSspA with ligand 

were subsequently corrected for heats of dilution. 

NITPIC (version 1.2.7) (Keller et al., 2012; Scheuermann and Brautigam, 2015) and 

SEDPHAT (version 15.2b) are software used to correct data for the heats of dilution, obtain an 

unbiased baseline of titration data, to fit the data and obtain the thermodynamic parameters of 

the titrations. The data were fit using the A + B ↔ AB Hetero-association model implemented 

in SEDPHAT and represents a single molecule binding to a single site on a macromolecule. 

This interaction model was used to fit the data, as the data obtained from molecular docking 

studies (see section 2.2.8.4) revealed that the ligands used in this study could possibly bind to 

one site on the EcSspA structure. Data fit by SEDPHAT were exported to GUSSI (version 

1.4.2) (Brautigam, C.A., 2015) to graphically represent the fitted data appropriately.  
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2.2.8.4 Molecular docking of IAA-94 and EA to EcSspA homology model 

Homology Modelling 

Homology modelling is a technique that is utilized to predict the three-dimensional structure 

of a protein, when only the amino acid sequence is available (Cavasotto and Phatak, 2009). 

Homology modelling uses the three-dimensional structure of a protein that has been solved 

experimentally, as a template, to determine a model structure of the target protein. The structure 

of EcSspA is yet to be solved and as a result, the modelling of EcSspA was necessary. For a 

template to be considered eligible for homology modelling, a sequence identity of >30%  

(Cavasotto and Phatak, 2009) is required. The sequence identity found between EcSspA and 

YpSspA (PDB: 1YY7) was found to be 83% (Andrykovitch et al., 2003) and as a result, 

YpSspA was used as a template. The amino acid sequence of EcSspA was put into SWISS-

MODEL (Waterhouse et al., 2018a), which is an online homology modelling server and using 

YpSspA as a template, SWISS-MODEL was able to compute a model for EcSspA. This model 

was used in subsequent docking studies. 

Prediction of potential binding sites 

SiteMap is a tool incorporated in the Schrödinger Maestro version 12.0 Software (Halgren, 

2007), that identifies potential binding sites on target proteins with a high degree of confidence. 

SiteMap identifies site points that are likely to contribute to strong protein-protein and/or 

protein-ligand binding. Various factors are calculated at each site point, such as the size of the 

site, the degree to which the site is exposed to solvent, the degree to which the site is enclosed 

by the protein of interest as well as the tightness that the site interacts with the ligand, the 

degree that the ligand in question can donate or accept hydrogen bonds and the hydrophobic 

and hydrophilic character of the site (Halgren, 2007). Using these factors, SiteMap can rank 

the potential binding sites. SiteMap can be applied to whole proteins and was used to determine 

potential binding sites on the EcSspA homology model (Halgren, 2007). The sites obtained on 

the EcSspA homology model by SiteMap were used to set up the docking studies.  

Docking of ligands to EcSspA homology model structure 

Prior to docking IAA-94 and EA to the EcSspA model, both ligands and the EcSspA homology 

model underwent preparation for docking using the ligand and protein preparation wizard 

provided by the Schrödinger Maestro version 12.0. Subjecting the structures of IAA-94 and 

EA as well as the EcSspA homology model to preparation by the preparation wizards ensured 

that the structure of the ligands and protein are correct, and that missing hydrogen atoms or 
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incomplete side chains were fixed. The OPLS 2005 force field was used to estimate the forces 

present between atoms within molecules and between molecules and therefore reproduce 

accurate structures of the protein and ligands (Friesner et al., 2004). 

After the preparation of IAA-94, EA and the EcSspA structures, docking commenced. Docking 

is a computational tool that helps identify whether a ligand is likely to bind to a target protein. 

The Induced Fit Molecular Docking (IFMD) protocol was used to predict whether IAA-94 and 

EA would bind to the EcSspA homology model, respectively. IFMD makes use of Glide and 

Prime, which are methods used in the docking process, to thoroughly consider all possible 

binding modes and the conformational changes that occur at the receptor binding site (Friesner 

et al., 2004). IFMD docks the ligand in question to the protein structure using Glide, which 

generates a grid box that encompasses the whole protein, producing a range of ligand poses. 

Thereafter, a Prime structure prediction fits the ligand by re-orientating side chains that are 

nearby (Friesner et al., 2004). The ligand is then re-docked into its corresponding protein 

structure of lowest energy and the protein-ligand complexes are ranked according to the scoring 

function, GlideScore, which separates ligand poses based on whether they strongly bound to 

the receptor or not (Friesner et al., 2004). 
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Chapter 3: Results 

3.1 Verification of cDNA sequence encoding EcSspA 

Through Sanger DNA sequencing, Inqaba BiotechTM (Pretoria, South Africa) showed that the 

pET-28a vector contained the cDNA sequence that encoded for EcSspA. The nucleotide 

sequence received from Inqaba BiotechTM was retrieved (Figure 7A) and using NCBI BLASTx, 

the translated EcSspA nucleotide sequence yielded a 99% sequence identity to E. coli SspA 

(Figure 7B).  

3.2 Overexpression and purification of EcSspA 

3.2.1 Overexpression of EcSspA 

Prior to inducing the overexpression of EcSspA with IPTG, a growth curve was established 

(Figure 8). The induction took place when the T7 E. coli cells reached their exponential growth 

phase, with an OD600 of approximately 0.7.  

3.2.2 Purification of EcSspA 

Subsequent to overexpression, the soluble fraction of the cell lysate was then applied onto a 

Ni2+-IMAC column and the effluent was measured at an absorbance of 280 nm (A280). The A280 

of the effluent produced a large broad peak indicative of the flow-through, after the elution 

buffer was applied to the column a single peak was observed, which is indicative of the eluted 

EcSspA (see A-D in Figure 9). Three fractions of the eluted EcSspA were collected and 

eventually pooled together. 

3.2.3 Verification of the purity of EcSspA 

The MWM and pooled EcSspA fractions (Pr) were all resolved on a 12.5% glycine SDS-PAGE 

gel (Figure 10A). The Pr lane shows a thick, single band with no protein contaminants present, 

indicating that only EcSspA was present in the eluted fractions. The SDS-PAGE calibration 

curve (Figure 10B) was used to calculate the subunit size of EcSspA. Based on the calibration 

curve, the subunit size of EcSspA was calculated to be 25.8 kDa using the BLUeye Prestained 

Protein Ladder (GeneDireX, Inc.), which served as a MWM.  
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Figure 7: Verification of the cDNA sequence encoding for EcSspA. (A) The cDNA 

sequence received from Inqaba BiotechTM (Pretoria, South Africa) showed that the cDNA 

sequence encoded for EcSspA. The sequence was viewed using FinchTV (Version 1.4.0, 

Geospiza Inc.) and saved as a text file. The start codon (ATG) of the cDNA sequence is 

indicated in blue, the open reading frame (ORF) is indicated in grey, the stop codon (TAA) is 

indicated in red, the codons representing the his-tag are shown in pink and the codons encoding 

the thrombin cleavage site is shown in green with a dotted black line where the cleavage is 

expected to take place. (B) BLASTx showed that the cDNA sequence received from Inqaba 

BiotechTM (Pretoria, South Africa) shared 99% sequence identity with EcSspA (Sequence ID: 

WP_097451043.1) and consists of 212 amino acid residues. The alignment further showed that 

there were 0% gaps between the query (orange box) and subject amino acid sequence (green 

box). 
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Figure 8: Growth curve of T7 E. coli cells. The growth curve shows that an OD600 of ~ 0.7 

(green square) was reached after 150 minutes. To induce overexpression of EcSspA, a final 

concentration of 0.2 mM IPTG was added to the T7 E. coli cells upon reaching an OD600 of ~ 

0.7. Overexpression of EcSspA occurred at 37 ̊ C for 6-8 hours while rotating at 210 rpm.  
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Figure 9: The purification elution profile of EcSspA. The elution profile of EcSspA shows 

the absorbance at 280 nm of the effluent, from the loading of the filtered supernatant to the 

elution of EcSspA. The large broad peak represents the loading of the supernatant (A) onto the 

Ni2+-IMAC column, as well as introducing the equilibration buffer to wash off and remove any 

unbound molecules (B). The elution buffer, which consisted of 300 mM imidazole was applied 

to the column (C) and this resulted in the elution of EcSspA which is shown by the single 

symmetrical peak (D). 
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Figure 10: Verification of the presence and purity of EcSspA. (A) The 12.5% (w/v) SDS-

PAGE gel was used to resolve samples of the effluent fractions collected during purification 

of EcSspA. The Pr lane shows a thick single band (green box) with no visible bands above or 

beneath it, indicating that EcSspA was pure. (B) The 12.5% (w/v) SDS-PAGE gel was also 

used to determine the subunit size of EcSspA using the SDS-PAGE calibration curve. Using 

the SDS-PAGE calibration curve with a linear regression model, the subunit size of EcSspA 

was determined to be 25.8 kDa, which is indicated on the curve by a green square.  
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3.3 Protein concentration determination and purity assessment 

Subsequent to dialyzing purified EcSspA, its concentration was determined by constructing a 

dilution plot (Figure 11A), as well as using the Beer-Lambert Law (see equation 1) at an 

absorbance of 280 nm. The concentration was calculated to be ~164 µM. When using the 

measured A280 from the absorbance spectrum and calculating the concentration of EcSspA 

using the Beer-Lambert Law (see equation 1), the concentration of EcSspA is ~ 162 µM (not 

shown). This served as confirmation of the concentration calculated using the dilution plot. The 

A260/A280 ratio calculated from the absorbance spectrum (Figure 11B) was found to be 0.488. 

The peaks present at 280 nm and 295 nm are indicative of tyrosine and tryptophan residues 

present in protein samples respectively. Whereas a peak present at 340 nm would show the 

presence of protein aggregates, however, the absorbance at 340 nm is ~ 0 A.U. indicating that 

no protein aggregates were present (Figure 11B).  
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Figure 11: EcSspA concentration determination and purity assessment. (A) Dilution series 

plot of EcSspA measured at A280 and Beer-Lambert Law (see equation 1) used to determine 

the concentration. The gradient for the line of best fit represents the absorbance value for the 

protein sample and it was reported to be 8.7179 units and consequently the concentration of 

EcSspA was determined to be 164 µM. (B) The absorbance spectrum with a wavelength range 

of 240 – 400 nm of the EcSspA sample showed a A260/A280 ratio of 0.487, indicating that 

EcSspA was free of nucleic acid contaminants.  
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3.4 Structural Characterisation of EcSspA 

The structural elements of EcSspA were analysed using various techniques to ensure that the 

protein had maintained its structural integrity. The secondary structural elements were 

characterised using far-UV CD spectropolarimetry, the tertiary structure was characterised 

using intrinsic tryptophan fluorescence spectroscopy as well as near-UV CD 

spectropolarimetry. The quaternary structure of EcSspA was characterised using size 

exclusion-high performance liquid chromatography (SE-HPLC). 

3.4.1 Far-UV CD spectropolarimetry 

The secondary structure of EcSspA was characterised and analysed using far-UV CD 

spectropolarimetry. The far-UV CD spectrum of EcSspA (Figure 12A), displayed two 

characteristic troughs at 208 and 222 nm, as well as a characteristic peak at 195 nm, which 

indicated that the secondary structure of EcSspA is predominantly α-helical. This is supported 

by Table 1, that indicated that YpSspA has a total α-helical content of 52%.  Along with the 

far-UV CD spectrum, a HT spectrum was constructed and showed that there was an increase 

in the voltage signal while the far-UV CD spectrum was being conducted but that the voltage 

remained below 700 V (Figure 12B).  
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Figure 12: Far-UV CD and HT spectra of EcSspA. (A) The far-UV spectrum of 2.5 µM of 

EcSspA shows a minimum at 208 and 222 nm, as well as a maximum at 195 nm, which 

indicated that EcSspA is predominantly α-helical. (B) The HT signal increased as the 

wavelength decreased but remained below 700 V, indicating that the data shown in A is 

reliable. All spectra represent an average of three samples obtained and corrected for 

contributions made by the buffer used at 20 ̊ C.  
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Table 1: The total α-helical, 310-helical and β-strand content of YpSspA and GSTB1-1 

based on number of amino acid residues present in each secondary structural element 

using the Full Protein Feature View from RCSB PDB (PDB ID: 1A0F; Nishida et al., 1998) 

(PDB ID: 1YY7; Hansen et al., 2005a;).  

 YpSspA GSTB1-1 

Total α-helical content 110 96 

Total 310-helical content 10 9 

Total β-strand content 18 18 

Total number amino acid residues in protein 213 201 

Percentage (%) of total α-helical content of 

the protein 

51.6% 47.7% 

Percentage (%) of total helical content of the 

protein 

56.3% 52.2% 
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3.4.2 Near-UV CD spectropolarimetry 

Near-UV CD spectropolarimetry is a technique used to provide insight into the tertiary 

structure of proteins that consist of tryptophan, tyrosine and/or phenylalanine residues. The 

near-UV CD spectrum (Figure 13A) indicated that phenylalanine, tyrosine and tryptophan 

residues are present in the structure of EcSspA by producing a signal between 255-270 nm, 

275-282 nm and 290-305 nm respectively. This was confirmed by the absorbance spectrum 

(Figure 13B) which showed a spectrum in the wavelength regions that phenylalanine, tyrosine 

and tryptophan residues absorbed UV light, with peaks being present at 280 nm and 295 nm, 

which are indicative of the presence of tyrosine and tryptophan residues.  

The HT spectrum (Figure 13C) that corresponds with the near-UV CD spectrum produced, 

showed that the HT remained below 700 V during the acquisition of the near-UV CD data, 

although an increase in the HT signal was observed.  

3.4.3 Intrinsic tryptophan fluorescence spectroscopy 

Intrinsic tryptophan fluorescence spectroscopy is a technique that investigates the local 

environment of tryptophan residues present in proteins and thus provides information on the 

tertiary structure of the protein (Lakowicz, 2006). Upon the selective excitement at 295 nm, 

the tryptophan fluorescence spectrum showed that there were two maximum emission 

wavelengths for the tryptophan residues within the structure of EcSspA, at 331 nm and 338 nm 

(Figure 14). This indicated that there was a blue shift in the emission wavelength of EcSspA 

tryptophan residues in comparison to maximum emission wavelength of free tryptophan in an 

aqueous environment, which is 350 nm (Lakowicz, 2006). 

3.4.4 SE-HPLC 

SE-HPLC was used to characterise the quaternary structure of EcSspA by providing 

information on the oligomeric state of EcSspA. SE-HPLC assess the hydrodynamic volume of 

samples to give an indication of the oligomeric state of samples (Tayyab et al., 1991).  

The SE-HPLC elution profile of EcSspA showed two sharp symmetrical peaks representing 

the elution of EcSspA (Figure 15A). The elution profile of the gel filtration standards (Bio-Rad 

Laboratories, USA) showed sharp peaks which were annotated as peaks A-E. A calibration 

curve with a linear regression model (Figure 15B) was constructed to determine the molecular 

mass of EcSspA. Using the calibration curve, the molecular mass of EcSspA was calculated to 

be 46.5 kDa.  
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Figure 13: Near-UV CD, absorbance and HT spectra of EcSspA. (A) The near-UV 

spectrum of 20 µM of EcSspA showed the presence of phenylalanine (255 – 270 nm), tyrosine 

(275 – 282 nm) and tryptophan (290 – 305 nm) residues. (B) The presence of these aromatic 

residues is confirmed by the absorbance spectrum of EcSspA, that indicates that light is 

absorbed from 250 – 305 nm, corresponding to the signature wavelength ranges of 

phenylalanine, tyrosine and tryptophan residues as mentioned. (C) The HT spectrum showed 

an increase in the voltage, however the HT signal remained below 700 V. All spectra represent 

an average of three samples obtained at 20 ̊ C and corrected for contributions made by Milli-Q 

water. 
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Figure 14: Tryptophan fluorescence emission spectrum of EcSspA. The fluorescence 

emission spectrum of 2 µM EcSspA showed that the tryptophan residues selectively excited at 

295 nm, had a maximum emission wavelength of 338 nm. This emission spectrum represents 

an average of three samples obtained at 20 ̊ C and corrected for contributions made by the 

buffer. 
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 Figure 15: SE-HPLC elution profile of EcSspA and calibration curve. (A) SE-HPLC 

elution profile of 164 µM EcSspA indicated by the peak 1 and 2 as well as that of the gel 

filtration standards indicated as peaks A-E. All spectra represent an average of three samples 

obtained. (B) The SE-HPLC calibration curve was used to calculate the molecular mass of 

EcSspA under non-reducing conditions to be 46.5 kDa.  
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3.5 Assessment of IAA-94 and EA interaction with EcSspA 

EcSspA plays a role in stationary phase induced stress responses, such as acid tolerance, in E. 

coli (Hansen et al., 2005b). These functional roles performed by EcSspA have been linked to 

the presence of a surface exposed pocket on the protein (see section 1.5). This surface exposed 

pocket has been postulated to be a potential protein binding site and therefore, it may serve as 

a target site to inhibit the function of EcSspA (Hansen et al., 2005a). As a result, being able to 

determine whether selected ligands can interact with EcSspA and where they could bind is 

important in order to assess if the surface exposed pocket is indeed a potential binding/target 

site. The surface pocket of EcSspA is predominantly hydrophobic (Hansen et al., 2005a) and 

it can be suggested that IAA-94 and EA could potentially bind to the surface pocket, 

considering their hydrophobic nature. As a result, conducting ANS displacement assays using 

IAA-94 and EA could potentially result in ANS being displaced from EcSspA by the ligands. 

To investigate the interaction of IAA-94 and EA with EcSspA, the following techniques were 

used: the displacement of ANS dye by IAA-94 and EA from EcSspA, ITC as well as molecular 

docking of IAA-94 and EA to EcSspA. 

3.5.1 ANS concentration determination and ANS extrinsic fluorescence 

ANS is an amphiphilic, organic compound that can non-covalently bind to hydrophobic 

surfaces of protein and has been widely used to characterise binding sites of proteins, including 

GSTs (Ketley et al., 1975; Matulis and Lovrien, 1998). As a result, to determine whether ANS 

could bind to EcSspA, extrinsic ANS fluorescence was employed. 

The concentration of ANS was determined by constructing a dilution plot (Figure 16) and using 

the Beer-Lambert Law (see equation 1) at an absorbance of 350 nm. The concentration was 

calculated to be approximately 77.5 mM (Figure 16). From the 77.5 mM stock solution of ANS, 

a final concentration of 200 µM was used for subsequent ANS fluorescence. 

The fluorescence emission spectrum of free ANS (Figure 17) exhibited a maximum emission 

wavelength of 522 nm, whereas the fluorescence emission spectrum of ANS in the presence of 

EcSspA, exhibited a maximum emission wavelength of 482 nm; this was indicative of a blue 

shift in the maximum emission wavelength of ANS. Furthermore, ANS complexed with 

EcSspA had an increased fluorescence intensity in comparison to the fluorescence emission of 

free ANS, therefore showing that ANS did bind to the hydrophobic regions on the surface of 

EcSspA.  
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Figure 16: ANS concentration determination. Dilution plot of ANS measured at A350 and 

Beer-Lambert Law (see equation 1) used to determine the concentration of ANS. The gradient 

for the line of best fit is represented by the absorbance value and consequently the concentration 

of ANS was determined to be 77.5 mM. 



 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Fluorescence emission spectrum of ANS complexed with EcSspA. The spectrum 

indicated by the dotted line represents free ANS, which when excited at 390 nm, emitted 

maximally at a wavelength of 522 nm. The spectrum shown by the solid line represents ANS 

complexed with 2 µM EcSspA, which was also excited at 390 nm but emitted maximally at 

482 nm, indicating a blue shift. The ANS-EcSspA spectrum also exhibited an increase in 

fluorescence intensity compared to the free ANS spectrum. All spectra represent an average of 

three samples obtained 20 ̊ C and corrected for contributions made by the buffer used at. A 

final concentration of 200 µM of ANS was used. 
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3.5.2 Displacement of ANS by IAA-94 and EA from EcSspA using fluorescence 

spectroscopy 

An ANS displacement assay was performed to observe the effect that the presence of IAA-94 

and EA would have on the fluorescence emission of ANS bound to EcSspA and therefore, 

whether IAA-94 and EA could displace ANS bound to EcSspA. 

When ANS was in the presence of DMSO (Figure 18), an increase in the fluorescence intensity 

was observed and the maximum emission wavelength experienced a blue shift in comparison 

to free ANS. Similar results were observed when ANS was in the presence of IAA-94 or EA  

only, as both ligands where solubilized in DMSO. Furthermore, ANS in the presence of DMSO 

and EcSspA yielded a greater fluorescence intensity, as well as a greater shift of the maximum 

emission wavelength to a shorter wavelength than what was observed when ANS was in the 

presence of DMSO only (Figure 18). This indicated that ANS did bind to the hydrophobic 

area(s) present on EcSspA in the presence of DMSO.  

When IAA-94 was introduced to the EcSspA-ANS complex (Figure 18), there was a decrease 

in the fluorescence intensity of ANS. Similarly, when EA was added to the EcSspA-ANS 

complex, EA caused a decrease in the fluorescence intensity of ANS. However, EA did not 

decrease the fluorescence intensity of ANS to the extent in which IAA-94 did and as a result, 

this suggested that IAA-94 was able to displace more ANS molecules from EcSspA than what 

EA could. A final concentration of 2.1 mM IAA-94 displaced 60.9% of ANS molecules from 

EcSspA and that 2.48 mM EA displaced 15.3% of ANS bound to EcSspA. 
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Figure 18: Fluorescence emission spectrum for the displacement of ANS by IAA-94 and 

EA from EcSspA. The ANS-DMSO spectrum (pink) served as a control for the ANS-IAA-94 

spectrum (blue) and the ANS-EA spectrum (yellow). An increase in the fluorescence intensity 

of the ANS-DMSO spectrum was observed in comparison to the fluorescence intensity of 

ANS-IAA-94 spectrum, whereas the fluorescence intensity of the ANS-DMSO spectrum was 

similar to that of the ANS-EA spectrum. A decrease was observed in the fluorescence intensity 

of the ANS-EcSspA-IAA-94 spectrum (green) and the ANS-EcSspA-EA spectrum (grey), in 

comparison to the fluorescence intensity the ANS-EcSspA-DMSO spectrum (orange). It is 

shown that IAA-94 displaced 60.9% of ANS bound to EcSspA, whereas EA only displaced 

15.3% and therefore showed that the fluorescence intensity of the ANS-EcSspA-IAA-94 

spectrum had a greater decrease than that of the ANS-EcSspA-EA spectrum. All spectra 

represent an average of three samples obtained at 20 ̊ C. A final concentration of 200 µM ANS, 

2.1 mM IAA-94, 2.48 mM EA and 2 µM EcSspA were used in this study. 

• 2.1 mM IAA-94 displaced 

60.9% of ANS molecules 

bound to EcSspA 

 

• 2.48 mM EA displaced 

15.3% of ANS molecules 

bound to EcSspA 
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3.5.3 ITC 

ITC was conducted to determine the thermodynamic parameters for the binding of IAA-94 and 

EA to EcSspA, respectively. The Kd, ΔH and N (stoichiomerty) are thermodynamic parameters 

that are directly obtained from the ITC isotherms and the ΔS, as well as ΔG values are obtained 

indirectly, through the use of equation 3 (Ladbury and Chowdhry, 1996).  

The ITC titrations of IAA-94 into EcSspA (Figure 19A) showed that the Kd obtained from the 

interaction was 150 µM and the ΔH was -7.5 kcal/mol, the ΔS that was calculated as -8.1 

cal/mol/K and the ΔG was calculated  to be -5.1 kcal/mol. The ITC titrations of EA into EcSspA 

(Figure 19B) showed that the Kd obtained from the binding reaction was 531.9 µM and the ΔH 

was -18.2 kcal/mol, the ΔS was calculated as -47 cal/mol/K and the ΔG was calculated  to be -

4.4 kcal/mol. The ITC isotherms produced non-sigmoidal curves, with the error bars shown for 

each individual injection according to the fitting of the baseline by NITPIC. All ITC 

experiments were  conducted at 20 ̊ C (293 K) and the thermodynamic parameters obtained 

from the ITC titrations are further indicated in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: ITC titrations of IAA-94 and EA into EcSspA. (A) ITC graph indicating the 

isotherm and the integrated heats per injection, following the titration of 2.1 mM IAA-94. (B) 

ITC graph indicating the isotherm and the integrated heats per injection, following the titration 

of 2.48 mM EA. Both IAA-94 and EA were titrated into 100 µM of EcSspA at 20 ̊ C. The heats 

of dilution were measured and subtracted from the baseline of the raw data prior to fitting by 

NITPIC (version 1.2.7) (Keller et al., 2012; Scheuermann and Brautigam, 2015). The 

integrated heats were fitted using the A + B ↔ AB heteroassociation model implemented by 

SEDPHAT (version 15.2b). ITC graph created using GUSSI (version 1.4.2) (Brautigam, C.A., 

2015). The error bars are shown for each injection in accordance to the fitting of the baseline 

by NITPIC. 
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Table 2: Thermodynamic parameters obtained from the titration of 2.1 mM IAA-94 and 

2.48 mM EA into 100 µM EcSspA at 20 ̊ C. 

 IAA-94 EA 

Kd (µM) 150 531 

ΔG (kcal/mol) -5.127 -4.429 

ΔH (kcal/mol) -7.5 -18.2 

TΔS (kcal/mol) -2.37 -13.771 
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3.5.4 Molecular docking of IAA-94 and EA to EcSspA 

Homology modelling 

Through Swiss Model (Waterhouse et al., 2018), a homology model for EcSspA (Figure 20A) 

was made by using the crystal structure of YpSspA (PDB ID: 1YY7) as a template. The 

accuracy of the template and the homology model used was estimated using the global model 

quality estimation (GMQE) parameter (Waterhouse et al., 2018), which was calculated to be 

0.94. The normalised qualitative model energy analysis (QMEAN) score, is also a parameter 

used to estimate the quality of the homology model in comparison to the QMEAN score of 

other experimentally determined structures of a similar size (Benkert et al., 2011). The 

normalised QMEAN score was calculated to be -0.30.  

Swiss Model generated a local quality estimate plot, which shows the expected similarity that 

each residue in the homology model has to the native structure. The plot showed residues from 

chain A in red and those from chain B in blue. The plot indicated that most of the residues from 

the model scored above 0.6 (Waterhouse et al., 2018), emphasising that residues of the model 

are relatively similar to that of the native protein (Figure 20B). A multiple sequence alignment 

of the target sequence (EcSspA) against the top two ranked template sequences (YpSspA and 

RNAP) generated by Swiss Model indicated that both template sequences could be used to 

produce the EcSspA model and the sequence coverage of the templates was 99% for YpSspA 

and 100% for RNAP (not shown), which further emphasied the reliability of the model 

generated (Figure 21A). The 3-D superposition of the template structure (grey) and the EcSspA 

model (blue) was completed using PyMol version 2.2.0 (Figure 21B). 
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Figure 20: The homology model of EcSspA and the local quality estimate plot of the 

EcSspA model. (A) The homology model of EcSspA generated by Swiss Model with 

secondary structural elements highlighted: α-helices (blue), β-sheets (purple) and loops (pink). 

The structure of YpSspA was used as the template sequence (PDB: 1YY7). The image was 

created using PyMol version 2.2.0. (B) The Local Quality Estimate Plot generated by Swiss 

Model showing the expected similarity of each residue in the model to the native protein. The 

red and blue plots represent residues from chain A and B, respectively. The plots indicated that 

the model is of relatively good quality.  
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Figure 21: The multiple sequence alignment of the EcSspA primary sequence against top 

two ranked template sequences and the superimposition of the template structure and the 

EcSspA model. (A) The multiple sequence alignment of the EcSspA amino acid sequence 

(UniProt accession number: P0ACA3) against that of YpSspA (UniProt accession number: 

A0A984KMD8) and an E. coli RNAP-promoter open complex (RPo) with SspA (UniProt 

accession number: H4XIP2) was generated using Clustal Omega (1.2.4) (Sievers et al., 2011). 

The sequences were obtained from UniProtKB. The multiple sequence alignment produced 

had the amino acid residues colour coded: small and hydrophobic (red), acidic (blue), basic 

(pink), hydroxyl and sulfhydryl (green) residues. (B) A cartoon representation of the EcSspA 

model (blue) generated by Swiss-Model superimposed with the template structure (PDB: 

1YY7, grey). The image was created using PyMol version 2.2.0.  
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 Induced-fit molecular docking 

Prior to molecular docking, Schrodinger SiteMap (Halgren, 2007) was used to determine the 

possible binding sites on the EcSspA homology model. Based on SiteMap, a total of 9 potential 

binding sites were predicted, however only the first 4 sites which yielded the highest SiteScore 

and largest volume are shown (Figure 22). Entry ID 43 was the best site as determined by 

SiteMap. 

IFMD docked both IAA-94 (Figure 23A) and EA (Figure 24A) at entry ID 43, which is at the 

dimer interface of EcSspA. The two-dimensional representation of the interaction between 

IAA-94 and EcSspA (Figure 23B) showed that a chlorine atom formed a halogen bond with 

Lys108 and that a hydrogen bond was formed between the carboxyl group of IAA-94 and 

Tyr160. The two-dimensional representation of the interaction between EA and EcSspA  

(Figure 24B) showed that a halogen bond was formed between a chlorine atom and Arg73 from 

chain B of EcSspA and that hydrogen bonds by Tyr160 from chain A and B, Arg73 from chain 

A and Glu107 from chain B with EA.  
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Figure 22: The four highly ranked binding sites predicted by SiteMap. Entry ID 42, 43, 44 

and 45 are the binding sites with the highest ranking SiteScores and the largest volumes of all 

the binding sites predicted by SiteMap. Entry ID 43 has the largest binding site which is found 

at the dimer interface of EcSspA. 

A: Binding site 1 (Entry ID 42) 

SiteScore: 1.005 

Volume: 341.285 units 

B: Binding site 2 (Entry ID 43) 

SiteScore: 1.002 

Volume: 553.945 

C: Binding site 3 (Entry ID 44) 

SiteScore: 0.827 

Volume: 156.065 units 

D: Binding site 4 (Entry ID 45) 

SiteScore: 0.796 

Volume: 159.495 
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Figure 23: Docking of IAA-94 to EcSspA homology model. (A) The molecular surface of 

EcSspA (grey) shown with a ball-and-stick representation (pink) of IAA-94 docked to the 

dimer interface of EcSspA. (B) The 2-D image of the interaction of IAA-94 with the residues: 

Lys108 and Tyr160 forming a halogen bond and a hydrogen bond at the dimer interface 

respectively. The black line represents the polypeptide backbone, the pink arrow indicates a 

hydrogen bond and the gold arrow represents a halogen bond. 
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Figure 24: Docking of EA to EcSspA homology model. (A) The molecular surface of 

EcSspA (grey) shown with a ball-and-stick representation (red) of EA docked to the dimer 

interface of EcSspA. (B) The 2-D image of the interaction of Arg73 (chain B) forming a 

halogen bond and Tyr160, Arg73 and Glu107 forming hydrogen bonds at the dimer interface 

respectively. The black line represents the polypeptide backbone, the pink arrow indicates a 

hydrogen bond and the gold arrow represents a halogen bond. 
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Chapter 4: Discussion 

This study aimed to investigate the interaction of IAA-94 and EA with soluble EcSspA. This 

aim was accomplished by first attaining EcSspA through inducing overexpression and 

purification. SDS-PAGE was then employed to verify the purity of EcSspA after purification. 

The structural characterisation of EcSspA followed and was achieved using UV-Visible 

spectroscopy, far and near-UV CD spectropolarimetry, intrinsic tryptophan fluorescence 

spectroscopy and SE-HPLC. Structural characterisation of EcSspA was important to ensure 

that the structural integrity of protein was intact, prior to assessing whether soluble EcSspA 

could bind IAA-94 and EA. To assess the interaction of IAA-94 and EA with EcSspA, ANS 

displacement assays were performed using ANS fluorescence spectroscopy as well as ITC and 

IFMD.  

4.1 The overexpression and purification of EcSspA 

The successful overexpression and purification of EcSspA, yielded his-tagged EcSspA from 

the soluble fraction obtained after cell harvesting. The single symmetrical peak shown in the 

purification elution profile indicated that EcSspA was eluted uniformly and the A260/A280 ratio 

of the purified EcSspA sample indicated that EcSspA was free of nucleic acid contamination. 

Furthermore, the thick single band shown on the SDS-PAGE gel, with no additional bands 

present in lane Pr suggested that EcSspA was pure and free of protein contaminants of different 

molecular masses. Although the Sanger sequencing from Inqaba BiotechTM indicated that the 

protein sample used in this study was EcSspA, to directly determine the true identity of the 

purified EcSspA sample, this study could have employed mass spectrometry techniques to 

further verify the EcSspA sample. 

Additionally, under reducing conditions, the molecular mass of the recombinant EcSspA 

subunit is 25.8 kDa and the theoretical molecular mass of the EcSspA subunit is 24.3 kDa, as 

given by the ExPASy ProtParam Tool (Gasteiger et al., 2005). The theoretical molecular mass 

corresponds to the molecular mass of 24.5 kDa determined by Hansen et al (2005) (Hansen et 

al., 2005; Gururaja Rao et al., 2017). The his-tag present on purified EcSspA was possibly the 

cause of the difference in the theoretical and calculated molecular mass of the EcSspA subunit. 

His-tags have a size range of 1 - 2.5 kDa depending on the length of the his-tag used. In many 

instances, the relatively small size of the his-tag on a protein can be considered to have little 

effect on the three dimensional conformation of proteins (Kimple et al., 2013), although, his-

tags have been shown to affect the dimerization of some proteins (Wu and Filutowicz, 1999). 

In the case of the EcSspA sample obtained, however, no aggregation occurred in downstream 
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experiments to show that the structure of EcSspA was compromised and the structural elements 

of the recombinant EcSspA indicated that the structural integrity was preserved. As a result, 

the his-tag attached to EcSspA remained uncleaved.  

This showed that EcSspA was successfully purified and that the EcSspA samples used in 

downstream experiments were relatively free from any apparent contamination. 

4.2 The structural characterisation of EcSspA 

Secondary structure characterisation 

The far-UV CD data indicated that EcSspA was predominantly α-helical, which was illustrated 

by the characteristic troughs at 208 nm and 222 nm as well as a peak at 195 nm (Kelly et al., 

2005). The spectral data can be considered reliable, as the HT data, indicated that the voltage 

remained below 700 V, although an increase in the voltage was detected. Voltage readings 

below 700V suggest that sufficient light reached the detector of the CD spectrometer to ensure 

reliable CD data acquisition (DiNitto and Kenney, 2012).  

Based on the high sequence identity between EcSspA and YpSspA, the predominantly α-

helical secondary structure of EcSspA correlates with the secondary structure reported for 

YpSspA (Hansen et al., 2005a). The secondary structural content of YpSspA showed that α-

helices make up approximately 52% of the YpSspA secondary structure (Table 1) using the 

Full Protein Feature View from RCSB PDB (PDB ID: 1YY7; Hansen et al., 2005). 

Tertiary structure characterisation 

Phenylalanine, tyrosine and tryptophan residues absorb UV light between 255-270 nm, 275-

282 nm and 290-305 nm, respectively (Kelly and Price, 2009). With this being said, the near-

UV CD data obtained showed that a spectrum was produced from 255-305 nm, suggesting that 

phenylalanine, tyrosine and tryptophan residues, are present in EcSspA. Similarly, the 

absorbance profile of EcSspA, revealed a spectrum from 255-305 nm, with the presence of 

peaks at 280 and 295 nm, indicating that phenylalanine and especially, tyrosine and tryptophan 

residues (Kelly et al., 2005; Lakowicz, 2006) are present in EcSspA. The absorbance profile 

of EcSspA therefore corresponds with the near-UV spectrum of EcSspA, as the absorbance of 

UV light occurs at the same wavelengths. The near-UV spectral data can be considered reliable 

as the HT data  obtained, remained well below 700 V (DiNitto and Kenney, 2012) throughout 

the data acquisition in the near-UV region.  
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Additionally, the intrinsic tryptophan fluorescence spectrum of EcSspA showed that the 

tryptophan residues present in EcSspA are found to be buried within the protein structure. The 

maximum emission wavelength of free tryptophan in an aqueous environment is observed at 

350 nm (Lakowicz, 2006), whereas the maximum emission wavelengths observed for 

tryptophan residues in EcSspA are 331 nm and 338 nm; this indicated that the maximum 

emission wavelength of the EcSspA tryptophan residues experienced a shift to a shorter 

wavelength, suggesting that they are located in a more hydrophobic environment (Lakowicz, 

2006), such as the interior of the EcSspA structure compared to tryptophan residues found in 

an aqueous environment.  

The location of the tryptophan residues on the molecular surface of EcSspA (Figure 25) was 

further evaluated and showed that Trp110 and Trp166 are more buried within the structure of 

EcSspA and thus are less solvent accessible than Trp70. Trp70 appears more clearly on the 

surface of EcSspA than Trp110 and Trp166, this suggests that Trp70 is partially exposed to the 

solvent environment. With this in consideration, the Trp70 residues could be responsible for 

the peak observed at 338 nm and the Trp110 and Trp166 could be the cause of the peak 

observed at 331 nm of the tryptophan fluorescence spectrum, due to the difference noted in 

their local environments, with Trp70 being partially exposed to the environment and Trp110 

as well as Trp166 being less exposed to the solvent environment. 
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Figure 25: The location of tryptophan residues on the molecular surface of the EcSspA 

model. Molecular surface of EcSspA with chain A (dark grey) and chain B (light grey), 

showing Trp70 (in green), Trp110 (in orange) and Trp166 (in purple) residues from both 

chains. Trp70 is more visible on the surface of EcSspA, whereas Trp110 and Trp166 are less 

visible than Trp70 on the surface, indicating that they are less solvent exposed than Trp70. 

Images created with PyMol version 2.2.0. 
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Quaternary structure characterisation 

The oligomeric state of EcSspA was characterised using SE-HPLC under non-reducing 

conditions. The chromatographic elution profile as well as the SE-HPLC calibration curve of 

EcSspA showed that the molecular mass of EcSspA was 46.5 kDa. Given that under reducing 

conditions, the molecular mass of EcSspA is 25.8 kDa (see section 4.1), this suggests that 

EcSspA under non-reducing conditions could be dimeric. Hansen et al (2005a) reported that 

EcSspA functions as a dimer and the theoretical molecular mass of EcSspA is given as 48.6 

kDa by the ExPASy ProtParam Tool (Gasteiger et al., 2005), which suggests that the eluted 

EcSspA species is dimeric in nature. The discrepancy in the calculated and the theoretical 

molecular mass can be attributed to the globular shape of EcSspA, which allows EcSspA to 

take on a smaller tumble volume as it elutes, resulting in the elution of the protein sooner than 

expected (Tayyab et al., 1991; Bae et al., 2009); therefore making the molecular mass of the 

protein appear smaller than what it is. 

It is important to note that the spectral data collected and shown in this section was 

unfortunately void of statistical analysis, which puts into question the precision of the data 

presented. Error bars could have been used to provide a clearer indication of the precision of 

the data, for experiments that were repeated independently (not just replicates of a single 

experiment) and thus improving the reliability of the data presented (Cumming et al., 2007).  

4.3 Interaction of IAA-94 and EA with EcSspA 

ANS has been widely used to characterise ligand binding sites on proteins, including cytosolic 

GSTs. Cytosolic GSTs, such as the mu class of GSTs, have been shown to bind ANS (Ketley 

et al., 1975; Kinsley et al., 2008). Similarly, through the use of extrinsic ANS fluorescence, 

soluble EcSspA was shown to bind ANS. The spectrum characteristically exhibited an increase 

in the fluorescence intensity and a blue shift of the maximum emission wavelength of the ANS-

EcSspA complex, in comparison to the spectrum of free ANS (Qadeer et al., 2012). The 

binding of ANS to EcSspA indicated that the structure of EcSspA has hydrophobic sites on its 

surface, which could potentially serve as binding sites for other hydrophobic ligands.  

With this knowledge, ANS displacement assays were performed to observe the effect that IAA-

94 and EA would have on the fluorescence emission of the ANS-EcSspA complex. The 

presence of IAA-94 and EA resulted in the displacement of ANS molecules from EcSspA. 

Therefore, indicating that IAA-94 and EA interacted and bound to some of the hydrophobic 

regions of EcSspA, where ANS had previously bound. Furthermore, it was shown that 2.1 mM 
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of IAA-94 displaced more ANS molecules from EcSspA than the 2.48 mM of EA used; this 

suggested that EcSspA may have a greater affinity for IAA-94 than it does for EA. 

It is important to note that IAA-94 and EA were solubilised in DMSO (see section 2.2.8.2) and 

as a result, 3% (v/v) DMSO was required in the samples used for ANS displacement as well as 

subsequent ITC titrations, to maintain the functional state of EcSspA. It has been shown that 

cytosolic GSTs retain functionality in DMSO concentrations of 1-3% (v/v) DMSO (Takahashi, 

2017), which is also the suggested DMSO concentration range to ensure minimal signal 

artefacts when conducting ITC titrations in the presence of DMSO (Velazquez-Campoy and 

Freire, 2006). 

Additionally, the ITC titrations that were performed in this study, show that EcSspA was 

interacting with IAA-94 and EA and that EcSspA may have a greater affinity for IAA-94 than 

EA. However, a closer look at the ITC isotherms revealed that the heats measured during the 

binding events were too low for the experiment. An appropriate peak height for the heats 

measured should at minimum be 0.5 µcal/s (Freyer and Lewis, 2008), whereas, this study 

yielded maximum peak heights of 0.3-0.35 µcal/s for the duration of the titrations. The peaks 

produced did not decrease during the course of the titrations, which indicated that both the 

reactions did not reach saturation. This influenced the shape of the isotherms and as a result, 

directly determining N accurately from the mid-point of the isotherm would not be possible 

(Wiseman et al., 1989; O’Brien et al., 2000). Therefore, the low heat signals produced for the 

binding of IAA-94 and EA to EcSspA begins to put into question the reliability of the 

thermodynamic information derived from the isotherms (Freyer and Lewis, 2008).   

Due to the challenge of accurately deriving the N from the ITC isotherms, the IFMD of IAA-

94 and EA to EcSspA was used to infer about the stoichiometry of the binding reactions. Both 

IAA-94 and EA were docked only at the dimer interface of the EcSspA model, which proposed 

that N=1 for the binding reactions. Taking into consideration the structural homology of IAA-

94 and EA (Tulk et al., 2000; Harrop et al., 2001), this suggested that IAA-94 and EA could 

share a similar binding site on EcSspA and that the dimer interface of EcSspA is a potential 

binding site for ligands. Furthermore, docking at the dimer interface of EcSspA coincides with 

several GSTs that have shown to bind drugs at the dimer interface as well. For example, the 

Schistosoma japonica GST (SjGST) binds one molecule of praziquantel (an antischistosomal 

drug) at its dimer interface (McTigue et al., 1995) as well as a squid sigma class GST 

possessing non-catalytic ligand binding abilities at its dimer interface (Ji et al., 1996). 
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The interaction of IAA-94 and EA at the dimer interface revealed that hydrogen and halogen 

bonds are responsible for the binding occurring at the dimer interface. The interaction of IAA-

94 and EcSspA shows that Lys108 and Tyr160 are involved in forming the halogen and 

hydrogen bonds at the dimer interface, respectively. The interaction of EA and EcSspA shows 

that Arg73 (from chain B) forms the halogen bond at the dimer interface and that Arg73 (from 

chain A), Tyr160 and Glu107 form hydrogen bonds at the dimer interface. These residues do 

not make up the structure of the EcSspA surface pocket, as the residues involved in forming 

the EcSspA surface pocket are: Arg82, Pro84, His85, Pro86, Leu88 and Tyr92 and none of 

these residues are shown to form intermolecular bonds with IAA-94 or EA. This suggests that 

although IAA-94 and EA bound at the dimer interface, they did not directly interact with the 

surface pocket. Therefore, indicating that the dimer interface could also serve as a target site 

for potential binding of ligands other than the proposed surface exposed pocket.  

It is noteworthy to mention that the interaction between EcSspA and the ligands used in this 

study, would be better visualised on a 3-D model as opposed to a 2-D diagram. It would show 

the angles at which the interactions occurred and an illustration of the bond lengths would 

provide an indication of the strength of the bonds present in the interactions (Pauling, 1954). 

Additionally, a close-up view of the position of residues in the active site before and after 

docking of the ligands, would indicate how the side chains moved during the induced fit 

docking experiments. The images showing the molecular surface of the EcSspA model in 

section 3.5.4, would have benefitted from a white background as it would have provided better 

contrast of the EcSspA model depicted and the monomers of EcSspA could have been shown 

in separate colours to further highlight the dimer interface of the model. These changes would 

have enhanced the quality of the figures and the findings thereof. 

Furthermore, although the GMQE and QMEAN scores of the EcSspA model show that the 

estimated accuracy and quality of the structure was relatively reliable based on the template 

used, the validity of the docking studies was not ensured and thus the reliability of the docking 

of IAA-94 and EA to the EcSspA model is questionable. In order to improve the reliability of 

the docking experiments, this study could have conducted the docking of IAA-94 and EA on 

the template structure as well as docking known ligands to the template and the EcSspA model 

to verify the reliability of the docking sites. This would then validate the docking of IAA-94 

and EA at the dimer interface of the EcSspA model. 
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According to the thermodynamic parameters generated by SEDPHAT, the binding reaction of 

both IAA-94 and EA to EcSspA was exothermic and enthalpically driven. This indicates that 

the binding of these ligands to the dimer interface was energetically favourable (Du et al., 

2016).  

Although both IAA-94 and EA have shown to interact and favourably bind to EcSspA, the 

evaluation of the c-values indicated that IAA-94 and EA bind weakly to EcSspA. Using the Kd 

values provided by SEDPHAT, the c-values for the reaction of IAA-94 and EcSspA as well as 

EA and EcSspA were calculated and were both below 5, indicating that both reactions are 

weakly binding (Wiseman et al., 1989). As a result, determining the ΔH, Kd and N values 

directly from the binding isotherms proved to not be reliable, therefore compromising the 

validity of the ΔG and ΔS values obtained (Wiseman et al., 1989; O’Brien et al., 2000).  

Rectifying the low c-value obtained for both protein-ligand interactions would improve the 

reliability of the thermodynamic parameters obtained. Although increasing the concentrations 

of EcSspA and the ligands may be an option, it can result in protein aggregation (Holdgate, 

2001) and the appearance of signal artefacts due to the increased concentration of DMSO 

present in the binding reactions (Velazquez-Campoy and Freire, 2006). Other possible options 

would be to conducted the titration in reverse, therefore injecting EcSspA from the ITC syringe 

into the ligand solution in the sample cell (Holdgate, 2001) or to employ the displacement 

method, where EcSspA bound to the low affinity ligand is placed in the sample cell and a ligand 

of high affinity is titrated into the sample cell and displaces the low binding affinity ligand. 

The Kd of the strong binding ligand can then be used to determine the Kd of the weak binding 

ligand (Zhang and Zhang, 1998).  

Although ITC is a sensitive technique, that can theoretically detect binding affinities from a 

nanomolar to a millimolar range (Freyer and Lewis, 2008), when the Kd or N are unknown at 

the beginning of the experiment (as in the case of this study), determining the accurate 

concentrations of the reactants can be a challenge and may require testing a range of 

concentrations (Freyer and Lewis, 2008). This can in turn produce poor heat signals and 

negatively affect subsequent derivations from the isotherm generated (Freyer and Lewis, 2008). 

If the reliability of the thermodynamic parameters cannot be improved by rectifying the c-

values, it may indicate that ITC is not suitable to study the interaction/s at hand.    
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Overall, the findings of this study indicated that EcSspA interacted with both IAA-94 and EA 

and that the dimer interface of EcSspA could be a potential binding site for ligands, as long as 

the appropriate verification of experiments have been completed. 

Conclusion: 

This study intended to investigate whether IAA-94 as well as EA could interact with EcSspA 

and if so, where the binding would take place on the structure of EcSspA. The successful 

overexpression and purification of native, soluble EcSspA was followed by EcSspA 

concentration determination and structural characterisation. Structural characterisation 

confirmed that EcSspA is predominantly α-helical, with tryptophan residues that are less 

solvent exposed with the exception of Trp70, which is more solvent accessible than the other 

tryptophan residues within the EcSspA structure and that EcSspA is a dimeric protein that is 

approximately 46 kDa in size. The results of the structural characterisation were found to be in 

accordance with what has been reported in literature. The ANS displacement assays as well as 

the ITC data and IFMD studies revealed that IAA-94 and EA weakly bind to native, soluble 

EcSspA at the dimer interface but have no direct interaction with the EcSspA surface pocket. 

The ITC and IFMD data required necessary validation to provide reliability the above findings. 
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