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Abstract 

 

Salmonella typhimurim is the major cause of gastroenteritis in the developed and 

developing world. This research focuses on the hypothesis that the Salmonella atypical 

fimbriae (Saf) plays an important role in attachment and re-infection of cells. Salmonella 

atypical fimbriae (Saf) is mainly composed of several SafA subunits and one SafD unit 

at the tip of the SafA polymer.  SafA's sequence is variable within Salmonella strains but 

SafD's is not, indicating that SafD is most likely a conserved adhesin, whereas SafA is 

involved in host specificity. 

The Saf fimbriae was studied by designing recombinant dual tagged protein SafA' (GST-

SafA-6xHis). This was immobilised in a repertoire of systems until finding a suitable one 

that would allow us to study protein-protein interactions between Salmonella and the 

mammalian host. Finally, any SafA-6xHis binding partners identified in the large 

intestine affinity-enrichments were identified by mass spectrometry. 

The experiments were performed with a variety of negative controls, including GST, BSA, 

cleaved SafA' (SafA-6xHIs), SafA’ (GST-SafA-6xHis), among others to identify specific 

interactions. The analysis was carried out with Scaffold, a bioinformatics tool that 

increases confidence in protein identification reports through the use of several statistical 

methods. A stringent analysis was performed, leading to the identification of five SafA-

6xHis interacting proteins. 

Whilst hypothetical, a role for the Saf fimbriae other than in surface attachment is 

suggested on the basis of the results. Different functions for the Saf fimbriae that will 

allow Salmonella to modulate crucial events during the infection process are discussed: 

mitochondrial apoptosis, effect on the transcription of host genes, neutrophil induced cell 

death and the binding to host transmembrane proteins. 
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CHAPTER I – GENERAL INTRODUCTION 

 

1. Salmonella: General Concepts 

1.1 Salmonella enterica  

Salmonella enterica serovar Typhimurium is the major cause of gastroenteritis in the 

developed and developing world (Gal-Mor et al 2014). The different serovars of 

Salmonella depict the ability of this bacterium to infect different hosts and of its ability 

to prevail over harsh environments within the host (Ochoa and Rodríguez et al 2005). 

Salmonella infection in humans is zoonotic and the main route of infection is through the 

consumption of contaminated foods, like eggs, meat, poultry and milk (Gómez-Aldapa et 

al 2012, Meyer et al 2012, Phalen et al 2010, Ravishankar et al 2010). It is possible to get 

infected by consuming vegetables and fruits contaminated by sewage in the water or 

manure (Gómez-Aldapa et al 2012, Heaton and Jones et al 2008). After 12 to 72 hours of 

infection the subject experiences fever, diarrhoea, vomiting and stomach pain. The 

disease must be controlled as dehydration occurs quickly and without treatment the 

infection can be extended from the intestines to the blood system by getting through the 

intestinal epithelial barrier (Foley et al 2008). 

1.2 Salmonella taxonomy and serological classification 

Salmonella is a bacterium that may have possibly originated as a result of plasmid or 

phage mediated horizontal transfer from Escherichia coli (Bäumler et al 1997, Ochman 

et al 2000, Vernikos et al 2007). Salmonella is taxonomically divided into Salmonella 

enterica and Salmonella bongori. Salmonella enterica is subdivided into six subspecies: 

Salmonella enterica or I, salamae or II, arizonae or IIIa, diarizonae or IIIb, houtenae or 

IV and indica or VI (Rabsch et al 2002, Tindall et al 2005, Figure 1). These are further 

divided into over 2,500 serovars. The main classification of these serovars is based on the 

Kauffman and White scheme (Grimont et al 2007) which defines the serogroup according 

to the O antigen and the serovar by the expression of the H antigen, located at the 

flagellum of the bacterium (Brenner et al 2000). 

Salmonella is a well-adapted bacterium capable of infecting a range of hosts (Schwartz 

et al 1992, Uzzau et al 2000). Its different serovars are manifestations of its ability to 

infect and survive within a diverse range of hosts, such as, reptiles, fishes, poultry, avians 

and humans, and even plants (Schikora et al 2012, Singh et al 2013, Switt et al 2013). All 
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Salmonella species can cause high morbidity and mortality in animals and humans. 

Salmonella enterica subspecies I in particular contains the largest number of species that 

cause disease in warm blooded animals (Holt et al 2009) . Within subspecies I, S. enterica 

serovar Typhimurium and S. enterica serovar Typhi, infect humans the most.  S. enterica 

serovar Typhimurium causes acute gastroenteritis and can be deadly in the malnourished 

and the elderly. It can also infect mice (Rabsch et al 2002). On the other hand, S. enterica 

serovar Typhi infects solely humans and is a major problem in the African continent 

where the disease is endemic in sub-Saharan Africa (Morpeth et al 2009). In this work, 

Salmonella enterica subspecies I, serovar Typhimurium strain LT2 has been used. 

 

Figure 1. Phylogenetic tree of Salmonella. Representation of Salmonella’s main species and the six 

subspecies under Salmonella enterica. Adapted from Swearingen et al (2012). 

1.3 Pathogenicity Islands and the Type III secretion system (T3SS or 

injectisome) 

Pathogenicity islands are genetic clusters that are pivotal for the encoding of virulence 

factors (Schmidt and Hensel et al 2004). Salmonella enterica Typhimurium has six 

pathogenicity islands encoded in its genome. Salmonella pathogenicity island 1 (SP-1) 

produces the secreted factors involved in the formation of the pore making proteins and 

the effectors that will direct actin rearrangement; therefore SPI-1 is referred to as the 

invasion island (Sukhan et al 2003). Salmonella pathogenicity island 2 (SPI-2) has the 

role of secreting the proteins that will allow Salmonella to burst out from the host’s 
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vacuole making it important for systemic infection and intracellular accumulation 

(Hapfelmeier et al 2005). Salmonella pathogenicity island 3 (SPI-3) is needed for 

intramacrophage survival, virulence in certain hosts and to adapt itself to its environment, 

especially the ones low in Mg2+ (Blanc-Potard et al 1999). It was thought the role of 

Salmonella pathogenicity island 4 (SPI-4) was solely of importance for intracellular 

survival (Gerlach et al 2007) but Main-Hester's work demonstrated  SPI-1 and SPI-4 are 

co-regulated in the interaction of Salmonella Typhimirium and the host by encouraging 

cell adherence (Main-Hester et al 2008). Salmonella pathogenicity island 5 (SPI-5) plays 

a role in the inflammatory reaction (Rychlik et al 2009) and bacteria enteropathogenicity 

(Amavisit et al 2003). 

In Salmonella enterica subspecies enterica I, Salmonella pathogenicity island 6 (SPI-6) 

encodes type six secretion system (T6SS) and also the Salmonella atypical fimbriae (Saf) 

(Blondel et al 2009, Cao et al 2014). T6SS has been associated with roles in adherence, 

biofilm formation, cytotoxity and cell invasion (Cascales et al 2008). 

Additionally, pathogenicity islands also encode for Type III secretion systems (T3SS), or 

injectisomes, which are biological machines that consist of a needle like apparatus, an 

inner rod and a basal body (Figure 2). (Gophna et al 2003). In different bacteria the 

injectisome secretes their own repertoire of toxins but despite the difference between 

secreted proteins among these, the injectisome structure seems highly conserved (Roy et 

al 2010). These similarities make it possible to study the function and infection ability of 

Salmonella by cross studying the already known information for this system on other 

bacterium. It is known Salmonella has two type 3 secretion systems located within SPI-1 

(T3SS) and SPI-2 (T3SS) islands. The difference between SPI-1 (T3SS) and SPI-2 (T3SS) 

is that SPI-1 (T3SS) promotes bacterial pathogenicity for invasion and it is the means by 

which Salmonella injects its effectors during infection. On the other hand, SPI-2 (T3SS) 

is activated only after Salmonella has entered the host’s cytosol (Büttner et al 2012). 

Gram negative bacteria, such as, Shigella, E. coli, Yersinia, Chlamydia and Pseudomonas 

use this complex to infect eukaryotic cells by secreting proteins from the bacteria directly 

into the target cell (Coburn et al 2007, Hueck et al 1998). The functions of the injectisome 

are to translocate virulent proteins into the host in order to change host cell functions, 

translocate proteins across host membrane, export proteins across bacterial envelope and 

to bring bacterial and host cells closer (Winstanley and Hart et al 2001). Inside the 

injectisome reside translocators to create a pore in the host’s membrane, effectors and 
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chaperones that act as transcription factors for the translocators and effectors (Worrall et 

al 2011). 

 

Figure 2. Diagram of the Type 3 secretion system (T3SS or Injectisome). The base and needle 

components are in black and grey. Effector proteins are translocated from the bacterium cytoplasm to the 

host cytosol. Adapted from Dewoody et al (2014). 

1.4 Survival and infection mechanism 

Salmonellae are intracellular bacteria that need the host for its replication. In order to 

survive, Salmonella has adapted itself to live outside the host and can live up to six weeks 

in fallow soil with the ability to contaminate plants (Barak and Liang et al 2008). 

Human pathogenesis of Salmonella starts when the subject ingests contaminated food. It 

makes its way to the alimentary system; some survive the acidic conditions of the stomach 

and reach the intestine by using their flagella to swim through the surface of the intestinal 

epithelial cells (Reis et al 2011). Components on the Salmonella surface are known to 

facilitate the attachment to the intestinal epithelial cells (Knodler et al 2010; Figure 3). 

Previous studies have demonstrated that is possible that after oral ingestion the preferred 

site of penetration is the jejunum followed by the ileum and lastly, the caecum (Brown et 

al 2005); this is because Salmonella finds itself at the right pH and with the necessary 

nutrients for invasion. Work carried by Deng shows that only after 8 hours of inoculation 

the jejunum and ileum are positive for Salmonella and after 12 hours post inoculation the 

presence of Salmonella in the caecum is significant. Very low concentrations were found 

in the duodenum, colon, rectum, oesophagus and stomach (Eswarappa et al 2010). 
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After anchoring itself into the host’s surface it proceeds to invade the interior of the cells 

by using its first needle-like system SPI-1 (T3SS) to deliver toxins directly into the 

cytoplasm of the host (Kim et al 2011). Through the injectisome, secreted factors SopE, 

SopE2 and SopB are transported into the host; SipA triggers membrane ruffling by 

targeting actin and T-plastin leading to membrane ruffling, which results in uptake of the 

bacteria (Cornelis et al 2006; Figure 4). 

After being engulfed by the host, Salmonella survives within a membrane-bound vacuole 

called the Salmonella-containing vacuole (SCV) (Beuzón et al 2002). However, defects 

on the vacuole allow for bacteria release, leading to cytosolic Salmonella (Malik-Kale et 

al 2012; Figure 4). Salmonella only allows a single bacterium per SCV (Eswarappa et al 

2010), therefore every time it divides, so does the vacuole (Lahiri et al 2010). The 

bacterium remains there for a lag period of replication before causing the vacuole to burst 

(Creasey and Isberg et al 2014, Lahiri et al 2010). 

The success of Salmonella lies in its ability to avoid the lysosomal degradation pathway, 

therefore avoiding termination by the host (Bakowski et al 2008). Several hours after 

invasion, Salmonella ejects its second injectisome, the SPI-2 (T3SS), and delivers more 

than 30 effectors across the SCV. These effectors are the ones responsible for remodelling 

and positioning of the SCV in the perinuclear region, very close to the Golgi apparatus 

(Schleker et al 2012). It is also known that Salmonella does not need the SCV to survive 

and replicate as during infection there is a group of cytosolic bacteria adapted to survive 

and replicate in the cytosol. Studies have revealed that these bacteria can replicate 20-100 

fold after 6 hours; whereas SCV bacteria can replicate 3-6 fold after 9 hours (Malik-Kale 

et al 2012). Also, work carried out in SifA mutants has confirmed that cytosolic 

Salmonella is capable of hyper-replication this is not possible in the macrophage cytosol 

due to the resistance from the host immune system (Beuzón et al 2000, Knodler et al 

2014). These bacteria are transcriptionally different from intravacuolar Salmonella as 

they are induced by the invasion-associated type III secretion system; therefore, they are 

designed for invasion (Malik-Kale et al 2012). Even when is not clear why there is 

cytosolic Salmonella, some studies have established a possible vacuolar defect as the 

cause for a small percentage of Salmonella to escape the vacuole and adapt to the cytosol 

(Creasey and Isberg et al 2014, Martínez-Lorenzo et al 2001). 

Because of the nutrient-rich cytosol, Salmonella manages to hyper-replicate and 

reprograms virulence gene expression toward invasion. The host senses cytosolic 
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Salmonella and automatically triggers inflammatory cell death and extrusion (Sebastiani 

et al 2002). If well in this circumstance Salmonella is vulnerable to the immune system, 

this is also exploited and the ready to infect Salmonella is released into the lumen of the 

gastrointestinal and biliary tracts by extrusion, which in turn allows Salmonella to infect 

secondary cells rapidly (Knodler et al 2010). 

 

Figure 3. Salmonella host invasion. Typically Salmonella makes its way to the intestines and through 

unknown mechanisms recognizes binding sites. Upon attachment Salmonella injects effectors (toxins) that 

will encourage membrane ruffling and engulfment of the bacteria.  Salmonella resides in the Salmonella-

containing vacuole (SCV) but defects in the vacuole cause release of the bacteria into the cytosol. These 

are flagellated, ready to infect and capable of replication. Adapted from Boumart et al (2014). 

1.5 Relevant bacteria-host interactions 

1.5.1 Salmonella-Containing Vacuole (SCV) and the endosomal 

pathway  

Endocytosis is one of the cell’s forms of active transport in which molecules, such as 

proteins, are transported into the cell by engulfment (Doherty and McMahon et al 2009). 

The pathway is divided into four categories, phagocytosis, caveolae, micropinocytosis 

and clathrin-mediated endocytosis (Gruenberg and Van der Goot et al 2006). 

Pathogens have exploited these pathways in order to gain entrance to the cell and use their 

lysosomal machinery to their benefit (Medina-Kauwe et al 2007). The most studied 

pathway is clathrin-mediated endocytosis (Bonazzi and Cossart et al 2006, Grove and 

Marsh et al 2011, Veiga and Cossart et al 2006). After entering the host-cell, pathogens 

will encounter themselves in the cytosol, to be more specific, the early endosome (Alix 

et al 2011). In here, they are transported further down to the endocytic pathway to late 

endosomes and lysosomes for their destruction (Ibarra and Steele-Mortimer et al 2009). 
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Salmonella has developed strategies to escape lysosomal degradation (Eswarappa et al 

2010). At this point of infection, the bacterium is protected end encased in a membranous 

vacuole made from the host’s membrane, called the SCV (Steele-Mortimer et al 2008). It 

has been reported that Salmonella uses the host’s endocytic regulators, GTPase, Rab5, 

Rab11 and Rab7 to re-direct the SCV towards the perinuclear position of the cell (Brumell 

and Grinstein et al 2004). Intracellular positioning is vital to escape lysosomal 

degradation and for SCV based replication (Bakowski et al 2008). It is speculated that 

intravacuolar bacterial replication depends on spatiotemporal regulated interactions with 

host cell vesicular compartments (Ramsden et al 2007). This is possibly because the 

position facilitates bacterial requirements for membranes and nutrients vital to maintain 

its SCV and keep evading the immune system (Wasylnka et al 2008). Moreover, 

functional studies have identified the SCV has lysosomal-like characteristics by having 

an acidic lumen and being surrounded by lysosomal glycoproteins (Roark and Haldar et 

al 2008). Studies have localized the SCV close to the lysosomal pathway and in close 

proximity to the nucleus, Endoplasmic Reticulum (ER) and Golgi Complex (Deiwick et 

al 2006, Müller et al 2012). 

As the SCVs mature, these are displaced along microtubules, towards the MT-organizing 

center (MOTC) and eventually also within the Golgi region and Salmonella-induced 

filaments (Sifs) (Brumell et al 2002, Mostowy and Shenoy et al 2015). These are tubular 

structures which result from the elongation of the SCV itself and are assembled from 

lysosomal glycoproteins (Brumell et al 2002). 
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Figure 4. Salmonella’s infection process and positioning. (1) Infection starts from the moment 

Salmonella attaches itself to the cell and effectors are injected into the host. (2) Between 10 mins – 1 hr the 

bacteria is encased in a membrane called the SCV. (3) Replication starts 3-16 hrs after infection. Defects 

in the vacuole can cause early release of Salmonella into the cytosol. Salmonella positions itself close the 

nucleus, ER and Golgi Complex. Positioning in the microtubules at late stages of maturation. Adapted from 

Schroeder et al (2011). 

1.5.2 Bacterial inhibition of Apoptosis 

Bacterial pathogens have developed several strategies to inhibit apoptosis during the 

infection process. By preventing apoptosis, these can thrive and multiply in the cytosol 

by using the host’s resources, until re-activation of apoptosis become convenient for the 

bacteria (DeLeo et al 2004). It has been documented that bacteria can protect the 

mitochondria to avoid cytochrome c release (Fan et al 1998). Apoptosis can also be 

inhibited by blocking caspase activation or activating cell survival pathways (Faherty and 

Maurelli et al 2008). A few examples of these are, Chlamydia sp., known for inhibiting 

and degrading pro-apoptotic proteins (Fischer et al 2004). Neisseria sp., prevents 

cytochrome c release (Massari et al 2000), Shigella flexneri inhibits caspase-3 activation 

despite cytochrome c release (Clark and Maurelli et al 2007). Listeria monocytogens also 

shows this feature by activating the PI3/Akt and NF –κB pathways (Hashino et al 2015). 
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Apoptosis is a type of programmed cell death (PCD) leading to chromatin condensation, 

cytoplasmic shrinkage, DNA fragmentation culminating in cell death without damaging 

any neighbour cells, so in a way it is self-contained (Qi and Liu et al 2006). Studies carried 

out by Rajalingam et al. (2001) show how epithelial cells infected by Chlamydophila 

pneumoniae are resistant to staurosporine and TNF-α induced apoptosis. There have also 

been reports that probiotic bacteria, such as, Lactobacillus rhamnosus GG, prevents 

apoptosis by activating the anti-apoptotic Akt/protein kinase B (Yan and Polk et al 2002). 

It has also been observed, in the rat’s small intestine, that Salmonella exploits the host’s 

cell survival pathway in order to inhibit apoptosis by activating the PI3K/Akt pathway, 

which will prevent cytochrome c release and as a result block the activation of the caspase 

cascade (Huang et al 2005). Another strategy of Salmonella in the epithelial cells is to 

induce apoptosis in murine Bone Marrow-derived Macrophages (BMDM). This is 

achieved by injecting SipB macrophages where SipB interacts with casp-1, leading to 

apoptosis (Brennan and Cookson et al 2000, Lai et al 2015). 

1.5.3 Innate immune response to Salmonella  

The innate immune response is the first line of defence against pathogens by recognizing 

them in a generic, non-long-lasting way (Mogensen et al 2009). In mammals it recruits 

immune cells to the site of infection and triggers the complement system response, a part 

of the immune system, to upregulate the ability of phagocytic cells and antibodies 

(Buchmann et al 2015, Dunkelberger and Song et al 2010). If this fails, the adaptive 

immune system is activated, where a series of pathogen-specific responses are triggered 

to provide the host with long-lasting protection (Den Haan et al 2014, Getz et al 2005). 

These responses are extremely important to maintain the gastrointestinal tract health. This 

is a challenge for the host as the guts are the key place to uptake and process nutrients, 

therefore any disproportionate immune response could lead to an imbalance in the 

digestive system (Arranz et al 2013, Round and Mazmanian et al 2009). Because of this 

the gastrointestinal epithelial cells are rich in lymphoid tissue and immune cells (Peterson 

and Artis et al 2014). The first line of defence is the layer of epithelial cells that secrete 

mucus with antimicrobial peptides (Liévin-Le Moal and Servin et al 2006). The second 

layer is the gut-associated lymphoid tissue (GALT) which underlays the epithelial cell. 

GALT contains up to 70% of the body’s immunocytes and is composed of lymphoid 

follicles, lymphocytes, neutrophils, macrophages and dendritic cells forming the Peyer’s 

patch (PP) (McGhee and Fujihashi et al 2012, Spahn and Kucharzik et al 2004). The PPs 

are composed of aggregated lymphoid follicles surrounded by the follicle-associated 
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epithelium (FAE) that contains microfold cells (M cells) (Jung et al 2010, Sipos and 

Muzes et al 2011). The role of the M cells is to transport luminal antigens and bacteria 

toward the underlying immune cells that will modulate the immune response (Mabbott et 

al 2013). 

Salmonella has evolved to overcome the antimicrobial peptides barrier by activating the 

PhoP-PhoQ signal transduction pathway, where Phop is the response regulator and PhoQ 

the environmental sensor kinase (Broz et al 2012, Rosenfeld and Shai et al 2006). Work 

in bacteria has shown this two-component regulatory system controls transcription of 

virulence-associated genes that will respond to the environmental signals (Miller et al 

1991, Tang et al 2013). Studies have also revealed that the immune protein interleukin-

22 (IL-22) increases the growth of Salmonella by suppressing the growth of its 

competitors (Perez-Lopez et al 2016). Mice lacking IL-22 showed and overgrowth of 

commensal E. coli that outcompeted Salmonella in the gut (Behnsen et al 2014). 

Once inside the lumen, Salmonella enterica serovar Typhimurium has evolved to 

overcome the neutrophil release of calprotectin to overcome bacterial growth (Diaz-

Ochoa et al 2015). Calprotectin is a protein that eliminates the essential micronutrients 

needed for enhanced microbial survival (Liu et al 2012). These are just a few of the most 

studied mechanisms used by Salmonella to escape the immune system and start 

proliferation. 

1.6 The Saf fimbriae 

The Saf fimbriae has been identified as vital for infection. These are a fibrous organelle 

found on the surface of Salmonella (Bakowski et al 2008; Figure 5). The fimbriae are not 

unique to Salmonella but most of their structure and function are conserved among highly 

infective gram-negative bacteria, which include Chlamydia, Yersinia, Shigella, 

Escherichia and Pseudomonas (Akopyan et al 2011). 

There are two types of fimbriae and these vary depending on the usher/chaperone used 

for their biogenesis. These chaperones are classified as FGL and FGS (Cai et al 2011), 

where FGL produce a linear polymer consisting of one or two subunits that act as adhesins. 

In contrast, FGS produce adhesion pili which are made of a single subunit (Zavialov et al 

2007). Salmonella atypical fimbriae (Saf) is an FGL made fimbria mainly composed of 

several SafA subunits and a minor SafD unit at the tip of SafA ( Zavialov et al 2007; 

Figure 5). Because of its location, SafD is presumed to be important for adhesion to the 

host and to encode an antigen which helps Salmonella recognize proteins in the eukaryotic 
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membrane for effective infection (Salih et al 2008). Moreover, SafD is conserved in all 

S. enterica subspecies, making its study appealing for the development of vaccines not 

only to immunize humans, but also for vertebrates. 

The fimbriae are surface organelles that play an important role in motility, attachment to 

epithelial cells or biofilm formation (Strindelius et al 2004). The Saf fimbriae are 

assembled via the FGL chaperone/usher pathway and are formed of four subunits, of 

which SafB and SafC are intracellular and SafA and SafD are extracellular. SafB is a 

chaperone located in the cytoplasm and SafC a pore forming protein located in the 

membrane of Salmonella. SafA forms most of the external fimbriae structure and located 

at the tip a putative invasion adhesion SafD (Folkesson et al 1999). 

Adhesins are cell surface bacterial proteins positioned at the tip of the fimbriae found in 

all gram-negative bacteria that bind specifically to sugars present in host tissues (Krachler 

and Orth et al 2013, Thorns et al 1995). The external proteins of the Salmonella 

typhimurium Saf fimbriae are SafA and SafD, with SafD being the adhesin (Rose et al 

2008, Zav’yalov et al 2010,  Zavialov et al 2007). The flexible body of the fimbriae is 

made of several SafA subunits. Even when SafD is meant to be an adhesin due to its 

location at the tip of the fimbria (and due to homolog studies) adhesins (Strindelius et al 

2004) there is no current published work available on any SafD interacting partners. In 

this work it is hypothesised that SafD is not the only key element involved in adhesion. 

It is plausible that SafD needs SafA for adhesion (therefore SafA binds to the host at least 

in a transient manner) or perhaps SafA is an adhesin in its own right and the fimbria 

benefits more from having a number of SafA subunits than SafD. 

To date, there is no structure available for SafD. Being at the tip of the fimbriae SafD is 

involved in the formation of biofilms and attachment to surfaces (Strindelius et al 2004). 

The first protein-protein interaction between Salmonella and the host happens when 

Salmonella anchors itself to the intestinal epithelial cells of the stomach, particularly M 

cells (Jepson and Clark et al 2001, Tahoun et al 2012). This first potein-protein interaction 

occurs through the Saf pilus, therefore the study of the assembly of the Saf fimbriae is 

vital in order to avoid Salmonella infection completely. The three dimensional structure 

of the Saf fimbriae has been made available (Salih et al 2008; Figure 6). It is known that 

most of the flexible body is made of a polymer of SafA subunits interlinked to each other 

through an N-terminal (Nte) extension of the incoming subunit (Sauer et al 2004, Vetsch 

et al 2006). At the very top of the polymer sits SafD, which based on similarities with 
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E.coli fimbriae proteins, it is distinguished as a major adhesin (Anderson et al 2004, Salih 

et al 2008). 

 

 

Figure 5. Schematic representation of Salmonella atypical fimbriae (Saf). From top to bottom: Based 

on structure it is hypothesised SafD sits at the tip of the fimbriae. The main flexible body is formed of SafA 

subunits linked through the N-terminal (Nte) extension of the incoming subunit. SafC is the fimbria usher 

and SafB the chaperone whose role is to complete SafA’s IgG-like structure during biogenesis. Adapted 

from Salih et al (2008). 

1.7 Structure of SafA monomer 

The structure of SafA resembles that of immunoglobin (Ig) which consists of a pair of β-

sheets linked by a disulfide bond and hydrophobic interactions (Bodelón et al 2013, Liu 

and May et al 2012). Nevertheless, SafA lacks the final β-strand which creates a 

hydrophobic cleft on the surface of the subunit, allowing for chaperone binding by donor 

strand complementation (DSC) (Zavialov et al 2002), and where each subunit docks to 

each other by donor strand exchange mechanism (DSE) (Remaut et al 2006). 
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Figure 6. Electron Microscopy Model of the Saf fimbriae. (A) Rounded ribbon cartoon. Each chain is 

shown in a different colour with the N- and C- terminals for each chain labelled. (B) Hydrophobic amino 

acids are coloured grey and polar amino acids (charged or uncharged) are coloured purple. (C) Alpha 

helices are shown as rockets (6.6%), beta strands are shown as planks (49.7%). Random coils are white 

(43.7%). Adapted from Salih et al (2008). 

The Saf fimbriae is synthesized through a mechanism called the chaperone-usher pathway 

(Sauer et al 2004). The first protein created is SafD, followed by the first SafA subunit of 

the polymer. Because of its position, it is hypothesized that SafD is created first and then 

interlinked to the first SafA subunit (Busch and Waksman et al 2012). The proteins then 

make their way to the plasma membrane where they are expelled out of the cell into the 

periplasm via the core complex SecYEG, which forms the protein channel (Pugsley et al 

1993, Tziatzios et al 2004). 

In the periplasm, chaperone SafB forms a chaperone-protein complex with SafA 

(Zavialov et al 2003). SafB have Ig-like folds, and binding between SafB and SafA occurs 

when SafB inserts its G1 β-strand into SafA's cleft (Choudhury et al 1999, Zav’yalov et al 

2010). Once the subunit is in the outer membrane the chaperone's G1 β-strand is replaced 

by the β-strand from the Nte extension of the incoming subunit via the DSE, all this while 

the chaperone-protein complex still exists. 

As postulated by the 'zip-in-zip-out' mechanism, the SafB chaperone will slowly be 

displaced as the Nte extension takes over (Rose et al 2008, Zavialov et al 2003). While 

this unzipping displacement is taking place, the chaperone-protein complex is making its 
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way to the outer membrane where pore making chaperone SafC is waiting to export the 

fimbria out of the membrane. 

Therefore, for polymerization to occur DSE requires the formation of a tertiary complex 

formed of a subunit, the G1 β -strand of the SafB chaperone and the Nte extension of the 

incoming subunit (Zavialov et al 2003). This process is totally dependent on the subunits 

hydrophobic groove. The product of the DSE is an Nte complex of interlinked subunits 

that now form a polymer. This complex varies from the chaperone-protein complex in 

that the new subunit’s Ig domain is more compact and stable due to the addition of an 

extra hydrophobic pocket, P*, which prevents disassociation of the subunits (Remaut et 

al 2006, Zavialov et al 2003). 

The 'zip-in-zip-out' mechanism states that all the processes of strand swap between 

chaperone and Nte extension are needed for proper subunit folding (Choudhury et al 1999, 

Rose et al 2008, Sauer et al 2002, Zavialov et al 2003). This concept contradicts 

Anfinsen’s dogma which states the structure of a protein is determined solely by the 

protein’s own amino acid sequence (Normark et al 2000). The Saf fimbriae clearly shows 

the structure and function of each subunit is dependent of chaperone’s G1 β -strand to 

obtain the C-terminal of their missing seventh strand (G) and of the N-terminal extension 

of the incoming subunit to maintain its acquired Ig-fold. Therefore, the Saf fimbriae is 

dependent on the other protein’s sequence to complete its structure. 

1.8 Protein selection: Fimbriae proteins SafA and SafD  

Most of the current research targeting the fimbriae is aimed at developing vaccines 

(Remaut et al 2006). The study of SafA and SafD subunits would contribute to the 

understanding of Salmonella-host protein-protein interaction through the Saf fimbriae 

and take us a step closer to understand one of the mechanisms that contribute to 

Salmonella colonization of the host. 

Whilst analysing the process of infection, two questions arise. If SafD is at the tip of the 

fimbriae, being considered a generic adhesin, and SafA’s protein sequence is less 

conserved (and variable) (see Supplementary data for BLASTp results, Figures S63 and 

S64), it could indicate that SafA is the important factor in Salmonella to determine its 

host specificity. Therefore, in order for SafA to make this assessment it must make 

contact/attach itself to the host too (Figure 7). 
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Figure 7. Schematic representation showing possible bacterial adhesion to a host cell by the Saf 

fimbriae. The bacteria attach to the host by bacteria-host protein interactions mediated by Saf fimbriae 

proteins SafA and SafD. 

1.9 Aims and Objectives 

The first protein-protein interaction between Salmonella and the host occurs during the 

attachment or just prior to it between SafA/SafD and host receptors localized at the host 

membrane. SafA forms most of the flexible body of the Saf pilus and has a sequence 

which is less conserved (and variable) within Salmonella strains (Folkesson et al 1999, 

Lauri et al 2011), whereas SafD is conserved (Protein BLASTp results for SafA and SafD 

available in Supplementary data, Figures S63 and S64). These observations indicate SafA 

is probably involved in recognising host specificity and SafD is a general adhesin. 

Identifying protein binding partners for the Salmonella atypical fimbriae (Saf) and 

understanding the role of the fimbria in the Salmonella infection is imperative to develop 

alternative strategies for the treatment of Salmonella Typhimurium LT2, and potentially 

other Salmonella enterica strains. 

The main aim of this work is to identify interacting partners for Salmonella fimbriae 

protein SafA in the mammalian digestion system and to propose a function for SafA based 

on its interacting partner(s) during mammalian infection. 

The first objective is to rationally design SafA’ (GST-SafA-6xHis) by isolating it from 

the polymer to obtain a stable recombinant protein capable of studying Salmonella-
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mammalian host protein interactions. In addition, the construct will have to include tag 

(s) that will provide the means to immobilize the protein in different surfaces. Further to 

this, if required, the tag will be cleaved from the protein for assurance that any identified 

proteins binding to SafA’ (GST-SafA-6xHis) are specific to the subunit and not to the tag. 

Therefore, recombinant SafA’ (GST-SafA-6xHis) and its variants (SafA-6xHis, 

GST+SafA-6xHis and GST) will be subjected to circular dichroism (CD) studies to 

confirm that its secondary structure resembles that of the native crystal structure and to 

review whether the tag (s) influence the folding of the SafA’ (GST-SafA-6xHis) subunit. 

 

The second objective is to establish a robust affinity-enrichment system capable of 

providing support to capture specific host proteins binding to GST-SafA-6xHis and SafA-

6xHis. It will be key to the success of this work to set up a system capable of immobilizing 

SafA’ (GST-SafA-6xHis and/or SafA-6xHis) regardless of its tag. 

 

The third objective is to identify unequivocally any SafA’ (SafA-6xHis) interacting 

partners by LC-MS/MS. The fourth objective is to propose a biological role for SafA 

based on its interaction with the identified protein(s). Data for each identified protein will 

be retrieved through on-line tools and literature searches. Particular emphasis will be 

given to known bacterial interactions with these proteins during the host infection process. 

1.10 Key results of the thesis 

1) GST tag was successfully cleaved from the recombinant protein SafA’ (GST-

SafA-6xHis). Upon circular dichroism (CD) spectroscopy analysis, the secondary 

structure of cleaved SafA’ (SafA-6xHis) resulted identical to the published crystal 

structure. Deconvolution of the data confirmed the subunit consists of 5% α-

helices and 49% β-sheet which is a very close fit to the crystal structure of 4% α-

helices and 49% β-sheet. 

 

2) We present an alternative method to study protein-protein interactions by adapting 

Universal-BIND™ plates. A total of five systems using several technologies were 

trialled, with the Universal-BIND™ plates being the one that provided the most 

suitable platform for work with the mammalian intestine. Of all the systems, this 

one provided a format allowing for technical replicates, compatible with 

fluorescent detection (if required) and a non-porous surface that minimise the 

number of non-specific proteins present in the data analysis. 
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3) Putative functions, other than adhesion, are suggested for the Salmonella Atypical 

fimbriae (Saf). Based on the identification of proteins by LC-MS/MS and the 

comparison of these with other well-studied bacteria it can be suggested that SafA 

is involved in the intracellular survival of cytosolic Salmonella.  

 

4) This work puts forward the importance of the little studied cytosolic Salmonella. 

The current work on Salmonella infection is carried out mainly by studying the 

Salmonella-containing vacuole (SCV), neglecting the importance of cytosolic 

Salmonella. Despite this, Salmonella replicates faster in the epithelial cytosol 

compared to the SCV and, at times, its hyper-replication can make up to half of 

the population free within the cytosol (Knodler et al 2014). 

1.11 Methods used in this study to analyse protein-protein interactions 

(PPI) 

Protein interactions can be stable or transient, and these can be classified widely as either 

strong or weak (La et al 2013). Because of the complexity of the task, a combination of 

techniques is necessary to identify and validate any protein interaction. Co-

immunoprecipitation (Co-IP) is the prefered technique to study protein-protein 

interactions in vivo using antibodies against the proteins of interest. The principle behind 

this is the capture of the target protein through an antibody coupled to a matrix support 

like Sepharose beads through protein A or G (Kaboord and Perr et al 2008). Virtually, the 

captured protein is bound to the target antigen, which is bound by the antibody on the 

support. Immunoprecipitated proteins and their binding partners are then detected by 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western 

blot analysis (Hall et al 2005, Kaboord and Perr et al 2008). 

Pull-down assays are a similar approach to Co-IP but the difference is that, instead of 

antibodies, a bait protein is immobilized on the beads to capture a binding protein (prey). 

This method is particularly useful in the study of novel protein interactions where the 

protein target is unknown as upon prey identification antibodies can be ordered and the 

findings confirmed by Western Blot (Brymora et al 2004, Nguyen and Goodrich et al 

2006). 

A way of studying transient protein interactions is using crosslinking. Transient 

interacting proteins are covalently crosslinked in an attempt to link the components of an 

interaction (Ozbabacan et al 2011). Detection methods for PPI include western and far 
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western blot analyses (Hunke and Müller et al 2012, MacPhee et al 2010). As these are 

fairly standard techniques they will only be referenced here. 

1.12 Alternative Affinity tags that could have been used to immobilize 

SafA’ (GST-SafA-6xHis) 

Protein tags are peptide sequences that are attached to either N-terminus or C-terminus of 

proteins in order to facilitate purification and detection. Currently, there are a wide variety 

of protein tags and these can be classified into fluorescent tags, affinity tags and epitope 

tags (Zhao et al 2013). Affinity tags are used to facilitate the purification of proteins from 

crude cell lysates. The choice of the tag is usually dependent on the affinity resin used for 

purification. Among these we have, glutathione-S transferase (GST) which is used by 

inserting the GST DNA coding sequence next to the protein of interest. GST’s strong 

affinity for GSH is used to capture the protein in GSH coated beads and in some cases it 

can also enhance the protein’s solubilisation (Harper and Speicher et al 2011). The trouble 

with the GST tag is its ~26 kDa size and possibility of dimerization. Also, it is not suitable 

for protein studies as it might alter the native protein conformation. 

The poly-histidine tag (His-tag) is constituted of 6-8 histidine residues. Histidine has a 

high affinity for metal ions, such as nickel, copper and zinc ions. Their small molecular 

weight, 840.40 Da, is an advantage and purification can be done under native or 

denaturing conditions (Bornhorst and Falke et al 2000). An alternative to His tag is 

Calmodulin Binding Protein (CBP), a 26 long peptide derived from the C-terminus of 

skeletal muscle myosin light chain kinase that binds specifically to calmodulin. With a 

small size of 4 kDa it allows the purification of proteins to take place in the presence of 

strong reducing agents. The tight binding to calmodulin allows for stringent washing 

conditions and is specifically advantageous for the purification of proteins in E. coli 

because of the absence of endogenous proteins that can interact with calmodulin (Gerace 

and Moazed et al 2015). 

Maltose-binding protein (MBP) binds to amylase agarose and can increase the solubility 

of recombinant proteins expressed in E. coli. The downside of this tag is its large size of 

43 kDa and in some cases it has been reported that upon cleavage of the tag the protein 

aggregates and becomes partially insoluble (Duong-Ly and Gabelli et al 2015). 

On the other hand, we have epitope tags, which are small tags that recognize antibodies. 

Because of this these tags are usually used when the investigator wants to visualize a 

molecule such as in a gel or western blot. As a result of their small size, they have little 
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or no effect on the structure of the final fusion protein. In addition, these tags can be used 

when no antibody is known for the protein of interest as they are recognized by numerous 

commercial antibodies (Kimple et al 2013, Wood et al 2014). 

One of the most popular epitope tags is the Myc tag, a synthetic peptide with a molecular 

weight of 1, 203 Da with a sequence of EQKLISEEDL corresponding to the C-terminal 

amino acids of human c-myc protein (Terpe et al 2003). Influenza Hemagglutinin (HA) 

is a synthetic peptide with an amino acid sequence of YPYDVPDYA. There is no 

evidence that shows HA interferes with the bioactivity of the recombinant protein and is 

recognizable by several commercial antibodies (Zhao et al 2013). Finally, FLAG tag is 

another short peptide tag, DYKDDDDK, which can be added to a protein using 

recombinant DNA technology. FLAG-tag is commonly used in assays where antibody 

recognition is required. Sometimes in the study of protein-protein interactions there are 

no known antibodies for a given protein and any antibody recognizing the FLAG 

sequence can be used. In addition to this, the FLAG-tag is more hydrophilic than other 

tags so they do not denature or modify the function of the proteins to which they are 

attached (Gerace and Moazed et al 2015). 

A fluorescent tag is a molecule that is chemically attached to a protein in order to label it. 

A unique characteristic of all fluorescent proteins (FPs) is their ability to self-generate a 

visible wavelength chromophore from a sequence of three amino acids within their own 

sequence. They are non-toxic, and can therefore be used in fixed and in in-vivo studies. 

The most widely used protein is Green fluorescent protein (GFP) (Nagarkar-Jaiswal et al 

2015). 

The above is not an exhaustive list of the tags available to study PPI but some of them 

may be used in future studies to verify whether the addition of tags interfere with SafA 

specific interacting partners. 

1.13 Affinity-enrichment Systems  

The identification of new protein-protein interactions is a complex process. Currently, 

there are a variety of methods available which vary mainly in their level of sensitivity and 

specificity. One of the standard routes to study PPI is to capture a specific protein through 

co-immunoprecipitation (Co-IP); the eluate is separated in a SDS-PAGE gel and stained 

(Markham et al 2007). For this research we used a series of approaches for protein 

immobilization, detection and identification (see Chapter V and Table 1). The choice of 

surface used for the immobilization of the proteins was dependent on the tags present in 
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the recombinant protein and on the observations made whilst optimizing each system 

(Chapter III, section 3.4). We made use of Immobilized Metal Affinity Chromatography 

(IMAC) technology to immobilize proteins by their histidine tag (Chapter V, sections 5.3 

and 5.4). Dynabeads® His-Tag Isolation & Pulldown (System 1, Chapter V, section 5.3) 

offered a non-porous surface to immobilize proteins through their histidine tag. Also, 

within IMAC technology, Nickel Affinity Gel (System 2, Chapter V, section 5.4) offered 

a porous surface with a high binding capacity for protein immobilization through their 

histidine tag. GSH-agarose (System 3, Chapter V, section 5.5) was used as a porous 

surface to immobilize proteins through their GST tag. Less conventional approaches, such 

as, nitrocellulose (System 4, Chapter V, section 5.6) were used to immobilize proteins 

through hydrophobic interactions. Another non-conventional approach was the 

adaptation of Universal-BIND™ plates (System 5, Chapter V, section 5.7) crosslink 

proteins via abstractable hydrogen bonding. 

Multiple stability tests were performed prior to the affinity-enrichments using 

Horseradish peroxidase (HRP), which reacts with primary amines to form covalent amide 

bonds and provides with permanent conjugation (Veitch et al 2004). The selection of HRP 

for the preliminary tests was based on their high enzyme activity and long shelf-life as 

protein is stable for at least 12 months at -20oC. 

Instrument sensitivity is key for protein identification and any specific isolated proteins 

were identified by MALDI-TOF MS (Chapter VI, sections 6.3-6.6) and LC-MS/MS 

(Chapter VI, section 6.7-6.12). Mass spectrometry is a sensitive technique that measures 

mass-to-charge ratio (m/z) used to detect and identify molecules (Hale et al 2013). Most 

of the systematic analyses of proteomics have mass spectrometry as their central strategy. 

The development of electrospray ionization (ESI) and matrix assisted laser 

desorption/ionization (MALDI) allowed the progress of complex multi-stage instruments, 

such as, the quadrupole time-of-flight (Q-Q-ToF) and tandem time-of-flight (ToF-ToF) 

(Nagao et al 2010). 

1.14 Relevant Immobilization Methods  

1.14.1 IMAC technology: Dynabeads His-Tag Isolation & Pulldown and 

HIS-Select Nickel Affinity Gel 

IMAC is one of the methods available to immobilize proteins due to the ability of the 

metal ions to reversibly interact with the different side chains and amino acids of the 

protein of interest (Cheung et al 2012). 
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The most relevant application of IMAC technology is for the purification of histidine-

tagged recombinant proteins as it was originally designed as a separation method (Block 

et al 2009, Porath et al 1975). Divalent ions, such as, Cu2+, Ni2+ Zn2+ and Co2+ are the 

preferred choice for His-tagged proteins purification, whereas, Fe3+, Al3+ ,Ga+3 and 

Titanium are used for phosphopeptides and phosphoproteins capture (Fíla and Honys et 

al 2012). IMAC technology has developed greatly and nowadays is used for purification 

and immobilization of antibodies, His-tagged proteins and phosphorylated proteins. It is 

also used in proteomics for the study of protein-protein interactions and chip applications, 

such as, surface plasmon resonance (SPR) (Block et al 2009). 

Dynabeads His-Tag Isolation & Pulldown (System 1, Chapter V, section 5.3) are 

magnetic bead surfaces designed for His-tagged protein isolation, which chemistry relies 

on the fixation of Cu+2 onto the beads with a tetradentate chelating ligand, in this way 

taking advantage of the known affinity of Cu2+ to histidine (Gaberc-Porekar and Menart 

et al 2001). It has a high selectivity for poly-histidine tags and this results in low 

background levels. 

HIS-Select Nickel Affinity Gel (System 2, Chapter V, section 5.4) uses IMAC technology 

to immobilize His-tagged proteins but uses nickel as the metal ion.  Its matrix is a 6% 

beaded agarose nickel, making it highly selective for recombinant proteins with a His-tag 

(Prasanna and Vijayalakshmi et al 2010). The technology and principle of immobilization 

resembles the one of Dyabeads, the matrix, except that the later one offers a higher 

binding capacity. 

1.14.2 Beaded agarose and Transfer membrane: Glutathione (GSH)-

Agarose and Nitrocellulose (NC)  

Glutathione-Agarose (System 3, Chapter V, section 5.5) is an epoxy activated 4% cross-

linked beaded agarose with glutathione attached to it through the sulfur (Yu et al 1989). 

The method relies on the immobilization of a GST fusion protein on glutathione sepharose 

agarose (Harper and Speicher et al 2011). Compared to IMAC technology (Systems 1 and 

2, Chapter V, sections 5.3 and 5.4) no magnetic stand or special equipment is required, it 

has a high binding capacity and a lower background due to its porous nature. Its porous 

surface does increase washing steps as proteins can be trapped in the agarose, but with 

the proper washing procedures in place this is easily avoided. 

Nitrocellulose (NC) (System 4, Chapter V, section 5.6) is a membrane highly used to 

immobilize proteins because of its non-specific affinity to amino acids (Larsen et al 2014). 
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NC is produced by treating cellulose with nitric acid and nitrocellulose membranes are 

made by dissolving the nitrocellulose in organic solvent and spreading the solution as a 

thin film on a smooth surface (Roman et al 2009). Because of this NC provides a good 

surface for immobilization due to its uniform high surface area. It has a high binding 

capacity and NC is also compatible with a wide range of methods, such as, fluorescent 

and colorimetric. NC is used as a solid-phase immobilization support for proteins, DNA 

and RNA (Bresser et al 1983, Yeretssian et al 2005). DNA microarrays exploit the use of 

NC and its ability to immobilize DNA in high quantities in a non-covalent irreversible 

manner to the membrane (Cretich et al 2010, Wang et al 2003). Successful binding of 

biomolecules to the NC slides coated by copoly (DMA-NAS-MAPS) has been tested by 

spotting an amino-modified oligonucleotide fluorescently labelled with Cy3 (Cretich et 

al 2010). In NC, proteins are immobilized through electrostatic and hydrophobic 

interactions (Kim and Herr et al 2013), offering an alternative to the conventional 

materials available for protein immobilization and affinity-enrichments. NC has also been 

used in the preparation of protein arrays (Snapyan et al 2003) and oligosaccharides 

microarrays (Fukui et al 2002, Hirabayashi et al 2003). 

1.14.3 Universal-BIND™ plates (Sigma, CLS2504) 

Universal-BIND™ plates (System 5) are 96 wells microplates made of polystyrene 

(Chapter II, section 2.13) (Gibbs and Kennebunk et al 2001). The surface covalently 

immobilizes biomolecules through covalent non-specific abstractable hydrogens (the 

hydrogen attached to aliphatic carbons) by UV illumination, resulting in a carbon-carbon 

bond (Lee et al 2016). Immobilization is not site oriented but the surface is useful for the 

immobilization of antigens of unknown structure, cell lysates and double stranded DNA 

(Vigueras-Santiago et al 2006). The use of this system to perform affinity-enrichments of 

mammalian proteins is not standard but was selected because protein could be 

immobilized regardless of orientation and the immobilization is not dependent on any tag, 

therefore making the system highly versatile. 
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Table 1. Comparison of systems established for this study. 

 

System Product Main technical advantages Main technical disadvantages 

1 Dynabeads His-Tag Isolation 

& Pulldown (Invitrogen, 

10103D) 

 

- IMAC technology 

- Non-porous surface 

- Isolates Histidine tagged 

proteins 

- Easy to handle 

- Solid, uniform surface 

- Low binding capacity 

- Non-specific binding due to amino 

acid residues 

2 HIS-Select Nickel Affinity 

Gel (Sigma, P6611) 

- IMAC technology 

- High binding capacity 

- Reduced background 

- Isolates Histidine tagged 

proteins 

- Easy to handle 

- Porous surface 

- Longer washes required 

 

3 Glutathione (GSH)-agarose 

(Sigma, G4510) 

- High binding capacity 

- Reduced background 

- Isolated proteins containing 

GST 

- Porous surface 

-Non-specific binding of proteins 

containing glutathione binding 

sequences 

- Longer washes required 

- Possible material loss during 

washes if column not used 

4 Nitrocellulose (NC) 

Schleicer & Schuell, 401 191 

- High binding capacity 

- Easy to handle 

- Compatible with fluorescent 

detection methods  

- Flat surface making it 

compatible with a wide range of 

scanners 

- Porous surface 

- Non-specific binding of proteins 

through hydrophobic and 

electrostatic interactions 

- Long washes required  
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- Immobilises proteins through 

hydrophobic and electrostatic 

interactions 

5 Universal-BIND™ plates  

Sigma, CLS2504 

- 96-well format for replicas 

reproducibility 

- Easy to handle 

- Compatible with fluorescent 

detection 

- Non-porous surface 

- Covalent binding avoiding 

protein leak 

- Efficient blocking solutions 

available 

- Limited binding capacity 

 

 

In this work we systematically set up five systems (Chapter V). Briefly, IMAC technology 

(Systems 1 and 2, Chapter V, sections 5.3 and 5.4) was tested to immobilize the 

recombinant protein SafA’ (GST-SafA-6xHis) through its histidine tag.  GSH-agarose 

(System 3, Chapter V, section 5.5) was used to immobilize SafA’ (GST-SafA-6xHis) 

through its GST tag. Least conventional methods were also tested: NC (System 4, Chapter 

V, section 5.6) and Universal-BIND™ plates (System 5, Chapter V, section 5.7) were 

used to immobilize SafA’ (GST-SafA-6xHis). NC, SafA’ (GST-SafA-6xHis) was 

immobilised by exploiting the likely hydrophobic interactions between the protein and 

membrane. In the case of the Universal-BIND™ plates, SafA’ (GST-SafA-6xHis) was 

immobilised by utilizing its physico-chemical properties and by covalently cross-linking 

to the selected surfaces. 

After trialling all the systems it was decided to use Universal-BIND™ plates (System 5, 

Chapter V, section 5.7) to immobilize the recombinant protein SafA’ (GST-SafA-6xHis) 

and its variants: GST+SafA-6xHis (which corresponds to free GST present in a SafA-

6xHis sample) and SafA-6xHis (which corresponds to SafA’ in the absence of GST) to 

isolate mammalian interacting proteins. Together with BSA and GST as negative controls. 

The list of samples (positive and negative controls) used and protocols are in the materials 

and methods, Chapter II, section 2.13 and Chapter III, Figure 28. On balance, the 
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Universal-BIND™ plates (System, 5, Chapter V, section 5.7) reduced background protein 

even if it meant compromising on binding capacity and reduced yield.  

1.15 Application of affinity purification techniques coupled with mass 

spectrometry methods 

Mass spectrometry is a powerful tool for the identification of proteins (Baldwin et al 2004, 

Macht et al 2004, Pompach et al 2004). There are several ionization methods and the 

choice of the source will depend on the type of sample under investigation. Electrospray 

Ionization (ESI) and Matrix Assisted Laser Desorption Ionization (MALDI) are the most 

widely used because they are soft ionization techniques that allow ionization and 

measurement of whole molecules of large molecular weight, such as complete proteins. 

ESI works best ionizing polar molecules yielding a large mass range, whereas MALDI 

offers a very fast analysis and works best preferably with large molecules (Baldwin et al 

2004, Cañas et al 2006). 

The study of protein-protein interactions affinity purification coupled with mass 

spectrometry (AP-MS) is highly used (Dunham et al 2012, Gingras et al 2007, Morris et 

al 2014). This approach is popular in the study of host-pathogen’s interactions (Greco et 

al 2014, Morris et al 2014). For instance, in the study of bacteria cell surface – host 

interactions, whole Streptococcus gallolyticus were incubated with epithelial cell lysates 

(HT-29) to allow for binding. Subsequently, any surface-exposed protein(s) were released 

from the bacterial surface and trypsinised to perform protein identification by LC-MS/MS. 

Finally, western blots were used to confirm any identified proteins. Their findings 

suggested protein CK8 binds to enolase, playing a key role in adhesion to the host (Boleij 

et al 2011). 

Mass spectrometry has also been used for the identification of low-abundance bacterial 

adhesins. BabA adhesion protein in Helicobacter pylori was incubated with albumin-

based photoprobe to BabA (a Lewisb – binding adhesion) to which the Lewisb saccharide 

and a biotinylated crosslinker structure had been coupled. The adhesin was tagged and 

extracted by sodium dodecyl sulphate (SDS) solubilisation of entire cells. In situ 

trypsinization was carried out and protein identification achieved by MALDI-TOF-MS 

(Larsson et al 2000). 

1.16. Circular Dichroism (CD) 

CD is a spectroscopic method that measures the difference in absorption between right 

and left circular polarized light and it can be measured only when a molecule contains 
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one or more chiral chromophores (Greenfield et al 2006, Kelly and Price et al 2000, Kelly 

et al 2005, Wallace et al 2003). CD spectroscopy is mainly used in the study of chiral 

molecules and it is particularly used in structural studies by analysing the secondary 

structure of proteins (Greenfield et al 2006, Hall et al 2014). Briefly, linearly polarized 

light is split into alternating left and right polarized light in a Photo Elastic Modulator 

(PEM) (Bürck et al 2015, Goldbeck et al 1997). When the two components pass through 

a solution containing a chiral chromophore these are absorbed unequally and the 

instrument quantifies the difference between the absorption of left and right handed 

circularly-polarized light (Kelly et al 2005, Louis-Jeune et al 2012). 

CD is used widely to gather information on secondary structure content, although 

information on a protein’s tertiary structure, for example when investigating the integrity 

of protein conformation following site directed mutagenesis can also be obtained (Picotti 

et al 2004). The technique is highly suitable to investigate a protein’s stability, to assess 

the effect of environmental conditions on a protein and sometimes to detect 

conformational changes following protein-protein interactions following ligand binding 

(Greenfield et al 1999, Reed et al 2014, Siligardi et al 2014). 

The far-UV spectral region of 180-240 nm is the spectral region used to determine protein 

secondary structure (Schmid et al 2001, Wallace and Janes et al 2001). These wavelengths 

cover the spectral region of the peptide bond.  Each type of protein secondary structure 

such as alpha helix, beta sheet and random coil structures give rise to a unique spectrum. 

Thus it is possible to calculate the estimated fraction of each secondary structure element 

by analysing the protein’s far-UV CD spectrum as a sum of the multiple fractions (Kelly 

et al 2005, Miles and Wallace et al 2016). 

On the other hand, the near-UV spectral region of 250-350 nm can be used to determine 

information regarding a protein’s tertiary structure (Kelly et al 2005, Lamazares et al 

2015). This region relies on the aromatic acids as the chromophores. For example, 

tryptophan signals are detected between 280-290 nm, phenylalanine at 260 nm and 

tyrosine between 275-280 nm (Lamazares et al 2015, Nagatomo et al 2013). 

CD spectroscopy offers several favourable properties, for instance, a small amount of 

material is needed, and provides rapid results with an established procedure for 

quantification (Greenfield et al 2006). Because the information that can be obtained is 

abundant, it is used in a wide range of applications. Secondary structure information can 

be gathered from the study of intact proteins, domains, constructs and natively unfolded 
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proteins (Martin and Bayley et al 2002). Conformational changes can be detected 

providing information in ligand and drug binding studies, macromolecular interactions 

and conformational states (Wallace et al 2003). 

CD finds particularly frequent application in the study of the folding and unfolding of 

proteins and allows acquiring kinetic and folding pathway information. Other areas of 

application include the study of environmental effects on the protein, its thermal stability 

and identification of conditions suitable for crystallization (Kenney et al 2000); where it 

has been used to identify fidelity of folding, protein stabilization, domain structures, 

environmental effects and ligand binding (Page et al 2005). In the case of binding studies 

high throughput screening has been made possible and binding is often associated with a 

specific structural change that can be detected by CD (Hawe et al 2008). In some cases it 

is also possible to identify where in the sequence the change occurs and identify how 

large the structural change is (Ioannou et al 2015). The main disadvantages of CD are that 

the sample needs to be as pure as possible, not aggregated and the information that can 

be obtained is not at the atomic level (Lanucara et al 2014). 
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CHAPTER II – MATERIALS & METHODS 

2.1 Chemicals 

- Acetone (Sigma, #34850)  

- Acrylamide/bis-Acrylamide/30% Solution (Sigma, #A3574) 

- Ammonium persulphate 89+%, A.C.S. reagent (Sigma, #248614) 

- 14.3 M (β-ME) β-mercaptoethanol (Sigma, #79F-0776) 

- Bradford Reagent (Sigma, #B6916) 

- Ethylenediaminetetraacetic acid solution, pH 8(Fluka, #03690) 

- (TFA) Ttrifluoroacetic acid (WWR International Ltd., #151311 2E)  

- Glycerol (Sigma, #G7757)  

- Glycine (Sigma, #G7126) 

- MALDI-Quality matrix solutions alpha-chc matrix solution (alpha-cyano-4-

hydroxycinnamic acid) (Agilent Technologies, #G203AA) 

- Methanol (WWR International Ltd., #20847.07)  

- Micro Bio-Spin 6 Columns in SCC (BioRad#732-6200) 

- Nitrocellulose 0.45µm, 200x200 mm, REF NO 401 191, LOT NO 2010/32020, 

Schleicer & Schuell. 

- N,N,N’,N’-Tetramethylethyl-enediamine (Sigma, #T-7024) 

- (OG) n-octyl-β-D-glucoside (Sigma, #O8001) 

- (PBS) Phosphate buffer saline (Composition: 0.01 M phosphate buffer, 0.0027 M 

potassium chloride and 0.137 M sodium chloride, pH 7.4) (Sigma, #P4417) 

- Universal-BIND™ plates (Cornish#MFG0048340)  

- Protease inhibitor (cOmplete, EDTA free-free) (Roche, #11873580001 

- Protease inibitor Cocktail tablets, EDTA-free (Components: AEBSF, Bestatin, E-

64, Pepstatin A, Phosphoramidon and Leupeptin, Aprotinin)  (Sigma, #S8830)  

- Sodium Carbonate (Fisons Scientific equipment, #S-2920) 

- (SDS) Sodium Dodecyl Sulfate (ICN biomedicals Inc, #811034)  

- Soft 96 well plastic plate [Titerek PVC 96 well microplate, Flow laboratories 

#77-173-05). 

- Tris-Glycine-SDS buffer 10xConcentrate (Sigma, #T7777) 

- Tris (hydroxymehyl) aminomethane (Sigma, #25285-9) 

-  (TMB) 3, 3’, 5, 5’-Tetramethyl-benzine Liquid Substrate, Supersensitive, for 

ELISA (Sigma, #T4444)  

- ZipTipU-C18 (Millipore, #ZTC18M960)  
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2.2 Kits 

- HiPPRTM Detergent Removal Resin Column Kit, 54/pk (Thermo Scientific 

#88305) 

- Trypsin Singles, Proteomics Grade (Sigma, #T7575) 

- Quibit Q33211 (Thermo Scientific #Q33211)  

2.3 Proteins & Antibodies 

- (BSA) Bovine Serum Albumin (Sigma, #A2153) 

- HRP/α-rabbit IgG (Sigma, #A9169) 

- 3.4 mg/mL α-rabbit IgG (Sigma #0545). 

- 10 mg/mL rabbit IgG (Sigma #I0825) 

- SafA’ (GST-SafA-6xHis) (AcroBiosystems)  

2.4 Resins & Beads 

- Dynabeads His-Tag Isolation & Pulldown (Invitrogen, 10103D) 

- HIS-Select Nickel Affinity Gel (Sigma, P6611) 

- Micro particles, magnetic, amino functionalized (Sigma, 53572) 

- Glutathione (GSH)-agarose (G4510) 

- Nitrocellulose (NC) (Schleicer & Schuell, 401 191) 

- Universal-BIND™ plates (Sigma, CLS2504)  

2.5 Binding and washing buffers  

- B4 (4xPBS/0.02% OG): 100 μL of 10% OG was added to 50 mL of freshly 

prepared 4xPBS. 

- B1 (1xPBS/0.02% OG): 40 μL of 10% OG was added to 20 mL of freshly 

prepared 1xPBS. 

- 2xProtease inhibitor/2% OG: was prepared by adding 1 tablet of 1xProtease 

inhibitor to 4 mL of freshly prepared 1xPBS with 1 mL of 10% OG. 

2.6 Elution buffers  

- Dynabeads and HIS-Select Nickel Affinity Gel: A stock of 100 mM EDTA was 

prepared by adding 200 μL 0.5 M EDTA into 1000 μL diH2O.  Prior to use, 1 μL 

of 14.3 M β-ME was added to 15 μL of 100 mM EDTA. 

- GSH-agarose: 4xloading buffer/β-mercaptoethanol was prepared by adding 17.5 

μL of β-ME to 5 mL of 3x loading buffer [250 μL of 1 M Tris-HCl, pH 8.6, 3 mL 

of 30% Glycerol, 100 μL of 10% SDS, 6.65 mL diH2O]. 
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- Nitrocellulose (NC): 0.25x loading buffer/β-mercaptoethanol was prepared by 

diluting 4xloading buffer/β-ME 16 times in diH2O. 

- Magnetic micro particles, amino functionalized: A stock of 100 mM Glycine, 

pH2.5 was prepared by diluting 1M Glycine [3.75g of Glycine, 50 mL diH2O] 10 

times in diH2O. 

- Universal-BIND™ plates: A stock of 0.1% SDS/10 mM DTT was prepared by 

adding 10 μL of 10% SDS, 100 μL of 100 mM DTT and 890 μL diH2O. 

2.7 Protein extraction buffers  

- Buffer P: 0.2M Sodium phosphate, pH 7.5/1x Protein inhibitor cocktail. 

- Buffer PX: 0.2M Sodium phosphate, pH 7.5, 1xProtease inhibitor cocktail, 1% 

Triton X-100. 

- 2xProtease inhibitor/2% OG: 1 tablet of 1xProtease inhibitor was added to 4 mL 

of freshly prepared 1xPBS with 1 mL of 10% OG. 
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2.8 Protein extractions 

 

Figure 8. Workflow of the different protein extraction methods used Tissue was harvested and 

immediately frozen in liquid nitrogen. The amount required was grinded and treated as needed to extract 

different types of proteins. (A) Total proteins: tissue was homogenized with buffer containing protease 

inhibitors (PI) and Octyl glucoside (OG) (w/v). Slurry was transferred into an appropriate tube and spun 

down. Supernatant was collected and diluted 10x in 1xPI to later be centrifuged and collected. (B) Soluble 

proteins: tissue was homogenized with buffer P (w/v), followed by centrifugation where the supernatant 

containing the soluble proteins were collected. (C) Membrane proteins: tissue was homogenized with 1xPI 

(v:v), quickly vortexed followed by 1 hr incubation on ice. Further homogenization was achieved by using 

a syringe. Slurry was spun down and pellet washed a few times with 1xPI until it was not viscous. Buffer 

Px (1:1) was added and sample incubated overnight at 4oC. On the following day, slurry was centrifuged at 

least twice and supernatant collected. 
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2.9 Setting up of Dynabeads as an affinity-enrichment system 

2.9.1 Binding capacity determination of Dynabeads His-Tag Isolation & 

Pulldown  

Dynabeads are uniform, superparamagnetic beads of 1 μm diameter coupled with cobalt-

based Immobilized Metal Affinity Chromatography (IMAC) chemistry. Dynabeads were 

supplied in 20% EtOH. The expected capacity is 40 μg of a 28 kDa histidine-tagged 

protein per 1mg beads. The gel was provided in 50% suspension in 30% ethanol. The 

expected binding capacity is of ≥15 mg of a 30 kDa histidine-tagged protein per 1 mL of 

gel. 

The trial was performed to establish the amount of SafA’ (GST-SafA-6xHis) protein 

needed to saturate the beads. Due to easier visualization during magnetic separation and 

to avoid loss during washes 5μL of beads was used per point. Expected saturation of beads 

with SafA’ (GST-SafA-6xHis) was calculated by the following formula: 

42 kDa (SafA)

2
= 21 μg of 42 kDa (SafA′)to saturate 10 μL of Dynabeads 

Based on this, it was expected ~5 μg of SafA’ (GST-SafA-6xHis) could be immobilized 

per 5 μL of Dynabeads. This was experimentally confirmed (data not shown). 
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2.9.2 SafA’ (GST-SafA-6xHis) and bovine liver protein extracts affinity-

extracts  

 

Figure 9. SafA’ (GST-SafA-6xHis) affinity-enrichment with bovine liver protein extracts on 

Dynabeads workflow. Dynabeads were washed with buffer B1 and split into two aliquots of 40 μL (A) 

and 30 μL (B) each. SafA’ (GST-SafA-6xHis) was added to batch A, whereas batch B was treated as the 

negative control. Both batches were incubated and washed. Batch A was divided into four aliquots and each 

incubated with different protein extracts. Batch B was divided into three aliquots and incubated with the 

same protein extracts as batch A. Any captured proteins were eluted by adding 15 μL 100 mM EDTA/1M 

β-mercaptoethanol and let to incubate at RT for 30 minutes. Subsequently, 5 μL of 5xloading buffer was 

added to each sample and let to incubate at RT for a further 30 minutes. Samples were placed in the magnet 

stand, supernatants heated for 5 minutes at 100 oC in thermal blocker and separated in a 10% SDS-PAGE. 
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2.9.3 Depletion of non-specific binding proteins 

 

 

Figure 10. Workflow of non-specific proteins depletion by pre-incubation of protein extracts with 

Dynabeads. 60 μL of Dynabeads were washed with buffer B1 and B4. The batch was divided into six 

aliquots of 10 μL. The first aliquot was incubated for 1 hour at RT with 50 μL of bovine liver protein 

extracts. 1 μL of the supernatant was kept and the rest transferred into the next batch of fresh beads. This 

process was repeated six times whilst keeping all samples on ice at all times. Captured proteins from each 

of the five aliquots were eluted with 15 μL 10 mM EDTA/0.14 M β-ME. All these were mixed with 5 μL 

5x LB/ β –ME, heated for 5 minutes at 100oC and separated in a 10% SDS-PAGE gel. 

2.9.4 Inhibition of non-specific proteins  

In an attempt to disrupt the non-specific interactions between the non-specific proteins 

and beads, salt concentration in the proteins extracts was increased. 90 μL of Dynabeads 

were transferred into a 1.5 mL Eppendorf tube and washed in 1 mL buffer B4 and buffer 

B1 by vigorously vortexing, short centrifugation at 1,000 x g and magnet separation. The 

volume was made up to 90 μL with buffer B1; beads were distributed in 9 aliquots of 10 

μL each and kept in ice until use. 100 μL of extracts was added per aliquot and 100 μL of 

each respective buffer was added to the corresponding tube, these were incubated for 1 

hour on ice. Each buffered extract was collected from the beads by magnet and kept on 

ice until use. Beads were washed twice in 1 mL of buffer B1 and diH2O. Elution was 

carried by incubating beads with 15 μL 10 mM EDTA/2.15 M β-ME for 30 minutes. 1 

μL of each collected buffered extract and the captured non-specific protein were heated 

for 5 minutes at 100 oC to later be separated in a 10% SDS-PAGE gel. 
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2.9.5 Identification of non-specific interactions between proteins and 

Dynabeads 

 

 

Figure 11. Investigation of non-specific protein interactions with Dynabeads workflow. Dynabeads 

were washed with buffer B1 and B4. The beads were split in two batches of 20 μL, being called cobalt free 

and Dynabeads respectively. 20 μL of 300 mM EDTA was added to the cobalt-free batch, whereas 20 μL 

of buffer B1 was added to the control (Dynabeads) batch. Each batch was distributed into four aliquots and 

incubated for 1 hr at RT in 3D-rocker with the different extracts. Any bound protein to the Cobalt-free 

beads and Dynabeads were eluted by incubation with 5xloading buffer at 100oC. All the eluates and 1 μL 

of untreated extracts were heated for 5 minutes at 100 oC and separated in a 10% SDS-PAGE gel. 

2.10 Agarose Ni-based IMAC: His-select nickel affinity gel 

The material is supplied as a 50% suspension in 30% ethanol. The expected binding 

capacity is >15 mg/mL of gel for a ~30 kDa histidine tagged protein (His-Select® Nickel 

Affinity Gel product information). 

2.10.1 Protein Immobilization and Background Test 

150 μL of gel was transferred into a 1.5 mL Eppendorf tube and washed 3x2 minutes with 

1 mL of diH2O by vigorous vortexing and centrifugation at 1,000 x g for 30 seconds. The 



36 

 

gel was washed twice more with 1 mL of buffer B1 and buffer B4 as per previous step. 

The beads were resuspended in 150 μL of buffer B1 and distributed in 3x50 μL aliquots. 

Afterwards, they were incubated for 1 hour at RT in 3D-rocker with 5 μg of SafA’ (GST-

SafA-6xHis), 20 μg of SafA’ (GST-SafA-6xHis) and protein extracts respectively. 

The unbound of each sample was collected and kept on ice. Samples were washed by 

adding 1 mL of buffer B1, incubating for 5 minutes at RT and centrifuging at 1,000 x g 

for 1 minute. This step was repeated 3 times. 600 μL of buffer B1 was added to the 

resuspended gel and transferred into a spin column. The gel/complex was centrifuged at 

1,000 x g for 4 minutes and the flow through was discarded. 15 μL of 10 mM EDTA/2 M 

β-ME was added to each column and allowed to incubate for 30 minutes at RT. 

Subsequently, 5 μL of 5xloading buffer was added and allowed to incubate for a further 

30 minutes at RT. Columns were spun down for 4 minutes at 1,000 x g flow through 

heated at 100oC for 5 minutes and separated in a 10% SDS-PAGE gel. 

2.10.2 Identification and inhibition of nickel binding proteins  

450 μL of gel was transferred into a 1.5 mL Eppendorf tube and washed 3x2 minutes with 

1 mL diH2O, buffer B4 and buffer B1by fully resuspending and by centrifugation at 1,000 

x g for 30 seconds. 500 μL of buffer B1 was added and the sample distributed in two 

aliquots of 250 μL each, called Nickel-free and Nickel. Tubes were marked and 250 μL 

of 200 mM EDTA was added to the Nickel-free aliquot, while 250 μL of buffer B1 was 

added to the Nickel aliquot. Both set of samples were incubated for 30 minutes at RT in 

3D-rocker. Samples were centrifuged for 30 seconds at 1,000 x g and EDTA/buffer B1 

were discarded, and samples were washed 3x2 minutes in 1 mL of buffer B4 by fully 

resuspending and 30 seconds centrifugation at 1,000 x g. The same wash was repeated 

with 1 mL of B1. The Nickel-free and Nickel samples were divided and incubated on ice 

for 1 hour with buffered extracts containing 0, 1x, 5x and 10x PBS respectively. 

All samples were washed for 3x2 minutes with 1 mL of buffer B1 and diH2O by fully 

resuspending and centrifugation at 1,000 x g. Samples were transferred into a column and 

diH2O was allowed to go through. Columns were centrifuged at 1,000 x g for 30 seconds. 

5 μL of 5xloading buffer was added to each aliquot and allowed to incubate for 30 minutes 

at RT. Columns were spun down for 4 minutes at 1,000 x g and the flow through heated 

at 100oC for 5 minutes.  Samples were allowed to cool down at RT and separated in a 10% 

SDS-PAGE gel. 
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2.11 GSH-agarose 

2.11.1 Protein immobilization and background test 

200 μL of GSH-agarose in glycerol was transferred into a 1.5 mL Eppendorf and washed 

4x3 minutes in 1 mL of buffer B1. Agarose was resuspended with 200 μL of buffer B1 

and divided into 4 aliquots.  Aliquots were incubated for 2 hours at RT in 3D-rocker with 

1 μg, 5 μg, 10 μg of SafA’ (GST-SafA-6xHis) and 100 μL of bovine total protein extracts 

respectively. 

Each sample was transferred into a separate fresh spin column and centrifuged at 1,000 x 

g for 30 seconds. The flow through (unbounds) were collected and kept on ice. Each 

column was washed 4x2 minutes in 1 mL of buffer B1 by fully resuspending and 

centrifugation at 1,000 x g. A final wash with diH2O as per previous step was performed. 

10 μL of 5xloading buffer/β-ME was added to each column and allowed to incubate for 

30 minutes at RT. Columns were centrifuged at 1,000 x g for 30 seconds. Flow through 

was heated at 100oC and allowed to cool down at RT before loading into 10% SDS-PAGE 

gel for separation. 

2.11.2 Depletion of glutathione binding proteins 

2.3 mL of GSH/glycerol was washed 4x3 minutes in 1 mL of buffer B1 by resuspending 

and centrifugation at 1,000 x g for 30 seconds. 300 μL of the resin was kept in ice and the 

rest was divided in two clean columns, resulting in 2 columns of 1 mL resin each. One of 

the columns was centrifuged at 1,000 x g for 2 minutes and flow though discarded, while 

the other was kept on ice. 0.5 mL of protein extracts was added into the column and 

allowed to incubate at RT for 2 hours, followed by centrifugation at 1,000 x g for 2 

minutes. The flow though, which is now depleted extracts, was collected and kept on ice. 

The second column was centrifuged at 1,000 x g for 2 minutes and flow discarded, the 

previously collected depleted extracts were transferred to this fresh column and incubated 

at RT for 2 hours. Column was centrifuged at 1,000 x g for 3 minutes and depleted extracts 

collected. Both columns were washed with 600 μL diH2O and spun at 1,000 x g for 30 

seconds. Proteins captured by the columns were eluted by adding 10 μL of 5xloading 

buffer/β-ME and allowed to incubate for 30 minutes at RT. Columns were centrifuged at 

1,000 x g for 2 minutes eluates were heated for 5 minutes at 100oC and loaded into 10% 

SDS-PAGE gel for separation. 
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2.11.3 SafA’ (GST-SafA-6xHis) affinity-enrichment with small intestine 

2.3 mL of GSH/glycerol was washed 4x2 minutes in 1 mL of buffer B1, 1 mL 0.01% 

SDS and 1 mL of buffer B1 by resuspending and centrifugation at 1,000 x g for 30 seconds. 

The resin was split in two batches of 200 μL (A) and 100 μL (B).  20 μL of 1 mg/mL 

SafA’ (GST-SafA-6xHis) was added to batch (A) and 20 μL of buffer B1 to batch (B). 

These were incubated at RT for 2 hours and centrifuged at 1,000 x g for 30 seconds and 

unbound kept on ice. Samples were washed 4x2 minutes in 1 mL of buffer B1 by 

resuspending and centrifugation. Batch A was divided in aliquots A1 and A2, whereas 

batch B was divided in aliquots B1 and B2. Aliquots A1 and B1 were incubated with 100 

μL of buffer B1 and aliquots A2 and B2 with 100 μL of bovine total protein extracts. The 

incubations were overnight at 4oC. 

Samples were transferred into spin columns and extracts were allowed to pass through 

before centrifugation at 1,000 x g for 5 minutes. All extracts were kept on ice. Columns 

were washed 4x2 minutes in 600 μL of buffer B1 and diH2O. 30 μL of 5x loading 

buffer/β-ME was added and incubated at RT for 30 minutes. To collect the eluates, 

columns were centrifuged at 1,000 x g for 5 minutes. Eluates were heated at 100oC for 5 

minutes, cooled at RT and separated by SDS-PAGE. 

2.12 Nitrocellulose (NC) 

2.12.1 Identification of Nitrocellulose binding capacity  

Nitrocellulose (NC) was cut into nine pieces of approximately 0.5x0.5cm2 and transferred 

into a non-binding 96 well plate. 50μL of 10μg/μL, 4μg/μL, 2μg/μL, 1μg/μL, 0.4μg/μL, 

0.2μg/μL, 0.1μg/μL, 0.04μg/μL (w/v) Bovine Serum Albumin (BSA) in 10mM Na2CO3 

pH7.5 (10% BSA in diH2O + 1M Na2CO3 pH7.5+ diH2O), was added onto the different 

membranes and incubated overnight at ~4oC. The unbound of each BSA sample was 

transferred to different tubes and kept in ice. Each membrane was transferred into a 2 mL 

tube and washed 3x5 minutes with 1mL of diH2O. All water was aspirated and discarded 

and 25μL of 5xloading buffer/0.7M β-ME was added to each tube. Samples were 

incubated at 100oC for 30 minutes. These were allowed to cool down at RT and separated 

in a 10% SDS PAGE gel. Unbound samples were also separated in a 10%SDS PAGE gel. 

Membranes were discarded. 

2.12.2 Coating of nitrocellulose with BSA  

NC was cut into long 0.5 cm wide strips. The strips were cut into identical 0.5x0.5 cm2 

square pieces. 1 mL of 1 μg/μL BSA was prepared and kept in ice until use. 20 NC pieces 
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were transferred into a 96 wells plate. 50 μL of the prepared 1 μg/μL BSA was added to 

each NC on the plate and incubated overnight at 4oC. The NC pieces were taken out of 

the plate by holding them by one corner with forceps. Each NC was rinsed separately in 

a Petri dish containing diH2O. The pieces were air dried on filter paper and transferred 

into a Petri dish with the help of forceps. The Petri dish was then incubated for 10 minutes 

at 37oC. The NC pieces were stored into a clean sealed plastic box at 4oC. 

2.12.3 Crosslinking of BSA 

0.1% and 0.003% glutaraldehyde in 10 mM Na2CO3 were prepared and kept until needed. 

Three NC pieces were collected and each transferred into a separate 2 mL Eppendorf tube 

labeled: NC/SafA’ (GSt-SafA-6xHis) +extract, NC/SafA’ (GST-SafA-6xHis) + BSA and 

NC only.  50 μL of 0.003% glutaraldehyde was added to each tube and incubated 

overnight at RT.  35 μL of 25% glutaraldehyde was added to each sample and incubated 

for 1 hr at RT. The glutaraldehyde was aspirated and discarded. 1 mL of diH2O was added 

to each tube, incubated for 5 minutes and diH2O aspirated. The wash step was repeated 

three more times. Immobilization of the second layer of protein was performed 

immediately. 

2.12.4 Blocking of membranes   

Fifteen ~0.5x0.5cm2 NC pieces were cut and transferred into 2mL tubes. To each group 

of 3 membranes 50μL of either reagent was added: 10 mM Na2CO3, 5% (w/v) milk (10 

mL: 0.5 g dried milk (ASDA) +100μL of 1M Na2CO3 pH 9 +10 mL diH2O), 1% (w/v) 

BSA (100 μL 10% BSA, 10 μL 1M Na2CO3 pH 7.5, 900 μL diH2O), Buffer B1 or Buffer 

B4 and incubated overnight at +4oC. Buffers were aspirated and discarded; membranes 

were washed 5x3 minutes with 1 mL of diH2O. Three more NC pieces were cut and 18 

NC were incubated with 50 μL of 0.5 μg/μL labelled α-Rabbit IgG mixed with non-

labelled Bovine IgG (50 μL 10 μg/μL (w/v) Bovine IgG, 1μL labelled α-Rabbit IgG, 10 

μL 1M Na2CO3 pH7.5, 1mL diH2O for 5 hours at +4oC. Membranes were washed 3x5 

minutes with 1 mL of diH2O. Membranes were kept on filter paper to air dry and then 

were transferred onto the microscopic slides for fluorescent intensity analysis. 

2.12.5 Rabbit IgG Co-IP 

Twelve ~0.5x0.5cm2 NC pieces were cut and transferred into 2 mL tubes. Four groups of 

three membranes were prepared and the Co-IP’s performed as per Table 2. Membranes 

were washed 3x5 minutes with 1 mL of buffer B1 and let to air dry on clean filter paper. 

These were transferred into a glass slide and analysed in BioChip imager. 
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Table 2. Preparation of NC membranes for α-rabbit IgG Co-IP. 

 

ID Positive 

Control 

Negative 

Control 1 

Negative 

Control 2 

Negative 

Control 

3 

Rabbit IgG + - - - 

Bovine IgG - + - - 

Buffer B1 - - + + 

1% Milk + - - + 

Fluorescent α-rabbit 

IgG 

+ + - + 

 

2.12.6 Identification and inhibition of NC binding proteins  

Eight BSA/membrane (incubated with 50 μL of 1μg/μL BSA overnight, rinsed with 

diH2O, air dried, incubated at 37oC for 10 minutes, and stored dried at +4oC) were 

transferred into 2 mL tubes, incubated with 50 μL of 0.003% glutaraldehyde for 2 hours 

at room temperature. Glutaraldehyde was aspirated and discarded, 100 μL of 1M Glycine 

was added to each tube and incubated for 20 minutes at RT. 100 μL of 10xTAE was added 

and incubated for another 20 minutes at RT. Blocking buffer was aspirated and discarded; 

membranes were washed with buffer B4 for 5 minutes, following a wash with buffer B1 

for 5 minutes. 50 μL of liver extract was added to 50 μL of diH2O, 0.5xPBS, 1xPBS, 

2xPBS, 3xPBS, 4xPBS, 6xPBS and 10xPBS and then transferred to the membranes for 

overnight incubation at +4oC. After incubation membranes were washed with 1 mL buffer 

B1 4x3 minutes on the 3D-rocker. Membranes were washed 5x3 minutes with 1 mL of 

diH2O. 50 μL of 1xloading buffer/0.7M β-ME was added to each membrane and 

incubated for 30 minutes at 100oC. All of the eluted samples were separated in a SDS-

PAGE gel. 
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2.12.7 Affinity-enrichment of bovine liver protein extracts with 

Nitrocellulose (NC) 

 

 

Figure 12. Workflow of method for Nitrocellulose (NC) based affinity-enrichment of SafA’ (GST-

SafA-6xHis) with bovine liver total protein extracts. Twelve NC pieces were incubated with SafA’ 

(GST-SafA-6xHis) and twelve with rabbit IgG. After incubation, both sets were blocked with 5% milk. 

Each set of twelve was subsequently divided into sets of six. Six NC pieces in each set were incubated with 

total protein extracts and six NC pieces with labelled α- rabbit IgG. Following incubation and washing 

steps, three of the NC pieces incubated with extracts and three of the NC pieces incubated with labelled α-

rabbit IgG were eluted with 0.1% SDS and the rest eluted with 100 mM Glycine, pH 2.5. NC pieces were 

incubated at RT and eluates separated in a SDS-PAGE or prepared for fluorescence detection. For the 

negative controls, six BSA/NC pieces were activated with glutaraldehyde, blocked twice with 100 mM 

Glycine, pH 2.5 and 10xTAE buffer. These were later incubated with protein extracts and eluates separated 

in a SDS-PAGE. 

2.13 Universal-BIND™ plates  

Universal-BIND™ plates are 96 wells microplates made of polystyrene. Proteins are 

immobilised on the plates as per any standard Enzyme-linked immunosorbent assay 

(ELISA) protocol and cross-linked to the plates with UV-light. The plate surface of the 

well is not large and the binding capacity is estimated to be around ~5 μg per well (Gibbs 

and Kennebunk et al 2001)  
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2.13.1 Testing of UV-light crosslinking efficiency 

Initially, three solutions were prepared. Solution 1A (0.03 μg/μL of bovine IgG/HRP-α-

rabbit IgG) by adding 35 μL of 10 mg/mL bovine IgG into 12 mL 10 mM Sodium 

Carbonate, pH 7.5. To this, 1 μL HRP/α-rabbit IgG was added and mixed well. Kept in 

ice until use. Solution 1B (0.03 μg/μL of bovine IgG) by adding 35 μL of 10 mg/mL 

bovine IgG into 12 mL 10 mM Sodium Carbonate, pH 7.5. Mixed well and kept in ice 

until use. Finally solution 1C (0.03 μg/μL BSA) was prepared by adding 35 μL of 1% 

BSA into 12 mL 10 mM Sodium Carbonate, pH 7.5. Mixed well and kept in ice until use. 

Using these solutions, the samples were prepared as per Table 3. 

 

Table 3. Preparation of solutions for plate coating. 

ID Solution  

(1.5 mL) 

10% BSA 

(μL) 

2A 1A 45 

2B 1B 45 

2C 1C 45 

 

The solutions prepared in Table 3 were used to cover the wells of the plates as described 

in Figure 13. 
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Figure 13. Experimental flowchart for UV-light crosslinking efficiency trial. Each respective well was 

incubated with their respective solution, as per Table 2. Plate was incubated overnight at 4oC. Solutions 

were decanted and plate exposed to UV-light (65, 000 μJ) for 30 seconds. Plate was washed three times 

with PBS and each row was incubated with different solutions. Incubation was carried for 1 hour at RT. 

Plates were washed and signal developed with diluted TMB supersensitive and allowed to incubate for 5 

minutes at RT. Absorbance was measured at 660 nm in the ELISA reader every 5, 10 and 15 minutes. 
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2.13.2 Binding capacity  

A HRP/α-rabbit IgG dilution (of 1/10) was prepared by adding 10 µL of 10 mM Sodium 

Carbonate, pH 7.5 into a 1.5 mL Eppendorf tube, followed by the addition of 1 µL HRP/α-

rabbit IgG. The sample was mixed well and used to prepare solutions in Table 4.  

Table 4. Preparation of Bovine IgG/HRP serial dilutions. 

ID 10 µg/µL 

bovine 

IgG 

(µL) 

HRP/α-

rabbit IgG 

(1/10) 

(µL) 

10 µg/µL 

IgG/HRP 

(µL) 

10mM 

Sodium 

Carbonate, 

pH 7.5 

(µL) 

Final 

concentration 

(µg/µL) 

1H 15 1 - 1485 0.1 

2H - - 500 µL of 1H 1000 0.033 

3H - - 500 µL of 2H 1000 0.011 

4H - - 500 µL of 3H 1000 0.0037 

5H - - 500 µL of 4H 1000 0.0012 

6H - - 500 µL of 5H 1000 4.1e-4 

7H - - 500 µL of 6H 1000 1.4e-4 

8H - - - 1000 - 

320 µL of each solution was added to strips 1, 2& 3 as per Figure 14 for overnight 

incubation at +4oC. 

 strip1 strip 2 strip 3 

A 1H 1H 1H 

B 2H 2H 2H 

C 3H 3H 3H 

D 4H 4H 4H 

E 5H 5H 5H 

F 6H 6H 6H 

G 7H 7H 7H 

H 8H 8H 8H 

 

Figure 14. Coating of strips with bovine IgG/HRP dilutions. 
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Plate was decanted, placed in the UV light chamber and exposed to 65, 000 microjoules 

for 30 seconds, followed by a 5 minutes wash with 320 μL of diH2O, 3x5 minutes with 

320 μL of buffer B4 and 5 minutes wash with 320 μL PBS. Signal was developed by 

adding 320 μL of diluted TMB supersensitive in diH2O (1:1) and let to incubate for 5 

minutes ar RT. Pictures and readings were taken at 660 nm in the ELISA reader every 5, 

10 and 15 minutes. 

2.13.3 Binding buffer selection for protein immobilization 

For this trial, a number of IgG/HRP serial dilutions were prepared in 10 mM Sodium 

Carbonate, pH 7.5, PBS, pH7.5, PBS (1/10), pH 7.5 and 500 m K2HPO4, pH 8.5. Table 5 

shows an example as of how the samples were prepared. 

Table 5. Preparation of bovine IgG/HRP serial dilutions in 10 mM Sodium 

Carbonate, pH 7.5. 

ID HRP 

(µL) 

 

10mM 

Sodium 

Carbonat

e, pH 7.5 

(µL) 

HRP 

(1/20) 

(µL) 

 

 

 

10 

µg/µL 

bovine 

IgG 

(µL) 

10 µg/µL 

IgG/HRP 

(µL) 

Final 

concentratio

n 

of bovine 

IgG 

(µg/µL) 

0SC 1 20 - - - - 

1SC - 1500 5 15 - 0.1 

2SC - 1000 - - 500 µL of 

1SC 

0.033 

3SC - 1000 - - 500 µL of 

2SC 

0.011 

4SC - 1000 - - 500 µL of 

3SC 

0.0037 

5SC - 1000 - - 500 µL of 

4SC 

0.0012 

6SC - 1000 - - 500 µL of 

5SC 

4.1e-4 

7SC - 1000 - - 500 µL of 

6SC 

1.4e-4 

8SC - 1000 - - - - 

 

Plates were covered with the different IgG/HRP serial dilutions in the different buffers 

by adding 320 µL of each solution as per Figure 15. 

 10 mM Sodium 

Carbonate, pH 

7.5 

PBS, pH 7.5 PBS (1/10), pH 

7.5 

500 mM K2HPO4, 

pH 8.5 

 

Positio

n 

strip 

1 

strip   

2 

strip 

3 

strip 

4 

strip 

5 

strip 

6 

strip 

7 

strip 

8 

strip 

9 

strip 

10 

strip 

11 

strip 

12 

Protein 

concentrati
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on per well 

in each row 

(µg) 

A 

 

1H 

 

1H 

 

1H 

 

1P 

 

1P 

 

1P 

 

1PT 

 

1PT 

 

1PT 

 

1D 

 

1D 

 

1D 

 

~32 

B 

 

2H 

 

2H 

 

2H 

 

2P 

 

2P 

 

2P 

 

2PT 

 

2PT 

 

2PT 

 

2D 

 

2D 

 

2D 

 

~10.56 

C 

 

3H 

 

3H 

 

3H 

 

3P 

 

3P 

 

3P 

 

3PT 

 

3PT 

 

3PT 

 

3D 

 

3D 

 

3D 

 

~3.52 

D 

 

4H 

 

4H 

 

4H 

 

4P 

 

4P 

 

4P 

 

4PT 

 

4PT 

 

4PT 

 

4D 

 

4D 

 

4D 

 

~1.18 

E 

 

5H 

 

5H 

 

5H 

 

5P 

 

5P 

 

5P 

 

5PT 

 

5PT 

 

5PT 

 

5D 

 

5D 

 

5D 

 

~0.38 

F 

 

6H 

 

6H 

 

6H 

 

6P 

 

6P 

 

6P 

 

6PT 

 

6PT 

 

6PT 

 

6D 

 

6D 

 

6D 

 

~0.13 

G 

 

7H 

 

7H 

 

7H 

 

7P 

 

7P 

 

7P 

 

7PT 

 

7PT 

 

7PT 

 

7D 

 

7D 

 

7D 

 

~0.05 

H 

 

8H 

 

8H 

 

8H 

 

8P 

 

8P 

 

8P 

 

8PT 

 

8PT 

 

8PT 

 

8D 

 

8D 

 

8D 

 

0 

 

Figure 15. Coating of wells with bovine IgG/HRP dilutions. 

Plate was covered and incubated overnight at +4oC. Protein was decanted from wells, 

plate placed in the UV-light chamber and exposed to 65, 000 microjoules  for 30 seconds, 

followed by a 5 minutes wash with 320 μL diH2O, 3x5 minutes with 320 μL buffer B4 

and a 5 minutes final wash with 320 μL of PBS. Immediately after washing, signal was 

developed by adding 320 μL of diluted TMB supersensitive in diH2O (1:1) and let to 

incubate for 5 minutes ar RT. Pictures and readings were taken at 660 nm in the ELISA 

reader every 5, 10 and 15 minutes. 

2.13.4 Determination of optimal pH for protein immobilization 

Phosphate buffer solutions at different pH were prepared as per Table 6. 

Table 6. Preparation of Potassium Phosphate buffers. 

ID pH Volume of 1 M 

K2HPO4, pH 9.0 (mL) 

Volume of 1 M 

KH2PO4, pH 4.0 (mL) 

A 4.0 - 10 

B 5.0 2 8 

C 6.0 1.32 8.68 

D 7.0 6.15 3.85 

E 8.0 9.4 0.6 

F 9.0 10 - 
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10 µg/µL bovine IgG/HRP was prepared by adding 1 µL of HRP to 100 µL of 10 µg/µL 

bovine IgG in a 1.5 mL Eppendorf tube and diluted in the different buffers described in 

Table 6. 

Following this, a range of IgG/HRP serial dilutions were prepared in all the buffers from 

Table 6. Below, Table 7 shows how the serial dilutions were prepared for Phosphate 

buffer, pH 4 (IgG/HRP was prepared in the same way in all the other buffers). 

Table 7. Preparation of bovine IgG/HRP serial dilutions in Phosphate buffer, pH 4. 

ID Phosphate buffer, pH 

4 

Bovine IgG/HRP 

(µL) 

Final concentration 

of bovine IgG 

(µg/µL) 

1A 1500 15 of 10 µg/µL 0.1 

2A 1000 500 µL of 1A 0.033 

3A 1000 500 µL of 2A 0.011 

4A 1000 500 µL of 3A 0.0037 

5A 1000 500 µL of 4A 0.0012 

6A 1000 500 µL of 5A 4.1e-4 

7A 1000 500 µL of 6A 1.4e-4 

8A 1000  - 

 

320 µL of each solution consisting of IgG/HRP in the different buffers was transferred to 

the plate as per Figure 16. 

 strip 

 1 

strip  

2 

strip 

3 

strip 

4 

strip 

5 

strip 

6 

strip 

7 

strip 

8 

strip 

9 

strip 

10 

strip 

11 

strip 

12 

Protein 

concentration 

per well (µg) 

A 1A 1A 1B 1B 1C 1C 1D 1D 1E 1E 1F 1F ~32.00  

B 2A 2A 2B 2B 2C 2C 2D 2D 2E 2E 2F 2F ~10.50 

C 3A 3A 3B 3B 3C 3C 3D 3D 3E 3E 3F 3F ~3.52 

D 4A 4A 4B 4B 4C 4C 4D 4D 4E 4E 4F 4F ~1.18 

E 5A 5A 5B 5B 5C 5C 5D 5D 5E 5E 5F 5F ~0.38 

F 6A 6A 6B 6B 6C 6C 6D 6D 6E 6E 6F 6F ~0.13 

G 7A 7A 7B 7B 7C 7C 7D 7D 7E 7E 7F 7F ~0.04 

H 8A 8A 8B 8B 8C 8C 8D 8D 8E 8E 8F 8F 0 
 

Figure 16. Incubation of strips with 320 µL of protein in Potassium Phosphate at different pH ranges 

(for codes see Table 7). 
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Plate was covered and incubated overnight at +4oC. Protein was decanted and plate 

washed 5 minutes with 320 μL of diH2O, 3x5 minutes with 320 μL of buffer B4 and a 5 

minutes final wash with 320 μL of PBS. Immediately after washing, signal was developed 

by adding 320 μL of diluted TMB supersensitive in diH2O (1:1) and let to incubate for 5 

minutes ar RT. Pictures and readings were taken at 660 nm in the ELISA reader every 5, 

10 and 15 minutes. 

2.13.5 Displacement of protein by BSA 

0.01 µg/µL bovine IgG/HRP was prepared by transferring 5 mL 10 mM Sodium 

Carbonate, pH 7.5 into a 15 mL Falcon tube, followed by the addition of 5 µL 10 µg/µL 

bovine IgG and 1 µL of HRP/α-rabbit IgG.  Solution was mixed well and used to prepare 

the samples in Table 8. 

Table 8. Preparation of BSA serial dilutions. 

ID BSA (µL) 10mM Sodium Carbonate, 

pH 7.5 (µL) 

Final BSA 

Concentration 

(%) 

1B 500 µL of 10% BSA - 10 

2B 100 µL of 1B 900 1 

3B 100 µL of 2B 900 0.1 

4B 100 µL of 3B 900 0.01 

5B 100 µL of 4B 900 0.001 

6B 100 µL of 5B 900 0.0001 

7B 100 µL of 6B 900 0.00001 

8B - 1000 0 

Dilutions were kept in ice and used for the preparation of solutions in Table 9. 

Table 9. Preparation of bovine IgG/HRP/BSA solutions. 

ID bovine 

IgG/HRP (µL) 

BSA dilution  

(µL) 

Final BSA 

concentration 

(%) 

1 500 500 µL of 1B 10 

2 500 500 µL of 2B 1 

3 500 500 µL of 3B 0.1 

4 500 500 µL of 4B 0.01 
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5 500 500 µL of 5B 0.001 

6 500 500 µL of 6B 0.0001 

7 500 500 µL of 7B 0.00001 

8 500 500 µL of 8B 0 

320 µL of each solution was added to strips 1, 2& 3 for overnight incubation at +4oC. 

Protein was decanted from wells and plate exposed to 65, 000 microjoules in UV-light 

chamber for 30 seconds, followed by a 5 minutes wash with 320 μL of diH2O, 3x5 

minutes with 320 μL of buffer B4 and a 5 minutes final wash with 320 μL of PBS. 

Immediately after washing, signal was developed by adding 320 μL of diluted TMB 

supersensitive in diH2O (1:1) and let to incubate for 5 minutes at RT. Pictures and 

readings were taken at 660 nm in the ELISA reader every 5, 10 and 15 minutes. 

2.13.6 Blocking and Elution Trials 

0.009 µg/µL bovine IgG/HRP was prepared by adding 5 µL of 10 mg/mL bovine IgG to 

5.4 mL 100 mM potassium phosphate buffer, pH 6.5 in a 15 mL Falcon tube, followed 

by the addition of 10 µL of 1/50 HRP to the mixture. Solution was vortexed gently and 

kept on ice until use. 

330 µL of bovine IgG/HRP was added to strips 1 and 2, whereas 100 mM potassium 

phosphate buffer, pH 6.5 was added to strips 3 and 4. Plate was covered and incubated 

overnight at 4oC. Protein was decanted from wells, plate placed in UV-light chamber and 

exposed to 65, 000 microjoules for 30 seconds. Wells were washed 3x5 minutes with 

buffer B4 and a 5 minutes final wash with 100 mM Potassium Phosphate, pH 6.5 before 

and incubation for ~6 hours at +4oC with the different working solutions as per Figure 

17. 

 strip1 strip2 strip3 strip4 

A 100 mM potassium 

phosphate buffer, pH 

6.5 

100 mM potassium 

phosphate buffer, pH 

6.5 

100 mM potassium 

phosphate buffer, pH 

6.5 

100 mM potassium 

phosphate buffer, pH 

6.5 

B 1%BSA, pH6.5 1%BSA, pH6.5 1%BSA, pH6.5 1%BSA, pH6.5 

C 1%OG, pH6.5 1%OG, pH6.5 1%OG, pH6.5 1%OG, pH6.5 

D 1%Tween, pH6.5 1%Tween, pH6.5 1%Tween, pH6.5 1%Tween, pH6.5 

E 1xPI, pH 7.5 1xPI, pH 7.5 1xPI, pH 7.5 1xPI, pH 7.5 

F extract extract extract extract 

G 100 mM Glycine, pH 

2.5 

100 mM Glycine, pH 

2.5 

100 mMGlycine, pH 

2.5 

100 mM Glycine, pH 

2.5 

H 3 M NaCl, pH ~7 3 M NaCl, pH ~7 3 M NaCl, pH ~7 3 M NaCl, pH ~7 
 

Figure 17. Schematic diagram of a Universal-BIND™ plate showing the coating of wells with 

solutions for over day incubation. 
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0.009 μg/μL of bovine IgG/HRP was prepared by adding 5 μL of 10 mg/mL bovine IgG 

to 5.4 mL of 100 mM potassium phosphate buffer, pH 6.5 in a 15 mL Falcon tube, 

followed by the addition of 10 μL of 1/50 HRP to the mixture, vortexed gently and kept 

on ice until use, followed by a 5 minutes wash with diH2O, 3x5 minutes with buffer B4 

and a 5 minutes final wash with 330 μL of 100 mM potassium phosphate, pH 6.5. 330 μL 

of bovine/HRP was added to strips 3 and 4, whereas 100 mM potassium phosphate, pH 

6.5 was added to strips 1 and 2. The plate was incubated over day for 5 hours at +4oC. 

Protein was decanted and plate washed 5 minutes with diH2O, 3x5 minutes with buffer 

B4 and a 5 minutes final wash with PBS. Immediately after washing, signal was 

developed by adding diluted TMB supersensitive in diH2O (1:1) and allowed to incubate 

for 5 minutes at RT. Pictures and readings were taken at 660 nm in the ELISA reader 

every 5, 10 and 15 minutes. 

2.13.7 Anti-rabbit IgG Co-IP test established optimal conditions 

0.01 μg/μL of bovine rabbit IgG and 0.01 μg/μL of rabbit IgG were prepared in phosphate 

buffer, pH 6.5. 0.01 μg/μL rabbit IgG was added to wells E and H of strip 1 and 0.01 

ug/μL bovine rabbit IgG to wells G and H. The solutions were incubated overnight at 4oC. 

Quickly, without allowing wells to dry, protein was decanted from wells, plate placed in 

the UV-light chamber and exposed plate to 65, 000 microjoules  for 30 seconds, followed 

by 3x5 mins wash with buffer B4 and a 5 minutes final wash with 100 mM Potassium 

Phosphate, pH 6.5. 1% BSA was added to each well and incubated over day at +4oC for 

~6hours. 15 μL of 1/50 HRP α-rabbit IgG was added to 50 μL of 1.5 mL mM phosphate 

buffer, pH 6.5 in a 1.5 mL Eppendorf tube. Quickly, without allowing wells to dry, 

decanted protein and washed 3x5 minutes with buffer B4 and a 5 minute final wash with 

100 mM Potassium Phosphate, pH 6.5. Subsequently, 330 μL of α-rabbit IgG/HRP was 

added to wells E-F and incubated overnight at +4oC. 

Protein was decanted and plate washed 1x5 minutes with diH2O, 3x5 minutes with buffer 

B4 and a 5 minutes final wash with PBS. Immediately after washing, signal was 

developed by adding diluted TMB supersensitive in diH2O (1:1) and to incubate for 5 

minutes at RT. Pictures and readings were taken at 660 nm in the ELISA reader every 5, 

10 and 15 minutes. 
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2.13.8 Mammalian extracts affinity-enrichment in Universal-BIND™ 

plates  

330 μL of 0.009 μg/μL BSA was added to the top 4 wells and 330 μL of 1mg/mL SafA’ 

(GST-SafA-6xHis or variants GST+SafA-6xHis/SafA-6xHis as required) to the bottom 4 

wells of the strip, subsequently the strip was incubated for 6 hrs at 4oC. Protein was 

decanted from wells and without allowing wells to dry, strip was placed in UV-light 

chamber and exposed to 65, 000 microjoules for 30 seconds. Strip was washed for 3x3 

minutes with buffer B4 and 1x3 minutes with 100 mM potassium phosphate, pH 6.5. 1% 

BSA was added to each well of the strip and incubated overnight at 4oC. 330 μL of heart 

extracts were added to each well of the strip and incubated for 5 hours at 4oC. Strip was 

washed for 3x3 minutes with buffer B1 and rinsed once with diH2O. To elute 50 μL of 

0.1% SDS was added to each well by rinsing all walls. 0.1% SDS was allowed to incubate 

at RT for 15 mins and transfered samples in 1.5 mL Eppendorf tubes. 20 μL of 100 mM 

DTT was added to each sample and incubated in ice for 30 minutes. Eluates from the first 

4 wells were pooled together into a 1.5 mL Eppendorf tube and eluates from the bottom 

4 wells were pooled into a separate 1.5 mL Eppendorf tube. Both sets of recovered eluates 

were divided in 3x15 μL aliquots designated for MALDI analysis and 3x50 μL aliquots 

designated for SDS-PAGE. 75 μL of 80% acetone was added to each MALDI aliquot and 

250 μL to each SDS-PAGE aliquot. Samples were stored overnight at -20oC before use. 

2.14 Preparation of samples for Circular Dichroism (CD) 

2.14.1 Cleaving of GST from GST-SafA-6xHis construct 

HRV 3C Protease (ThermoFisher # 88947), a recombinant cysteine protease, was used to 

remove the GST fusion tag from the SafA’ (GST-SafA-6xHis) construct.  A mastermix 

was prepared as per Table 10. 

Table 10. Preparation of cleavage reaction. 

Component  A (μL) 

HRV 3C Reaction buffer (10x) 30 

1 mg/mL of SafA’ (GST-SafA-6xHis) 260  

HRV 3C Protease 13 

Ultrapure water - 

Total 303 

 

The reaction was incubated overnight or up to 2 days at 4oC. The HRV 3C protease and 

now free GST tag were removed by incubating the mix with GSH-resin. ~400 μL of resin 

was transferred into a 1.5 mL Eppendorf tube and washed by application of 1 mL diH2O 
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and vortexing followed by centrifuging at 1,000 x g for 2 minutes. This process was 

repeated twice. Subsequently, the agarose beads were washed three times by application 

of 500 μL HRV 3C buffer, vortexing and centrifuging as before. The agarose beads were 

transferred into a clean spin column and centrifuged for 2 minutes at 1,000 x g and the 

buffer was discarded. Immediately, ~300 mL of the cleaved sample mixture was added 

and let to incubate with the resin at RT for 30 minutes. The column was centrifuged as 

per the previous steps, and incubated again with fresh buffer for a further 30 minutes. The 

column was centrifuged for 2 minutes at 1,000 x g and the flow-through was collected. 

Cleaved SafA’ (SafA-6xHis) was kept on ice until the next step (Figure 18). 

2.14.2 Elution of GST tag from GSH-resin 

300 μL of 20 mM reduced glutathione in 50 mM Tris-HCl, pH 7.00 was added to the 

GST/HRV 3C protease bound column. The column was gently vortexed and let to 

incubate at RT for 30 minutes. The flow-through was collected by centrifuging for 2 

minutes at 1,000 x g. The sample was passed through the column again and allowed to 

incubate at RT for a further 30 minutes. The flow-through was collected and kept on ice 

until the next step (Figure 18). 

2.14.3 Buffer exchange  

Buffer exchange was carried out by using Zeba spin desalting columns, with a 7k 

molecular weight cut-off (ThermoFisher # 89891). The samples were in 50mM Tris-HCl 

pH 8 (Sections 2.14.1 and 2.14.2). They were exchanged into 10 mM Potassium 

Phosphate, pH 8.2 for analysis by CD. The storage solution was removed by 2 minutes 

centrifugation at 1,000 x g. 1 mL of 10 mM Potassium Phosphate, pH 8.2 was added and 

centrifuged for 2 minutes at 1,000 x g. This step was repeated three more times. The 

samples were added to the centre of the resin bed and centrifuged for 2 minutes at 1,000 

x g. The flow-through containing the samples in 10 mM Potassium Phosphate, pH 8.2 

were kept at -20oC until use. 10 mL of the 10 mM Potassium Phosphate buffer, pH 8.2 

was also kept to be used as a reference in the CD studies (Figure 18). 
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Figure 18. Workflow showing the cleaving process of the GST tag from the construct and buffer 

exchange of the resulting cleaved SafA’ (SafA-6xHis). GST-SafA-6xHis was incubated overnight with HRV 

3C protease (ThermoFisher # 88947). The mixture of cleaved SafA’ (SafA-6xHis), GST and HRV 3C protease was 

passed through a GSH-column (Sigma # G4510) and the cleaved SafA’ (SafA-6xHis) protein collected in the eluate. 

Buffer exchange from cleaving buffer to 10 mM Potassium Phosphate, pH 8.00 was performed by using Zeba spin 

desalting columns (ThermoFisher # 89891). 

2.14.4 Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) 

Separation of proteins by SDS-PAGE was carried out by following the method of 

Laemmli (Laemmli et al 1970) in a PowerPac 200 electrophoresis unit (BioRad). The 

SDS-PAGE consisted of resolving gel 10-15% Acrylamide (Sigma), 0.375 M Tris-HCl 

pH 8.8, and 0.1% (w/v) SDS and stacking gel 4% Acrylamide (Sigma), 0.125 M Tris-

HCl pH 6.8, and 0.1% (w/v) SDS . The polymerization of both solutions was carried out 

by adding 0.04% TEMED and 0.1% (w/v) ammonium persulphate. Prior to loading, the 

gel tank was filled with electrophoresis buffer 1x (10x=0.25 M Tris, 1.92 M glycine, 1% 

SDS). 1x volume of Laemmli sample buffer 4x concentrate was added to all samples, 

followed by incubation at 100oC for 5 min. The samples were centrifuged for 5 sec and 

then cooled on ice for 2 minutes. The gels were electrophoresed at a constant voltage of 

60 mV until the protein entered the resolving gel and 120 mV thereafter.  Proteins were 

then fixed and stained by incubating the gels in 35% methanol, 5% acetic acid, 0.25% 

Coomassie brilliant blue and microwaved for 3 minutes (avoiding boiling of gel). Gel was 

allowed to stain in shaker for 15 minutes before washing three times with water and left 

to destain overnight. 

2.14.5 Non-denaturing gel (Native-PAGE) 

Separation of proteins by Native-PAGE was carried out by following the same steps as 

the previous section (Section 2.14.4) but the SDS was not added in the preparation. 

Laemmli sample buffer without SDS was also prepared. 
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2.14.6 Western Blot 

The separated proteins were transferred into the blotting membrane-nitrocellulose 0.2 μM 

(BioRad) according to the protocol described in (Matsudaira et al 1987). Nitrocellulose 

membranes were washed together with four pieces Whatman paper and 2 sponges in 

CAPS buffer pH 11 containing 10% methanol and 0.1% SDS. The sandwich was made 

by placing the gel and the nitrocellulose membrane between two layers of Whatman paper 

and the sponges. Proteins were electroblotted at a constant of 400 mA for 90 min. 

Total proteins on membranes were detected using Ponceau red staining. All Western 

blotting procedures were carried out at room temperature with agitation except when 

stated otherwise. Membranes were blocked with 5% non-fat milk in TBST (20 mM Tris, 

150 mM NaCl, containing 0.05% Tween-20, pH 7.4) for 60 minutes. Membranes were 

then incubated with primary antibodies in TBST 5% non-fat milk at 4°C overnight. 

Removal of excess primary antibody was carried out by washing the membranes in TBST 

three times for 5 minutes each. The secondary antibody (Goat (polyclonal) Anti-Rabbit 

IgG (H+L), Highly Cross Adsorbed, LI-COR, IRDye® 680LT) diluted 1:20, 000 was 

incubated with the membrane in TBST with 5% non-fat dry milk and 0.01% SDS/1% 

Tween-20 final for one hour at room temperature. Excess secondary antibody was 

removed by washing the membranes in TBST three times for 5 minutes each. Membranes 

were scanned in the Odyssey scanner (LI-COR) in the 700 nm channel. 

2.15 Estimating Protein Concentration 

2.15.1 Absorbance at 280nm 

The concentration of the samples was determined by measuring absorbance at 280nm 

(A280) using a Perkin Elmer Lambda35 spectrophotometer. The extinction coefficient 

(ε280) was estimated using ProtParam (http://www.expasy.ch/tools/protparam.html), 

then used to derive the protein concentration using Lambert-Beer Law: 

Protein Concentration (M) = A280/ (ε280(M-1) x path length of cuvette (cm)) 

All relevant protein information used, such as, molecular weight (MW), number of base 

pairs (BP), Isoelectric Point (pI) and extinction coefficient used in this study are shown 

in Chapter III, Table 12. 

2.15.2 Qubit 2.0 Fluorometer 

A Qubit benchtop fluorometer (ThermoFisher model Qubit 2.0) was used to detect protein 

concentrations as little as 12.5 μg/mL. Before use all the solutions were kept on the bench 

http://www.expasy.ch/tools/protparam.html
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for 15 minutes and readings were taken at RT. The Qubit instrument was calibrated using 

the three standard solutions provided by the manufacturer (10 μL of each standard was 

added to a 0.5 mL PCR tube with 190 μL Qubit working solution (ThermoFisher 

#Q33211). Simultaneously, each sample was prepared by adding 20 μL of the 

corresponding sample to 180 μL of Qubit working buffer. Standards and samples were 

gently vortexed and let to incubate for 15 minutes at RT. After calibration, samples were 

read and the concentrations recorded. 

2.15.3 Quantitative Amino Acid Analysis (QAA) 

QAA is the gold standard for accurate protein quantitation as long as the amino acid 

sequence is known. Samples were sent to the PNAC Facility at University of Cambridge 

for analysis. Samples were passed through a reversed-phase HPLC column for ion-

exchange chromatography. The elute was hydrolysed, dried in a vacuum and dissolved in 

loading buffer, such as, 20 mM HCl and 0.2 M sodium borate, pH 8.8; 5 mM EDTA 

(Palace et al 1999). The HPLC instrument was calibrated by running a standard mixture 

of amino acids at different concentrations. The standard curve was generated by 

measuring the absorbance of samples containing a mixture of amino acids of known 

concentration (Rutherfurd and Dunn et al 2011). The samples were run and fitted into the 

standard curve. The relation between absorbance and concentration was used in order to 

calculate the concentration of the unknown sample. 

2.16. Circular Dichroism studies (CD) 

CD spectra were measured using SafA’ (GST-SafA-6xHis) samples obtained before and 

after cleavage of the GST tag (Chapter IV). To enable comparability of spectra samples 

were treated as per Figure 18. 

2.16.1 Far UV Circular Dichroism (CD) 

Far UV CD spectra were recorded using a Jasco J-1500 spectropolarimeter (Jasco UK, 

Great Dunmow, UK) equipped with a Peltier thermally controlled cuvette holder and 1 

mm path-length quartz cuvettes (Starna, Optiglass Ltd, Hainault, UK). All samples were 

measured undiluted but the cleaved SafA’ (SafA-6xHis) sample was diluted 2.5-fold in 

10 mM Potassium Phosphate buffer, ~pH 8.2. Data were recorded using a 0.1mm cuvette, 

in the range 260nm-190nm, using standard sensitivity (100 mdeg), a data pitch value of 

0.2 nm, in continuous scanning mode with a scanning speed of 100 nm/min, response 1 

sec, bandwidth 2nm, and an average of 16 scans. All data was corrected against a suitable 

buffer blank as indicated. 
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Data files were exported in text format and also saved in the file format JASCO 1.50 (with 

preview). The units selected were millidegrees, the initial wavelength 260 nm and final 

wavelength 190 nm, the wavelength step 0.5 nm. The lowest nm data point to use in the 

analysis depended on the selected method. The analysis programme and reference sets 

were selected (see below). The output units were selected as delta epsilon. Hence the data 

was submitted in millidegrees, plus Mean Residue Weight (MRW) in daltons 

[MRW=MW/ (number of residues – 1)], the protein concentration in mg/mL and the path 

length in cm. 

The CD spectra were deconvoluted using two software programmes, CDPro (Sreerama 

and Woody et al 2000) and DichroWeb (Whitmore and Wallace et al 2008). For 

deconvolution in CDPro the mean residue was calculated using the following equation. 

[θ]mrw, λ= (MRW x θλ) / (10 x d x c) 

 

where MRW = M/(N-1) and M is the molecular mass of the polypeptide in Da. N is the 

number of amino acids in the chain θλ is the observed ellipticity (degrees), d is the path 

length (nm) and c is the concentration (g/mL). 

The CDPro software determines the secondary structure fractions by using the three 

programmes, SELCON3, CDSSTR and CONTINN and eight reference protein sets. A 

reference set consists of a group of proteins whose CD spectra and secondary structures 

are known. These are used to compare the CD spectra of the sample, therefore allowing 

predicting its secondary structure. 

DichroWeb is an on-line based server for the determination of the secondary structure 

fractions. The server offers five analysis programmes, CONTINLL, SELCON3, 

CDSSTR, VARSLC and K2D. DichroWeb offers a choice of seven protein reference sets 

(Whitmore and Wallace et al 2004). 

Both, CDPro and DichroWeb gave similar secondary structure predictions for the proteins 

(data not shown) but DichroWeb was preferred due to the availability of graphs and 

presentation of results in a more comprehensive manner. All deconvolution values 

presented in this thesis are therefore those obtained from DichroWeb. 

2.16.2 Differential Scanning Fluorimetry (DSF)  

Thermal melting curves were recorded for uncleaved SafA’ (GST-SafA-6xHis), 

undepleted cleaved SafA’ (GST+SafA-6xHis) and GST samples. Protein unfolding was 

monitored by adding the fluorescent dye Sypro orange (ThermoFisher). During the 
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unfolding process the dye binds to the exposed hydrophobic regions of the proteins, 

resulting in a large increase of fluorescence used to monitor the protein-unfolding 

transition. The reaction mixture consisted of 20 μL of the samples, 7.5 μL of 300x Sypro 

orange, 23 μL of diH2O. Samples were added to wells on a 96-well thin-wall PC plate 

(BioRad). The plate was placed in iCycler iQ Real Time PCR Detection System (Bio-

Rad). The temperature was increased from 10 to 95 °C in increments of 0.2 °C. The 

fluorescence intensity was measured in relative fluorescence units (RFU) using 

excitation/emission wavelengths of 490 and 453 nm, respectively. Each sample was ran 

in triplicate. 

2.16.3 Analysis of Differential Scanning Fluorimetry (DSF) data 

The data from the qPCR machine was exported into Excel. The instrument presented both, 

the raw fluorescence signal and the derivative of the fluorescence signal as a function of 

temperature. The average of the three replicates for the fluorescence signal was subtracted 

and the corrected average of the fluorescence signal as a function of temperature was 

plotted. The thermal melt (Tm) was calculated with Excel by calculating the Vmax. 

2.17 Matrix-assisted laser desorption-time of flight (MALDI TOF MS) 

mass spectrometry  

All the spectra were manually acquired by using an Autoflex III TOF/TOF mass 

spectrometer and the FlexControl software (version 3.3) (Bruker Daltonik, GmbH). 

Among other features, the instrument is equipped with AnchorChipTM MALDI target 

technology for fast automation and long lifetime nitrogen laser with variable repetition 

rate. A nitrogen laser operating at 337 nm with a 3 ns pulse width was utilized in the 400 

– 6000 Da range for the peptide mass fingerprinting. The instrument parameters consisted 

of a laser frequency of 100.0 Hz and a digitizer trigger level of 1000 mV. The detector 

gain voltage offset settings were 1300.00 V for linear and 1400.00 V for reflector. The 

laser attenuator offset 66% and the range 20% of the maximum. 

As per Chapter V, Section 5.7, cleaved SafA’ (GST-SafA-6xHis) was immobilized on 

the Universal-BIND™ plates (System 5) (over day at 4oC) by UV-light crosslinking and 

incubated with BSA blocking solution (overnight at 4oC). On the following day plates 

were washed three times with buffer B1 (Sections 2.5 and 2.13) and incubated with total 

protein extracts (Section 2.8) for 5 hours. After washing three times samples were 

incubated with elution buffer and all technical replicates pooled together. Cold 100% 

acetone was added to each vial and stored at -20oC overnight. After washing with 70% 
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acetone, the pellet was reconstituted for MS analysis in 25 μL of 5 mM K2HPO4, pH 9.0, 

as this was the buffer initially used for the affinity-enrichment. To aid pellet solubilisation 

we added the same additives originally present in the sample previous to acetone 

precipitation. Therefore, 5 μL of 0.05% SDS/ 50 mM DTT in 5 mM K2HPO4, pH 9.0 was 

also added to the reconstituted pellet. The mixture was heated in dry heating block at 50oC 

for 30 minutes. As per Figure 19, only for MALDI-TOF MS analysis (not LC-MS/MS) 

resuspended pellets were passed through HiPPR detergent removal spin columns to 

remove residues of detergent. The resin has a high affinity for most detergents and low 

affinity for proteins and peptides. It removes ionic, non-ionic and zwitterionic detergents, 

such as, SDS, TritonTM X-100, NP40 and CHAPS, at concentrations of 0.5-1%. This 

oligosaccharide-based resin has a small hydrophobic cavity which creates a 

microenvironment for detergent’s nonpolar moiety to enter and form an inclusion 

complex (ThermoScientific, Instructions for HiPPRTM detergent removal resin). 

While samples were allowed to cool down, the vial containing the stock of Thermo 

Scientific HiPPR Detergent Removal Resin was gently swirled until an even suspension 

was obtained. An aliquot of 25 μL of the resin slurry was added onto a spin column and 

this was centrifuged at 1,000 x g for 1 minute. The flow-through was discarded. To 

equilibrate the resin, 25 μL of 5 mM K2HPO4, pH 9.0 was added to the column, followed 

by another centrifugation at 1,000 x g for 1 minute and the flow-through was discarded. 

This step was repeated twice. The column was blocked on the lower end with a plug, to 

avoid liquid outflow, and the column was placed into a fresh 1.5 mL microfuge tube. The 

protein sample was applied slowly onto the compacted resin bed. The column containing 

sample and resin was capped and vortexed gently followed by a 10 min incubation at RT. 

Plug and cap were then removed and the column reverted to the 1.5 mL microfuge tube. 

The detergent-free samples were recovered as eluates by centrifugation at 1,000 x g for 2 

minutes and collected. Samples were kept at RT for ~30 minutes until trypsinization. 
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Figure 19. SDS removal procedure. 1) Detergent removal resin was added into the column and spun down 

at 1,000 x g to discard flow through. 2) The column was washed 3x with equilibrium buffer. 3) Detergent 

containing sample was added, mixed and incubated at RT for 10 minutes. 4) Column was centrifuged at 

1,000 x g for 2 minutes and detergent-free sample collected.  Adapted from Thermo Scientific Instructions 

#88305. 

2.17.1 Trypsination, ZipTip and spotting for MALDI-MS 

Detergent free protein samples were digested as following: A ready to use vial containing 

1 μg of Trypsin (Trypsin Singles, Proteomics Grade, Sigma) in 1 mM HCl was diluted in 

50 μL of 20 mM NH4HCO3, pH 8.0. A total of 10 aliquots of 5 μL 0.02 μg/μL trypsin in 

20 mM NH4HCO3, pH 8.0 were obtained and kept at -20oC until needed. A 5 μL stock 

was added to the sample, mixed gently prior overnight incubation at 37oC. The resultant 

peptide mixture was purified (desalted) and concentrated by using ZipTips with 0.2 μL 

C18 resin (Millipore). These 10 μL pipette tips with chromatography media (0.2 μL C18 

resin) fixed at its end increase MALDI-TOF MS sensitivity and resolution, therefore were 

used prior to spotting. The peptide mixture was aspirated and dispensed though the ZipTip 

to bind, wash and elute. 

The ZipTip was first equilibrated by pre-wetting with an automatic P10 pipette, 

pipetting10 μL 75% methanol in diH2O (v:v) into tip. The wetting solution was dispensed 

to waste and the wetting of the ZipTip repeated 3 times. Peptides were loaded and bound 

to ZipTip’s micro bed C18 reversed-phase resin. By pipetting up and down 10 times 10 

μL of the sample (aspirated and dispensed in a fresh 1.5 mL Eppendorf tube), the last 

eluate was discarded. This cycle was repeated until the full volume of the sample (~30 

μL) was loaded to the ZipTipC18. Sample loading was followed by 3 washes with 0.1% 

TFA in ddH2O (v:v) and eluted directly in 3 μL of MALDI matrix solution (saturated 

solution of α-cyano-4-hydroxycinnamic acid (Agilent Technologies) in 50% of 
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acetonitrile and 2.5% of trifluoroacetic acid). This was achieved by slowly aspirating and 

dispensing 10 times before spotting 3 μL onto the MALDI plate (MTP 384 Polished Steel 

TF Target, Bruker Daltonik GmbH). 

2.17.2 MALDI-TOF MS Peptide criteria selection 

A solution of BSA peptides was used to calibrate the system, according to manufacturer's 

instructions. The peak assignment tolerance selected was 50 ppm and the mode quadratic. 

To improve the quality of the spectra, each mass spectrum was generated from the data 

deriving from several single laser shots in 500-shot steps from different positions of the 

sample spot, acquiring only the spectra with an intensity ≥ 104 arbitrary units as suggested 

by the manufacturer. Finally, peak selection was performed using FlexAnalysis (version 

3.3) (Bruker Daltonik GmbH) as described below. 

Samples were spotted as per Figure 20 and after following the established criteria (as 

described below) specific peptides to SafA’ (GST-SafA-6xHis) were selected. An 

example of a specific peak versus a non-specific (BSA specific) is presented in Figure 21. 

Sample spotting and spectrum recording 

1)  Each set of affinity-enrichment consisted of a (GST-SafA’-6xHis) SafA’/large 

intestine affinity-enrichment (the GST-SafA’ affinity-enrichment) and its 

corresponding negative control: a BSA/large intestine affinity-enrichment (the 

negative control). The samples were spotted as per Figure 20. 

 

Figure 20. Positioning of SafA’ (GST-SafA-6xHis) and negative control affinity enrichment samples 

spotted on the MALDI plate for MALDI-TOF MS analysis. GST-SafA’-6xHis affinity-enrichment eluents 

were spotted in column A and BSA negative control affinity- enrichment eluents were spotted in column B. BSA 

tryptic digests were spotted in-between columns for calibration purposes. Every sample had three spots. 

2) Fifty spectra were acquired in each of 3 selected locations giving a good signal 

with well resolved peak over the whole MW range.  
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3) Three spectra were selected from the “GST-SafA-6xHis’ ” affinity enrichment 

and three spectrum were selected from the “control” affinity-enrichment. These 

six spectrum were overlaid using the Flex Analysis software (version 3.3) (Bruker 

Daltonik) and zoomed level to show ten mass units. 

 

Background cut-off 

4) The background threshold was manually set up by selecting 4 low intensity poorly 

resolved peaks. These were used to set the background. Usually, half of the peaks 

per window were above the threshold of the noise, and at least four peaks were 

required to setup the background.  

 

Specific peaks rules 

5) Where a peak was present in the SafA’ (GST-SafA’-6xHis) affinity-enrichment 

only, the peak should be resolved at the isotopic level, e.g. with a well resolved 

isotopic partners, to be selected. 

 

6) Intensity of any isotope had to be at least 2x background. 

 

7) At least the peak intensity of one specific peak had to be ≥ 2x in comparison to 

highest non-specific peak. 

 

8) After selection, all masses obtained from the 3 spectra were averaged and proteins 

were identified from the list of peaks as peptide mass fingerprint. These were 

searched with Mascot engine (Matrix Science, version 2.4.1) against a database 

of 546, 238 sequences derived from reference proteome of Rattus norvegicus 

(http://www.uniprot.org). The tryptic digestion setting was set up to two missed 

cleavages with no modifications allowed and the peptide tolerance ± 0.01% The 

list of masses was also searched  with ProteinProspector against a database of 48, 

573, 147 sequences also derived from the proteome of Rattus norvegicus 

(http://www.ncbi.nlm.nih.gov) and the same settings as above were applied. 

http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/
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Figure 21. A representative image of peak selection by MALDI-TOF MS. Panel A gives an example of specific peptide binding to SafA’ 

(GST-SafA-6xHis). Three spectra of GST-SafA-6xHis/heart (green, pink and dark blue) were overlaid together with three spectra of 

BSA/heart affinity-enrichment (yellow, red and light blue. Image shows the binding of a peptide exclusively to GST-SafA-6xHis as 

represented by the dark blue, green and pink peaks. Panel B gives an example of non-specific peptide binding to BSA (all six spectra indicate 

the same peak is present in the BSA affinity-enrichment). The six spectra were overlaid in the same way as previously. Image shows the 

peptide binds without a preference to either GST-SafA’ or BSA. Image was taken using FlexAnalysis (version 3.3) (Bruker Daltonik GmbH). 
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2.18 nanoLC-ESI-MS/MS  

Reversed phase chromatography was used to separate tryptic peptides prior to mass 

spectrometric analysis. Two columns were utilised, an Acclaim PepMap µ-precolumn 

cartridge 300 µm i.d. x 5 mm 5 μm 100 Å and an Acclaim PepMap RSLC 75 µm x 50 

cm 2 µm 100 Å (Thermo Scientific). The columns were installed on an Ultimate 3000 

RSLCnano system (Dionex). Mobile phase buffer A was composed of 0.1% aqueous 

formic acid and mobile phase B was composed of 80% acetonitrile containing 0.1% 

formic acid. Samples were loaded onto the µ-precolumn equilibrated in 2% aqueous 

acetonitrile containing 0.1% trifluoroacetic acid for 8 min at 10 µL min-1 after which 

peptides were eluted onto the analytical column at 250 nL min-1 by increasing the mobile 

phase B concentration from 3% B to 35% over 27 minutes then to 90% B over 5 minutes, 

followed by a 4 minutes wash at 90% B and a 12 minutes re-equilibration at 3% B. 

Eluting peptides were converted to gas-phase ions by means of electrospray ionization 

and analysed on a Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Scientific). Survey scans 

of peptide precursors from 350 to 1500 m/z were performed at 120K resolution (at 200 

m/z) with a 4 × 105 ion count target. Tandem MS was performed by isolation at 1.6 Th 

using the quadrupole, HCD fragmentation with normalized collision energy of 35, and 

rapid scan MS analysis in the ion trap. The MS2 ion count target was set to 104 and the 

max injection time was 200 ms. Precursors with charge state 2–7+ were selected and 

sampled for MS2. The dynamic exclusion duration was set to 45 s with a 10 ppm tolerance 

around the selected precursor and its isotopes. Monoisotopic precursor selection was 

turned on. The instrument was run in top speed mode with 2 s cycles. 

2.19 Data Analysis 

The raw data was processed using MSConvert in ProteoWizard Toolkit (version 3.0.5759) 

(Kessner etl al 2008). MS2 spectra were searched with Mascot engine (Matrix Science, 

version 2.4.1) against a database of 33,515 sequences derived from reference proteome 

of Rattus norvegicus and Salmonella typhimurium strain LT2 (http://www.uniprot.org/) 

and the common Repository of Adventitious Proteins Database 

(http://www.thegpm.org/cRAP/index.html). Peptides were generated from a tryptic 

digestion with up to two missed cleavages, carbamidomethylation of cysteines as fixed 

modifications, and oxidation of methionines as variable modifications. Precursor mass 

tolerance was 20 ppm and product ions were searched at 0.8 Da tolerances. 

http://www.uniprot.org/
http://www.thegpm.org/cRAP/index.html
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Scaffold (version Scaffold_4.3.2, Proteome Software Inc.) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if they 

could be established at greater than 95.0% probability by the Scaffold Local FDR 

algorithm (Jones et al 2009). Protein identifications were accepted if they could be 

established at greater than 95.0% probability and contained at least 2 identified peptides. 

Protein probabilities were assigned by the ProteinProphet algorithm (Nesvizhskii et al 

2003). Proteins that contained similar peptides and could not be differentiated based on 

MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins 

sharing significant peptide evidence were grouped into clusters. 

Further to this, all proteins identified based on the Scaffold FDR thresholds were curated 

for any contaminants coming from the user, such as, keratin from hair and skin. 

Contaminants introduced during the workflow, such as, trypsin and BSA powder were 

also removed from the list of identified proteins. At this point, a two-step analysis was 

carried where 1) any proteins identified from the negative controls (BSA or GST) were 

removed regardless if identification was due to the presence of one peptide. This reduced 

the list to 190 proteins that were identified in any of the undepleted cleaved SafA’ 

(GST+SafA-6xHis) affinity-enrichments’ only. 2) the list was reduced to a final 5 by 

dismissing any protein identified with any less than 2 peptides in both cleaved SafA’ 

affinity enrichments. 
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CHAPTER III – CONSTRUCT DESIGN TO EXPRESS 

RECOMBINANT SAFA’ (GST-SAFA-6XHIS) 

 

3.1 Introduction and Rationale 

Salmonella is a gram-negative bacterium and the exterior of their cell surface has flagelli, 

fimbriae and pili (Bardy et al 2003). These are distributed along the bacterium cell; Figure 

22, Panel A shows a schematic difference in their structures. The flagellum is an 

appendage that holds a long rotating filament whose movement is used by the cell to push 

itself forward (Rossez et al 2015, Samatey et al 2004). Pili are hollow appendages used 

to transfer DNA to other cells and also function in cell adhesion (Melville and Craig et al 

2013, Proft and Baker et al 2009, Ribet and Cossart et al 2015). Fimbriae are thin and 

hair-like structures that help in adhesion to surfaces and other cells (Kainulainen and 

Korhonen et al 2014, Proft and Baker et al 2009). These long flexible bodies are formed 

of protein polymers and are found on the surface of a number of gram-negative bacteria. 

Examples of these are Escherichia coli (Vizcarra et al 2016), Neisseria gonorrhoeae 

(Winther-Larsen et al 2001), Streptococcus pyogenes (Becherelli et al 2012), 

Pseudomonas aeruginosa (Ruer et al 2007) and Sulfolobus acidocaldarius (Henche et al 

2012). 

As in uropathogenic E. coli (UPEC) (Barnhart et al 2000) and Diffusely Adherent E. coli 

(DAEC), Salmonella has fibrous organelles that are present on its surface, they are 

referred to as Salmonella atypical fimbriae (Saf). The fimbriae are made of four subunits, 

SafA, SafD, SafC and SafB. SafC and SafB make up the intracellular region of the pilus 

while the main body is composed of a polymer of SafA subunits interlinked together by 

its N-terminal peptide with SafD located at the tip of the fimbriae, serving as a cap (Salih 

et al 2008). 

The Salmonella fimbriae (Figure 22, Panel B) have been less studied than the ones in 

other bacteria but based on structural homology with the E. coli protein PapD (Ford et al 

2012), Afa/Dr adhesins (Cota et al 2006) and Yersinia pestis, Caf1 protein (Zavialov et al 

2005) it is thought that they function in cell adhesion (Humphries et al 2001, Remaut et 

al 2006). Each fimbria is formed of a polymer of more than 100 SafA monomers 

interlinked through an N-terminal peptide (Salih et al 2008). 

The major goal of this thesis it to contribute to our understanding of SafA structure and 

function. For such studies it is desirable to work with a well-defined protein, rather than 
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a polymer. We therefore designed a construct that would encode a functional monomer 

of SafA. The design of the constructs to be used in this thesis are crucial for the success 

of the different experiments proposed. Therefore, in this chapter, we will delineate the 

details of the constructs of recombinant SafA’ (GST-SafA-6xHis) used in this thesis. We 

will present the rationale behind the isolation of a stable monomeric SafA subunit from 

the Saf fimbriae (the flexible body of which is made of a chain of SafA subunits) and the 

choice of tags. The approach to design a monomer of SafA that is similar to the study of 

other bacterial fimbria proteins previously reported (Anderson et al 2004, Cota et al 2006). 

3.2 Results: Construct design of Salmonella recombinant protein SafA’ 

(GST-SafA-6xHis) 

As the native form of SafA is a polymer made of several (>100) subunits, the only crystal 

structure available to date (Salih et al 2008) was used to understand the assembly of the 

fimbria (Figure 22, Panel A). It was imperative to assess the impact that the isolation of 

a single SafA subunit from a polymer would have in the folding and stability of the 

construct. 

By using on-line molecular protein structure visualization and manipulation tools, such 

as Cn3D http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml and JSmol 

http://jmol.sourceforge.net/) we inspected the crystal structure of each SafA subunit and 

how it is dependent on the structure of the previous SafA subunit (Salih et al 2008). 

Moreover, SafA has an Ig-like structure lacking the last (G) β strand of a typical seven-

stranded immunoglobin fold (Berry et al 2014, Remaut et al 2006). By not having a 

complete structure, this leaves an exposed empty cleft between two of the β-sheets of the 

subunit. Therefore, SafA subunits are equipped with a short linker, denominated the N-

terminal peptide, to embrace and create a chain (Salih et al 2008). To be technically 

accurate, their structure is completed by donor strand complementation (DSC) linked 

together when the N-terminal Gd of the previous subunit is inserted into the hydrophobic 

cleft (Rose et al 2008, Zavialov et al 2002). 

As the native form of SafA is a polymer (Figure 23, Panel A), forming the fimbria, 

isolating a single SafA subunit would result in a hollow SafA monomer with an exposed 

hydrophobic empty cleft; and an N-terminal peptide sticking out of the structure trying to 

reach the previous subunit (Figure 23, Panel B). Based on these observations, it was 

decided to prepare a construct that includes the N-terminal peptide inserted into the empty 

cleft, creating a new N- and C-terminus, therefore closing the structure (Figure 23, Panel 

C). With affinity-enrichments planned, GST and 6xHistidine tags were added to the N- 

http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml
http://jmol.sourceforge.net/
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and C-terminus respectively. The consultation of other published work supported the 

design of this study (Anderson et al 2004,  Barnhart et al 2000, Cota et al 2006). 

Initially, the goal of the thesis was not only to investigate SafA but also SafD. However, 

during the course of my study, published work (Cota et al 2006) showed that the 

experimental design to analyse SafD was flawed because we had designed an unstable 

SafD monomer by not completing its Ig fold-like structure.  Unlike SafA’ where we did 

complete the Ig fold-like structure by inserting the N-terminal peptide into the empty cleft. 

Because of this, all the work carried in SafD’ has not been included in this thesis. 

 

Figure 22. Salmonella’s external structures. (A) Fimbriae are hairlike structures that help in adhesion to 

surfaces and to other cells. Pili are hollow appendages used mainly to transfer DNA to other cells. Flagella 

are appendages which specific function is to move and push the cell and provide motility. (B) Schematic 

representation of the Saf Fimbriae. The Saf fimbriae flexible body is mainly formed of a polymer of 

SafA subunits, it is hypothesized that SafD sits at the tip of this polymer, next to the most distal SafA 

subunit. SafB is the fimbria assembly chaperone and it transiently completes SafA’s Ig fold-like structure 

during assembly. SafC is the outer membrane usher and together with SafB they are necessary for fimbriae 

biogenesis. 
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3.3 Engineering of Salmonella recombinant protein SafA’ (GST-SafA-

6xHis) 

The only available crystal structure to date for SafA is that of a polymer (Figure 23, Panel 

A). The structure provided by Salih et al (2008) was inspected in Cn3D 

http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml and JSmol 

http://jmol.sourceforge.net/. Figure 23 describes step by step the process leading to the 

design of the SafA’ (GST-SafA-6xHis) monomer. Figure 23, Panel A shows the structure 

for two SafA subunits, which are actually three chains. Chain A belongs to a first SafA 

subunit, chain B belongs to a second SafA subunit and chain C to the “N-terminal peptide” 

belonging to a third SafA subunit, not depicted in the crystal image because it becomes 

then superimposable with the N-terminal peptide of the first chain (Chain A). The image 

presents SafA as a polymer where the structure of one subunit is dependent on the 

previous one by means of an N-terminal peptide donor strand. Figure 23, Panel B shows 

the structure of a single SafA subunit to be Ig-like (Salih et al 2008, Zavialov et al 2016) , 

with a missing G β-strand, which upon elimination of the N-terminal peptide (from the 

previous subunit, when the N-terminal peptide is missing, this exposes a hydrophobic 

empty cleft indicated by red dotted line in Figure 23, Panel B). The structure leaves a 

floating N-terminal peptide. Based on the above, it was decided to design a folded SafA 

monomer with the N-terminal peptide inserted into the empty cleft similarly to an Ig fold-

like structure (Figure 23, Panel C). The presence of Immunoglobulin domains provides 

bacteria with well documented advantages during adhesion, the infection process and 

invasion (Barnhart et al 2000, Bodelón et al 2013, Holmgren and Bränden et al 1989). 

The resulting engineered SafA was named SafA’, which stands for the dual tagged 

construct GST-SafA-6xHis (Figure 24). To summarize, the design involved creating a 

monomeric version of SafA by shifting the N-terminal peptide (first 19 peptides of the 

mature sequence) inwards to fill in the empty cleft, thus, in this way creating a new C-

terminus (Figure 23, Panel C). Placing the N-terminal peptide inside the empty cleft 

provided the missing beta strand to complete the protein’s Ig fold-like structure. In 

addition, by closing and self-complementing the structure in this way we avoid any 

possible polymerization. 

The predicted impact of each tag on the proteins’ physical and chemical properties is 

shown in Table 11. The table lists the effects of adding each tag on molecular weight 

(MW), hydropathy (represented by GRAVY) and isoelectric point (pI) (Gasteiger et al 

2005). The most notable effect was on the MW and hydrophathy, where native SafA is 

http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml
http://jmol.sourceforge.net/
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~15 kDa and recombinant SafA’ (GST-SafA-6xHis) is ~43 kDa, whereas the change in 

GRAVY (-0.124) signified the construct was less hydrophobic than native SafA. The pI 

was essentially unaffected. Finally, GST and Histidine fusion tags were placed at the new 

N- and C- terminus respectively. 

Table 11. Physical and chemical properties of recombinant protein SafA’ (GST-

SafA-6xHis) and its constituents. 

Protein *MW (Da) *GRAVY *pI 

GST 25700.8 -0.375 5.90 

Poly-His 840.8 -3.200 7.21 

SafA 15344.1 -0.219 6.16 

SafA’ (GST-SafA-

6xHis) 

43310.4 -0.343 6.19 

*MW: molecular weight. *GRAVY: grand average of hydrophobicity.  

*pI: isoelectric point 

 

 

Figure 23. Engineering of recombinant SafA’ (GST-SafA-6xHis). (A) SafA subunits forming a 

polymer. The previous subunit completes the following subunit’s structure by providing its N-terminal 

peptide. (B) Representation of an isolated SafA subunit. The empty cleft at the centre of the protein 

indicates the structure of a SafA subunit is not complete if isolated. Each subunit is equipped with its own 

N-terminal peptide to link itself to the next subunit. (C) Final SafA’ (GST-SafA-6xHis) design. A single 

subunit was isolated and the structure was stabilized by inserting the N-terminal peptide into the empty 

cleft. The figure was created using the SafA coordinates from PDB ID: 3CRE from the crystal structure 

proviuded by Salih et al (2008). 
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3.4 Choice of tags for SafA’ (GST-SafA-6xHis) recombinant protein and 

its expression 

To enable purification, GST and Histidine fusion tags were placed at the new N- and C- 

terminus respectively after insertion of the N-terminal sequence (Figure 24) (Anderson et 

al 2004, Cota et al 2006, Zavialov et al 2003, Zavialov et al 2005, Zavialov et al 2007). 

The purpose of the recombinant human rhinovirus (HRV 3C) sequence was to allow 

cleavage of the GST tag (Cordingley et al 1990, Ullah et al 2016). A four-residue linker 

(GSGS) was placed at the start and at the end of the SafA sequence in order to create 

adequate distance between the amino acid protein sequence and the fusion tags. 

 

Figure 24. The SafA’ (GST-SafA-6xHis) construct. (A) Amino acid sequence of SafA. Signal peptide 

formed of 22 amino acids (green and underlined), N-terminal peptide consisting of 19 amino acids (purple 

and double underlined). The rest of the sequence is in green. (B) Amino acid sequence of the SafA’ (GST-

SafA-6xHis) construct. For immobilization purposes GST tag was added to the N-terminal (yellow), the 

recombinant human rhinovirus (HRV 3C) site is shown in blue, (GS)n linkers at the beginning and at the 

end of SafA in pink. The signal peptide was not used for the design and the N-terminal peptide which is 

double underlined (purple) differs in position from the original sequence. The 6xHistidine tag was placed 

at the C-terminal as a second option for immobilization (red). (C) Schematic description of the structure 

of SafA’ (GST-SafA-6xHis). Sequence, fusion tags, linkers and cleavage sites are represented in diagrams 

in matching colours to the full amino acid sequence construct. Image not to scale. 

The described recombinant Salmonella SafA (SafA’/GST-SafA-6xHis) was produced in 

BL21(DE3) Competent E.coli cells by ACRObiosystems. The resulting SafA’ (GST-

SafA-6xHis) has a calculated MW of 43 kDa and the experimental results confirmed the 

expected MW (Figure 25). 
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Figure 25. 15% SDS-PAGE analysis of recombinant SafA’ (GST-SafA-6xHis) protein. 1 μg of SafA’ 

(GST-SafA-6xHis) was reduced by adding a final concentration of 10 mM DTT. The sample was heated 

for 5 minutes at 95oC and loaded into the gel. Image of the Coomassie stained gel was produced using 

Odyssey Infrared Imaging system. 

3.5 HRV 3C protease cleaves SafA’ (GST-SafA-6xHis) yielding a 

complex mixture 

Where indicated, the GST tag was cleaved from GST-SafA-6xHis by using the HRV 3C 

protease (Chapter II, Section 2.14.1 and Chapter II, Figure 18). The protease recognizes 

the sequence Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro between the Gln and Gly residues. It 

was important to determine the optimal ratio between HRV 3C protease and GST-SafA-

6xHis in order to efficiently cleave GST, therefore 5 μg of GST-SafA-6xHis was 

incubated with different protease concentrations. Figure 26, Panel A shows the incubation 

of GST-SafA-6xHis with protease amounts added ranging from 0.25 μg to 8 μg. The 

results show the protease can cleave GST from GST-SafA-6xHis by using as little as 0.25 

μg. The size of the protease is ~45 kDa and a band is visible on the gel. In total, there 

were three bands present in each sample. Based on the size of the bands these are 

suggested to be GST at ~26 kDa, cleaved SafA (SafA-6xHis) at ~16 kDa and the protease 

at ~43 kDa. As per Figure 26 (Panel A, Lane 1), a 1:20 protease to protein ratio was 

sufficient to cleave GST from SafA’ (GST-SafA-6xHis). A low amount is desirable to 

minimize the abundance of the protease in the sample. Subsequently, the samples were 

depleted of GST and protease. Figure 26, Panel B shows incubation of the samples with 

GSH resin results in capturing most of the ~26 kDa species, indicating that the free GST 

present in the sample was removable by the resin. However, a small amount of free GST 

remained even after depletion as evidenced by the weak band at the size of GST in Figure 
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26, Panel B, Lane 3. All relevant physico-chemical properties of the different variants of 

the construct are provided for reference in Table 12. 

Table 12. Wild type SafA, SafA’ (GST-SafA-6xHis), cleaved SafA’ (SafA-6xHis) and 

GST values calculated using on-line molecular tools. The Extinction coefficient used 

are the ones assuming all cysteines are reduced (bold). 

 

 Wild type SafA 

(without signal 

peptide) 

Cleaved SafA’ 

(SafA-6xHis) 

GST SafA’ (GST-

SafA-6xHis) 

MW (kD) 15.24784 16.88752 26.41344 43.28294 

Bp 144 161 226 387 

pI 6.43 7.20 5.73 6.19 

Ext. 

coefficient  

20970 19480 *43110 

**42860 

*62590 

**62340 

*Assuming all pairs of Cys residues form cysteines 

** Assuming all Cys residues are reduced  

 

 



73 

 

 

Figure 26. 15% SDS-PAGE gels of cleaved SafA’ (SafA-6xHis/GST+SafA-6xHis) samples. Approximately 5 μg 

of total protein were loaded in each lane (both gels). Proteins were stained with Imperial Protein Stain (Coomassie 

dye R-250). All samples were heated at 100 oC for 5 mins.  MW, molecular mass marker in kDa. In both gels uncleaved 

SafA’ (GST-SafA-6xHis) and HRV 3C protease migrate as a ~43 kDa polypeptide respectively. Cleaved SafA’ 

(GST+SafA-6xHis) sample shows two bands of ~ 26 kDa and ~ 16 kDa. (A) Incubation of uncleaved SafA’ (GST-

SafA-6xHis) with different concentrations of HRV 3C protease, showing a 1:20 protease to protein ratio (0.25 μg: 5 

μg) is sufficient to cleaved GST from GST-SafA-6xHis. (B) Depletion of the ~26 kDa (assumed to be GST) from the 

cleaved SafA’ mix (GST+SafA-6xHis). GST was significantly depleted from the cleaved SafA’ (GST+SafA-6xHis) 

sample (3) with apparent no significant cleaved SafA’ (SafA-6xHis) loss. GST (4) matches the molecular weight of the 

observed ~ 26 kDa in the previous samples. The eluate from GSH-column (5) shows the meaningful capture of GST 

and also the presence of a detectable amount of cleaved SafA’ (GST-6xHis). Cleaving of GST from SafA’ (GST-SafA-

6xHis) and depletion of GST from the cleaved SafA’ (GST+SafA-6xHis) sample were successful. Image was taken 

using the Odyssey scanner. 
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3.6 Characterisation of cleaved SafA’ (SafA-6xHis) 

The purity of the samples is crucial for circular dichroism data (Kelly et al 2005). It is 

also important to know whether the obtained spectra reflect the structure of a monomer 

or polymer. Not knowing this would make it difficult to deconvolute the data. Because 

SafA exists as a polymer in nature, it was particularly important to verify whether - 

especially after cleaving GST - SafA’ (GST-SafA-6xHis) was polymerizing. Native-

PAGE, also known as non-denaturing gel electrophoresis (prepared in the absence of SDS) 

was used to investigate if there were polymers present. Whereas in SDS-PAGE gels 

proteins migrate according to their molecular mass, in Native-PAGE proteins migrate 

according to their charge and hydrodynamic size. Figure 27, Panel A shows neither 

uncleaved SafA’ (GST-SafA-6xHis) or cleaved SafA’ (GST+SafA-6xHis) show any 

evidence of polymers present. This is concluded based on the fact that only one band is 

observed in each lane at a position consistent with monomeric size. 

Figure 26, Panel A had already indicated that the samples after GST cleavage represent a 

mixture of GST, cleaved SafA’ (SafA-6xHis) and the HRV 3C protease. To further 

corroborate this conclusion, the samples were subjected to western blot analysis. Figure 

27, Panels B-D show the western blot results of the cleaved SafA’ (GST+SafA-6xHis) 

sample. The incubation of the cleaved SafA’ (GST+SafA-6xHis) sample with anti-

recombinant SafA’ (GST-SafA-6xHis) (Figure 27, Panel B) recognized both bands, 

indicating they were both either GST, SafA-6xHis or a dimer of these. Anti-GST 

recognized the ~26 kDa band only (Figure 27, Panel C), in this way confirming the 

presence of, both, GST and cleaved SafA’ (SafA-6xHis) in the mixture. Therefore, the 

bands present in Figure 27, Panel D, Lane 3 correspond to GST (~26 kDa) and cleaved 

SafA’ (SafA-6xHis) (~16 kDa). 

Based on these results we can ascertain that cleaving of GST from SafA’ (GST-SafA-

6xHis) was successful as it yielded a mixture of GST, cleaved SafA’ (SafA-6xHis) and 

HRV 3C protease. Figure 28 summarizes all the SafA’ (GST-SafA-6xHis) variants 

(GST+SafA-6xHis and SafA-6xHis) obtained and these will be used throughout the thesis. 

Moreover, it has been confirmed that the design of the SafA subunit does not polymerize 

at any stage and is suitable for CD studies. Finally, depletion of GST from the sample 

was mostly achieved, with the depleted cleaved SafA’ (SafA-6xHis) sample containing 

only trace amounts of GST present and this has been taken into consideration during the 

analysis of CD data. 
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Figure 27. Analysis of observed bands in the cleaved SafA’ (GST+SafA-6xHis) sample by Native-PAGE and Western blot. Approximately 5 μg of total protein 

was loaded in each lane. MW, molecular mass marker in kDa. Where applicable, proteins were stained with Imperial Protein Stain (Coomassie dye R-250). Images were 

taken using the Odyssey scanner from LI-COR. (A) 15% Native-PAGE gel of cleaved SafA’ (GST+SafA-6xHis). Samples in lanes 1, 3, 5 and 7 were heated at 100 oC 

for 5 minutes. BSA migrates regardless of being heated or not, whereas the rest of the samples cannot be visualized after heating. All proteins seem to migrate as 

monomers, therefore cleaved SafA’ (GST+SafA-6xHis) does not polymerize. (B-D) Western blot analysis of proteins present in the cleaved SafA’ (GST+SafA-

6xHis) mix. The samples used throughout the three experiments belong to the same aliquot. All samples were heated at 100 oC for 5 mins. (B) Incubation of GST (1) 

and undepleted cleaved SafA’ (GST+SafA-6xHis) (2)(3) with anti-uncleaved SafA’ (GST-SafA-6xHis). (C) Incubation of GST (1) and undepleted cleaved SafA’ 

(GST+safA-6xHis) (2)(3) with anti-GST. (D) 15% SDS PAGE gel of GST (1) and undepleted cleaved SafA’ (GST+safA-6xHis) (3) as used in the western blots, in 

addition to uncleaved SafA’ (GST-SafA-6xHis) (2) for comparison purposes. Image was taken using the Odyssey scanner. 

.



76 

 

 

Figure 28. Representation of SafA’ variants obtained after cleaving GST from construct. (A) 

Construct as designed. (B) Resulting mixture of proteins after GST cleavage from construct. (C) After 

Depletion of GST and HRV 3C protease from cleaved SafA’ (GST+SafA-6xHis) mixture some residuals 

would still remain in the sample. (D) GST protein directly from stock. (E) GST protein eluted from column 

will also have HRV 3C protease in the mixture and possibly SafA-6xHis residuals. 

 

3.7 Discussion 

We designed an isolated recombinant version of the Salmonella fimbrial protein SafA 

based on its only crystal structure available (Salih et al 2008). SafA forms most of the 

external fimbria structure and based on its similarities with E. coli fimbria protein AfaE 

it is hypothesized to be an adhesin (Anderson et al 2004). In this study, SafA included a 

poly-His tag which was added to the new C-terminal and a GST tag added to the new N-

terminal (Figure 24). 

In nature SafA exists as a polymer and the structure of one subunit is dependent on the 

neighbouring unit through the N-terminal peptide (Rose et al 2008, Salih et al 2008). The 

disruption of the structure without taking into consideration SafA’s Ig-like structure 

would have resulted in an unstable protein unlikely to be functional. The idea of inserting 

the N-terminal peptide into the empty cleft allowed completing the subunit’s structure 

without compromising its stability. An analogous approach has been used to study the 

structure of other fimbria proteins (Anderson et al 2004, Cota et al 2006, Zav’yalov et al 

2010). These monomers have not been used for affinity-enrichments or Co-IP’s so far, 

but application of surface plasmon resonance (SPR) to quantify the binding of known 

protein-receptor interactions has been described (Berry et al 2014). The previous work 

further supports that our approach is appropriate and is expected to result in a stable and 
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functional monomer, competent to bind other proteins. However, while a monomeric 

form is required for handing and interpretation of biochemical and biophysical studies of 

the samples, it is not certain if the SafA monomer would interact with the host in the same 

manner as when a polymer because to date and to our knowledge, there is no published 

work where this has been attempted. Functional studies (Chapter VII, Section 7.5) carried 

out with adequate controls would be required to check whether the function of SafA is 

hindered by being isolated from the polymer. 

For instance, the incubation of intestinal epithelial cell lines with the SafA’ (ideally with 

both tags cleaved) monomer in comparison with the incubation of SafA-tagged 

Salmonella could highlight such potential differences. Further to this, SafA-SafA 

interactions and the kinetics on the assembly of the polymer could be studied. This would 

lead to the understanding of the fimbria and perhaps gather information that might lead 

to fimbria disruption. Such studies are beyond the scope of this thesis and represent 

interesting future directions of research in this area. 

The addition of a tag may affect the folding and solubility of the recombinant protein and 

the choice also depends on downstream applications (Costa et al 2014, Young et al 2012). 

GST and poly-His tags were selected from the variety of resins/beads currently on the 

market for affinity-enrichments and the availability of commercial antibodies based on 

their proven success. The addition of a GST-tag (MW 26 kDa) may stabilize the 

recombinant protein and to protect against intracellular proteolysis (Kosobokova et al 

2016, Terpe et al 2003). On the other hand, GST may create steric hindrance due to the 

relative large size with respect to SafA with the consequence of blocking interacting 

proteins (Hanson et al 2015, Wu and Oppermann et al 2003, Zhao et al 2013). It is worth 

mentioning that inconsistency was found in literature regarding the effects of GST on 

solubility. Some studies claimed negative effects (DelProposto et al 2009, Raran-Kurussi 

and Waugh et al 2012, Shen et al 2009), and improvements required adding detergents 

(Arnau et al 2006, Harper and Speicher et al 2011). 

Polyamino acid constructs, such as, poly-His are widely used due to their small size (0.84 

kDa) and low immunogenicity (Bornhorst and Falke et al 2000). Disadvantages are the 

protein’s charge may be changed and this can affect the function of the protein (Wu and 

Filutowicz et al 1999). In general, having two tags may be advantageous to immobilize 

the recombinant proteins in two different orientations, the N-terminal by Poly-His tag and 

the C-terminal by GST-tag and allows potential two-step purification. These also gave 
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the option of selecting more than one affinity-enrichment system. For this reason, the 

impact of each tag in the proteins’ physico-chemical properties was investigated (Table 

11). The change in GRAVY (-0.124) indicated that in our particular case addition of a 

GST tag would improve solubility. Therefore, it was decided to use chimeric GST-SafA’-

6xHis constructs for this study. 

Overall, the recombinant protein design is similar to the earlier reported engineered AfaE 

and AfaD E.coli proteins (Anderson et al 2004). After searching for SafA homolog 

structures we found a particularly striking similarity between Afa/Dr fibrils and the Saf 

fimbria. Afa/Dr adhesins are produced by Escherichia coli strains which produce chronic 

diarrhea and recurrent urinary tract infections (Mansan-Almeida et al 2013). These 

fimbriae are also assembled via the chaperone/usher pathways and the AfaD protein caps 

the AfaE fibrils. Upon observation of the crystal structure of AfaD and AfaE docking we 

could see these fibrils are formed by a polymer of AfaE subunits and similarly to SafA 

this is linked to AfaD by an N-terminal strand. 

In conclusion, the design of the construct was suitable for stability and function of the 

SafA protein as it was similar to previous studies of the analogous Afa/Dr adhesins. A 

stable SafA monomer was isolated from the fimbria by inserting the N-terminal peptide 

into the empty cleft to complete the proteins’ Ig fold, and thus the work of this thesis 

opened the door to biophysical and biochemical studies of SafA. 

 

 

 

 

 

 

 

 

 



79 

 

CHAPTER IV - BIOPHYSICAL CHARACTERIZATION OF 

RECOMBINANT SAFA’ (GST-SAFA-6XHIS) BY CIRCULAR 

DICHROISM (CD) AND DIFFERENTIAL SCANNING 

FLUORIMETRY (DSF)  

 

4.1 Introduction and Rationale 

We used circular dichroism (CD) spectroscopy to investigate secondary structure and 

stability of our GST-SafA-6xHis construct and also to compare the GST-fused construct 

with the protein after cleavage. The influence of the GST tag on SafA’ (GST-SafA-6xHis) 

needed to be investigated to ensure that it does not interfere with the folding and stability 

of SafA’ (GST-SafA-6xHis). GST is a ~26 kDa protein whereas SafA is a ~16 kDa 

protein and its native structure is a polymer, therefore it was plausible that such a tag 

might influence folding and/or stability of the protein. Moreover, to make the analysis 

well-founded we decided to cleave GST from the construct. This allows us to be 

absolutely certain that any captured proteins have exclusive affinity for SafA-6xHis. Thus, 

we investigated SafA’ (GST-SafA-6xHis) secondary structure in the presence and 

absence of the GST. Fused GST was cleaved from the construct between Gln and Gly by 

using Human Rhinovirus 3C protease (HRV 3C Protease) (Ullah et al 2016) (see Chapter 

II, Section 2.14). 

As described in the introduction (Chapter I, Section 1.16), the CD method is highly 

suitable for the purpose of structural comparison as it is a premier biophysical approach 

to determine the secondary structure of proteins (Miles and Wallace et al 2006). This 

technique is based on the fact that the left and right circularly polarised components of 

light are absorbed unequally when polarised light of appropriate wavelength passes 

through a solution of a chiral chromophore (Greenfield et al 2006). Thus, CD measures 

differences in absorption of left-handed and right-handed circularly polarized light arising 

from an optically active (chiral) molecule such as a protein (Greenfield et al 2006). 

Exciton interactions between aligned amides in the backbone of a polypeptide chain 

produce characteristic changes to CD spectra (Greenfield et al 2006). This means that 

deconvolution of the CD spectra of proteins allows estimating the relative contribution of 

helices (α+PP2), β sheets/strands, turns and random coil structures. In practice, CD is 

used as an indicator for the foldedness of a protein, especially if the secondary structure 

composition of a protein is known. Additional complementary approaches to quantitation 

of secondary structure such as Fourier transform (FTIR) spectroscopy (Bramanti et al 
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1997, Kong and Yu et al 2007), and coherent two-dimensional infrared (2DIR) (Baiz et 

al 2012) can be used. For optimal results, the preparation of the sample is crucial with 

minimal presence of interfering agents such as NaCl, Tris, HEPES, glycerol and 

DTT/beta-mercaptoethanol and accurate protein concentration determination is vital due 

to the high sensitivity of the bands to concentration (Raussens et al 2003). 

Because we were interested in the stability of the construct, we also carried out 

Differential Scanning Fluorimetry (DSF) (referred as thermofluor or thermal shift assay) 

investigation of the samples. In fluorescence melting denaturation, as the protein is 

subject to increasing temperature its structure will start to unfold and this transition can 

for example be followed by the addition of fluorescence dye (Johnson et al 2014). The 

midpoint (transition between the folded and unfolded state) is called the melting 

temperature (Tm). To complement the CD experiments, we also conducted fluorescence 

spectroscopy with Sypro® orange (ThermoFisher) (Chapter II, Section 2.16.2). This 

particular dye binds to hydrophobic surfaces exposed as the protein unfolds, making it an 

efficient tool to indicate temperature-induced changes (Vollrath et al 2014). For this 

purpose, reaction mixtures containing the selected protein and dye were prepared. 

Subsequently, the mixture was added to wells on a 96-well thin-wall PC plate (BioRad). 

As per materials and methods, Chapter II, Sections 2.16.2 and 2.16.3, the temperature 

was increased and the fluorescence intensity was measured in relative fluorescence units 

(RFU) (Goulas et al 2014). 

In brief, the results described in this chapter confirm the secondary structure for the 

designed construct SafA’ (GST-SafA-6xHis) is agreement with the published crystal 

structure in the absence of GST. This section also validates that fused GST does have an 

impact on the stability of the construct but SafA’ (GST-SafA-6xHis) is stable even after 

cleaving GST. 

4.2 Results: Secondary structure content of SafA’ (GST-SafA-6xHis) 

constructs 

During the purification process of samples (see Chapter III, Section 3.5), it was noted that 

the complete removal of GST from the cleaved SafA’ (GST+SafA-6xHis) mixture was 

difficult and a minor band was still observed on the gel even after depletion (Figure 26, 

Panel B, Lane 3). This was taken into consideration when testing the mixtures by Far-UV 

CD. A total of five samples were prepared (Figure 28): SafA’ (GST-SafA-6xHis), 

undepleted cleaved SafA’ (GST + SafA-6xHis) (an approximate equimolar amount of 

GST and cleaved SafA’), depleted cleaved SafA’ (SafA-6xHis) (mostly cleaved SafA’ 
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with traces of GST), GST from stock and GST eluted from the column after cleavage. 

Because of the instrument’s sensitivity to protein concentration it was imperative to be 

certain of the protein concentration in each sample. These were measured by absorbance 

at 280 nm, Qubit 2.0 and Quantitative Amino Acid Analysis (QAA) (see Chapter II, 

Section 2.15). The results are shown in Table 13. 

Inaccurate concentration measurements are the most common source of error during 

analysis (Miles and Wallace et al 2016). In QAA a protein is hydrolysed into its amino 

acids, these are separated and quantified (Anders et al 2003, Daviter and Fronzes et al 

2013). Currently, this is the most accurate method to obtain the true protein concentration 

in a sample. Therefore, the measurements produced by the latter were selected for the 

analysis. 

Table 13. Protein concentration measurements of samples for CD studies. Three 

different methods were used to determine the protein concentration. Quantitative amino 

acid analysis (QAA) was the most sophisticated of the approaches and this was used for 

deconvolution of the data. All samples were in 10 mM Potassium Phosphate, pH 8.2 and 

the concentrations provided take any dilution made into account. 

Protein Absorbance at 280 

nm  

 

(μg/μL) 

 

Qubit 2.0 

 

 

(μg/μL)  

Quantitative Amino 

Acid Analysis 

(QAA) 

(μg/μL) 

Uncleaved SafA’ (GST-SafA-

6xHis) 

0.24 0.20 0.013 

Undepleted cleaved SafA’ 

(GST+SafA-6xHis) 

*0.2 *0.20 

 

*0.013 

Depleted cleaved SafA’ (SafA-

6xHis) 

0.10 0.14 0.083 

GST eluted from column 0.1 0.20 0.071 

GST stock 0.1 0.17 0.070 

*As per SDS-PAGE gel (Figure 26, lane 2), the mixture appears to have an almost equimolar concentration of, both, 

GST and cleaved SafA’ (SafA-6xHis).  The QAA analysis only shows the concentration of cleaved SafA’ (SafA-6xHis) 

but not GST, as this is a complex mixture any graphs for the undepleted cleaved SafA’ (GST + safA-6xHis) samples 

has been produced as a reference only. 
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4.3 Cleaved SafA’ (SafA-6xHis) secondary structure corresponds to 

published crystal structure  

The secondary structure of uncleaved SafA’ (GST-SafA-6xHis), undepleted cleaved 

SafA’ (GST + SafA-6xHis), depleted cleaved SafA’ (SafA-6xHis), GST (stock) and GST 

eluted from column (originally part of GST-SafA-6xHis) were analysed by far UV CD. 

It is important to note the undepleted cleaved SafA’ (GST+ SafA-6xHis) sample has a 

significant amount of HRV 3C protease. Figure 29, Panel A; shows the overlaid spectra 

of all samples. As one can see, both of the GST samples (purchased GST stock and eluted 

from the GST column, also shown in direct comparison in Panel B) show a strong positive 

peak ~192 nm, a negative one at ~222 nm and a another negative peak at ~208 nm. These 

features are characteristic of the presence of significant amounts of helix in the samples 

(see deconvolution results in Table 14). 

In contrast, the rest of the samples, namely uncleaved SafA’ (GST-SafA-6xHis), 

undepleted cleaved SafA’ (GST + SafA-6xHis) and depleted cleaved SafA’ (SafA-6xHis) 

(Figure 29, Panel A) show a positive peak ~195 nm which is considerably smaller in size 

than the one present in the alpha helix rich GST protein samples. Panel C compares the 

spectra for depleted cleaved SafA’ (SafA-6xHis) and undepleted cleaved SafA’ (GST + 

SafA-6xHis) where the depleted cleaved SafA’ (SafA-6xHis) shows a positive weak 

double peak of ~195 nm (note the change of scale in comparison with Panels A and B). 

The spectrum has a negative peak ~210 nm and a weak positive peak ~230 nm, 

characteristic of polyproline helices (PPII). Panel C shows a significant difference in 

spectra for the GST rich sample (undepleted cleaved SafA’ in yellow) where only weak 

double peaks at ~192 nm (positive) and ~200-230 nm (negative) are detected. Clearly, 

the spectrum for depleted cleaved SafA’ (SafA-6xHis) is consistent overall with a 

classical β sheets/strands spectrum. This result strongly supports the conclusion that the 

monomeric sample acquires the structure expected based on the crystal structure (see 

details in Table 14 for deconvolution results). 

Panel D shows the comparison between uncleaved SafA’ (GST-SafA-6xHis) and 

undepleted cleaved SafA’ (GST + SafA-6xHis). The undepleted cleaved SafA’ 

(GST+SafA-6xHis) mixture shows a peak at ~192 nm and the uncleaved SafA’ (GST-

SafA-6xHis) shows a peak ~198 nm. Both spectra show a negative peak ~208 nm. The 

graph shows a similar CD spectra whether GST is fused to SafA’ (GST-SafA-6xHis) or 

free in the mixture (GST+SafA-6xHis), therefore having GST fused to SafA’ (GST-SafA-

6xHis) does influence its secondary structure. 
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As per crystal structure (PDB ID code 3CRE, (Salih et al 2008)), the expected secondary 

structure of SafA is 4% helical & 49% β sheet/strands; GST is 50% helical & 10% β 

sheet/strands (1A0F, (Nishida et al 1998)) and HRV 3C is 11% helical & 57% β 

sheet/strands (2B0F, (Bjorndahl et al 2007)). DichroWeb was used to deconvolute the CD 

spectra and to predict the secondary structure of the samples. Table 14 shows the total 

calculated percentages obtained. Depleted cleaved SafA’ (SafA-6xHis) is predicted by 

the deconvolution of the CD data to be predominantly composed of β sheets and strands 

(5% alpha helices, 49% sheets). Undepleted cleaved SafA’ (GST + SafA-6xHis) is 

conformed of 42% alpha helices, 29% β strands, consistent with the presence of GST. 

Uncleaved SafA’ (GST-SafA-6xHis) is estimated to consist of 44% alpha helices, 24% β 

strands. GST (stock) and eluted from column (with traces of cleaved SafA’) include 40% 

helices (each) and 11% & 10% β sheets, respectively. The predictions were performed 

using the CDSSTR program using SET2 (Optimised for 178-260 nm) reference for 

depleted cleaved SafA’ (SafA-6xHis), SET3 (Optimised for 185-240 nm) reference for 

undepleted cleaved SafA’ (GST+SafA-6xHis) and uncleaved SafA’ (GST-SafA-6xHis). 

Finally, SET5 (Optimised for 178-260 nm) was used for GST stock and GST eluted from 

column. However, the predictions include turns and unordered (random coil) structures 

(not shown). 

Thus, in summary the secondary structure content predictions for the key samples 

(cleaved SafA’ and GST) matched the expected ones as per the published crystal 

structures (Table 14). SafA is expected to consist of 4% helical helices and 49% beta 

sheet based on the crystal structure (PDB: 3CRE) and our predictions based on the CD 

spectra indeed estimated 5% helical helices and 49% beta sheet. GST, based on its crystal 

structure (PDB: 1A0F), is expected to consist of 50% helical and 10% beta sheet and our 

predictions estimated 40% alpha helices and 11% beta sheet.  The other two samples 

(undepleted cleaved SafA’ and uncleaved SafA’) were both rich in alpha helices (~42%) 

and beta strands (~29%), which was expected due to the presence of both proteins. It is 

important to acknowledge that the undepleted cleaved SafA’ (GST + SafA-6xHis) sample 

is a complex mixture and the QAA only determined the concentration for cleaved SafA’ 

(SafA-6xHis), yet, is not as accurate as for the other samples. 

In summary, the results confirm our design of the SafA subunit is in line with the known 

crystal structure. 
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Figure 29. Circular Dichroism spectra of GST, SafA’ and its variants. The Far-UV spectra were measured and graphs of the wavelength plotted against the mean 

residue elipcity (θ) are shown. Data were deconvoluted with the CDSSTR program on the DichroWeb server. (A) CD spectra of depleted cleaved SafA’ (SafA-6xHis) 

(red), Undepleted cleaved SafA’(GST+SafA-6xHis) (mustard), uncleaved SafA’(GST-SafA-6xHis) (green), GST from column (sky-blue) and GST eluted from column 

(dotted purple). The graph shows the difference in structure between GST, GST-SafA-6xHis, GST+SafA-6xHis samples and cleaved SafA’ (SafA-6xHis). (B) CD spectra 

of GST eluted from column (sky-blue) and GST from stock (dotted purple). Both samples show comparable structures with the minima at ~208 and ~222 nm. (C) CD 

spectra of depleted cleaved SafA’ (SafA-6xHis) (red) and undepleted cleaved SafA’ (GST+SafA-6xHis) (mustard). The graph shows the impact that having GST in the 

mixture has on the spectra. (D) CD spectra of uncleaved SafA’(GST-SafA-6xHis) (green) and undepleted cleaved SafA’(GST+SafA-6xHis) (mustard). The presence of 

GST in the sample regardless on whereas it is fused to the protein or as a free element results in identical spectra. 
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Table 14. Comparison of published SafA and GST secondary structures with CD 

predictions. The preditions were in accordance with the known crystal structures. 

NRMSD stands for  normalized root mean square displacement, RMSE/data range). 

 

 

4.4 The fusion of the GST protein to the C-terminus of SafA’ (GST-

SafA-6xHis) does not affect the folding 

To further investigate potential effects of GST on the SafA construct, the uncleaved SafA’ 

(GST-SafA-6xHis), undepleted cleaved SafA’ (GST + SafA-6xHis) and GST (eluted 

from the GSH-resin after cleaving) samples were subjected to thermal fluorescence 

denaturation studies (Khan et al 2007). This analysis allowed investigating the effect of 

the GST tag on the stability of SafA’ (GST-SafA-6xHis). Figure 30 (Panels A, C and E) 

shows the thermal transition and calculated melting temperatures (Tm) (Panels B, D and 

G) for the three samples. With this analysis it is possible to calculate the temperature at 

which the proteins change their folding state (Naganathan et al 2007). A midpoint is 

calculated as an indicator of transition between folding and unfolding states (Khan et al 

2007). The results indicated that the midpoints of the unfolding transition for uncleaved 

SafA’ (GST-SafA-6xHis), (undepleted) cleaved SafA’ (GST+SafA-6xHis) and GST are 

59oC, 55oC and 62oC, respectively. These results indicate the Tm for undepleted, cleaved 

SafA’ (GST+SafA-6xHis) decreases with respect to those observed for the uncleaved 

SafA’ (GST-SafA-6xHis) and GST samples. 

From the graphs it is also noted that the Relative Fluorescence Intensity (RFU), indicating 

the rate of protein unfolding (Naganathan et al 2007), for the undepleted cleaved SafA’ 

(GST+SafA-6xHis) sample is higher than that of GST alone. Therefore, it is possible that 

SafA is folded even in the absence of fused GST, affecting the readings. 
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The ThermoFluor assay (Section 4.4) results suggest that the fusion of the GST tag SafA 

positively affects the stability of the protein, based on previous observations that GST is 

a relatively stable protein and can help stabilize folding of recombinant proteins (Biotech 

et al 2000, Magdeldin and Moser et al 2012). Despite this, I have established that SafA’ 

(GST-SafA-6xHis) is a folded protein also in the absence of fused GST, as indicated by 

Figure 30, Panels C and D where Panel C (of GST+SafA-6xHis) shows a graph of a 

sigmoidal shape (same as for GST-SafA-6xHis and GST, which are known to be folded) 

which is characteristic of the process of unfolding (Dyson and Wright et al 2005). Also, 

in Panel C, it can be noted the RFU counts for undepleted cleaved SafA’ (GST+SafA-

6xHis) are higher than for GST, indicating a higher concentration of unfolded protein 

present in the sample (Seabrook and Newman et al 2013). Finally, Panel D, shows the 

calculated Tm is less than uncleaved SafA’ (GST-SafA-6xHis, fused GST) but higher 

than GST only, suggesting SafA-6xHis remains folded in the absence of the GST tag. 
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Figure 30. Temperature-induced denaturation of GST, uncleaved SafA’ (GST-SafA-6xHis) and undepleted cleaved SafA (GST+SafA-6xHis) by Differential 

Scanning Fluorimetry (DSF). Graphs were obtained from the averaged values of three repetitions. (A) Crystal structure of GST and SafA (B)(D)(F) Recorded variation of the Relative 

Fluorescence Intensity (RFU) for uncleaved SafA’ (GST-SafA-6xHis), undepleted cleaved SafA’ (GST+SafA-6xHis) and GST showing the moment of transition between the folded and 

unfolded state. (C)(E)(G) Thermal Melt (Tm) or melting point of uncleaved SafA’ (GST-SafA-6xHis), undepleted cleaved SafA’ (GST+SafA-6xHis) and GST. The maximum value (Vmax) 

was calculated giving a melting point of 59oC, 55oC and 62oC respectively. Note difference in melting points and RFU counts for each sample. The Tm indicate fused GST stabilises SafA’ 

(GST-SafA’6xHis) and the higher RFU counts over GST indicate SafA’ (GST-SafA-6xHis) unfolds regardless of GST. 
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4.5 Discussion 

Cleaving GST from the construct was required to eliminate any doubt regarding the 

structural integrity of SafA’ (GST-SafA-6xHis) and thus the specificity of identified SafA’ 

(GST-SafA-6xHis) binding proteins. Even though the design of SafA’ (GST-SafA-6xHis) 

resembled a similar approach followed by Cota et al (2006) for a homologous protein, 

prior to this thesis it was not known whether the SafA protein was fully folded. 

Circular dichroism (CD) spectroscopy revealed that the secondary structure of the 

designed subunit is consistent with the crystal structure (Table 14). Similarly, the GST 

control also showed CD spectra consistent with its crystal structure (Figure 29, Panel B 

and Table 14). During sample preparation it was noted that free GST could not be 

removed completely, therefore there are residual remains of approximately 1% GST and 

cleaved SafA’ (SafA-6xHis) in each other samples. Regardless of this, the depleted 

cleaved SafA’ (SafA-6xHis) and GST from column samples secondary structure content 

was in agreement their respective crystal structures. Table 14 represents a table of our 

predictions in comparison with the expected ones from the available crystal structures 

(PDB: 3CRE for SafA and PDB: 1A0F for GST). 

Uncleaved SafA’ (GST-SafA-6xHis) and undepleted cleaved SafA’ (GST+SafA-6xHis) 

were shown to be rich in both α-helices and β-sheets (Figure 29, Panel C) as expected 

based on the combined crystal structures of GST and SafA. It is important to note the 

undepleted cleaved SafA’ (GST+SafA-6xHis) sample also has HRV 3C protease in the 

mixture, and thus there are a total of three proteins present in these samples. Because of 

this, calculating the protein concentration was difficult and the QAA results provided a 

close estimate of SafA-6xHis in the undepleted cleaved SafA’ (GST+SafA-6xHis) sample 

(Table 13). Nevertheless, as it can be appreciated from Figure 29, Panel D both spectra 

show the same shape but they do not overlap. This is possible because undepleted cleaved 

SafA’ (GST+SafA-6xHis) also has HRV 3C protease in the mixture, therefore skewing 

the spectra and responsible for the lower wavelength features observed in some of the 

samples. 

As well, thermofluor results might reflect that having GST-fused to the construct has an 

impact in the secondary structure in comparison to free GST (Terpe et al 2003) (Figure 

30). The deconvolution analysis (Section 4.3) suggested that both, uncleaved SafA’ 

(GST-SafA-6xHis) and undepleted cleaved SafA’ (GST+SafA-6xHis) have a similar 

secondary structure, as indicated by Figure 29, Panel D and Table 14. Similar (yet not 
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identical) studies have been performed in the study of the secondary structure of uracil-

DNA degrading protein (UDE) (Pukáncsik et al 2016). To conclude, the addition of GST 

confers stability, as expected by the relatively high stability of this protein (Tm 62oC, 

Figure 30, Panels E and G). This figure is consistent with the thermal melt of GST 

reported to be approximately 60oC (Lea and Simeonov et al 2012). 
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CHAPTER V - ESTABLISHING AN AFFINITY-ENRICHMENT 

SYSTEM TO ISOLATE SAFA INTERACTING PARTNERS IN THE 

MAMMALIAN LARGE INTESTINE 

 

5.1 Introduction and Rationale 

In proteomics the study of protein-protein interactions is highly dependent on choosing 

the right assay and detection method (Rao et al 2014, Srihari et al 2015, Stoilova-McPhie 

et al 2013). First, the selection of the right immobilization support is vital. The 

conventional way is to immobilize proteins through their fusion tag, such as, Glutathione 

S-transferase (GST) (Zalazar et al 2014), Histidine, among others (Kimple and Sondek et 

al 2004). Where glutathione agarose (Harper and Speicher et al 2011) and Immobilized 

Metal Affinity Chromatography (IMAC) technology (Block et al 2009, Cheung et al 2012) 

are among the most widely used. Immobilization by glutathione agarose is popular due 

to the strong but reversible affinity between the GST affinity tag and glutathione coupled 

to the sepharose matrix (Harper and Speicher et al 2011). On the other hand, the versatility 

of IMAC makes it attractive. The technology offers choice of metal ions, allowing for a 

variety of fusion tagged proteins to be immobilized (Block et al 2009, Cheung et al 2012). 

Immobilization of a protein through a GST tag (Figure 36) is relatively cheap and the 

material can be obtained in the form of slurry or columns for convenience of work (Harper 

and Speicher et al 2011, Kimple et al 2013). On the other hand, IMAC technology offers 

the possibility of capturing protein through a Histidine tag (among others) (Block et al 

2009). In comparison to GST, Histidine is small and can serve as a good alternative when 

facing the challenges of finding the right system. IMAC technology offers the choice of 

working with porous and non-porous surfaces. The advantage of the system relies in the 

ease of use and the limited loss that can occur during washes and transfers. This is because 

IMAC-based beads and agarose chemistry relies on the immobilization of a metal, such 

as Cu+2 (Figure 32) and Ni+2 (Figure 34), by a chelator (Block et al 2009, Kosobokova 

et al 2016). 

A least conventional approach is the use of Nitrocellulose (NC) (Figure 38). The use of 

NC is commonly reserved to the one of transferring proteins from a polyacrylamide gel 

(Towbin et al 1979). To date the transfer mechanism is not fully understood but it is 

known to be through hydrophobic and electrostatic interactions (Low et al 2013, 

Matsumoto et al 2003). NC offers an attractive option to immobilize proteins regardless 

of their fusion tags; moreover the high binding capacity of the membrane combined with 
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the ease of use makes it a viable alternative. Finally, microwell plates have been 

extensively used for enzyme-linked immunosorbent assay (ELISA) (Karpinski et al 1990, 

Lequin et al 2005) (Universal-BINDTM, Figures 39 and 40). The advantage of these is 

that the 96-well format is a good tool to prepare replicates and they also offer a solid 

support for protein which does not rely solely on fusion tags (Gibbs and Kennebunk et al 

2001). 

In this Chapter, the setup of five systems (1-5) to isolate target interacting proteins of 

SafA will be described. The work will focus on the results obtained in the large intestine 

affinity-enrichments but the systems were setup also with other tissues, such as, bovine 

liver and lamb’s heart to compare whether any difficulties were tissue-based or system-

based. In overall, each system was carefully studied to set up appropriate experimental 

conditions and establish a robust system capable of studying Salmonella-mammalian host 

protein-protein interactions. 

5.2 Results: General considerations 

The general approach (Figure 31) was to immobilize the bait protein on the selected 

surface, followed by blocking of any free active sites with Bovine Serum Albumin (BSA). 

The immobilized protein was then incubated with the selected protein extracts, and after 

an average of five hours incubation any captured proteins were eluted. The incubation 

time with the extracts was not arbitrary, but selected after experimental trials involving 

affinity-enrichments were performed by incubation at three, four, five, six hours and 

overnight. The results indicated incubation of the extracts with the immobilized protein 

for longer than five hours would result in high background and partial displacement of 

bait protein. Whereas, incubation times of less than four hours would result in clear gels 

showing no bands (data not shown). 

Whole eluates were digested and, where possible, each sample was subject to MS 

comparative analysis and LC-MS/MS analysis for protein identification. SafA’ (GST-

SafA-6xHis) affinity-enrichments were performed in all systems and different sources of 

tissues were used. In some cases the system was not suitable to perform affinity-

enrichment experiments with the large intestines but was for other tissues, such as, brain 

(images not shown). Nonetheless, all systems attempted but except the Universal-

BIND™ plates (System 5) (Figure 41) yielded a strong background likely due to non-

specific interactions. The reasons for the occurrence of non-specific binding were 

investigated (e.g. ionic binding to the beads surface) (Figure 33, Panels C and D; Figure 
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35, Panel B; Figure 37, Panel B and Figure 39, Panel E). For each system, the stringency 

was increased, rather unsuccessfully, using higher salt concentrations in the protein 

extracts (Peyser et al 2001, Shields and Farrah et al 1983, Zhang et al 2012). In the case 

of the GSH-resin, large quantities of a ~26 kDa protein seemed to be isolated (Figure 37, 

Panel A, Lane 8). Based in the size, affinity for GSH and previous publications (Hoensch 

et al 2002, Van Veld and Lee et al 1988); it was speculated to be glutathione S-transferase 

(an abundant protein in the guts tissue). Depletion of this protein from the extracts was 

also attempted. Protein extracts were incubated with fresh batches of GSH-resin prior to 

affinity-enrichments (Günther et al 2015, Millioni et al 2011, Polaskova et al 2010, Tu et 

al 2010), but this again failed to sufficiently decrease the background from the extracts 

(Figure 37, Panels B and C). 

In conclusion, the Universal-BIND™ plates (System 5) provided the best platform to 

perform the isolation of SafA interacting proteins from the large intestine. The main 

limitation was due to small quantities of protein in comparison to the other systems, this 

was overcome by pooling proteins from several wells (technical replicates) together. 

 

 



93 

 

 

Figure 31. Flow chart of experimental approach. Bait proteins were immobilized on the desired surface 

(1) and any free reactive sites were blocked with BSA (2). The immoblized proteins were incubated with 

protein extracts from selected tissues (3) and any captured proteins were eluted (4). The first approach was 

to separate proteins by SDS-PAGE gels (5A) and perform in-gel digestion on selected bands (6A) for 

MALDI- TOF MS analysis (7A). The second approach was to digest the whole eluates (5B) and analyse 

these using a comparative analysis of multiple MS spectra (6B). The comparative analysis consisted in 

overlaying three affinity-enrichment spectra for the Salmonella bait protein against three affinity-

enrichment spectra for their respective negative control. Unique peaks present solely in the Salmonella 

proteins affinity-enrichments and not in the negative controls were selected and considered as specific 

peptides to our recombinant proteins. Protein identification was achieved by LC-MS/MS analysis (7B). 

 

 

 



94 

 

5.3 System 1. Superparamagnetic Cobalt-based IMAC: Dynabeads 

To set up the magnetic isolation system, Dynabeads® His-Tag Isolation & Pulldown 

(Invitrogen) (System 1), was obtained. As per datasheet, Dynabeads are uniform, 

superparamagnetic beads of 1 µm diameter coupled with cobalt-based IMAC chemistry 

(Figure 32). The expected capacity is 40 µg of a 28 kDa histidine-tagged protein per 1mg 

beads (Benelmekki et al 2012). 

 

Figure 32. System 1: Immobilization of SafA’ (GST-SafA-6xHis) on Dynabeads ®. Proteins are 

immobilized through their histidine tag by binding to the Cobalt present on the non-porous beads surface. 

Image is only a schematic representation and is not to scale. 

5.3.1 SafA’ (GST-SafA-6xHis) affinity-enrichment with bovine liver 

extracts 

SafA’ (GST-SafA-6xHis) affinity-enrichment trials were started with bovine liver extracts 

due to the high availability of the material. Other tissues, such as, lamb’s heart and/rat 

intestine were also used to investigate whether complications with the systems was related 

to the source of tissue. In this section, unless otherwise stated, bovine liver was the tissue 

used. The initial (GST-SafA-6xHis) SafA’/bovine liver affinity enrichment identified the 

attachment of non-specific proteins to Dynabeads. It can be inferred from Figure 33, Panel 

A, lanes 3, 5 and 7 the presence of an unknown ~70 kDa protein to Dynabeads in the 

SafA’ (GST-SafA-6xHis) sample. Lanes 4, 6 and 8 show the binding of the same protein 

to the negative control. The presence of the unidentified protein to both samples reveals 

the attachment of this ~ 70 kDa protein to SafA’ (GST-SafA-6His) is non-specific. It is 
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possible to observe other non-specific proteins in the range of ~120 kDa to ~85 kDa in 

the soluble protein extracts affinity-enrichments, as per lanes 5 and 6. These same non-

specific proteins are present in the total protein extracts affinity-enrichments, as per lanes 

7 and 8. This was observed for all the negative controls, as per lanes 4, 6 and 8, with 

higher levels of the non-specific proteins in the absence of SafA’ (GST-SafA-6His). The 

attraction of these proteins to the beads indicates the possibility of non-specific binding 

to the metal ion present on the beads. This first affinity-enrichment showed that protein 

immobilization was possible but the extracts were loaded also with non-specific proteins 

possibly binding to the cobalt on the beads. Based on this, the next step was to treat and 

deplete these non-specific binding proteins from the extracts previous to incubation with 

immobilized SafA’ (GST-SafA-6His) on the beads. 

5.3.2 Depletion of non-specific binding proteins 

The non-specific proteins were depleted from total bovine liver protein extracts. The aim 

was to capture all or a sufficient amount of these non-specific proteins on beads to test 

whether in the resulting filtered extracts an interaction between any specific protein and 

SafA’(GST-SafA-6xHis) occurred. From this point onwards, any extracts used for 

Dynabeads affinity-enrichments were depleted prior to incubation. The liver extracts were 

depleted for six hours by transferring to a fresh batch of Dynabeads every hour (Chapter 

II, Section 2.9.3). Figure 33, Panel B show a series of consecutive depletions of the 

captured proteins. Lanes 1-6, show the capture of all non-specific proteins binding to 

Dynabeads by simple incubation of the extracts with beads. Figure 33, Panel B, Lane 1, 

shows the eluate of 50 µL liver extracts incubated for one hour with 10 µL of Dynabeads, 

exhibiting the isolation of two major unknown proteins as represented by two bands of 

~70 kDa and ~45 kDa. After transferring the same 50 µL extract to a fresh 10 µL of 

Dynabeads, followed by another one hour incubation, is possible to see a total of six major 

bands in the range of ~120 kDa to ~35 kDa, as per Figure 33, Panel B. Lane 2 also shows 

the same pair of bands present in Lane 1 but with higher intensity, suggesting an increase 

on non-specific binding with time. The analysis of the results presented in Lane 1 also 

suggests that after the first step no other protein could be captured in one hour of 

incubation. After three hours of depletion, as shown in Lane 3, a total of seven unknown 

major proteins in the range of ~120 kDa and ~35 kDa were captured. After three hours 

not only more non-specific proteins seem to bind but the amount of captured protein 

seems to be increasing, as shown by the intensity of the bands.  Lanes 8-10 confirm partial 

depletion of the proteins in the range of ~120 kDa – 40 kDa from the initial protein 
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extracts in Lane 7. Lane 7 shows all proteins present in the extract previous to any 

treatment and Lane 8 shows all proteins present in the extract after the six hours treatment. 

Upon comparison it seems as if all the proteins are still present but in lower amounts. 

Lane 9 shows the depleted extract after two hours and Lane 10 the depleted extract after 

four hours. This experiment shows full depletion of the non-specific proteins was not 

possible even after 6 hours treatment. At the time it was thought, levels of the non-specific 

proteins had decreased enough to permit any specific interaction between host proteins 

and SafA’ (GST-SafA-6xHis) to occur. Unfortunately, this was not conclusive as the 

subsequent trials did not provide evidence of this. 

5.3.3 Inhibition of non-specific protein binding by salt titration  

Phosphate-buffered saline (PBS) studies were carried to determine the influence of salt 

concentration on the binding of non-specific proteins to Dynabeads. Extracts were 

buffered in a low to high salt concentration range (Chapter II, Section 2.9.4). Salt 

concentration in the extracts was gradually increased to reduce the strength of ionic 

binding proteins. Figure 33, Panel C, Lane 1, shows the presence of more abundant bands 

within a range of ~120 kDa to ~30 kDa binding to the beads. Lanes 1-9 shows the 

presence of two proteins in-between 60-70 kDa among others of lower intensity are as 

per Lane 2, after addition of 100 µL 0.5xPBS to 100 μL of extracts (final PBS 

concentration of 0.25xPBS in extracts), bands below ~60 kDa start to fade. After 

increasing the final PBS concentration twofold, Lane 3, the non-specific protein binding 

tend to increase as showed by the slight increase in intensity of the bands. Bands 4-9 show 

a gradual increase of protein binding which is directly proportional to the amount of salt 

added to the extracts. The extract run in lane 9 with a final concentration of 5xPBS shows 

the higher the salt concentration in the sample, the higher the binding of non-specific 

proteins to beads. The results show for this particular extract increasing the concentration 

of salt increases the ion exchange binding of the proteins to beads. It was not possible to 

reduce the amount of non-specific proteins binding to the beads. From the literature it is 

expected that ionic interactions would be reduced by the addition of salt as this would 

provide ions and compete for binding (Peyser et al 2001). Therefore, obtaining the 

opposite results would indicate, in this particular system, the interactions were perhaps of 

other nature. Further literature revealed that hydrophobic interactions are highly affected 

by the salt concentration in the sample as this can be heightened or reduced depending on 

the salt and volume of solute (Zangi et al 2007). With this in hindsight, it was possible 

the observed non-specific interactions were hydrophobic and not as previously speculated. 
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5.3.4 Identification of interactions between non-specific proteins and 

Dynabeads 

In order to understand more on the non-specific binding of proteins to Dynabeads, a 

sample of beads was stripped off the cobalt ion (Biçak et al 1998, Tewari and Singh et al 

1999, Zeng et al 2013); namely described here as ‘non-cobalt beads’. The non-cobalt 

beads sample was tested in parallel with Dynabeads (control) for the non-specific binding 

of proteins. Each pair of samples was titrated with an increasing concentration of PBS to 

study the effect of salt in the binding of proteins to each set of beads. The control samples 

in Figure 33, Panel D shows bands corresponding to unknown proteins of ~50 kDa – 85 

kDa eluted from the ‘non-cobalt beads’ (Lane 1) have a higher intensity than the same set 

of bands in Dynabeads (Lane 2), suggesting that the ionic exchange interaction between 

the proteins and the non-cobalt beads is stronger. Although displacement of all the non-

specific binding proteins in both samples was not possible, we can observe the 

displacement of some proteins of low molecular weight but none of two major ones ~50-

85 kDa. As a whole, the experiment shows for non-cobalt beads that the binding of non-

specific proteins of low molecular weight can be reduced at its best by adding up to 

10xPBS (Lane 7) and for Dynabeads up to 5xPBS (Lane 6). 

5.3.5 SafA’ (GST-SafA-6His) affinity-enrichment with lamb’s heart 

protein extracts 

A SafA’ (GST-SafA-6His) affinity-enrichment with protein extracts from lamb’s heart 

was performed in order to check whether the presence of non-specific proteins was a 

problem with other mammalian tissues. As per Figure 33, Panel E, Lanes 3, 5 and 7; there 

are no detectable specific protein interactions between SafA’ (GST-SafA-6xHis) and lamb 

heart proteins, as their respective negative controls in Lanes, 4, 6 and 8 show the same 

bands. Following these results it was decided to abandon the use of Dynabeads.
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Figure 33. Setting up of Dynabeads as an affinity-enrichment system to study protein interactions in the mammalian host. (A) (GST-SafA-6xHis) SafA’/bovine liver 

affinity-enrichment. (A) (GST-SafA-6xHis) SafA’/bovine liver affinity-enrichment. (GST-SafA-6xHis) SafA’/Dynabeads were incubated with membrane, soluble and total protein 

extracts from bovine liver. The capture of high amounts of non-specific proteins is noted. (B) Depletion trials. Bovine liver protein extracts were incubated with Dynabeads and any non-

specific proteins were captured. Depletion of these was partially achieved. (C&D) Investigation of non-specific interactions. (C) Extracts were incubated with different salt concentrations. 

This made no impact in the binding of proteins to the beads. (D) Dynabeds were stripped of their Cobalt ion to check whether proteins bind to the beads surface or the ion. At the same 

time these were incubated with different salt concentrations in an attempt to disrupt the non-specific interactions. No major change in the binding of the non-specific proteins was noted. 

(E) SafA’ (GST-SafA-6xHis) and lamb’s heart affinity-enrichment. (GST-SafA-6xHis) SafA’/Dynabeads were incubated with lamb’s heart protein extracts. The tissue selection did 

not improve the systems capability of performing affinity-enrichments in the mammalian host with this particular system. All SDS-PAGE were 10% and stained with Coomassie blue. 

Samples were eluted in 5xLB/β-ME and heated for 5 minutess at 100oC. Images were taken with the Odyssey Scanner 

.
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5.4 System 2: Agarose Ni-based IMAC: HIS-Select Nickel Affinity Gel 

Following the lack of success with System 1 it was decided to test HIS-Select Nickel 

Affinity Gel (SIGMA) to immobilize SafA’ (GST-SafA-6xHis) using a porous surface. 

As per data sheet, HIS-Select Nickel Affinity Gel uses IMAC and is a proprietary chelate 

on a beaded agarose charged with nickel (Figure 34). SafA’ (GST-SafA-6xHis) was 

successfully immobilized on Ni-agarose and the presence of non-specific binding proteins 

was also tested (Figure 35, Panel A, Lane 7). Lane 8 shows a high amount of non-specific 

proteins binding to the agarose even after depletion (Lane 7). 

5.4.1 Identification and inhibition of nickel binding proteins by salt 

titration  

In order to find out whether the non-specific proteins bind to the nickel present on the 

agarose or to the agarose itself, a sample of nickel-agarose was stripped of the nickel ion 

(this will be referred as ‘agarose only’). The ‘agarose only’ sample was tested in parallel 

with nickel-agarose (control) for the non-specific binding of proteins. Each pair of 

samples was titrated with buffered extracts containing increasing concentration of PBS to 

study the effect of salt in the binding of proteins. The results showed that agarose is not 

sufficient to isolate protein in absence of nickel ions (Figure 35, Panel B). It can be 

observed that Lane 6 has the lowest amount of binding proteins and Lane 4 has the highest. 

Therefore, to some extent, increasing the amount of salt aids the breakage of ionic 

interactions between proteins and nickel. However the presence of non-specific proteins 

lead to discard also System 2. 

 

Figure 34. System 2: Immobilization of SafA’ (GST-SafA-6xHis) on HIS-Select Nickel Affinity Gel. 

Proteins are immobilized through their histidine tag by binding to the Nickel present on the porous beads 

surface. Image is only a schematic representation and is not to scale. 
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Figure 35. Setting up of HIS-Select Nickel Affinity Gel as an affinity-enrichment system to study protein interactions in the mammalian host. (A) Establishment 

of protein immobilization and non-specific background. SafA’ (GST-SafA-6xHis) was immobilized in the gel but abundant non-specific proteins binding to the gel 

were observed. (B) Investigation of non-specific interactions. The gel was stripped of the Nickel ion and incubated with different salt concentrations. The gel free of 

nickel shows the non-specific proteins bind to the nickel in the gel. These interactions could not be disrupted with the increase of salt. All SDS-PAGEs were 10% and 

stained with Coomassie blue. Samples were eluted in 5xLB/β-ME and heated for 5 mins at 100oC. Images were taken with the Odyssey Scanner. 
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5.5 System 3. GSH-agarose: Protein immobilization and background 

test 

To immobilize SafA’ (GST-SafA-6xHis) through its GST tag we used Glutathione-

Agarose (SIGMA). As per datasheet, the material consists of glutathione attached through 

the sulfur to epoxy activated 4% cross-linked beaded agarose (Figure 36). The expected 

binding capacity is of ~5-10 mg glutathione S-transferase per mL resin. 

 

SafA’ (GST-SafA-6xHis) was successfully immobilized in GSH-agarose and a possible 

glutathione binding protein was also isolated. Figure 37, Panel A, Lane 3, represents 1 μg 

SafA’ (GST-SafA-6xHis) immobilized on beads, Lane 4 shows 5 μg and lane 6 shows 20 

μg of protein immobilized. As depicted by the smear in Lane 8, we observe that non-

specific proteins with a higher molecular mass are more abundant in the extract despite 

some success in depleting the extract (Lanes 8 and 9). A similar systematic analysis 

performed for System 1 and 2 was carried out in order to find out whether this system is 

suitable for mammalian extracts affinity-enrichments. 

5.5.1 Depletion of glutathione binding proteins 

A trial was setup to identify the time and amount of material needed to fully deplete this 

protein prior to any affinity-enrichment. The extracts were depleted a total of two hours 

in 1 mL GSH-agarose columns (Chapter II, Section 2.11.2). The depletion consisted in 

the incubation of the protein extracts sample with GSH-agarose for one hour, this was 

performed twice. For instance, after the initial protein extract was incubated with the first 

batch of GSH-agarose, this was collected and immediately transferred into a second fresh 

batch of GSH-agarose for further depletion. Any bound proteins to the GSH-agarose were 

eluted and loaded into the gel. Figure 37, Panel B represents the capture of a ~26 kDa 

protein (Lanes 1 and 2). Lanes 3 and 4 show the impact of depletion in the proteome of 

the sample, where in comparison with Lane 4, lane 3 shows the absence of not only the 

targeted ~26 kDa protein but also of others. 

5.5.2 (GST-SafA-6xHis) SafA’/rat small intestine affinity-enrichment  

The screening of SafA’ (GST-SafA-6xHis) with rat extracts from the small intestine 

indicated that SafA’ (GST-SafA-6xHis) was being displaced by the amount of glutathione 

binding proteins in the extract. It was also observed depleting the extracts was creating a 

loss of total protein and not only the non-specific ones. Figure 37, Panel C, Lane 2 shows 

the presence of SafA’ (GST-SafA-6xHis) previous incubation with the extracts and Lane 
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4 shows the displacement of SafA’ (GST-SafA-6xHis) from the agarose after incubation 

with the extracts. These results confirm there is a high concentration of glutathione 

binding proteins in the small intestine which cannot be depleted. It also suggests the 

unsuitability of this system particularly for extracts from the whole digestive system. 

Affinity-enrichments with extracts from other tissues were performed (data not shown) 

and confirmed it was suitable for heart and brain where the ~26 kDa isolated protein 

(presumed to be intestinal glutathione) (Van Veld and Lee et al 1988) is not present. In 

conclusion, the system was not suitable as we needed a robust system to carry affinity-

enrichments in all possible tissues. 

 

 

Figure 36. System 3: Immobilization of SafA’ (GST-SafA-6xHis) on GSH-resin. 

Proteins are immobilized through their GST tag by binding to the glutathione present on 

the porous beads surface. Image is only a schematic representation and is not to scale. 
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Figure 37. Setting up of GSH-agarose as an affinity-enrichment system to study protein interactions 

in the mammalian host. (A) Establishment of protein immobilization and non-specific background. SafA’ 

(GST-SafA-6xHis) was immobilized on the agarose (Lanes 3, 4 and 8) but abundant non-specific proteins 

binding to the gel were observed (Lanes 8 and 9). (B) Depletion of non-specific proteins. Small intestine 

extracts were incubated with the agarose for one and two hours (Lanes 1 and 2). Non-specific proteins were 

significantly depleted (Lanes 3 and 4). (C) Affinity-enrichment of SafA’ (GST-SafA-6xHis) with rat small 

intestine protein extracts. SafA’ (GST-SafA-6xHis) was displaced from the agarose due to the high amounts 

of a ~35 kDa protein (Lane 4). The previous depletion step did not seem to have eliminated sufficient non-

specific proteins (Lanes 7 and 8). All SDS-PAGE were 10% and stained with Coomassie blue. Samples 

were eluted in 5xLB/β-ME and heated for 5 minutes at 100oC. Images were taken with the Odyssey Scanner. 

5.6 System 4. Nitrocellulose (NC): Binding capacity and blocking 

Because of the difficulties based above, it was opted to immobilize SafA’ (GST-SafA-

6xHis) by other than its fusion tags. NC was used as a non-conventional method for 

mammalian affinity-enrichments in which proteins were immobilized passive adsorption 
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(Figure 38) (Chutipongtanate et al 2015, Fridley et al 2013). To identify the binding 

capacity of a 0.5x0.5 cm2 NC piece, 9x0.5x0.5 cm2 NC pieces were prepared and 

incubated with a range of BSA from 0 μg-500 μg. After incubation the unbound BSA 

from each piece was kept in ice until use. Each of the NC pieces was eluted and separated 

in a 10% SDS-PAGE gel, the collected unbounds of each piece were loaded separately in 

a second 10% SDS-PAGE gel (Chapter II, Section 2.12.1). The first gel shows an 

increasing BSA gradient being eluted from the NC pieces (Figure 39, Panel A). The 

second gel with the collected BSA unbounds starts to show a small amount of BSA at 20 

μg (Figure 39, Panel A). It was established that the binding capacity of a 0.5x0.5 cm2 

piece was ~20 μg. 

 

Buffers B1 and B4 (Chapter II, Section 2.5) do not work as blocking agents, similarly to 

10 mM Na2CO3. 1% BSA and 1% milk blocked the membrane, milk being the most 

efficient. The experiment was performed in triplicates and the intensity of each was 

averaged. After establishing binding capacity it was needed to identify the best blocking 

buffer in order to avoid non-specific interactions. Therefore, NC pieces were incubated 

with five different buffers before incubating with labeled α-rabbit IgG and measuring 

intensity of fluorescence (Figure 39, B). The experiment was performed in triplicates (for 

consistency and to level any defects that a NC might have) and the average fluorescence 

intensity of each NC piece taken. Fluorescence intensity, measured by arbitrary units 

(a.u.), was only detected where buffers did not block the NC piece, therefore leaving 

exposed active binding sites for labelled α-rabbit IgG to bind. 

It was concluded 5% Milk with an average intensity of 3.3 a.u. was the best blocking 

agent, followed by 1% BSA with an average intensity of 22.8 a.u.  Buffers B1 and B4 

were also tested but they did not have blocking properties, neither did 10 mM Na2CO3. 

Due to the need of mass spectrometry as the downstream application, it was decided BSA 

was better suited as the blocking agent. The use of BSA would introduce solely one 

protein, which could be easily identified as a contaminant, whereas milk consists of a 

number of proteins, resulting in the introduction of unnecessary contaminants. 

5.6.1 Fluorescent α-rabbit IgG affinity-enrichment 

The system conditions was tested by selecting  known binding partners rabbit IgG and α-

rabbit IgG, together with bovine IgG and α-rabbit IgG as negative controls (Figure 39, 

Panel C). Fluorescent α-rabbit IgG was detected only in the NC piece with rabbit IgG, 

indicating a clear antigen-antibody affinity (as expected). The three NC pieces in the 
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negative control 1 showed no detectable signal, confirming bovine IgG does not interact 

with α- rabbit IgG due to the difference in species. None of the NC pieces in negative 

control 2 had protein or antibody present to monitor for protein contaminants in the 

experiment. Finally, all three NC pieces in control 3 confirmed the blocking solution 

(BSA) was adequate for the system as no labeled antibody bound. 

5.6.2 SafA’ (GST-SafA-6xHis) affinity-enrichment with bovine liver 

extracts 

SafA’ (GST-SafA-6xHis) was successfully immobilized to NC through crosslinking. The 

system also showed the binding of unknown binding proteins to BSA. First, NC was 

completely covered and crosslinked with BSA (Chapter II, Section 2.12.7). SafA’ (GST-

SafA-6xHis) was subsequently added onto the NC/BSA piece and any remaining reactive 

groups were blocked twice (Chapter II, Section 2.12.7) before incubation with extracts. 

As per Figure 39, Panel D; the presence of similar bands throughout all the samples 

regardless of whether they contained SafA’ (GST-SafA-6xHis) or not indicated NC was 

suitable to perform affinity-enrichments in the mammalian host. To be consistent, we 

carried out the same systematic approach as in Dynabeads (System 1), nickel-agarose 

(System2) and GSH-agarose (System 3) to investigate whether the non-specific binding 

of proteins could be disrupted by increasing the concentration of salt in the extracts. 

5.6.3 Identification and inhibition of NC binding proteins by salt 

titration  

Rabbit IgG was immobilized on NC with buffered extracts ranging between 1x and 5x as 

described in Chapter II, Section 2.12.6. In Figure 39, Panel E all Lanes show the 

immobilization of rabbit-IgG still occurs regardless of high concentrations of salt present 

in the sample, showing high ionic binding of the protein to NC. Unfortunately, it was not 

possible to displace non-specific proteins by increasing the concentration of salt during 

crosslinking. Hence, it was concluded NC was not suited to study Salmonella-mammalian 

protein interactions. 
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Figure 38. System 4: Immobilization of SafA’ (GST-SafA-6xHis) on Nitrocellulose 

(NC). Proteins were immobilized through electrostatic interactions and hydrogen 

bonding.  Image not to scale. 

.
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Figure 39. Setting up of Nitrocellulose (NC) as an affinity-enrichment system to study protein interactions in the mammalian host. (A) Establishment of binding capacity. Different 

concentrations of BSA were immobilised in 0.5x0.5cm2 NC pieces. The unbound BSA for each piece was collected and the bound BSA for each piece was eluted. Both, eluted BSA and 

unbound BSA were separated by SDS-PAGE. (B) Blocking trials. NC pieces were incubated with different solutions prior incubation with labeled α-rabbit IgG. 5% milk and 1% BSA 

resulted the best blocking solutions. (C) Fluorescent α-rabbit IgG Co-IP. Fluorescent rabbit α-rabbit IgG successfully recognised rabbit IgG. The respective negative cotrols confirm the 

veracity of the results. (D) Affinity-enrichment of (GST-SafA-6xHis) SafA’/bovine liver total protein extracts. Non-specific binding present throughout all samples. (E) Investigation 

of non-specific interactions. Extracts were incubated with different salt concentrations.  This made no impact in the binding of the non-specific proteins to NC. All SDS-PAGE were 10% 

and stained with Coomassie blue. Samples were eluted in 5xLB/β-ME and heated for 5 minutes at 100oC. Images were taken with the Odyssey Scanner. Where relevant each piece was 

placed on a glass slide and scanned on the red channel using BioChip Imager (Packard). Experiment was performed in triplicates. Asterisks represent the samples were loaded in duplicates. 
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5.7 System 5: Setting up of Universal-BIND™ plates as an affinity-

enrichment system to study protein-protein interactions in the 

mammalian large intestine 

Finally, the fifth approach chosen was to crosslink proteins through abstractable hydrogen 

using UV light, which results in carbon-carbon binding by using Universal-BIND™ 

plates (Gibbs and Kennebunk et al 2001). This system produced reduced non-specific 

background in comparison with the previous systems (Figure 45), therefore it was decided 

to take it forward as the key method to isolate Salmonella-host interactors. 

Figure 40, represent a workflow showing an overview of the experimental approach. 

After the tissues are harvested, total protein extracts from the large intestine are extracted. 

These proteins are added into a plate with UV-light crosslinked immobilized cleaved 

SafA’ (GST-SafA-6xHis). Samples are eluted, precipitated and reconstituted. Whole 

eluates were digested and, where possible, each sample was subject to MS comparative 

analysis (Chapter VI, Section 6.4) and LC-MS/MS analysis for protein identification 

(Chapter VI, Section 6.7). 
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Figure 40. Schematic overview of the experimental approach. (A) System 5: Representation of Universal-BIND™ plates as an affinity-enrichment system. 

(GST-SafA-6xHis) Cleaved SafA’/bait protein is immobilized onto surface by UV-light crosslinking and any free active sites are blocked with BSA. (B) Work-flow 

chart of experimental approach. Large instestine tissues were harvested fom rat and total proteins were extracted. Bait protein was immobilized and any free reactive 

sites were blocked with BSA. The immoblized protein was incubated with total protein extracts from the large intestine. Any captured proteins were eluted. Finally, 

whole eluates were digested and analysed by LC-MS/MS. At this stage proteins are partially separated by HPLC, followed by the determinaton of their m/z values (MS) 

and finally the mass spectrometer proceeds to otbain the primary structure (sequence) information of the peptides (MS/MS). 
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Figure 41 shows an in detail workflow of the established affinity-enrichment system, 

were the bait is immobilized and incubated over day at 4oC. Protein is crosslinked on 

plates by UV-light and immediately blocked overnight at 4oC. After a washing step, wells 

are incubated with the selected tissue extracts for an average of five hours at 4oC. Another 

washing step followed and samples were eluted from wells. All technical replicates were 

pooled into the one tube and incubated overnight at -20oC with 100% Acetone for 

precipitation. Finally, samples were washed with 70% Acetone and pellet reconstituted 

for MS analysis. The next session will be dedicated to present technical background on 

the elaboration and optimization of our selected affinity-enrichment system. 

 

Figure 41. System 5: In-detail workflow showing adaptation of the Universal-BIND™ plates as an 

affinity-enrichment system. Cleaved SafA’ (GST+SafA-6xHis) is immobilized on the plates (over day at 

4oC), UV-light crosslinked to the plates and incubated with blocking solution (overnight at 4oC). On the 

following day plates are washed three times and incubated with total protein extracts for five hours. After 

washing three times samples were incubated with elution buffer and all technical replicates pooled together. 

100% Acetone was added to each sample and stored at -20oC overnight. After washing with 70% acetone, 

the pellet was reconstituted for MS analysis.
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5.7.1 UV-light crosslinking enhances protein immobilization  

It was important to establish whether crosslinking of the protein to the plates by UV-light 

had any advantage over immobilization by adsorption. Horseradish Peroxidase (HRP) 

was immobilized on the wells with and without using UV-light crosslinking (Figure 42). 

The experiments were carried out in parallel and both plates were incubated with all the 

solutions used in a typical affinity-enrichment with the aim to detect any possible HRP 

loss. Bovine IgG and BSA were used as controls because these were unlabelled proteins 

which would block the wells and if the samples were prepared correctly, no signal should 

develop as these were HRP free. As per results, the immobilization of HRP was successful 

on both plates as the HRP was detected; nevertheless, a significant higher signal was 

obtained from the UV-light cross-linked plate (Figure 42, Panel A). 

In the non-crosslinked plate (Figure 42, Panel B), incubation of the HRP wells with 

elution buffers, such as, 100 mM Glycine, pH 2.5 and 3M NaCl, pH 9 did affect the 

amount of HRP but not as much as it does when incubated with 1% Octyl β-D-

glucopyranoside (OG) in PBS. During affinity-enrichments the immobilized proteins are 

incubated with extracts containing protease inhibitors, therefore whether incubation with 

these would displace the immobilized protein on the wells was tested.  It was noticed that 

these solutions would remove a non-significant but quantitative amount of HRP from the 

wells. Finally, it was observed incubation of the HRP wells with 10% BSA would 

displace most of the protein. In comparison, results of the crosslinked plates exhibited 

HRP would significantly remain on the wells but upon incubation with high BSA 

concentrations, the protein on the wells is as equally displaced as in the non-crosslinked 

plates. Thus, even though UV crosslinking strengthen immobilization of protein to the 

plates, this was not sufficient to retain the protein on the wells when incubated with high 

concentrations of BSA and OG. 

In conclusion, for optimum protein immobilization on the Universal-BIND™ plates, 

crosslinking is recommended. In addition, 1% OG in PBS is too high and removes protein 

from the wells and it was decided not to use more than 0.02% OG in washing buffers. 

Incubation of HRP with elution buffer at low pH (100 mM Glycine, pH 2.5) and elution 

buffer with high salt concentration (3M NaCl, pH 9) indicated that these will succeed in 

dissociating most protein-protein interactions but the eluates could also have detectable 

amounts of bait protein. It was also noted that the use of 1x EDTA-free Protease inhibitors 

(Sigma) (see Chapter II, Section 2.1 for full components of tablets) and extracts can affect 

protein on the plates but with no great impact in the overall amount of protein present. To 
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be cautious, it was decided to dilute our protein extracts ten times to reduce the risk of 

protein displacement due to protease inhibitors and detergents. Lastly, it was observed 

that high concentrations of BSA would displace protein on the wells. 

 

Figure 42. Impact of UV-light crosslinking on protein immobilization on the plates. The two panels 

illustrate the results from two plates (A) Samples subjected to UV-crosslinking and (B) not crosslinked. 

From left to right, HRP was immobilized and incubated with different reagents to test the displacement of 

immobilized protein.  HRP was successfully immobilized on the plates with and without UV-crosslinking 

and the effect of the reagent was not significant. Signal developed after 15 minutes of adding diluted TMB 

supersensitive.  Each sample had two replicates. Error bars were obtained by calculating the standard 

deviation (STDEVP). Absorbance was measured at 660 nm in the BioTek ELISA reader. 
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5.7.2 Binding capacity and binding buffer selection for protein 

immobilization 

Protein-protein interactions are dependent not only in the availability of the prey protein 

present in the extracts but also of the amount of bait protein present for capture. Therefore, 

to understand the impact of this in the results, the binding capacity of the wells was 

estimated (Figure 43, Panel A). Three strips were covered with a range of bovine 

IgG/HRP between 0-~32 ug, eight points were prepared as threefold serial dilutions 

(Chapter II, Section 2.13.2). The graph shows a steep increase in signal between ~0.13 

ug and ~0.384 ug with a second moderate but significant increase in signal between 

~0.384 ug and ~1.18 ug. Thereafter there is a progressive signal increase but the 

difference between them is constant. Based on these results we estimated the binding 

capacity to be no more than ~1 ug. 

After establishing the wells binding capacity it was required to identify the optimum 

binding buffer for protein immobilization. This was performed by preparing 12 strips with 

bovine IgG/HRP in a range of 0-~32 ug (Chapter II, Section 2.13.3). Eight points were 

prepared by a threefold serial dilution in four different binding buffers. Figure 43, Panel 

B shows a steep increase of signal until ~0.384 ug - ~1.18 ug. PBS, pH 7.5 presented the 

highest significant signal in comparison to the other buffers, whereas  PBS (1/10), pH 7.5, 

10 mM Sodium Carbonate, pH 7.5 and 500 mM K2HPO4, pH 8.5 also showed significant 

signal, the later one being poor in comparison to the others. It was concluded the most 

appropriate binding buffers for immobilization of bovine IgG/HRP were PBS, pH 7.5 and 

500 mM K2HPO4, pH 8.5. 

5.7.3 Determination of optimal pH for protein immobilization  

Protein immobilization is dependent on many factors and finding the optimum pH for the 

buffer is pivotal. A threefold serial dilution of bovine IgG/HRP covering eight points 

between 0-~32 ug was prepared in a range of Phosphate buffers of pH 4-9 (Chapter II, 

Section 2.13.4). Figure 43, Panel C shows pH 4,5 and pH 8 emmit small detectable signals, 

whereas strong signals were detected at pH 6, 7 and 9. This trend was conserved through 

the whole range of protein concentrations. The experiment was repeated two more times 

and the data was reproducible. For all further experiments, immobilization of bovine 

IgG/HRP was kept at pH 6.5. Later, for SafA’, 100 mM Potassium Phosphate buffer, pH 

6.5 was used as the immobilisation buffer. The selection of buffer was because the 

mixture of monobasic and dibasic form solutions, depending on the desired pH. 
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Figure 43. Setting up of Photo-reactive (Universal-BIND™) plate (System 5). (A) Binding capcity 

determination. Signal rapidly increases between ~0.384 µg and ~1.18 µg, therefore well saturation was 

established as ~1 µg. (B) Determination of binding buffers for cross-linking bovine IgG/HRP. Cross-

linking of the maximum amount of protein (~1 ug) was achieved by PBS, pH 7.5. (C) Optimization of pH 

in binding buffers for protein cross-linking. Protein was immobilized on wells at different pH’s using 

phosphate buffers. Immobilization of ~1 ug HRP (well saturation point) at pH 6, 7 and 9 give a strong 

signal, therefore an efficient immobilization. Signal developed after 15 minutes of adding diluted TMB 

supersensitive. Each sample had two replicates. Error bars were obtained by calculating stdevp. Plate was 

read at 660 nm in BioTek ELISA reader. 

 



 

117 

 

5.7.4 High concentrations of BSA in blocking buffer will displace 

immobilized protein 

The previous trial indicated displacement of protein by high concentrations of BSA. In 

order to avoid non-specific proteins binding, blocking is however required. Therefore to 

determine the optimum concentration of BSA required to block the wells efficiently 

without displacing the bait protein, three strips were covered with a fixed concentration 

of bovine IgG/HRP.  These were incubated with a range of BSA concentrations spiked 

with bovine IgG/HRP (Figure 44, Panel A). The rationale behind spiking BSA with 

bovine IgG/HRP was to find the point where protein was not displaced from the wells 

and the optimum concentration of BSA to achieve this without allowing the excess HRP 

to bind either. The range of BSA chosen had eight points between 0-10%; these were 

prepared using a tenfold dilution factor with an equal amount of bovine IgG/HRP in all 

of them (Chapter II, Section 2.13.6). 

As per results, the range of BSA between 0-0.1% indicates these concentrations are too 

low by allowing excess HRP to bind, as indicated by the high signal. There is a significant 

drop in the signal between 0.1% and 1% which shows at this point the concentration of 

BSA is high enough to stop excess of HRP from binding and do not displace the HRP 

already on the wells. We also observe a signal drop between 1% and 10%, reflecting the 

absence of HRP in these samples. The results indicated 1% BSA is the ideal concentration 

for blocking as anything below will allow non-specific protein to bind and anything above 

will displace protein from the wells.This was taken into consideration for all affinity-

enrichments. 

5.7.5 Universal-BIND™ plates provide a strong platform to capture 

Salmonella-mammalian host interactions 

Every affinity-enrichment performed involves a blocking step; therefore using the 

adequate blocking buffer to avoid non-specific binding like in the previous systems was 

crucial. Further to this, it was important to test whether solutions present in a typical 

affinity-enrichment would affect the balance of the protein on the wells. These tests were 

pivotal as consistency and reproducibility of results at this stage would allow us to be 

confident enough and take the system forward. 

Two strips were incubated with bovine IgG/HRP and two strips were incubated with 100 

mM phosphate buffer, pH 6.5 (control). After immobilization these strips were incubated 

with different blocking solutions, followed by incubation with α-rabbit IgG/HRP (Figure 

44, Panel B). The first aim of the experiment was to test the suitability of different 
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solutions as blocking buffer, taking into consideration that these should block any free 

active sites but not displace the already immobilized protein. The second aim was to check 

if any of the solutions present in the protein extracts would wash away or displace the 

protein. The third and final aim of the experiment was to test the efficiency of 100 mM 

Glycine, pH 2.5 and 3 M NaCl, pH 8.00 as elution buffers. 

The results (Figure 44, Panel B) indicate 1% BSA as the optimal blocking agent, 1% 

Tween washed away approximately half of the protein from the wells and is an inefficient 

blocking agent. 1% OG washed away protein and did not work as a blocking agent. The 

EDTA-free protease inhibitors (Sigma) (see Chapter II, Section 2.1 for tablet composition) 

used during the protein extraction were also tested (these were used to inhibit serine, 

cysteine, aspartic and metalloproteases). The results show these did not affect the stability 

of the protein on the wells but they can work as a blocking agent avoiding further HRP 

binding (Figure 44, Panel B). Incubation with bovine liver extracts did not show 

significant protein displacement but it is almost as efficient as BSA in blocking the wells. 

The experiment validated previous results and confirmed our ability to produce consistent 

data using the Universal-BIND™ plates. 

After concluding the optimization of the system and finding the wells binding capacity to 

be ~1μg (Figure 43, Panel A), establishing the most appropriate blocking agent for the 

Universal-BIND™ plates to be 1% BSA; the system was ready to be tested with a pair of 

known interacting partners, such as, rabbit IgG and α-rabbit IgG. Other observations 

during the trials were also taken into consideration, such as, not using high amounts of 

OG in the washing buffers and the importance of crosslinking the plates under UV-light. 

The effect of each solution on immobilized proteins was also contemplated. Several 

buffer trials were also carried (Figure 43, Panels B and C) and it was considered 

appropriate to use 100 mM Potassium Phosphate, pH 6.5 as this is the pKa of SafA’ (GST-

SafA-6xHis). 

All the conditions were tested by immobilizing rabbit IgG on the wells, crosslinking 

protein to the plates by UV-light and blocking with 1% BSA before pulling down α-rabbit 

IgG. A negative control was prepared by immobilizing bovine IgG on the wells and 

treating it in the same way as the rabbit IgG Co-IP wells (Figure 44, Panel C). The results 

demonstrate the capture of α-rabbit IgG/HRP exclusively to the rabbit IgG wells. The 

negative control shows a signal of low significant value and therefore we concluded the 

system was successfully working. 
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Figure 43. Optimization of Universal-BIND™ plates based affinity-enrichment system. Panels (A) and (B) show 1% 

BSA is an optimal blocking agent as it does not displace HRP from the wells and do not allow further binding of it either. (A) 

Displacement of protein by bovine serum albumin (BSA). BSA concentrations of 0-0.1% show no displacement of protein 

and did not block wells and 10% BSA displaced the protein and 1% was found to be optimal for blocking. (B) Comparison 

of blocking and elution solutions. 1% OG can wash protein away but does not work as a blocking agent. 1% Tween washes 

protein significantly from wells and can work as a blocking agent, yet not efficiently. 1xPI does not displace protein and blocks 

wells. Undiluted protein extracts can displace HRP and block wells. 100 mM Glycine, pH 2.5 can partially elute protein from 

wells but does not work as blocking agent. 3 M NaCl, pH 8 does not show any effect on the samples. (C) α-rabbit IgG Co-

IP. Known binding partners were used to test the final working conditions. Each sample had two replicates. Signal developed 

after 15 minutes of adding diluted TMB supersensitive. Error bars were obtained by calculating the standard deviation 

(STDEVP). Absorbance was measured at 660 nm in the BioTek ELISA reader. 
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5.7.6. Affinity-enrichment results of Salmonella bait proteins SafA’ 

(GST-SafA-6xHis) with rat extracts 

After setting up and testing several systems, it was conclusive the system to take forward 

was the Photo-reactive (Universal-BIND™) plate. Nevertheless, the binding capacity of 

the wells being ~1 µg of bait protein imposed a limitation for the amount of any possible 

captured protein. 

This section has a representative number of SDS-PAGE gels of affinity-enrichments 

between our recombinant Salmonella protein, SafA’ (GST-SafA-6xHis), and proteins 

extracted from different tissues (Figures 44). Each affinity-enrichment was repeated at 

least three times (or less if tissue unavailable) in order to obtain consistent results. The 

work carried was extensive, we also carried affinity-enrichments between other 

recombinant Salmonella proteins supplied to us by our collaborators in Germany (data 

not presented). Nevertheless, these images are simply for the purposes of showing the 

versatility of the system and as an example of a combination of results. 

5.7.7. SafA’ (GST-SafA-6xHis) affinity-enrichment with proteins 

extracted from rat’s small intestine, arge intestine and colon  

SafA’ (GST-SafA-6xHis) affinity-enrichments were performed using the Photo-reactive 

(Universal-BIND™) plates. Bait protein SafA’ (GST-SafA-6xHis) was immobilized on 

plates with each of the mentioned extracts. Each affinity-enrichment had its respective 

negative control with BSA being immobilized on the respective surface and incubated 

with the same extracts (Figure 45, Panel A). 

The SDS-PAGE gels for SafA’ (GST-SafA-6xHis) affinity-enrichments with rat’s small 

intestine and large intestine extracts performed in the Photo-reactive (Universal-BIND™) 

show no specific binding (Figure 45, Panel A, Lanes 4-6). Whereas there is a possible 

specific band of ~25 kDa in the colon extracts in the SafA’ (GST-SafA-6xHis) affinity-

enrichment (Figure 45, Panel A, Lane 1) (although this could potentially be leaking SafA’ 

(GST-SafA-6xHis) as it resemebles one of the bands in Figure 45, Panel A, Lane 7). In 

most of the gels it is possible to observe BSA leaks from the system as reflected by bands 

of ~55-60 kDa. No SafA’ (GST-SafA-6xHis) proteins were observed leaking from the 

system, at least in enough quantities for the gels to show. In Figure 45, Panel A, both BSA 

negative controls have a strong BSA band and at lower molecular weights it is possible 

to see the binding of some small proteins. 
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5.7.8. SafA’ (GST-SafA-6xHis) affinity-enrichments with proteins 

extracted from rat’s liver, heart and spleen 

To continue with the systematically approach, affinity-enrichments with proteins 

extracted from rat’s liver, heart and spleen were performed. Affinity-enrichments 

performed in the Photo-reactive (Universal-BIND™) plates did not reveal any specific 

protein to SafA’ (GST-SafA-6xHis) (Figure 45, Panel B). Extract proteins were found to 

bind in an almost equal manner to all bait proteins. Even when bands can be observed, 

the gels point out that there are unresolved proteins which are present in each of the lanes, 

as represented by the smears. 

 

Figure 44. Silver stained 4-15% SDS-PAGE gels of diverse affinity-enrichments performed in Photo-reactive 

(Universal-BIND™) plates. (A) SafA’ (GST-SafA-6xHis) affinity-enrichments with rat’s colon, large intestine and 

small intestine extracts showing a possisble specific bands of ~25 kDa (B) SafA’ (GST-SafA-6xHis) affinity-

enrichments with rat’s liver, heart and spleen extracts. (C) SafA’ (GST-SafA-6xHis) affinity-enrichments with rat’s 

liver and heart extracts. Image was taken in LI-COR Odyssey scanner.  .
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5.7.9 Discussion 

There is not a single standard system that can be used to identify all protein-protein 

interaction (PPI); a number of different approaches have to be used. Yet, the general 

approach is to immobilize the bait on the selected surface, followed by blocking of any 

free active sites with agents, such as, BSA or milk. This is followed by incubation of a 

sample containing the protein/antibody of interest and elution or chemiluminescent 

detection (the exact procedure is determined by the selected protocol) (Arkin et al 2012, 

Buchwalow et al 2011, Hutsell et al 2010). Proteins were immobilized by using a 

repertoire of surfaces and chemistries, such as, superparamagnetic cobalt beads (IMAC 

technology) (System 1), agarose nickel beads (IMAC technology) (System 2), and GSH-

agarose (System 3), Nitrocellulose (System 4) and Universal-BIND™ plates (System 5). 

Of these, the IMAC technology-based systems are widely used for capture and 

purification of recombinant proteins (Block et al 2009) and are also a common approach 

for immunoprecipitation (Avila et al 2015, Elsaraj and Bhullar et al 2008, Gupta et al 

2001, Khan and Lee et al 2014, Ma et al 2005, Rippa et al 2010, Sousa et al 2011, Sun et 

al 2012). In the case of NC, this is conventionally used for the electrophoretic transfer of 

proteins from gels (Towbin et al 1979), but as it is known for its binding capacity, it has 

also been used to enhance the binding capacity of microplates (Halim et al 2005). In 

regard to the Universal-BINDTM plate (system 5), these have been extensively used for 

ELISA immunoassays (Gan and Patel et al 2013, de Matos et al 2010). 

Several considerations can be made in the light of the experience gained by carrying out 

the different experimental techniques described in this Chapter. IMAC protein binding 

combined with magnetic capture and the non-porous nature of the beads improves 

experimental reproducibility. Dynabeads (System 1, Section 5.3) fall within this category. 

It offered a non-porous smooth surface for bait capture and handling of the samples during 

washing and the elution step was simplified by magnetic separation. The beads were 

tested with mammalian extracts from several tissues and they attract multiple non-specific 

proteins. 

The use of IMAC technology for affinity-enrichments (Systems 1 and 2, Sections 5.3 and 

5.4) was still an attractive option; therefore we decided to investigate whether using a 

different immobilization surface (agarose beads instead of magnetic beads System 2 and 

System 1) would resolve the issue of non-specific protein capture.  HIS-Select Nickel 

Affinity Gel (System 2) had all the same advantages as the previously mentioned IMAC 
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system, but promised a much lower non-specific protein adsorption due to the nature of 

the bead material (agarose); and the opportunity to immobilize SafA’ (GST-SafA-6xHis) 

through its Histidine tag by using a different ion (Ni+2). Because this was an agarose-

based system, it was possible to have longer washing times to eliminate any non-specific 

proteins binding to the mesh (Chapter I, Table 1). 

To determine whether the non-specific protein binding was to the nickel ion or to the 

beads, Dynabeads (System 1) and Nickel-agarose (System 2) were stripped of their 

Cobalt and Nickel ions, followed by protein extracts incubation (Sections 5.3.4 and 

5.4.1) .Further to this, in an attempt to disturb the possible ionic interaction between the 

beads and non-specific proteins, the extracts were buffered with different salt 

concentrations. The results did not show a measurable difference for Dynabeads but when 

the Nickel was stripped of the agarose, there were no visible non-specific proteins in the 

gel (Figure 35, Panel B). 

Affinity-enrichments in GSH-agarose (System 3, Section 5.5) gave similar background 

results (Figure 37), with the difference that there was clearly the capture of a ~ 25-35 kDa 

protein. Similar levels of protein capture were achieved with empty agarose beads (no 

bait protein). This suggested that the proteins captured are likely to be endogenous GST 

present in the extracts (MW 25 kDa) (Figure 37, Panel A, Lane 8 and Panel B). Depletion 

of the extracts using glutathione resin was partially successful, although even after five 

consecutive rounds of depletion some ~25-35 kDa protein remained in the extract. A 

recorded difficulty of working with tissue extracts from GI tract is the presence of 

endogenous glutathione, an important endogenous antioxidant especially abundant in GI 

tract (Hayes et al 1989, Van Veld and Lee et al 1988). The realization of this ruled out 

the use of GSH-agarose as a potential system. 

Having failed to establish a stable affinity-enrichment, two known systems were adapted. 

Nitrocellulose (NC) (System 3, Section 5.6), provides a high binding capacity and is a 

standard material for protein blotting. To prevent any free reactive sites, NC pieces were 

blocked with BSA. SafA’ (GST-SafA-6xHis) was immobilized using crosslinking. This 

was done to ensure that NC was blocked and deterred non-specific binding. Unfortunately, 

the results showed that it made no difference and there was still high background (Figure 

39, Panel D). As a final attempt to find a surface that would not capture non-specific 

proteins, Universal-BINDTM plates (System 5, Section 5.7) were used. This would 

provide a non-porous surface, it was not dependent on any tag (advantageous as the 
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system could still be used once the GST tag was cleaved) and each well served as a 

technical replicate. 

SafA’ (GST-SafA-6xHis) was finally immobilized on Universal-BIND™ plates (System 

5) by hydrophobic protein sorption (passive adsorption). Further to this, the plates gave 

the option to crosslink proteins to the wells. The immobilization of the proteins by 

abstractable hydrogen bonding using UV-light illumination, resulted in a carbon-carbon 

bond (Aspholm et al 2006) (Gibbs and Kennebunk et al 2001) that would crosslink 

proteins to the surface and reduce any possible bait loss during the assay. After optimizing 

the system, the affinity-enrichments performed showed a reduction in background in 

comparison to the previous systems; and SafA’ (GST-SafA-6xHis) was not displaced. 

Therefore, after setting up a number of systems by exploiting the physio-chemical 

characteristics of SafA’ (GST-SafA-6xHis), this was concluded to be the most stable and 

robust system. 
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CHAPTER VI - MASS SPECTROMETRY ANALYSIS 

 

6.1 Introduction 

This Chapter will describe the experimental approach of both Mass Spectrometry (MS) 

analyses leading to the identification of host partners specific to fimbria protein SafA. 

The results presented in this section include the MALDI-TOF MS analysis of a series of 

tissues (heart, large intestine, small intestine and colon) that due to the complexity of the 

samples, led us to the use of the nanoLC-ESI-MS/MS. The latter, identifying five putative 

proteins binding solely to SafA-6xHis. Links to the putative biological function for 

Salmonella will be also presented. 

 

MS based proteomics has become a vital tool in the study of protein-protein interactions 

(Eriksson et al 2000, Salzano and Crescenzi et al 2005, Sikdar et al 2016, Wang and 

Wilson et al 2013). Protein interaction studies can be performed by immobilizing a bait 

coupled to affinity tags on a surface, such as beads, on which the affinity ligand has been 

covalently bound. The ligand specifically and relatively strongly binds the affinity tag 

(McFedries et al 2013). The then immobilised protein can be incubated with lysates 

containing proteins of interest. Any non-specific binders are washed away and 

subsequently, any strongly specific interacting partners are eluted to be further analysed. 

For instance, by visualization on an SDS-PAGE and/or western blotting (if the putative 

prey is known) (Carneiro et al 2016, Nguyen and Goodrich et al 2006, Phizicky and Fields 

et al 1995, Rao et al 2014). 

 

Alternatively, the whole eluates are trypsinized and analysed by mass spectrometry. The 

advantages of MS relies on its high sensitivity, capability of evaluating complex protein 

mixtures and detection of very low analyte concentrations without prior knowledge of the 

preys (Aichler and Walch et al 2015, McLafferty et al 2008). Protein identification is 

achieved by peptide based mass spectrometry. Because the proteome is so complex, there 

is no standard method for preparing the samples. Nonetheless, common practise is to 

digest proteins by endoproteinases. For example, trypsin, where the serine protease 

cleaves peptides at the carboxyl side of arginine and lysine (except when followed by 

proline) (Hustoft et al 2012, Olsen et al 2004). The absolute mass of the peptides present 

in the mixture is measured by a mass spectrometer and compared to a database containing 
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known protein sequences (Damodaran et al 2007, Henzel et al 2003, Marvin et al 2003, 

Thiede et al 2005). 

 

There are two main methods of using peptide based MS to identify proteins, these are 

Peptide Mass Fingerprinting (PMF) and MS/MS. In PMF, after cleaving the proteins into 

small peptides, the mass-to-charge (m/z) values of the produced peptides are matched to 

in-silico protein databases, such as, SwissProt or NCBI. This is achieved by using 

specifically designed software search engines to identify proteins from the peptide 

sequence databases. An example of the most widely used mass spectrometry software are 

MASCOT (provided by Matrix Science Inc) (Cottrell and London et al 1999) and 

ProteinProspector (developed by UCSF) (Baker and Chalkley et al 2014). In the case of 

identification by MS/MS, peptide sequence information is acquired following peptide 

fragmentation in tandem mass spectrometry (MS/MS or MS2) (Cottrell et al 2011, Grebe 

and Singh et al 2011, Seidler et al 2010). 

 

The different mass spectrometers can be described based on their ion sources and mass 

analysers. Basically, two types of ion sources are the most popular, the electrospray (ESI) 

and the Matrix Assisted Laser Desorption Ionization (MALDI) (Seymour et al 2010, 

Siuzdak et al 1999, Soeriyadi et al 2013). For proteomics research, three types of mass 

analysers are commonly used, quadrupole (Quad, Q), Ion Trap and Time-of-Flight (TOF). 

Further to this, both ion sources can be coupled with any of the mass analysers, for 

example, MALDI-TOF, ESI-Quad and the analysers can be combined with each other, 

such as, Q Trap, ESI-QQQ and MALDI QQ (Cañas et al 2006, El-Aneed et al 2009). 

 

For MALDI the in-solution sample is mixed with a solid matrix. The sample/matrix 

crystals are vaporised by a UV laser pulse (Typical wavelengths are 337 nm and 355 nm) 

(Fuchs and Schiller et al 2013, Lu et al 2015) with a pulse duration between 0.5 and ~20 

ns (Menzel et al 2002) where the sample molecules are ionized by photon transfer from 

matrix (MH+ + A -> M+AH+) (Knochenmuss et al 2000). The matrix absorbs the photon 

energy and converts it into thermal energy, causing an increase of temperature that will 

outset desorption and melt the sample between each UV laser pulse (Chu et al 2014, 

Menzel et al 2001). During the liquid phase (which is the interval between the laser pulse 

and desorption), molecules display high energy and they collide with each other (Lu et al 

2015, Medzihradszky et al 2000). Once the molecules are desorbed from the plate’s 
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surface, these are converted into a gas phase forming a plume of ions (Knochenmuss and 

Zenobi et al 2003, Zenobi and Knochenmuss et al 1998) (Figure 46, Panel A). 

 

Electrospray ionisation (ESI) is usually used with ionic compounds of high polarity 

(Ghosh et al 2012, Tolstikov and Fiehn et al 2002). It consists of a fine needle and a series 

of skimmers. The in-solution sample is led on to the tip of a capillary tube where a high 

voltage (~3-~5 kV) is applied. The sample is nebulised and sprayed into the source of the 

chamber to form droplets (Freire and Wheeler et al 2008). As the charged particles (with 

the same polarity as the applied voltage) continue to move, the solvent is evaporated 

resulting in the increase of the electric field on the droplet surface. At some point, fission 

will occur and is through the repetition of this evaporation and fission cycle that the 

samples enter the gas phase (Cech and Enke et al 2001, Gaskell et al 1997, Hawkridge et 

al 2014, Ho et al 2003). 

 

The basic principle of MS is ionization of analytes to convert them to a charged state. It 

is here where the two techniques divert as in PMF the ions are directly analysed based in 

their mass-to-charge ratio (m/z) (Jain and Wagner et al 2010). Whereas in peptide 

sequencing, the proteolytic digest is separated by high-pressure liquid chromatography 

(HPLC or RP-HPLC) (Kumar and Kumar et al 2012, Yamane et al 2002) and eluted into 

the ESI source. The sample is sprayed using an electric field towards a negatively charged 

plate, resulting in small charged droplets (Ho et al 2003). As the droplets start to evaporate 

they become smaller until the now charged ions are accelerated by the electric field and 

the mass-to-charge ratio (m/z) is measured (MS1) (Banerjee and Mazumdar et al 2012, 

Cech and Enke et al 2001). A list of ions with their absolute masses is obtained and the 

isolated peptides (or parent ions) are fragmented to be analysed by the second analyser 

(MS/MS) (Cañas et al 2006, Grebe and Singh et al 2011). Fragmentation occurs by 

higher-energy collisional gas dissociation (HCD) where the ions are allowed to collide 

with neutral molecules, such as, Argon, Helium or Nitrogen. The collision results in the 

bond breakage yielding peptide fragments (also called daughter ions) (Wells and 

McLuckey et al 2005) (Figure 46, Panel B). The resulting spectrum is the product of all 

fragment ions that derive from the isolated peptides (Medzihradszky and Chalkley et al 

2015). Finally, the MS/MS spectra is matched against protein sequence databases 

(Aebersold and Mann et al 2003, Wang and Wilson et al 2013). 
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Figure 45. Workflow of the MALDI-TOF MS (MS1) comparative analysis and LC-MS/MS (MS2). 

(A) Samples are reconstituted and mixed with matrix for spotting on the MALDI plate. The now crystallized 

samples are vaporised by a UV-pulse for ionization. The molecules are desorbed from the plate’s surface 

and are converted into the gas phase. They enter an electric field and subsequently the ions re separated by 

their mass-to- charge (m/z) ratio in the TOF. The lighter ions reach the TOF detector quicker and the heavier 

ones later. For analysis, three spectra for SafA’ (GST-SafA-6xHis) affinity-enrichments and three spectra 

for the BSA affinity-enrichments are overlaid for peak selection. (B) The sample is injected and separated 

by HPLC before being eluted into the ESI source. The sample is nebulised and sprayed to form charged 

droplets. Eventually the ions are accelerated into the electric field and MS1 is performed to measure their 

mass-to-charge ratio (m/z). A list of ions with their absolute masses is obtained and the isolated peptides 

(or parent ions) are fragmented to be analysed by a second mass analyser (MS2). Fragmentation occurs by 

HCD. The collision yields peptide fragments ions that derive from the isolated peptides. Panel A adapted 

from Singhal et al (2015). Panel B adapted from Steen and Mann et al (2004). 

6.1.1 MALDI-TOF MS 

For PMF the protein sample was trypsinized, obtaining a peptide digest. The peptides 

were mixed with α-Cyano-4-hydroxycinnamic acid matrix (see Chapter II, Section 

2.17.1). In the MS the analyte/matrix was vaporised by a series of UV-laser pulses causing 

ionisation and desorption. Subsequently, the molecules were in the gas phase and formed 
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a plume. High voltage was applied to the sample plate to accelerate ions out of the ion 

source into the flight tube where these would be separated according to their mass-to-

charge ratios (m/z). For instance, the lighter ions travelled faster than the heavier ones 

reaching the detector first. Mass-to-charge (m/z) peptide values (usually MH+) were 

converted to molecular weight (MW) and peptides of the same protein isoform were 

grouped into a protein by comparing to a relevant in silico digested reference protein 

database (NCBI, SwissProt and UniProt). The hits were ranked according to a probability 

scoring method reflecting that the candidate protein containing the highest number of 

proteolytic peptides with matching mass was given the highest score. Therefore, protein 

identification heavily relies in the score given to a protein (PMF) rather than for individual 

peptides as it is the case in MS/MS analysis, where peptide sequence information is 

retrieved. 

6.1.2 nanoLC-ESI-MS/MS 

Since whole eluates from affinity-enrichments were analysed, and thus are relatively 

complex protein mixtures, we used nLC-nESI-MS/MS as a better option. Peptides are 

first separated in time by reverse phase (RP) chromatography, a column with a 

hydrophobic stationary phase that adsorbs hydrophobic molecules in a polar mobile phase, 

allowing the hydrophilic molecules pass through (Mohammad and Jabeen et al 2003, 

Molíková and Jandera et al 2010, Uhl et al 2011). Therefore, the later ones are eluted first, 

whereas the hydrophobic molecules can be eluted by decreasing the polarity of the 

solution in the mobile phase (usually by adding more organic solvent) (Foster and 

Synovec et al 1996, Haggarty et al 2015). The advantages of using RP-chromatography, 

such as, C18 capillary columns is that it is stable and versatile, thus it can be used with 

water as a mobile phase, it allows for pH selectivity and can be applied to separate a range 

of molecules. (Kumar and Kumar et al 2012, Snyder et al 1997). 

 

In brief, the NLC-nESI-MSMS workflow requires the digestion of proteins with a 

protease such as trypsin followed by nanoLC on C18 capillary columns in line with the 

MS instrument for direct analysis of the RP eluant. The eluate is desolvated and ionized 

in the ESI source to create an electrospray plume containing usually positively charged 

ionized peptides (Banerjee and Mazumdar et al 2012, Cox et al 2014). The peptides 

present in the spray travel down a voltage gradient in the mass spectrometer where they 

are separated by their mass-to-charge (m/z) ratio. At the next stage, the isolated peptide 

mass (m/z) is fragmented by HCD. The fragment ions broken at the level of the peptide 
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bond are recorded in the MS/MS giving amino acid information, based on mass 

differences of the b and y ions series (Hawkridge et al 2014, Jedrychowski et al 2011, 

Medzihradszky and Chalkley et al 2015, Scherl et al 2008, Shao et al 2014, Steen and 

Mann et al 2004).  

 

PMF-related database searches are simpler than LC-MS/MS ones. Another advantage of 

MALDI-TOF MS is that it requires low amounts of analyte and it has high sensitivity 

(Chen et al 2013, Cobo et al 2013, Singhal et al 2015). On the contrary, it is known that 

MALDI-TOF MS requires pure samples and any contamination can be problematic, 

whereas LC-MS/MS is useful in the analysis of complex mixtures. LC-MS/MS also 

provides a higher confidence identification due to the sequence dependence of data 

obtained from the tandem mass spectrometry (El-Aneed et al 2009, Hird et al 2014, 

Tribalat et al 2006). For this study we used MALDI-TOF MS and nanoLC-ESI-MS/MS. 

(MALDI-TOF MS) was used for PMF (Gevaert and Vandekerckhove et al 2000, Thiede 

et al 2005) and nLC-nESI-MS/MS for peptide fragmentation (Biniossek and Schilling et 

al 2012, Sowell et al 2004, Williams and Tomer et al 2004). 

6.2 Experimental Design 

Initially different systems were tested to identify SafA’ (GST-SafA-6xHis) interacting proteins 

using four different tissues (heart, colon, small and large intestine) in the MALDI-TOF 

MS (Figure 47). Nevertheless, Salmonella’s main infection site is the digestive system 

(particularly the large and small intestine), therefore the nanoLC-ESI-MS/MS analysis 

was focused on identifying host interacting partners for SafA’ (GST-SafA-6xHis) in the 

large intestine. Affinity-enrichments were performed as described in materials and 

methods (Chapter II, Section 2.13.8 and Chapter V, Figure 31). Figure 48 shows the 

number of biological and technical replicates analysed for the nanoLC-ESI-MS/MS. A 

total of seven affinity-enrichments were executed and five rats were used. The Universal-

BINDTM plate (system 5) was used, each well corresponding to a technical replicate. For 

analysis, these replicates were pooled together. Results for P1 and P2 are not presented 

due to lack of specific proteins binding to SafA’ (GST-SafA-6xHis) only. Based on the 

previous observations, P3 was designed to have sixteen technical replicates and GST as 

an additional negative control. The use of more wells increased the amount of material 

available, allowing for a better analysis with more proteins. Therefore, for affinity-

enrichments’ P4-P7 the technical replicates were increased to a total of 32 wells. Affinity-

enrichments’ P1-P4 had SafA’ (GST-SafA-6xHis) as a bait whereas affinity-enrichments’ 
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P5-P7 had undepleted cleaved SafA’ (GST+SafA-6xHis). The undepleted cleaved SafA’ 

(GST+SafA-6xHis) affinity-enrichment was repeated twice and a third time without 

crosslinking the protein to the plates. 

 

The work carried out for the MALDI-TOF MS analysis also used a Universal-BINDTM 

plate-based system and had only SafA’ (GST-SafA-6xHis) and BSA as baits with, 

initially, one replicate reconstituted in different volumes, such as, 50 μL and 15 μL 

(Figure 47). Due to limitation in the quantity of material available, technical replicates 

were pooled together. The MALDI-TOF MS analysis concluded with the pooling of two 

and sixteen technical replicates (Figure 47 and Table 15). 
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Figure 46. Experimental design used in the MS1 (MALDI-TOF MS) study. A total of three rats were used for the six affinity-enrichments (each rat 

represent a biological replicate) and each well a technical replicate. P1, P2 andP3 had two, P4 & P5 one and P6 eightwell as technical replicates. After 

elution, technical replicates were pooled together for analysis (see Chapter II, Section 2.13.8 and Chapter V, Figure 41 for the standard protocol used). 
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Figure 47. Experimental design used in the MS2 (LC-MS/MS) study. A total of five rats were used for the seven affinity-enrichments 

(each rat represent a biological replicate) and each well a technical replicate. P1&P2 (not to be presented or discussed) had two, P3 sixteen 

and P4-P7 thirty two wells as technical replicates. After elution, technical replicates were pooled together for analysis (see Chapter II, Section 

2.13.8 and Chapter V, Figure 41 for the standard protocol used). 
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Affinity-enrichments were performed using the Universal-BIND™ plates (Chapter II, 

Section 2.13.8 and Chapter V, Section 5.7). These were used to isolate and identify 

mammalian proteins interacting with the SafA fimbria protein from Salmonella enterica 

serovar Typhimurium LT2. Initially, the affinity-enrichments’ were performed with total 

protein extracts from different rat tissues ranging from kidney, brain, heart and the whole 

digestive system. These were then analysed by SDS-PAGE, where in some cases we 

could see some weak bands in the SafA’ (GST-SafA-6xHis) samples only (Figure 45), 

but overall these did not show conclusive evidence on whether any specific interacting 

partners had been captured. 

6.3 Results: MALDI-TOF MS Analysis 

Affinity-enrichments from the heart and the intestine material were analysed by MALDI-

TOF MS. The MALDI-TOF MS analysis was not successful to confidently identify any 

binding partner from the rat large intestine protein extract (the tissue of interest) that 

bound specifically to SafA’ (GST-SafA6xHis). Spectra acquired for each affinity-

enrichment (GST-SafA-6xHis’ and their respective negative controls) were overlaid to 

manually check for any differential peaks (Figures 48-51). The detection of differential 

peaks in the SafA’ (GST-SafA-6xHis) affinity enrichments’ and the absence of these in 

the BSA negative controls suggested the presence of a protein(s) specifically binding to 

SafA’ (GST-SafA-6xHis) (Table 15). From the peak list file generated from these 

differential peaks, the search performed with the MASCOT software identified a cyclin-

dependent kinase-like 3 protein in the (GST-SafA-6xHis) SafA’/heart affinity-enrichment, 

absent in the BSA/heart affinity-enrichment (Figure 53). With the exception of the cyclin-

dependent kinase-like 3 protein in the SafA’ (GST-SafA-6xHis) affinity-enrichment 

sample, it was not possible to identify other differentially captured proteins from the heart 

and the intestine, more likely due to complexity of the samples, and the absence of LC 

separation prior MS analysis. Nevertheless, the observation of consistent differential 

peaks, absent in controls, gave us confidence to further investigate and identify 

specifically isolated proteins interacting with SafA’ (GST-SafA-6xHis) with an 

alternative analytical workflow. 

6.4 Comparative analysis of MALDI-TOF MS spectra indicated SafA’ 

(GST-SafA-6xHis) affinity-enrichment’s isolated peptides absent in the 

BSA negative controls  

Based on SDS-PAGE gels it was indeed possible to identify if specific proteins were 

captured, nevertheless, these results were not conclusive as SDS page gels were not 
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sufficient to detect differential bands (Figure 45). Therefore, an alternative approach was 

undertaken. Whole eluates were prepared by removing the SDS to have detergent-free 

samples more suited for the downstream MALDI analysis. The proteins were digested 

and peptides applied on a MALDI target with an alpha-cyano-4-hydroxycinnamic acid 

matrix (Chapter II, Sections 2.17.1- 2.17.2) for MALDI-TOF MS and PMF analysis. Only 

a few affinity-enrichments were analysed by MALDI-TOF MS and this section describes 

how this analysis led us to seek for a more suitable method of analysis. 

Samples were spotted, instrument calibrated and three different spectra were saved per 

affinity-enrichment. All samples were spotted next to their corresponding BSA negative 

control to later manually select any specific peaks (Chapter II, Section 2.17.2). The MS 

spectra obtained from the (GST-SafA-6xHis) SafA’/heart affinity-enrichment exhibited 

peptides specific to SafA’ (GST-SafA-6xHis) in the range of ~1,000 - ~1,750 Da (Figures 

49 and 50). These peptides are consistently present exclusively in the SafA’ (GST-SafA-

6xHis) affinity-enrichment in the three MS spectra taken and in none of the BSA control. 

The approach “comparative analysis” as 3x (GST-SafA6xHis) SafA’/heart and 

3xBSA/heart MS spectra were overlaid resulting in a panel of 6x MS spectra. Three spots 

were used per affinity-enrichment and one MS spectra is the acquisition of several shots 

per spot (see Chapter II, Section 2.17.2). 

Figures 49-52 show that the analysis revealed certain peptides (listed in Table 15) were 

unique to the SafA’ (GST-SafA-6xHis) affinity-enrichment. 
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Figure 48. Comparison of (GST-SafA-6xHis) SafA’/heart and BSA/heart MS 

spectra showing an accumulation of peptides in the SafA’ (GST-SafA-6xHis) 

affinity-enrichment. The top three (GST-SafA-6xHis) SafA’/heart MS spectra show a 

number of peaks not present in the negative control. These indicated the likelihood of a 

possible protein(s) specifically isolated by SafA’ (GST-SafA-6xHis) from the heart 

protein extracts. 
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Figure 49. Details of a representative collection of well resolved specific peaks for SafA’ 

(GST-SafA-6xHis)/heart. Three (GST-SafA-6xHis) SafA’/heart and three BSA/heart MS 

spectra were overlaid. The red, green and dark blue traces represent SafA’ (GST-SafA-6xHis) 

spectra and pink, yellow and light blue traces represent the BSA/heart spectra (at the background 

level). 
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The same comparative analysis was performed for (GST-SafA-6xHis) SafA’/large 

intestine affinity-enrichment (Figure 51, Table 15). In this case the preliminary analysis 

showed from visual observation that no obvious differential peaks could be seen. Peak 

intensity were very low, thus the spectra needed to be zoomed in for further observation. 

Each peak was analysed manually and it was possible to identify a few specific signals 

unique to the (GST-SafA-6xHis) SafA’/large intestine (Figure 52). Affinity-enrichment 

of small intestine and (GST-SafA-6xHis) SafA’/colon yielded similar results (data not 

shown). 

The arithmetic average was calculated for the mass of each peak present in the three 

spectra of this affinity-enrichment. This was also applied to all the previous ones as 

presented in Table 15. Among all the affinity-enrichments, (GST-SafA-6xHis) 

SafA’/colon did not yield enough specific peaks to identify the protein(s). The small and 

large intestine affinity-enrichments had longer peak lists yet these were not sufficient for 

protein identification. Finally the affinity-enrichments with heart yielded many more 

peaks which subsequently, were used to identify proteins in MASCOT and Protein 

Prospector using the PMF protocol. We also observed that some peak of identical m/z 

were shared between these lists, possibly indicating  observation of the same peptide ions, 

a shared contaminant or perhaps arising from the same protein(s) being isolated in the 

heart and in the other tissues. 

 

Figure 50. MS spectra of SafA’ (GST-SafA-6xHis) affinity enrichment with rat’s large intestine extracts. The image gives a 

representative example of the peaks observed in the three spectra of (GST-SafA-6xHis) SafA’/large intestine affinity-enrichment and 

the respective negative control in the form of three spectra of BSA/large intestine. From first visual inspection, none of the spectra 

show any specific peak exclusive to the SafA’ (GST-SafA-6xHis) affinity-enrichment. 
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Figure 51. A representative collection of specific peaks for (GST-SafA-6xHis) SafA’/large 

intestine. Three (GST-SafA-6xHis) SafA’/large intestine and three BSA/large intestine MS 

spectra were overlaid. Red, green and dark blue traces represent SafA’ (GST-SafA-6xHis) spectra 

and pink, yellow and light blue traces the BSA/large intestine spectra (at the background level). 
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6.5 MASCOT database search results identified cyclin-dependent 

kinase-like 3 protein in one of the (GST-SafA-6xHis) SafA’/heart 

affinity-enrichment’s but resulted inconclusive for the intestines.  

Using FlexAnalysis, three spectra were taken per affinity-enrichment and overlaid with 

their respective negative control; then each peak was manually selected as per the 

established criteria to create a differential peak list file (Chapter II, Section 2.17.2). 

Identical masses which appear in at least two affinity enrichments’ were highlighted in 

bold. The masses were considered equal if the two values were within the root mean 

square (RMS) (MASCOT provides the RMS error of the set of matched mass values given 

in ppm) error calculated by MASCOT (0.05 Da) when fitting control albumin peptides 

whilst calibrating the plate (Table 15). 

The interaction of Salmonella with cyclins has been studied. For instance, in the intestines, 

bacteria inhibit cyclins to promote virulence by injecting toxins (Bertsch et al 2009, Yao 

et al 2009). Also, it has been observed that 14 hours post-infection Salmonella induces 

binucleation of infected cells (Yao et al 2009). Cell containing two discrete nuclei are 

characteristic of cytokinesis failure (McMurray et al 2011), therefore it can be suggested 

Salmonella interferes with the cell cycle during infection (Santos et al 2016). Because of 

this, the identification of cyclin-dependent kinase-like 3 in any host tissue could indicate 

SafA plays a role in the arrest of the host cell-cycle. Regardless, cyclin-dependent kinase-

like 3 was identified by PMF in one affinity-enrichment (with heart protein extracts) only 

and the bait used was SafA’ (GST-SafA-6xHis). Thus, to be certain of identification the 

affinity-enrichments would need to be repeated at least twice more and with GST as an 

additional control (also, if possible with SafA-6xHis); as performed in the experiments to 

follow. 
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Table 15. List of masses (m/z) obtained from MALDI-TOF MS analysis for SafA’ 

(GST-SafA-6xHis) affinity enrichment’s with colon, small intestine, large intestine 

and heart. Identical masses which appear in at least two different tissue affinity-

enrichments are highlighted in bold. Masses were within the RMS error calculated by 

MASCOT (0.05 Da) when fitting control albumin peptides whilst calibrating the plate. 

The volume (μL) of eluate used for each analysis varied. The masses highlighted in red 

are possible trypsin peaks. And the masses highlighted in blue were matched peptides to 

Cyclin-dependent kinase-like 3 for protein identification by PMF. 

  SafA’ (GST-SafA-6xHis) 

 

2 wells (100 μL)  1 well (50 µL)      1 well (15 µL) 16 wells (800 

µL) 

Colon Small int. Large int. Heart Heart *Heart 

471.10 417.05 401.10 715.55 423.00 472.30 

511.05 423.05 409.15 754.50 430.35 545.35 

513.05 439.00 417.05 764.50 439.00 548.30 

653.30 483.15 425.10 828.60 458.95 571.35 

  485.15 439.00 882.50 460.95 581.35 

  506.20 466.55 920.65 464.05 607.35 

  530.10 471.10 927.60 488.35 672.45 

  630.10 506.20 1017.65 502.95 689.40 

  632.10 508.60 1057.70 504.35 693.40 

  768.50 536.65 1068.60 504.95 733.45 

  791.50 568.20 1075.70 515.35 743.45 

  825.50 650.10 1080.55 571.40 758.50 

  947.25 666.05 1163.70 628.40 770.50 

  949.25 682.05 1170.70 630.10 779.45 

  973.60 685.50 1180.75 632.10 830.45 

  1093.60 907.30 1220.75 758.50 927.50 

  1195.65 947.25 1234.80 775.45 932.50 

  1220.80   1238.75 841.45 973.55 

  1287.75   1249.70 842.55 1013.55 

  1303.75   1278.75 881.30 1026.60 

  1316.75   1283.80 903.40 1032.60 

  1319.75   1292.70 904.45 1038.60 
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      1295.80 912.55 1090.55 

      1305.80 947.20 1126.55 

      1405.80 1025.65 1232.65 

      1416.80 1044.60 1234.70 

      1425.75 1045.60 1274.75 

      1439.90 1064.60 1277.70 

      1465.85 1068.55 1298.65 

      1475.80 1075.55 1316.75 

      1479.90 1126.55 1320.60 

      1495.80 1234.70 1439.80 

      1499.80 1278.70 1476.10 

      1505.85 1320.60 1479.80 

      1511.95 1357.75 1516.80 

      1519.90 1476.75 1572.80 

      1529.85 1493.80 1576.80 

      1537.90 1612.90 1640.00 

      1568.85 1766.90 1716.90 

      1603.65 2284.60   

      1640.05     

      1667.90     

      1680.10     

      1700.95     

      1731.95     

      1804.00     

      1817.90     

      1820.00     

      1824.05     

      1833.95     

      1891.00     

      1960.10     

      1974.05     

      1990.10     

      2047.10     
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The peak list shown in Table 15 were used for a PMF analysis with the MASCOT 

(http://www.matrixscience.com) and ProteinProspector 

(http://prospector.ucsf.edu/prospector/mshome.htm) search engines. The list of masses 

for the (GST-SafA-6xHis) SafA’/heart affinity-enrichment was run in MASCOT (Table 

15); the software matched 10 masses to protein Cyclin-dependent kinase-like 3 with a 

significant score of 67 (Figure 53). The Rattus norvegicus database selected was NCBI 

nr and the peptide tolerance ±0.01%. The same list of masses was run in other software 

for confirmation; Protein Prospector (Figure 54) matched 11 masses to the same protein 

using NCBInr as database with total protein coverage of 18.5%, mean error of 1.04 ppm 

and MS error tolerance of 117 ppm. Both search engines identified predicted protein 

Cyclin-dependent kinase-like 3 as a possible binding partner of (GST-SafA-6xHis) 

SafA’/heart Affinity-enrichment. Regardless, it was considered that further analysis was 

required before claiming identification. To investigate this further, several peptides were 

fractionated by de novo sequencing with MALDI LIFT-TOF/TOF MS (LIFT function 

allows for analysis of ions generated by CID) (Suckau et al 2003). During the trials we 

could not identify peptides with amino acid information for Cyclin-dependent kinase-like 

3.  In addition to this, sixteen technical replicates for the (GST-SafA-6xHis) (SafA’)/heart 

affinity-enrichment were pooled together and analysed by LC-MS/MS. The protein 

identified by PMF could not be identified by LC-MS/MS in a fresh affinity-enrichment.  

Due to limitation on resources, the investigation on the heart could not continue and it 

was decided to focus the analysis on intestines only. 

http://www.matrixscience.com/
http://prospector.ucsf.edu/prospector/mshome.htm
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Figure 52. Peptide Mass Fingerprint (PMF) results performed by MASCOT search 

engine indicating the presence of protein Cyclin-dependent kinase-like 3 in the 

(GST-SafA-6xHis) SafA’/heart affinity-enrichment. The protein was identified with 

significant score of 67 by matching 10 out of 39 peptides using NCBInr database. 
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Figure 53. Peptide Mass Fingerprint (PMF) results performed by ProteinProspector search engine indicating the presence of protein 

Cyclin-dependent kinase-like 3 in the (GST-SafA-6xHis) SafA’/heart affinity-enrichment. The protein was identified with significant 

MOWSE score of 3773 by matching 11 out of 39 peptides NCBInr database. 
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6.6 Discussion of MALDI data 

Whole eluents were proteolytically digested and analysed directly rather than using pre-

fractionation such as SDS-PAGE. Comparing MALDI-TOF MS spectra obtained for 

BSA (non-specific) vs SafA’ (GST-SafA-6xHis) (specific) affinity-enrichments’ yielded 

between 4 and 55 peptides depending of the tissue extract (Table 15). For example, a 

heart affinity-enrichment yielded 55 of peaks with m/z values present exclusively in SafA’ 

(GST-SafA-6xHis) and missing in the negative control (BSA affinity-enrichment). For 

consistency, the decision on the presence or absence of each individual m/z peak was 

based on three separate MS spectra taken from each positive SafA’ (GST-SafA’-6xHis) 

and negative (BSA) spotted digests. Each individual m/z peak in the range 1000 Da to 

2000 Da was evaluated (Figure 49). A strict selection criteria was applied to each 

individual m/z peak (detailed in Chapter II, Section 2.17.2) to ensure consistency in 

selecting SafA’ (GST-SafA-6xHis) specific peptides. The same analytical procedure was 

performed for the other tissue extract affinity-enrichments, i.e. the large intestine (Figures 

50 and 51), small intestine and colon. Upon manual visualization of the peaks it was 

possible to select a few peak signals specific to SafA’ (GST-SafA-6xHis) (Table 15). 

Some m/z values listed appeared in a number of SafA’ (GST-SafA-6xHis) affinity-

enrichments originated with extracts from different tissues. 

The sets of generated m/z values were used for PMF using Mascot (Elias et al 2005, Stead 

et al 2006) and Protein Prospector (Baker et al 2010, Wang and Wilson et al 2013). The 

analyses yielded low MASCOT scores that did not meet the significance threshold of 

p<0.05 for all the series tested which precluded us from using the predictions made for 

protein identification. Combining a number of identical affinity-enrichments’ to increase 

the total quantity of the protein did not improve the scores beyond the accepted threshold, 

except for one protein were both MASCOT and ProteinProspector identified cyclin-

dependent kinase-like 3 present in the (GST-SafA-6xHis) SafA’/heart affinity-

enrichment. MASCOT matched 10 out of 39 calculated peptide m/z with a significant 

score of 69 and total protein coverage of 16% from a 607 aa protein.  The RMS error was 

of 51 ppm which was expected of the MALDI-TOF MS instrument used. It also satisfied 

the significance threshold p<0.05 (Figure 53). 

ProteinProspector gave similar results by matching 11 out of 39 masses and with a mean 

error of 1.08 ppm (Figure 54). To further validate our results de novo sequencing with 

MALDI LIFT-TOF/TOF MS (LIFT function allows for analysis of ions generated by CID) 

was attempted. Whilst the control BSA digest could identify peptides with amino acid 



 

 

145 

 

information successfully from the acquired MS/MS data we could not identify by MS/MS 

the PMF identified cyclin-dependent kinase-like 3. This might be due to low amount of 

the corresponding protein available in the sample or to its complexity. 

Ideally, if the time and resources would have allowed, further large scale (16 wells or 

more) (GST-SafA-6xHis) SafA’/heart affinity-enrichments should have been performed. 

Further to this it would still be difficult to identify whether the cyclin protein is specific 

to SafA or is binding to the GST tag. Therefore, having GST as a negative control and 

cleaving it from the construct would eliminate any doubts regarding its binding to SafA. 

Cyclins are a target of several bacteria during infection, such as, E. coli, Salmonella, 

Yersinia, among others (Jubelin et al 2009, 2010, Marchès et al 2003). Also, inhibition of 

the cell cycle in the intestinal epithelium could interfere with the constant cell renewal 

and probably benefit colonization (Nougayrède et al 2005). Cyclins were not found in the 

LC-MS/MS (large intestine) analysis (Section 6.7) as SafA interacting partners. The 

proteins were also absent from the GST or BSA negative controls.  Based on this, it is 

possible, there is a strong specificity of heart cyclin-dependent kinase-like 3 for the 

construct. 

The specificity that can be achieved by tandem mass spectrometry (MS/MS) makes the 

technique a better choice to unequivocally identify proteins. In this study, PMF was not 

sufficient. Even if acquisition of the fragment ion spectra had been obtained, by using the 

LIFT method, it would have not been able to identify peptides with the same amino acid 

composition but different sequences (Liu and Chen 2009, Le Maux et al 2015). In such 

case the peptides would have the same molecular weight and yield the same MS/MS 

spectra. Coupling LC with MS overcomes this problem by allowing for peptide separation 

(Wu et al 2009). 

However, based on these results we felt optimistic that our affinity-enrichment protocol 

(Chapter II, Section 2.13.8 and Chapter V, Figure 41) is suitable for identifying proteins 

specifically interacting with SafA’ (GST-SafA-6xHis) and decided to reanalyse our 

samples by nLC-nESI-MS/MS. 

6.7 Results: nLC-nESI-MS/MS analysis 

The MALDI-TOF MS analysis was not sufficient to confidently identify any specific 

proteins to SafA’ (GST-SafA-6xHis). However, the comparison analysis showed the 

enrichment of peptides in the SafA’ (GST-SafA-6xHis) affinity-enrichments’ was higher 

than in the BSA negative control. Because of this, it was decided to use a more suitable 
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method to deal with complex mixtures. Further to this, we acknowledged the need to 

include new negative controls that would allow us to unequivocally identify interacting 

partners to SafA itself and not to the GST fused tag of the construct. As the analysis went 

along we also recognized the need to provide a higher amount of proteins, therefore we 

adjusted the experimental design (Figure 47). The MS/MS data was analysed using 

MASCOT and Scaffold, a bioinformatics grouping method that increases confidence in a 

protein identification report through the use of several statistical methods (Searle et al 

2010). To enable Scaffold calculate the probability of correct protein identification we 

established fixed minimum requirements. The protein identification confidence threshold 

was setup to 99% and the peptide threshold to 95%. For protein identification to be 

accepted (minimum criteria for this study), at least two different peptide sequences need 

to be identified by the search algorithm (Bradshaw et al 2006, Omenn et al 2005), 

therefore it was part of the Scaffold criteria to reach 99% protein confidence identification 

(Figure 56). In 2 of the cleaved SafA’ (GST-SafA’ minus GST) affinity-enrichments. 

 

For the previous MALDI-TOF MS analysis each affinity-enrichment had only BSA as a 

negative control and GST tagged SafA’ (uncleaved SafA’) as a positive. Three new 

controls were introduced in the Universal-BIND™ plates (System 5); undepleted cleaved 

SafA’ (GST+SafA-6xHis) (without GST tag fused to the construct), non UV-light 

crosslinked undepleted cleaved SafA’ (GST+SafA-6xHis) (immobilised protein by 

passive adsorption only) and GST protein (Figure 48). The addition of the controls was 

to differentiate between proteins binding to the GST tag and to SafA. The decision of not 

crosslinking undepleted cleaved SafA’ (GST+SafA-6xHis) in System 5 was to determine 

whether UV-crosslinking stabilizes SafA’ (cleaved/uncleaved) on the well polystyrene 

surface of the Universal-BIND™ plates (System 5), therefore enriching the mixture of 

bait protein. During the setup of the system, trials had showed the advantage of 

crosslinking protein to the plates prior incubation with the protein extracts of interest 

(Chapter V, Section 5.7.1), establishing that the bait protein, SafA’ (GST-SafA-6xHis) 

still remain on the plates but without crosslinking protein loss would occur, as a result 

possibly affecting the binding of any specific protein. Having this control is not a proof 

of the above but it can indeed show the advantage of protein immobilization by UV-light 

crosslinking over passive adsorption. 

The samples were subjected to LC-MS/MS analysis. For this, a total of seven SafA’ 

(cleaved/uncleaved, crosslinked/non-crosslinked) affinity-enrichments were generated as 

detailed in Figure 48. Additional negative controls, using BSA and GST as baits were 
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included, and compared to affinity-enrichments performed with undepleted cleaved SafA’ 

(GST+SafA-6xHis) vs uncleaved SafA’ (GST-SafA-6xHis). All the baits, negative baits, 

undepleted cleaved SafA’ (GST+SafA-6xHis) and uncleaved SafA’ (GST-SafA-6xHis) 

were immobilised by crosslinking to the plates prior incubation with total protein extracts 

obtained from rat’s large intestine. Undepleted cleaved SafA’ (GST+SafA’-6xHis) with 

omission of its crosslinking to the plates was also included. For each affinity enrichment, 

samples were trypsinized and peptides from each digest were analysed by nLC-nESI-

MS/MS according to the methods described in Chapter II, Section 2.18. The MS raw data 

was processed using MSConvert in ProteoWizard Toolkit (Kessner et al 2008). 

Subsequently, MS2 spectra was performed in MASCOT by interrogating a database 

comprising of the combined reference proteomes of Rattus norvegicus (May 2014 

database) and Salmonella typhimurium LT2 (May 2014 database) retrieved from the 

UniProt website (http://www.uniprot.org/). Finally, Scaffold was used to filter MS/MS 

based peptide and protein identifications as fully described in the methods, Chapter II, 

Section 2.19. 

 

The data were analysed under stringent parameters in order to avoid false identification. 

For this, the retrieved data were scrutinised in Scaffold where the MASCOT search 

engine results are statistically interpreted using the PeptideProphet algorithm. In here the 

search engines scores are converted into probabilities of peptide identification. For 

instance, in identification MASCOT uses ion scores, identities and homology thresholds. 

PeptideProphet converts these into a single discriminant score developed using training 

data (Keller et al 2002). A histogram of the discriminant scores is created where the 

distribution of correct and incorrect matching data can be visualised. PeptideProphet 

considers the distributions as standard distributions where by using a curve-fitting depicts 

the correct and incorrect distributions (Nesvizhskii et al 2003). Following this, Bayesian 

statistics is used to calculate the probability of identification is correct (Nesvizhskii et al 

2003). The software also incorporates information about the class label for the peptide 

identifications. For example, the peptides can be searched against decoy peptide 

sequences that are known for not being present in the organism If any of the MS/MS 

spectra matches the decoy peptides this assignment (which may lead to protein 

identification), would be incorrect (Ding et al 2008). 

 

These probabilities are then used as threshold filters that allow the protein identifications 

to be viewed at different confidence levels (Searle et al 2010). Next, Protein Prophet 
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(Nesvizhskii et al 2003) groups all assigned peptides according to their corresponding 

proteins in the database. In here the assigned peptides corresponding to a specific protein 

and its probabilities are combined to compute a single protein confidence measure that is 

effective at distinguishing the correct from the incorrect protein identifications (Searle et 

al 2010), these probabilities are also used as threshold filters. Finally, Scaffold calculates 

the False Discovery Rate (FDR) for both peptides and proteins which in this case was 

“calculated by using the count of decoys against target identification hits” (©2016 

Proteome SoftwareScaffold, version 4.0.  User’s Manual, Page 99). 

 

The different MS2 samples described in Figure 48 were combined and as per methods, 

Chapter II, Section 2.19 filtered for proteins with protein identification confidence 

threshold to 99%, peptide threshold to 95% and protein FDR of 0.1%; and at least two 

peptides had to fulfil the criteria for protein identification as per minimum criteria defined 

in Chapter II, Section 2.19. We searched for the presence of SafA in the respective 

affinity-enrichment and BSA throughout. It was considered important to verify if proteins 

known to be present in the affinity-enrichments would be convincingly identified in their 

respective samples. For instance, absence of SafA in the Salmonella affinity-enrichment 

could have suggested the protein was lost throughout the experimental process, deeming 

any uniquely identified proteins in that particular sample non-specific. On the contrary, 

identification of SafA in the negative controls could have suggested a problem of cross-

contamination inferring the affinity-enrichments analysed were not a reliable source of 

proteins. The identification of BSA was important because it was used as a blocking agent, 

thus purposely added in all samples and expected to be identified in all affinity-

enrichments. Failure to consistently identify BSA would have meant appropriate 

identification was not being accomplished suggesting weakness on methodology. 

 

An average of three SafA peptides with a 100% identification probability were found in 

the SafA’ (cleaved/uncleaved) affinity-enrichment’s (Supplementary data, Figure S65). 

During the affinity-enrichment’s, BSA was used as a blocking agent and consistently used 

throughout, therefore expected to be present in all affinity-enrichments. An average of 30 

BSA specific peptides were identified with 100% identification probability 

(Supplementary data, Figure S66). Of the 2, 119 identified proteins (Figure 55) only five 

fulfilled the minimum established criteria (Chapter II, Section 2.19) and have been 

identified as specific SafA’ (SafA-6xHis) proteins. Several on-line molecular tools, such 

as, gene ontology, STRING and PubMed were used to retrieve as much biological 
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information from the identified putative proteins (Table 18). The successful identification 

of these proteins provide a much needed information on the intracellular life of cytosolic 

Salmonella and the function of the Saf fimbriae. Currently most of the studies are 

performed using the Salmonella-containing vacuole (SCV) and there is a lack of 

information on the fate of cytosolic Salmonella. 

 

The identification of proteins, such as, TM9SF3, a transporter protein localised in the 

Golgi and plasma membrane. Serpinb1a, a known inhibitor of neutrophil elastase; 

MGST3-like protein (RGD1561381), a transmembrane protein located in the 

Endoplasmic Reticulum (ER) responsible for the catalysis of reduced glutathione (GSH) 

that leads to the activation of the inflammation response. Protein Bri3bp, also located at 

the ER/mitochondrion, involved in the modulation of the mitochondrial cell death 

response. Finally, hydrolase protein ABHD14B a positive regulator of RNA Polymerase 

II. All of these proteins have been scrutinised and there is evidence of their involvement 

in the host-pathogen response. In this section, the process of protein identification by LC-

MS/MS is presented as well as their putative biological implications based on the current 

literature available. 

6.8 Identification of total large intestine proteins captured by affinity-

enrichments in Universal-BIND™ plates (System 5) 

Affinity-enrichments’ P3-P7 together with their respective negative controls yielded a 

total of 2,119 proteins identified based on the Scaffold FDR thresholds (Figure 55). These 

proteins included 1,797 contaminants (those not from the protein sample), coming from 

the user (e.g. keratin from skin and hair) or from reagents (e.g. BSA powder and trypsin). 

SafA was found only in the affinity-enrichments’ where it was used as a bait, the 

identification of SafA in the SafA’ (cleaved/uncleaved) affinity-enrichements’ and not in 

the negative controls, indicated reliability in our methods. The remaining 322 proteins 

were those belonging to the protein samples, captured by the different baits used (GST-

SafA-6xHis, GST+SafA-6xHis, BSA and GST). These were transferred from Scaffold to 

Excel where proteins with cleaved SafA’ (SafA-6xHis) specificity were separated from 

BSA/GST binding proteins. 

 

To identify which proteins bound specifically to cleaved SafA’ (SafA-6xHis) we 

performed a two stage analysis. In stage 1 we subtracted from the list any proteins 

identified in the BSA or GST negatives control, even if it was 1 negative peptide against 
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a higher number of positive peptides (cleaved SafA’ binding). The 190 proteins left were 

a mixture of identified proteins in one or both of the undepleted cleaved SafA’ 

(GST+SafA-6xHis) affinity-enrichments with one peptide or more and not present in any 

of the negative controls. Stage 2 analysis involved the selection of proteins with 2 or more 

unique peptides in both of the undepleted cleaved SafA’ (GST-SafA-6xHis) affinity 

enrichments. Following these stages we reduced the list down to five proteins that were 

present in undepleted cleaved SafA’ (GST+SafA-6xHis) only. Figure 55 (all Scaffold 

data available in the supplementary electronic file) shows no protein was identified 

exclusively in the BSA or GST negative controls. 99 proteins were present 

simultaneously in the undepleted cleaved SafA’ (GST+SafA-6xHis), BSA and GST 

affinity enrichment’s.  Only five proteins were shared between undepleted cleaved SafA’ 

(GST+SafA-6xHis) and BSA, whereas 23 proteins were shared between undepleted 

cleaved SafA’ (GST+SafA-6xHis) and GST. 
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Figure 54. Venn diagram showing distribution of the proteins identified in affinity-enrichments P3-P7. Initially, a total of 2,119 proteins were 

identified based on the Scaffold FDR thresholds. These included 1,797 contaminants not from the protein sample but from the user (e.g. keratin from skin 

and hair) and from materials (e.g. BSA powder and trypsin). An exclusive **5 were identified with at least 2 peptides in both of the undepleted cleaved 

SafA’ (GST+SafA-6xHis) affinity-enrichments’ (these were absent from the GST and BSA negative controls and will be the only ones discussed from 

hereafter) and 190 proteins identified in the undepleted cleaved SafA’ (GST+SafA-6xHis) affinity-enrichments’ with no more than 1 peptide in one or 

both of the undepleted cleaved SafA’ (GST+SafA-6xHis) affinity-enrichments’. No proteins were isolated solely in the negative controls, whereas 23 

were shared between GST and undepleted cleaved SafA’ (GST+SafA-6xHis), 5 shared between BSA and undepleted cleaved SafA’ (GST+SafA-6xHis) 

and 99 shared present in all three affinity-enrichments. 
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Figure 55. Workflow of data analysis. The raw files were processed using 

MSConvert in ProteoWizard Toolkit (version 3.0.5759) and the database performed 

in MASCOT (version 2.5.0). The results were statistically interpreted using Peptide 

Prophet algorithms. Next, Protein Prophet grouped all assigned peptides according to 

their corresponding proteins in the database. The False Discovery Rate (FDR) for both 

peptides and proteins by discriminant scoring using a Naïve Bayes classifier to try and 

classify correctly identified spectra from incorrectly identify spectra (decoy). 
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6.9 Identification of putative SafA interactors 

Only five proteins were identified in both of the undepleted cleaved SafA’ (GST+SafA-

6xHis) affinity-enrichments’ and in none of the negative controls (BSA and GST) with 2 

peptides or more satisfying Peptide Prophet algorithm threshold of 95% and Protein 

Prophet algorithm threshold of 99% with a 0.1% FDR (decoy) (Table 16). It was found 

protein Bri3bp was also identified exclusively in the SafA’ (GST-SafA-6xHis) affinity-

enrichments. This may indicate the absence of protein identification in the non-

crosslinked undepleted cleaved SafA’ (GST+SafA-6xHis) samples is probably due to the 

lack of bait protein on the wells which was lost in the process. 

Because of the limited quantities of protein captured by the system, it was necessary to 

pool together the technical replicates. Starting with 2, 16 and 34 wells pooled together. 

P1&P2 had two technical replicates, P3 sixteen and P3-P7 thirty two replicates; where 

P1&P2 did not yield any interactors (therefore these are mentioned but not discussed). 

Different rats were used for different affinity-enrichments’, hence each affinity-

enrichment is a biological replicate (Figure 48). 

Table 16 provides information on the five identified proteins; its molecular weight (MW) 

in kDa and a breakdown on with how many peptides and in how many affinity-

enrichment’s these were identified. 
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Table 16. Putative SafA-6xHis interactors identified in the different affinity-

enrichment (P3-P7) experiments. MS2 spectra were searched with MASCOT engine 

against sequences derived from reference proteome of Rattus norvegicus, Salmonella 

typhimurium strain LT2 (UniProt database) and the Common Repository of Adventitious 

Proteins (cRAP) Database. Each “P” column indicate the number of peptides for which a 

protein was identified only in the SafA’ (cleaved/uncleaved) affinity-enrichment but not 

in any negative controls (No BSA or GST). The molecular weight (MW) is given in kDa. 

 

Identified 

Protein 

UniPrort 

(Rattus 

Norvegicus) 

Accession 

number 

MW 

(kDa) 

UV- crosslinked 

uncleaved SafA’ 

(GST-SafA-

6xHis) 

UV-crosslinked 

cleaved SafA’ 

(GST+SafA-

6xHis) 

Non UV-

crosslinked 

cleaved SafA’ 

(GST+SafA-

6xHis) 

Negative 

Controls 

 ^P3 OP4 OP5 OP6 OP7 BSA 

(N1) 

GST 

(N2) 

 

Bri3 binding 

protein 

 

Q5U3Z5 

 

   28 

 

2 

 

1 

 

2 

 

2 

 

0 

 

0 

 

0 

 

Tm9sf3 

 

D3ZUD8 

 

68 

 

 

0 

 

0 

 

3 

 

3 

 

0 

 

0 

 

0 

 

ABHD14B 

 

Q6DGG1 

 

23 

 

0 

 

0 

 

2 

 

2 

 

0 

 

0 

 

0 

 

Leukocyte 

elastase 

inhibitor A 

 

Q4G075 

 

43 

 

0 

 

0 

 

2 

 

2 

 

0 

 

0 

 

0 

 

RGD1561381 

 

D3ZZQ8 

 

17 

 

0 

 

0 

 

2 

 

2 

 

0 

 

0 

 

0 

^16 wells per Affinity-enrichment, O32 wells per Affinity-enrichment 

 

Table 17 describes the percent coverage (%) (percentage of all the amino acids in the 

protein sequence that were detected in the sample), number of peptides identified that 

satisfy the algorithm criteria, peptide sequence and its relevant information as retrieved 

from Scaffold.  Such as, MASCOT ion score, observed mass (m/z), charge state, delta 

mass, retention time and number of isoforms. Also, this is now shown in the table but all 

proteins had no isoforms. 
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Table 17. LC-MS/MS identified rat large intestine proteins binding specifically to SafA’ (cleaved and uncleaved). 

IDENTIFIED 

PROTEIN AND 

PERCENT 

COVERAGE 

(%) 

 

AFFINITY-

ENRICHMENT 

PEPTIDE SEQUENCE MASCOT ION 

SCORE 

OBSERVED 

MASS (M/Z) 

CHARGE STATE DELTA MASS (DA) RETENTION TIME 

(MIN) 

 

BRI3 BINDING 

PROTEIN 

(Q5U3Z5) 

       

9.09% ^P3: Crosslinked 

Uncleaved SafA’ 

      

  GSAGGLcSPSVEEK 19.9 689.32 2+ 0.001739 40.94 

  LEHLENQVR 25.38 569.300 2+ 0.0003421 39.78 

 OP4: Crosslinked 

Uncleaved SafA’ 

      

  LEHLENQVR 30.4 569.3054 2+ 0.002418 25.98 

 OP5: Crosslinked 

Cleaved SafA’ 1 

      

  GSAGGLcSPSVEEK 36.55 689.3203 2+ 0.001739 31.50 

  LEHLENQVR 35.58 569.3044 2+ 0.0003421 26.20 

 OP6: Crosslinked 

Cleaved SafA’ 2 

      

  GSAGGLcSPSVEEK 57.45 689.3203 2+ 0.001713 31.31 

  LEHLENQVR 32.24 569.305 2+ 0.001564 25.91 

        

TM9SF3 OP5: Crosslinked 

Cleaved SafA’ 1 
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(D3ZUD8) 

5.28%  LEIGFNGNR 29.44 510.2674 2+ 0.0005681 42.93 

  YLDPSFFQHR 20.63 437.2157 3+ 0.000006058 50.35 

  VNAVPRPIPEKK 14.99 674.4087 2+ -0.0007399 25.88 

 OP6: Crosslinked 

Cleaved SafA’ 2 

      

  KLEIGFNGNR 38.16 574.315 2+ 0.0007781 35.32 

  KLEIGFNGNR 26.47 383.2123 3+ 0.0004351 35.32 

  LEIGFNGNR 21.33 510.2683 2+ 0.00246 42.8 

  YLDPSFFQHR 32.25 437.2161 3+ 0.001194 50.13 

        

ABHD14B 

(Q6DGG1) 

OP5: Crosslinked 

Cleaved SafA’ 1 

      

10%  FSVLLLHGIR 39.87 385.5736 3+ 0.001819 57.50 

  FSVLLLHGIR 26.62 385.5731 3+ 0.0002621 57.50 

  AVAIDLPGLGR 24.25 541.3207 2+ -0.002442 59.40 

 OP6: Crosslinked 

Cleaved SafA’ 2 

      

  FSVLLLHGIR 24.32 385.5739 3+ 0.002644 56.84 

  AVAIDLPGLGR 18.24 541.3221 2+ 0.0003661 59.48 

        

RGD1561381 

(D3ZZQ8) 

OP5: Crosslinked 

Cleaved SafA’ 1 

      

17.80%  IASGLGVAWIIGR 39.4 656.8918 2+ 0.002548 71.38 

  VLYAYGYYTGDPSK 35.71 798.8829 2+ 0.0003261 52.09 
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 OP6: Crosslinked 

Cleaved SafA’ 2 

      

  IASGLGVAWIIGR 37.64 656.8928 2+ 0.004622 70.95 

  VLYAYGYYTGDPSK 27.45 798.8825 2+ -0.0004219 52.11 

LEUKOCYTE 

ELASTASE 

INHIBITOR A 

Q4G075 

12.70% 

  

 OP5: Crosslinked 

Cleaved SafA’ 1 

      

  TFHFDSVEDVHSR 23.24 788.3644 2+ 0.002878 39.78 

  FQSLNAEVSK 22.36 561.7933 2+ 0.0004481 35.09 

  FQSLNAEVSKR 18.34 639.8448 2+ 0.002376 30.41 

  TYNFLPEFLTSTQK 27.68 844.9321 2+ 0.003836 72.89 

  ADLSGMSGSR 22.62 490.7274 2+ 0.0008781 28.18 

        

 OP6: Crosslinked 

Cleaved SafA’ 2 

      

  IEESYILNSNLGR 21.09 754.3931 2+ 0.00371 53.24 

  LGLQDLFNSSK 

 

40.27 611.3293 2+ 0.003748 68.23 

        

        

 

^16 wells per affinity-enrichment, O32 wells per affinity-enrichment
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6.10 Initial preditiction of protein-protein interaction networks: 

STRING  

STRING (http://string-db.org/) was initially used to predict whether the initial five 

proteins (Table 16) were part of a network. The database predicts direct and indirect 

interactions mainly by using previous knowledge from other databases or high-

throughput experiments (Von Mering et al 2005). Based on the available evidence, the 

scores are indicators of confidence and how feasible STRING evaluates an interaction to 

be true. STRING could not find evidence relating any of the five proteins identified in the 

undepleted cleaved SafA’ (GST+SafA-6xHis) affinity-enrichments, not even at the 

lowest confidence level of 0.150. Moreover, by relaxing the settings and allowing 

STRING to add more proteins within a network, the proteins did form part of other 

networks related to immune response and family of peptidases. As these results were 

inconclusive they will not be discussed further. 

6.11 Gene Ontology 

Gene ontology (GO) was also used in an attempt to retrieve organised terms regarding 

the characterisitics of gene products in the following three categories: protein class, 

molecular function and cellular component (Table 18). The results indicate that the 

predicted proteins belong to distinct classes and have different localization within the cell. 

This was also investigated by accessing databases, such as, UniProt 

(http://www.uniprot.org/) and NCBI (http://www.ncbi.nlm.nih.gov/) or by literature 

research as shown in Table 18. Their location varies between integral components of the 

membrane, Endoplasmic Reticulum (ER), cytoplasm, Golgi Complex and extracellular 

space. Furthermore, the molecular function shows the proteins play a role in catalytic 

activity, protein transport and serine-type endopeptidase inhibitors. 

The information provided by GO allowed us to conclude that these proteins might be part 

of the mammalian host immune response and are either a target of Salmonella for its 

survival or on the opposite, these target Salmonella for its destruction. Regardless, the 

information obtained from GO and the literature research (Table 18) imply the 

involvement of these proteins either as a group(s) or indepently as enzyme regulators, 

transporters, immune system, response to stimulus, apoptosis, cellular adhesion, among 

others. 

http://string-db.org/
http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/
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These proteins fall within biological and molecular categories that are plausible highly 

activated during infection. These results will be discussed by means of considering 

published literature based on similar bacterial protein-host interactions. Further to this, 

the possible biological relevance in the Salmonella-host infection process will be further 

discussed in the Discussion section. 
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Table 18. Gene Ontology (GO) terms and Biological information for the identified cleaved SafA’ (SafA-6xHis) interactors. Panther 

and UniProt were used to retrieve GO terms.  Descriptions were obtained from published data. 

  

UniPrort 

Accession 

number 

 

MW 

(kDa) 

Gene Ontology  

Short Description 

 

Literature Reference 
Identified  

Proteins 

Protein Class Molecular Function Cellular Component 

 

Bri3 binding 

protein 

 

Q5U3Z5 

 

28 

 

No 

information 

available 

 

No information available 

 

Integral membrane (GO:0016021), 

mitochondrion                 

(GO:0005739),membrane (GO:0016020)  

 

Involved in apoptosis/drug induced apoptosis  

 

Bauer et al 2010, Yamazaki 

et al 2007 

 

Tm9sf3 

 

D3ZUD8 

 

68 

 

 

Transporter  

 

vesicle-mediated transport 

(GO:0006897) 

 

Integral component of membrane 

(GO:0016021), membrane (GO:0016020) 

 

Cellular adhesion and phagocytosis, control 

intracellular killing of bacteria, intramembrane 

cargo receptors  

 

Benghezal et al 2003, 

Cornillon et al 2000, Perrin 

et al 2015 

 

ABHD14B 

 

Q6DGG1 

 

23 

 

Serine 

protease 

 

Hydrolase activity 

(GO:0016787) 

  

 

Cytoplasm (GO:0005737), extracellular 

exosome (GO:0070062), nucleus 

(GO:0005634) 

   

 

Role in tumour suppression through limiting cell 

proliferation and cell cycling,  immune system 

response,  response to toxic substance  

  

Brady et al 2011, Mol et al 

2016, PANTHER (accessed 

on 15/05/2016) 

 

Leukocyte 

elastase inhibitor 

A 

 

Q4G075 

 

43 

 

Serine 

protease 

inhibitor 

 

serine-type endopeptidase 

inhibitor activity 

(GO:0030414)   

 

Cytoplasm (GO:0005737), extracellular space 

(GO:0005615) 

 

Immune response, up-regulated during 

Salmonella infection  

 

Gill et al 2012, Romero et al 

2012) 

 

RGD1561381 

 

D3ZZQ8 

 

17 

 

Transferase 

Antioxidant activity 

(GO:0016209), catalytic 

activity (GO:0016491) 

 

 

Extracellular region (GO:0005576) 

 

Similar to microsomal glutathione S-transferase 

3  

 

CAMP2.0 (accessed on 

15/05/2016) 
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6.12 Discussion: A speculative discussion on the SafA interacting 

partners is presented here 

6.12.1 Cytosolic Salmonella targets Endoplasmic Reticulum (ER) Bri3 

binding protein (Bri3bp) to modulate apoptosis 

The ER is an organelle which main function is to fold secreted, organelle and plasma 

membrane proteins (Stevens and Argon et al 1999). When homeostasis of the ER is 

disturbed, it results in the accumulation of misfolded or unfolded proteins that trigger the 

ER stress response. This signalling pathway is called the unfolded protein response (UPR) 

and has been widely studied in yeast (Ahner and Brodsky et al 2004, Denic et al 2006, 

Ruddock and Molinari et al 2006), mammals (Aridor and Hannan et al 2000, Foulquier 

et al 2002) and also observed in plants (Deng et al 2013, Hüttner and Strasser et al 2012, 

Vitale and Boston et al 2008). Subsequently, if the UPR response is not sufficient to re-

establish balance, the next host  response would be to start apoptosis (Fribley et al 2009, 

Kaufman et al 2002), carried out by the mitochondrial apoptosis pathway (Bravo-Sagua 

et al 2013, Hetz et al 2011). 

Recent studies show that bacteria have evolved strategies to modulate different ER stress 

sensors to regulate the distinctive host cell responses (Celli and Tsolis et al 2015, Pillich 

et al 2016). The protein Bri3bp was consistently identified in four SafA’ 

(cleaved/uncleaved) affinity-enrichments’ with not a single peptide binding to any of the 

negative controls (Table 16). The role of Bri3bp is of binding to Bri3, a lysosomal protein 

involved in tumour factor-induced cell death (Wu et al 2003). Yamazaki et al (2007) has 

showed Bri3bp is involved in apoptosis, especially drug induced apoptosis. The work 

demonstrated the lack of Bri3bp had an impact in the decrease of apoptosis, whereas 

overexpression increased caspase-3 activity and mitochondrial cytochrome c release. 

The consistent binding of Bri3bp protein to cleaved SafA’ (SafA-6xHis) make it possible 

to suggest cytosolic Salmonella binds to Bri3bp to hijack the host’s stress response and 

manipulate it to its benefit (Figure 57). It is known cytosolic Salmonella replicates ~20-

30 fold in comparison to SCV-bound Salmonella (Knodler et al 2014, Malik-Kale et al 

2012). Therefore the identification of Bri3bp suggests that cytosolic Salmonella targets 

apoptosis, using this as an advantage for hyper-replication, and possibly, the ability to re-

activate apoptosis so that it can disseminate and spread to other cells when required. 

To confirm this we would need to perform functional studies (which will be further 

elaborated in Chapter VII, Section 7.5), nevertheless, this has been extensively described 
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in other gram-negative bacteria. An example of this is Anaplasma phagocytophilum that 

inhibits neutrophil apoptosis by the transcriptional upregulation of bfl-1. It also inhibits 

mitochondria-mediated activation of caspase 3 (Ge et al 2005).  In addition, studies in 

Legionella pneumophila (Banga et al 2007, Laguna et al 2006) and Chlamydia 

trachomatis (Dong et al 2005, Ying et al 2005) give further evidence of how bacteria use 

the host’s immune system during the early stages of infection in order to facilitate their 

intracellular replication. 

  

Figure 56. Hypothesised model showing Salmonella regulation of mitochondrial cell death. The host 

protects itself from the bacterium by activating its ER and UPR stress mechanisms. ER membrane protein 

Bri3bp activates mitochondrial cell death by encouraging the release of Cytochrome c which will lead to 

Caspase activation and ultimately cell death. Cytosolic Salmonella binds to Bri3bp to modulate apoptosis. 

It is possible it does this with duality and will either activate or block mitochondrial cell death if it needs 

further time to hyper replicate or if is advantageous to disseminate. Adapted from Sendoel and Hengartner 

et al (2014). 

6.12.2 TM9SF3 protein transports cytosolic Salmonella through the 

Golgi complex to the cell surface 

TM9 family proteins, also known as Phg1, play a role in the control of cell surface 

localization of membrane proteins (Benghezal et al 2003). The structure of the proteins 

is highly conserved with each other, presenting a large extracellular domain and nine 

putative transmembrane domains. This family is also present in several species, such as, 

Dictyostelium discoideum, Saccharomyces cerevisae, Drosophila, mice and human. 

TM9/Phg1 proteins were initially characterised in Dictyostelium, finding three members 



 

 

163 

 

of the family (Phg1A, Phg1B and Phg1C) (Benghezal et al 2003), three in S. cerevisae 

(TMN1, TMN2 and TMN3) (Froquet et al 2008), three in Drosophila (TM9SF2, TM9SF3 

and TM9SF4) (Bergeret et al 2008, Perrin et al 2015) and four in human/mice (TM9SF1, 

TM9SF2, TM9SF3 and TM9SF4) (Chluba-de Tapia et al 1997, Schimmöller et al 1998). 

Previous studies have confirmed these proteins act as intermembrane cargo receptors 

regulating exocytosis, cell surface localization of a subset of membrane proteins and 

cellular adhesion (Benghezal et al 2003, Bergeret et al 2008, Cornillon et al 2000, Froquet 

et al 2012). TM9 proteins are mainly present in the Golgi complex and can also be found 

in the plasma membrane (Cornillon et al 2000, Perrin et al 2015, Sugasawa et al 2001). 

Most of the studies have been carried in yeast and not in mammalian cells but work carried 

by Perrin et al (2015) showed TMSF4 transports glycine-rich TMD’s through the Golgi 

Complex to the cell surface. Another relevant role of TM9 proteins was studied in 

mammalian cells where phg1a knockouts were incapable of killing Klebsiella bacteria. 

This was because the cells exhibited an unnatural high lysosomal pH, quite possibly 

impairing the cell to efficiently kill bacteria (Le Coadic et al 2013). 

TM9SF3 was identified with three peptides in two of the cleaved SafA’ (SafA-6xHis) 

affinity-enrichments’ and absent in both of the negative controls (Table 16). As TM9 

proteins and their functions are highly conserved within species, we propose cytosolic 

Salmonella binding to transmembrane protein TM9SF3 is to be transported from within 

the cell to the cell surface (Figure 58). This exit mechanism has not been previously 

described in any other bacterium and functional studies would be required to further 

characterise this. Regardless, the binding of TM9SF3 to cleaved SafA (SafA-6xHis) is 

undisputable, and is also plausible that as demonstrated in Dictyostelium and mammalian 

studies (Le Coadic et al 2013), cytosolic Salmonella binds to TM9SF3 and disrupts the 

production of functional lysosomes that would endanger its intracellular survival. 
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Figure 57. Hypothesised model depicting the exit of cytosolic Salmonella through transmembrane 

protein TM9SF3. During infection the ER stress response triggers the UPR and the bacteria is fighting a 

strong host response. Cytosolic Salmonella makes its way to the Golgi Complex and attaches itself to 

transmembrane protein TM9SF3. The bacteria is comfortably taken through the different layers of the Golgi 

Complex until is transported out of the cell. Figure adapted from Perrin et al (2015). 

6.12.3 Salmonella induces transcriptional changes to modulate host’s 

gene expression by ABHD14B binding 

Protein ABHD14B was identified in two of the cleaved SafA’ (SafA-6xHis) affinity-

enrichments’ and in none of the negative controls (Table 16). It belongs to the ABDH14 

family and is found mainly in the cytosol, extracellular space and nucleus. It is categorised 

as a hydrolase and its role is of being a positive regulator of transcription from RNA 

polymerase II promoter (Strausberg et al 2002). There is no further literature available 

regarding this protein and neither of its interaction with Salmonella or any other bacterium. 

There is evidence that bacterial pathogens can interfere with transcription by preventing 

trafficking of host transcription factors. During infection, host genes regulating the initial 

response to pathogens are targets of many bacteria (de Monerri and Kim et al 2014). A 

microarray-based analysis to investigate the host response to Plasmodium spp. showed 

the parasite uses the host’s resources during infection (Albuquerque et al 2009). The 

studies were performed on infected hepatoma cells, showing a particular set of genes 

involved in ER stress response, receptor binding proteins, including transcriptional 

regulators to be distinctively expressed throughout infection. 
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Another example is the protozoan Toxoplasma gondii, it modulates cytokine-induced 

JAK/STAT signalling pathways and blocks IFNγ-mediated STAT1-dependent 

proinflammatory gene expression (Carey et al 2012, Leng et al 2009, Schneider et al 

2013). Also, Chlamydia trachomatis is a human pathogen that lives and replicates within 

a vacuole called an inclusion.  Studies carried by Soupene et al 2012) reported Chlamydia 

recruits several host proteins within its inclusion membrane. These proteins are acyl-CoA 

synthetase enzyme ACSL3, acyl-CoA binding protein ACBD6, nuclear protein ZNF23 

(a pro-apoptosis factor), Acyl-CoA: lysophosphatidylcholine acyltransferase LPCAT1 

(an ER protein), among others; possibly to inhibit several host cell responses. In addition, 

the protozoan genomes have identified histone modifying proteins and chromatin 

remodelers. The activity of these proteins is presumed but if correct, it would indicate 

their ability to affect the transcriptional profile of organisms (Croken et al 2012). 

Finally, studies carried in E.coli infected human kidney cells have demonstrated this 

bacteria inhibits Pol II-dependent transcription. Their results showed a considerably 

reduction in gene expression was achieved by the stimulation of Pol II transcriptional 

repressors and by suppression of transcriptional activators/factors (Lutay et al 2013). 

Based on the above, identification of ABDH14B in the affinity-enrichments’ suggests 

cytosolic Salmonella binds to protein ABDH14B to inactivate transcription and the 

expression of certain genes that might favour Salmonella’s intracellular survival (Figure 

59). Without functional studies we cannot suggest which host genes, but as per literature, 

it is possible to speculate these genes are involved in ER stress and inflammatory signals. 
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Figure 58. Hypothesised model of transcription inactivation by Salmonella. In an uninfected (default) 

cell ABHD14B binds to RNA polymerase II to activate transcription that will produce RNA and result in 

the synthesis of proteins. In the early stages (possibly) of infection Salmonella binds to cytosolic ABHD14B 

to halt the production of genes that might lead to its destruction. Adapted from Rolando and Buchrieser et 

al (2014). 

6.12.4 SafA-mediated blocking of Serpinb1a exacerbates cell death 

leading to bacterial escape  

Serpinb1a was identified with two peptides in two of the cleaved SafA’ (SafA-6xHis) 

affinity-enrichments’ (Table 16). The protein was not identified in any of the negative 

controls. Serpins are a large family of peptidase inhibitors involved in the modulation of 

homeostasis and thrombolysis (Silverman et al 2010). They are highly conserved and are 

abundant in the Archaea, Eukarya, bacteria and some viruses (Irving et al 2002, Ivanov 

et al 2006, Schell et al 2002, Silverman et al 2010). Serpinb1 proteins are known for 

inhibiting neutrophil elastase (NE) and cathespin G (CG).  Mice lacking Serpinb1 have a 

reduced lifespan when infected with Pseudomonas (Baumann et al 2013). Two thirds of 

the Serpins are found extracellularly but unlike these Serpinb1a is located intracellularly, 

in the cytoplasm (Silverman et al 2010). In humans, B serpins or ov-serpins do not present 

a signal peptide and are located primarily in the cytosol. Because of their unique location 

among the Serpins and their function, it is thought these group of proteins play a role in 

the protection of the cell from overactive proteolytic activities (Aboud et al 2014, 

Williams et al 1999). Moreover, there are examples of Serpinb proteins playing a 

cytoprotective role from tumor necrosis factor-α (TNFα) induced apoptosis (Dickinson et 

al 1998). 
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Upon infection, bacteria interact with the immune system through their flagella, toxins 

and pili triggering host immune response. During acute inflammation, neutrophils are 

recruited at the site of damage where they secrete elastases, in response to this Serpins 

inhibit the elastases to protect the cell from further damage (Ruiz et al 2014). The primary 

role of Serpins is to modulate cell death, without it the cell would autodestruct whilst 

fighting bacteria. Moreover, it is documented many bacterium take advantage of this to 

exploit the inflammation response in their favour. Some bacterium will secrete their own 

elastase inhibitors, such is the case of Bifidobacterium longum which Serpin inhibits, both, 

pancreatic elastase and neutrophil elastase (Ivanov et al 2006). Human pathogen 

Staphylococcus aureus secretes a family of neutrophil serine inhibitors to block the host’s 

neutrophil elastase, cahespin G and proteinase 3 (Stapels et al 2014). Finally, in a study 

aimed to identify proteins secreted by lactobacillus rhamnosus (a probiotic bacterium), a 

leukocyte elastase inhibitor was identified (Sánchez et al 2009). 

A direct interaction between Salmonella and elastase inhibitors has not been reported so 

far. Nevertheless, as described above, there is some evidence in other bacteria to suggest 

cytosolic Salmonella can benefit from the inhibition of the host’s elastases, in this way 

continue to hype replicate in the host cell (Figure 60). Further to this the inhibition of 

elastases seem so effective that some bacterium secrete the serpin-like proteins 

themselves. Functional studies (Chapter VII, Section 7.5) would be required in order to 

fully understand the biological implication of blocking Serpins but it is plausible to 

hypothesise that in the same way bacteria benefit from inhibiting the host’s elastase, 

therefore avoiding cell death, it can also benefit from cell death. Bacterial induced 

apoptosis is strongly documented and is a means for Salmonella to escape the cell and re-

infect other tissues (Grassmé et al 2001, Hausmann et al 2010, Kirschnek et al 2005, 

Lancellotti et al 2006, Weinrauch and Zychlinsky et al 1999). 
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Figure 59. Hypothesised model of SafA-mediated blocking of Serpinb1a leading to cell death and 

Salmonella release to the extracellular space. Upon infection the cell recruits neutrophils to combat the 

bacteria. In return, these secrete leukocyte elastase that will result in apoptosis. To control an overactive 

reaction and unnecessary cell death, Serpins are released to bind leukocyte elastase and modulate apoptosis. 

Cytosolic Salmonella benefits from cell death so that it can escape the several host immune responses or 

perhaps it has hyper replicated and is ready to re-infect other tissues. Therefore, it binds to Serpinb1a, 

encouraging the cell to autodestruct. Adapted from Endo et al (2014). 

6.12.5 Protein RGD1561381 inhibits Reactive Oxygen Species (ROS) for 

Salmonella intracellular survival 

The identification of protein RGD156138 (a MGST3-like protein) in two of the cleaved 

SafA’ affinity-enrichments’, with two peptides in each, provides evidence on cytosolic 

Salmonella binding partners (Table 16). RGD1561381 is an uncharacterised protein with 

little information available but as per NCBI database 

(http://www.ncbi.nlm.nih.gov/gene/498340, accessed on 05/07/16) it is similar to 

microsomal glutathione S-transferase 3 (MGST3) and part of the membrane associated 

proteins in eicosanoid and glutathione metabolism (MAPEG). MAPEG members are 

categorised in six groups of microsomal glutathione transferases (MGST) (Bresell et al 

2005, Jakobsson et al 2000). They are known for their role in the production of 

leukotrienes and prostaglandin E and for being key mediators of inflammation (Byrum et 

al 1997, Molina et al 2008, Samuelsson et al 2007). Microsomal proteins are mainly 

located in the Endoplasmic Reticulum (ER) but can also be found in the extracellular 

compartment (Sjögren et al 2013). 

http://www.ncbi.nlm.nih.gov/gene/498340
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Studies and literature, particularly in MGST3, are scarce but the few reviews do confirm 

their location and roles in inflammation and ROS (Sherratt and Hayes et al 2001). MGSTs 

catalyse conjugation of leukotriene A4 and reduced glutathione (GSH) into leukotriene 

C4 which results in inflammation, leading to ER stress (Calmes et al 2015, Sherratt and 

Hayes et al 2001) which will induce a ROS response (Dvash et al 2015, Marí and 

Cederbaum et al 2001). Also, decrease of GSH has been related to increase of ROS 

(Armstrong et al 2002, Du et al 2009, Lushchak et al 2012, Salvemini et al 1999). Further 

information was retrieved from The International Mouse Phenotyping Consortium (IMPC) 

database (http://www.mousephenotype.org/data/genes/MGI:1913697 accessed on 

05/07/2016) holding six images for gene MGI:1913697 where the expression of MGST3 

was detected in the digestive system. It was found in the oesophagus, Peyer’s patch, 

stomach, large intestine, gall bladder and the small intestine among other tissues. 

There is evidence Salmonella thrives in the absence of ROS (Fang et al 2011, Umezawa 

et al 1995) but there is also evidence a percentage of Salmonella uses ROS to 

exponentially increase replication, disseminate and infect other tissues (Paiva and Bozza 

et al 2014). It has also been observed that Salmonella can take advantage of ROS 

production during acute inflammation (Stecher et al 2007). Most of the infection studies 

of Salmonella are in the SCV and there is a need to understand the intracellular survival 

of cytosolic Salmonella. Moreover, most of the known bacteria that exploit ROS are 

known to do not spend long times of their lifespan inside a mature phagosome (Bereswill 

et al 2010, Hanna et al 1994, Oberley-Deegan et al 2010, Sapra et al 2006), this is likely 

to be evidence that pathogens benefitting from ROS production are not fully exposed to 

direct oxidative damage (cytosolic Salmonella?). 

Several studies have proven some pathogens indulge ROS as an indirect metabolic 

supplement. Trypanosoma cruzi epimastigotes multiply rapidly in axenic cultures 

supplied with H2O2 (Machado et al 2012, Paiva et al 2012). Salmonella typhimurium 

grows more actively in inflamed intestinal lumen when ROS is vigorously produced. In 

this case, intestinal ROS converts the thiosulfate produced by the microbiota into 

tetrathionate, which supports anaerobic growth, giving Salmonella the advantage required 

to respire and multiply (Winter et al 2010). 

On the other hand, when vital, the cell contains ROS and tries to protect itself from tissue 

destruction by means of GSH, thioredoxin and catalase (Bhattacharyya et al 2014, 

Gómez-Pastor et al 2010, Kinnula et al 2005, Manfredini et al 2004). 

http://www.mousephenotype.org/data/genes/MGI:1913697
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Based on the results, we propose in response to ER stress the identified MGST3-like 

protein (RGD156138) catalyses GSH producing TC4 which in consequence will activate 

inflammation signals (Figure 61). This response will feed back the initial ER stress and 

lead to imminent tissue destruction. In the midst of an overactive ROS response activated 

by the host immune system, cytosolic Salmonella binds to RGD156138, blocking the 

binding of GSH and setting it free to eliminate ROS. Studies do show at some point of 

infection Salmonella thrives during ROS, nevertheless, it has a bigger advantage over the 

host in the absence of it. Because of this, the binding of cleaved SafA’ (SafA-6xHis) to 

RGD156138 indicates one of the many strategies used for intracellular survival is to 

control ROS and gives initial evidence on the behaviour of cytosolic Salmonella. 

 

Figure 60. Hypothesized model of ROS inhibition by Salmonella. During infection the ER stress signal 

is activated. As a response, MGST3-like protein (RGD1561381) binds to reduced glutathione (GSH). This 

reaction will lead to the production of LTC4 that will emit an inflammation signal and increase the ER 

stress. Under the increased stress ROS are produced and Salmonella are highly threatened. It is here where 

cytosolic Salmonella binds to RGD1561381 to release GSH and control overactive ROS. 
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CHAPTER VII - DISCUSSION 

 

7.1 Lessons learned from the comparison of currently available methods 

for capturing protein-protein interactions 

Five affinity-enrichment systems were set up to study protein-protein interactions 

between Salmonella and protein extracts from the mammalian large intestine (Chapter V). 

Widely used and commercially available technology was carefully tested against different 

binding conditions and a repertoire of lysates (protein extracts) provided from a variety 

of rat tissues. 

Coupling of SafA’ (GST-SafA-6xHis) to Dynabeads (System 1) through the histidine tag 

was achieved as expected (Chapter V, Section 5.3, Figure 32). The main outcome of the 

first affinity-enrichment was the overwhelming binding of non-specific proteins (Chapter 

V, Section 5.3, Figure 33). This was addressed by attempting to deplete the protein 

extracts by pre-incubating the extracts with empty Dynabeads (Chapter V, Section 5.3, 

Figure 33, Panel B). It is not rare that an affinity-enrichment presents background, non-

specific binding has been reported for IMAC systems (Cheung et al 2012). The likely 

reason for this is the presence of Histidines and Cysteines in the lysates (Terpe et al 2003). 

Further to this, proteins may bind non-specifically through ionic interactions regardless 

of the IMAC chemistry on the surface (Bornhorst and Falke et al 2000). It was attempted, 

however unsuccessfully, to address this problem by increasing the ionic strength (salt 

concentration) in the extracts (Chapter V, Section 5.3, Figure 33, Panel C). 

It was also investigated whether these non-specific proteins bind to the metal ion (Cu+2) 

or the polymer covering the beads (Chapter V, Section 5.3, Figure 33, Panel D). Studies 

have been carried out were the efficiency of different ions favour the isolation of certain 

proteins over others (Liang et al 2007) but a particular study where beads have been 

stripped of their ion to study the interactions have not been (to our knowledge) reported. 

The increasing amount of salt in the extracts aided the removal of the lower molecular 

weight proteins only (Chapter V, Section 5.3, Figure 33, Panel D). This problem has also 

been reported in previous IMAC work (Jiang and Hearn et al 1996).  Affinity-enrichments 

were also tested with extracts from lamb’s heart (Chapter V, Section 5.3, Figure 33, Panel 

E), however with similar results, confirming further the unsuitability of this system for 

the study.  
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Thus, System 2, the second IMAC product was selected (Nickel Affinity Gel) where 

agarose was used instead of beads (Chapter V, Section 5.4, Figure 34) The Nickel Affinity 

Gel relies on the use of nitrilotriacetic acid (NTA) which is charged with Ni+2 ions, and 

shows affinity to His-tagged proteins (Crowe et al 1996, Magdeldin and Moser et al 2012). 

This system also provided higher binding capacity which increases the amount of 

immobilized bait protein or the use of less resin (to reduce elution volumes) (Ueda et al 

2003). One key disadvantage of this material is its porous nature, and therefore the need 

of longer washing times to ensure complete diffusion of any non-specific proteins from 

the agarose mesh. Coupling of bait protein to agarose was achieved, however as per 

System 2, despite repeated depletion steps (Chapter V, Section 5.4, Figure 35, Panel A, 

Lane 6) and testing different extracts (Chapter V, Section 5.4, Figure 35, Panel B), 

elevated background due to the binding on non-specific proteins to the agarose matrix 

was evident. These results led to exclusion of this system for the study. 

As a consequence of the above described lack of success using matrices recognizing the 

Histidine tag, it was decided to exploit GSH-mediated capture (System 3, Chapter V, 

Section 5.5, Figure 36). This system is widely used for the immobilization of GSH fusion 

protein on glutathione sepharose beads and widely used for pull-downs, affinity-

enrichment experiments and Co-immunoprecipitation (Co-IP) experiments. Also, there is 

a number of reviews available (Luo et al 2014, Ren et al 2003, Yang et al 2008). SafA’ 

(GST-SafA-6xHis) was successfully immobilised through the GST tag but after 

incubation of GSH-agarose with total protein extracts, a large quantity of a protein with 

MW of ~ 25-35 kDa was also captured despite repeated depletion (Chapter V, Section 

5.5, Figure 37, Panel A, Lane 8). This is in line with literature reporting a difficulty of 

working with tissue extracts from GI tract tissues due to the presence of endogenous 

glutathione - an important endogenous antioxidant especially abundant in GI tract (Hayes 

et al 1989, Van Veld and Lee et al 1988). 

Having tested protein capture through both His and GST tags present in our SafA’ (GST-

SafA-6xHis) construct we reverted to the use of tag-independent protein capture. Proteins 

were therefore immobilized onto NC through passive sorption and the binding capacity 

was determined (Chapter V, Section 5.6, Figure 38). Despite generally succeeding in 

crosslinking proteins (Chapter V, Section 5.6, Figure 39, Panel A), the use of this 

approach, as above, did not reduce the level of non-specific protein capture sufficiently 

to justify its use in this study (Chapter V, Section 5.6, Figure 39, Panel D). 
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It was then opted to test the adaptability of Universal-BIND™ plates (System 5) (Chapter 

V, Section 5.7, Figure 40), a 96 plate well-like system that met several of the conditions 

that were deemed essential for this study. The polystyrene microwell plates, are non-

porous and allow for hydrophobic protein sorption, yet provide means for covalent 

crosslinking. Recombinant SafA’ (GST-SafA-6xHis) was immobilized via abstractable 

hydrogen (the hydrogen attached to aliphatic carbons) bonding using UV-light 

illumination, resulting in a carbon-carbon bond (Leea et al 2016). Except for the covalent 

crosslinking, the plates are not different from traditional microwell plates used in ELISA 

and hence a large body of literature exist on optimizing protein immobilization 

(Biesiadecki and Jin et al 2011, Karaszkiewicz et al 2005, Woo et al 2011). This system 

provided a non-porous leak resistant surface with covalent bond crosslinking for strong 

protein immobilization allowing for harsh washes to eliminate background. The only 

disadvantage of this system was the limited binding capacity (Gibbs and Kennebunk et al 

2001). 

 

UV-light crosslinking over standard ELISA protein immobilization through adsorption 

was successfully tested with reduced protein loss (Chapter V, Section 5.7, Figure 42). 

Binding capacity and buffer optimisation for immobilisation was also tested (Figure 43). 

The occurrence of protein displacement and elution was also successfully tested in 

various experimental conditions (OG, PIs, BSA-blocking, elution buffers) (Chapter V, 

Section 5.7, Figure 44, Panel B). It is common practise to use milk as a blocking agent; 

nevertheless blocking trials were performed just with BSA due to its known efficiency 

for blocking excess protein-binding sites (Xiao and Isaacs et al 2012). The reason for 

choosing BSA as a blocking agent also relied in the fact that BSA is a single protein that 

can be easily identified in eluates. Setting up of System 5 continued by testing detergents, 

as well as any other solution used in the experimental conditions. The suitability of 1% 

BSA as a blocking agent was confirmed together with the superior performance of OG 

over Tween-20 (Chapter V, Section 5.7, Figure 44, Panels A and B). Finally, the final 

assay conditions were optimised by testing two known interactors, where anti-rabbit IgG 

was successfully isolated from rabbit IgG (Chapter V, Section 5.7, Figure 44, Panel C). 

 

Further to this, it was decided 0.1% SDS was to be used as the elution buffer over 100 

mM Glycine, pH 2.5 and 3 M, NaCl, pH 8 allowing reduced incubation time and 

presenting no limitation for subsequent analyses (trypsin digestion and MS analysis). 

Precipitation by acetone is a common method used to purify proteins from contaminants. 
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Adding this extra step allowed us to eliminate SDS from the samples but it also gave us 

the flexibility concentrate the eluates from as many wells as needed. Other methods, such 

as, precipitation by Trichloroacetic acid (TCA) and a combination of TCA/Acetone 

precipitation were tried, yet none was as successful as acetone precipitation (results not 

shown). 

After setting up a variety of systems it was decided to adapt the Universal-BIND™ plates 

(System 5) for affinity-enrichments and for the identification of SafA (SafA-6xHis) 

putative interacting protein partners. To identify interacting proteins in the large intestine 

is problematic due to the concentration of unprocessed food, possibly other bacteria, 

toxins and faecal residuals. The number of proteins present in the large intestine which 

are not necessarily part of the intestines and can potentially “stick” to any given surface 

is an issue. 

In conclusion, the exhausting comparison of the systems described to isolate the 

recombinant GST-SafA-6xHis has been pivotal in indicating that a non-porous, non-ionic 

surface and an efficient blocking alongside with crosslinking was to be preferred.  

7.2 Mass spectrometry analysis was central to the identification of SafA-

large intestine protein-protein interactions 

Initially, affinity-enrichments of SafA’ (GST-SafA-6xHis) with different tissues, such as, 

heart, colon, small intestine and large intestine (Chapter VI, Sections 6.2 and 6.3) were 

analysed by PMF. The approach consisted of overlaying 3xSafA’ (GST-SafA-6xHis) and 

3xBSA affinity-enrichment spectra (from the same tissue) and manually selecting the 

peaks present only in the SafA’ (GST-SafA-6xHis) affinity-enrichments (Chapter VI, 

Section 6.4). Subsequently, the identity of the peptides was searched for using the 

MASCOT software search engine for protein identification (Chapter VI, Section 6.5, 

Figure 53). 

From the spectra (data not shown), it was possible to identify peptides with an affinity for 

GST-SafA-6xHis. The identification of cyclin-dependent kinase-like 3 protein in the 

heart was achieved by PMF (Chapter VI, Section 6.5, Figures 48 and 49). Regardless, the 

identification would need to be confirmed with further replication. However, the bait used 

was uncleaved SafA’ (GST-SafA-6xHis) and it could not be excluded that the binding is 

specific to SafA-6xHis or to GST. Moreover, in the study it was not possible to find 

evidence of Salmonella recombinant proteins binding to cyclin in any affinity-enrichment 
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other than in heart extracts. Albeit, there is published evidence that Salmonella interferes 

with the cell cycle of the host particularly in the intestines (Rosenberger et al 2000). 

It is plausible that the complexity of the intestines tissue, contaminated with undigested 

food or faecal residues, resulted in missed identification of the abovementioned 

interaction with cyclins. It is also possible that the system of choice Universal-BIND™ 

plates (System 5) assay does not provide the right platform to study this particular 

interaction. 

Due to the nature of Salmonella and its preference of tissue for infection, all subsequent 

analyses carried by LC-MS/MS were focused on the (GST-SafA-6xHis) SafA’/large 

intestine affinity-enrichments (Chapter VI, Section 6.2, Figure 51). In light of the ‘MS1 

results’, the experimental design was redrawn (Chapter VI, Section 6.2, Figures 46 and 

47 ) and several affinity-enrichments were performed with a variety of baits, such as, GST, 

BSA, GST-SafA-6xHis and GST+SafA-6xHis to aid the identification of specific SafA 

(SafA-6xHis) binding proteins. 

A total of 2, 119 proteins were identified (Chapter VI, Section 6.8, figure 55). The data 

was analysed by systematically eliminating contaminants, such as human keratin, BSA, 

and trypsin. Stringent selection criteria were used  whereby only proteins identified by no 

less than two peptides and in at least two undepleted cleaved SafA’ (GST+SafA-6xHis) 

(satisfying the Scaffold filtering thresholds selected) were confidently considered as 

positive SafA-6xHis interactors. This approach reduced the list down to five proteins: 

Bri3bp binding protein, TM9SF3, ABDH14B, Leukocyte elastase inhibitor A and 

MGST3-like protein (RGD1561381) (Chapter VI, Section 6.9, Table 16). 

Mass spectrometry is a reliable tool for protein identification, nevertheless, false protein 

identification is a frequent problem (Herrmann et al 2013). To avoid this, it is generally 

accepted to identify proteins with no less than two peptides and to apply filtering criteria 

with high thresholds (Carr et al 2004, Nielsen et al 2005). Due to time and resource 

constraints, the data supplied is not quantitative and further affinity-enrichments analysed 

by quantitave mass spectrometry would be required for this. Albeit, sufficient proof of 

identification could be obtained if western blots confirm the presence of the identified 

proteins in the affinity-enrichments. From the mass spectrometry data it can be concluded 

that System 5 is a reliable method capable of selecting proteins for identification by LC-

MS/MS. 
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To date, there are no known interactors for any of the proteins forming the Saf fimbriae. 

The external proteins forming the flexible body are SafA and SafD.  Due to its position 

at the tip of the fimbria, and its similarity with E. coli protein AfaD and S. enteritidis SefD 

(30% overall identity in both), SafD, is presumed to be an adhesin (Folkesson et al 1999). 

Studies on SafA and SafD homologues in E. coli have elucidated information on the role 

of each protein as a subunit and as a two subunit polymer. For instance, AfaE-III (SafA 

homologue) was observed to adhere to HeLa cells but was unable to internalize (Cota et 

al 2006, Jouve et al 1997, Tieng et al 2002), AfaD (SafD homologue) did not show a 

significant interaction with the cells and was also unable to be internalized. Whereas, 

AfaDE (A two subunit polymer formed of AfaE-III and AfaD) was observed to adhere 

itself to the HeLa cells and internalise (Cota et al 2006). Therefore, it cannot be excluded 

that biologically meaningful interactions could only be retrieved when SafA and SafD are 

used together and studied as a polymer that more closely represents the native fimbria. 

Comparative studies with infected tissues may also be carried out with tissues infected 

with Salmonella at different time points (Chapter I, Figure 4) to be able to distinguish 

between proteins that interact with SafA complex at the onset of the interaction with the 

host or during the establishment of the pathogen. 

7.3 Putative functional SafA interacting proteins: hypotheses derived 

from literature and extended discussion 

7.3.1 Regulation of Endoplasmic Reticulum (ER) stress sensors are key 

for cytosolic Salmonella intracellular survival  

The searches indicate (Chapter VI, Section 6.9, Table 18 and Section 6.12) that cytosolic 

Salmonella inhibits mitochondrial apoptosis and ROS by binding to ER transmembrane 

proteins Bri3bp and RGD1561381 (MGST3-like protein). The Bri3bp protein plays a role 

in cell fate decision by modulating joint activities between the ER and mitochondria 

(Yamazaki et al 2007), and based on the conserved domain database, in apoptosis (Lin et 

al 2001). Most of the knowledge on Bri3bp has been provided by Yamazaki et al (2007), 

where Bri3bp was incubated with apoptosis inducers including ER stressors Tg 

(sarcoplasmic/endoplasmic Ca2+–ATPase inhibitor) and Tu (N-glycosylation inhibitor), 

together with the chemotherapy drug Etop (topoisomerase II inhibitor). It was concluded 

that abundance of Bri3bp left the cell vulnerable to pharmacological induced apoptosis, 

because of this Bri3bp must be involved in apoptosis-inducing signals emanating from 

the ER by increasing the sensitivity to Etop by upregulating the caspase cascade. In 
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addition, it was proved that overexpression of Bri3bp induced an increase in the of 

cytochrome c. 

Further to this, upon exposure of the cell to Etop, the ER underwent morphological 

changes but these were not observed in cells with over-expressed Bri3bp. Therefore, it 

was established that the caspase-dependent facilitation of Etop-induced apoptosis by 

BRI3BP has an impact in ER morphology and that high levels of Bri3bp are responsible 

for mitochondrial cell-death. The current knowledge on Bri3bp is scarce. Nevertheless, it 

is feasible to hypothesise that Salmonella binds, through SafA, to Bri3bp protein in an 

attempt to block cytochrome c release and halt mitochondrial cell death (Chapter VI, 

Section 6.12.1, Figure 57). It is also possible that Salmonella would target Bri3bp in an 

effort to disturb the ER cisternae in an attempt to inactivate the ER and the many stress 

related signalling pathways activated by it, such as, inflammation and UPR. In addition, 

the cooperation between the ER and mitochondria has been highly studied 

(Banjerdpongchai et al 2010, Giorgi et al 2009, Lebiedzinska et al 2009, Malhotra and 

Kaufman et al 2011, Mueller and Reski et al 2015) and perhaps blocking Bri3bp has the 

ulterior aim of destroying the mitochondrion. 

For instance, the proximity between the ER and mitochondrion influences one another 

and it has been shown how mitochondria is capable of accumulating Ca+2 by responding 

to microdomains of high Ca+2 that were generated in the ER (Csordás et al 2006, 

Hajnóczky et al 2014, Rizzuto et al 1998). Further evidence on the ER-mitochondria 

cooperation has been demonstrated by work on BAX and BAK. These multidomain 

proapoptotic proteins located in the ER can initiate mitochondrial dysfunction (Scorrano 

et al 2003). Moreover ER stress-induced mitochondrial dysfunction has been reported 

extensively in pancreatic beta cells (Lee et al 2010), hepatic cells (Egnatchik et al 2014), 

neuronal cell lines (Song et al 2016) and intestinal epithelial cells (Luo and Cao et al 

2015), among others. 

Studies carried out on BNAS1 (homolog of Bri3bp in yeast) (Katahira et al 2006) have 

placed Bri3bp as a regulator of antigen-receptor signal transmission in B cells. BNAS1 

over-expression supressed the B cell receptor (BCR)-signalled transcriptional activation 

of Elk-1 through Jun N-terminal kinase (JNK) in DT40 chicken B cells. The BCR is a 

complex of membrane-bound immunoglobulin located at the surface of the B-cell, 

serving as a receptor for antigens (Rajewsky et al 1996, Rheingold et al 2003) that is 

known for its involvement in the regulation of apoptosis, differentiations, proliferation 



 

 

178 

 

and modulation of Ig gene recombination (Rheingold et al 2003). If homeostasis is 

disturbed and BCR is not tightly monitored, then this may cause immunodeficiency and 

autoimmunity (Cunningham-Rundles and Ponda et al 2005, Maródi and Notarangelo et 

al 2007). 

Ag binding to the BCR is crucial for development and activation which will initiate a 

cascade of signalling events resulting in proliferation, differentiation or cell death (Liu et 

al 2010, Xu et al 2014). Because of this, bacteria target BCR as failure to produce mature 

B cells would weaken the humoral immune response (Mårtensson et al 2010). For 

instance, antibody deficiencies result in increased susceptibility to bacterial infections, 

such as, H. influenzae and S. pneumoniae (Duraisingham et al 2015, Fried and Bonilla et 

al 2009). Studies show that Streptcoccus pyogenes (IdeS) produces an IgG-degrading 

enzyme that cleaves IgG-BCR and blocks BCR signalling in response to receptor ligation, 

rendering it incapable of antigen (Ag) binding. This results in a loss of cellular events 

downstream of receptor ligation, particularly affecting MHC class II molecules (Järnum 

et al 2015). 

On the other hand, interaction between Salmonella and the immune system has been 

recorded, for example, Salmonella spp are able to infect and survive within B 

lymphocytes (Kaur and Jain et al 2012, Rosales-Reyes et al 2005). Further to this, it has 

been proved binding to the BCR on the surface of B-cells triggers Salmonella uptake, 

resulting in an immediate antimicrobial humoral response. Regardless of this, Salmonella 

manages to survive within the B cells (García-Pérez et al 2012, Souwer et al 2009, De 

Wit et al 2010). In addition, after specific B cell receptor-mediated uptake SCV 

Salmonella remains dormant within B cells until it is slowly excreted (Souwer et al 2012). 

This would explain why infection starts in the intestines but later during infection can be 

found in the liver, spleen, lymph nodes and bone marrow (Vazquez-Torres et al 1999, 

Worley et al 2006). 

In light of what has been described above, Salmonella uses the B-cell to gain entrance to 

the host and later transport itself to other tissues.  BCR is not designed to uptake bacteria, 

yet Salmonella is a unique bacteria that facilitates its uptake to enter the host cell by using 

this unlikely receptor (Souwer et al 2009). As demonstrated in yeast by BNAS1 (Bri3bp 

homolog) (Katahira et al 2006), over-expression of Bri3bp would supress BCR, therefore 

if Salmonella binds to Bri3bp and blocks any Bri3bp-BCR signalling it would probably 

maintain the already present BCR or even enhance the number of BCR because regardless 
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of the humoral immune response emitted by it, it is of far greater advantage for 

Salmonella to increase its uptake in the host than remain dormant. After all, once inside 

the host-cell, infection can start given the adequate environment or it can be transported 

to any other cell by the B-cell. 

RGD1561381 is a MGST3-like protein of ~17 kDa with amino acid identity to MGST2 

(36%), LTC4 synthase (27%), MGST1 (22%) and FLAP (20%) part of the microsomal 

glutathione S-transferase superfamily (MAPEG) (Jakobsson et al 1997). These 

transferases are involved in the detoxification of xenobiotics, for example, environmental 

pollutants, antitumor agents and chemical carcinogens (Jakobsson et al 2000, Oakley et 

al 2011, Sherratt and Hayes et al 2001). They also play a role in the inactivation of 

secondary metabolites produced during ROS (Holm et al 2006). Even when in humans 

MGST3 is capable of detoxifying foreign molecules and synthesizing LTC4, in rats, the 

latter is not possible (Sherratt and Hayes et al 2001). 

Glutathione S-transferases (GST) provide protection from membrane lipid peroxidation, 

usually initiated by ROS, such as OH·and HOO·to combine with hydrogen to produce 

water and fatty acid radicals (Marí and Cederbaum et al 2001, Vatansever et al 2013). 

Microsomal GSTs are transmembrane proteins located at the ER where detoxification of 

the cell by the cytochrome P450 occurs (family of isozymes responsible for 

biotransformation of drugs by oxidation) (Ogu and Maxa et al 2000). During infection, 

the bacterial pathogen Listeria monocytogenes produces pore-forming cytolysin 

listeriolysin O (LLO) and phospholipases C (PC-PLC and PI-PLC), the phospholipases 

C activate NADPH oxidase that might trigger ROS. To counteract this, LLO inhibits 

NADPH oxidase (Lam et al 2011). 

There is evidence of how bacteria target ROS by obstructing the NADPH oxidase and 

mitochondrial-derived ROS modulation. Studies in Francisella tularensis have shown 

that they are rapidly ingested by neutrophils but are not eliminated. This is partially 

because it does not trigger a respiratory burst in human neutrophils by disrupting overall 

polymorphonuclear leukocytes (PMN) function and NADPH oxidative activity 

(McCaffrey and Allen et al 2006). The same has been observed in Anaplasma 

phagocytophilum (causes human granulocytic ehrlichiosis) where neutrophil NADPH 

oxidase is reduced (Carlyon et al 2004, IJdo and Mueller et al 2004). 

There is no direct information on RGD1561381 in databases or literature. The databases 

description is of a MGST3-like protein. Therefore, we can speculate its function based on 
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the homolog proteins found in humans and rats. There is no literature available regarding 

the interaction of MGST3 protein with Salmonella or any other bacterium. Having said 

this, there is enough published evidence showing that bacteria would benefit from 

supressing ROS (Lam et al 2011, Paiva and Bozza et al 2014) and just a few are capable 

of doing so by means of injecting effectors (Hurley et al 2014, Moumene and Meyer et al 

2016, Priller et al 2016). Therefore the binding of SafA to RGD1561381 could possibly 

be a novel way for cytosolic Salmonella of blocking GSH binding, a known antioxidant 

that acts directly with ROS and RNS (Reactive Nitrogen Species) (Kannan et al 2014, 

Lushchak et al 2012, Ou et al 2009). Maybe, hence some bacteria escape ROS by injecting 

effectors (McCaffrey and Allen et al 2006, Moumene and Meyer et al 2016), SafA is used 

as an adhesin for attaching to RGD1561381 and inject toxins that will bring 

transcriptional changes to the benefit of infection (Chapter VI, Section 6.12.5, Figure 61). 

7.3.2 Cytosolic Salmonella keeps the host-cell from self-destruction 

Serpins are a conserved family of proteins in prokaryotes (Ksiazek et al 2015, Law et al 

2006) and eukaryotes involved in the regulation of protease-mediated processes (Ivanov 

et al 2006). These peptidase inhibitors can be split into excreted extracellular serpins, 

where these form ~10% of plasma proteins, and intracellular serpins which reside in the 

cytoplasm (Aboud et al 2014). Serpins inhibit proteases by inserting a bait peptide into 

the catalytic groove of the target protease (Korhonen et al 2015). Malfunction of serpins 

not only causes self-destruction, but also diseases like dementia, emphysema, 

hypersensitivity and changes in the immune system (Irving et al 2002, Seaborn et al 2014). 

The identification of Serpinb1a in our affinity-enrichments places Salmonella once more 

in the regulation of host cell death. 

Serpins are pivotal for the host-defence functions and the innate immune systems in plants 

(Østergaard et al 2000, Fluhr et al 2012, Francis et al 2012, Roberts and Hejgaard et al 

2008) and animals (Perera et al 2012, Roberts et al 2004, Wiedow and Meyer-Hoffert et 

al 2005, Yang et al 2016). In animals, Serpin6 (SRP-6) mutants (srp-6) demonstrated 

having a role of cell survival protection by blocking necrosis via neutralization of 

lysosomal peptidases (C1 family). This is achieved by the interruption of calpain-

associated lysosomal lysis neutralization of lysosomal cysteine peptidases discharged 

from damaged organelles (Kirkegaard and Jäättelä et al 2009, Kolaczkowska and Kubes 

et al 2013, Luke et al 2007). 



 

 

181 

 

Polymorphonuclear neutrophil (PMN) granulocytes are fundamental elements of the 

immune response to infection (Kobayashi et al 2005, Kolaczkowska and Kubes et al 2013, 

Wright et al 2010). PMNs are produced daily in the bone marrow and have a short life-

span of a few hours (Bekkering and Torensma et al 2013). Progressively these perish by 

caspase-dependent apoptosis (Koller et al 2004). PMNs carry in their interior neutrophil 

serine proteases (NSPs), elastases (NEs), cathepsin G (CG) and proteinase-3 (PE3) 

(Heinz et al 2012, Korkmaz et al 2010, Perera et al 2012). There is extensive evidence of 

the role of NSPs in response to pathogen stress and of Serpin’s protective role in shielding 

the cell from damage, in Pseudomonas aeruginosa (Benarafa et al 2007), Influenza A 

(Gong et al 2011, Zhao et al 2014), Mycobacterium bovis, Salmonella typhimurium, 

Listeria monocytogenes (Hamerman et al 2002), among others. When wounding of tissue 

or inflammation occurs, neutrophils are swiftly recruited around the damaged tissue to 

release the antimicrobial factors within its cytosol (NSPs) together with ROS 

(Kessenbrock et al 2011, Miedel et al 2014). 

Studies in mice have demonstrated Serpinb1a inhibits neutrophil secreted neutrophil 

elastase (NE) and cathespin G which are secreted during bacterial infection (Baumann et 

al 2013). Work carried out on Duchenne muscular dystrophy (DMD) showed that 

dystrophic muscle was enriched by serpinb1a, which was increased six-fold in 

comparison to wild type muscle, concluding that this is caused by the continuous influx 

of neutrophil in the chronically injured muscle (chronic inflammation) (Arecco et al 2016). 

Finally, studies carried out on mice have shown that serpin protein Serpin 2a is induced 

in vitro in response to Salmonella Typhimurium (Hamerman et al 2002). There is enough 

knowledge and experimental evidence regarding the role of serpins, particularly 

serpinb1a (Arecco et al 2016, Silverman et al 2010, Zhao et al 2014). Further to this, there 

is also solid evidence of serpin upregulation of neutrophil serine proteases (NSPs) and of 

their importance in cell preservation (Baumann et al 2013, Roberts and Hejgaard et al 

2008, Roberts et al 2004, Ye and Goldsmith et al 2001). Therefore, we propose that 

Salmonella, through SafA, binds to serpinb1a to block serpin1ba-NSP binding and allow 

the cell to self-destruct (Chapter VI, Section 6.12.4, Figure 60). 

Alpha/beta hydrolase domain-containing protein 14B (ABHD14B), also known as 

CCG1-interacting factor B or CIB belongs to the AB hydrolase family and its role is of 

being a positive regulator of transcription from RNA polymerase II promoter (Marín-

Buera et al 2015, Padmanabhan et al 2004). The core promoter is the adjacent DNA 
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sequence whose role is to initiate transcription by RNA polymerase II machinery 

(Kadonaga et al 2004, Nikolov and Burley et al 1997). Upon activation, RNA polymerase 

II catalyses the synthesis of mRNA from the DNA template. The core promoter is made 

up of several elements, the TATA box (not all core promoters have a TATA box), initiator, 

TCT, BRE, MTE and DPE motifs (Grünberg and Hahn et al 2013, Hampsey et al 1998). 

Having said this, the core promoters vary as different types of core promoters are 

transcribed by different transcription factors (Hahn et al 2004, Kadonaga et al 2012). 

There is no documented interaction between Salmonella and ABDH14B or any other 

bacteria. Regardless, it is well documented that bacteria and viruses modulate 

transcription of host genes by targeting the RNA polymerase II promoter (Ashida and 

Sasakawa et al 2014, Berdygulova et al 2012, Georg and Hess et al 2011, Lutay et al 2013, 

de Monerri and Kim et al 2014, Samson et al 2013). Infections can result in the activation 

of genes related to host cell responses. Particularly affected genes are the ones associated 

with immune response or inflammation. For example, the parasite responsible for malaria, 

Plasmodium spp., induces transcriptional changes in more than 1000 hepatocyte genes 

(Albuquerque et al 2009). It has been demonstrated that early infection receptor-binding 

proteins production and stress-response genes were up-regulated, such as ER-stress 

response proteins, transcriptional regulators and signalling enzymes, but later during 

infections these were altered (Albuquerque et al 2009). 

Toxoplasma gondii dysregulate the host cell cycle, causing arrest at the G2/M border 

(Brunet et al 2008, Molestina et al 2008). Further to this, microarray studies have shown 

more than 1000 genes were modified during infection. These genes encoded proteins 

involved in cell growth, differentiation, inflammation and apoptosis (Blader and Saeij et 

al 2009, Molestina et al 2008). Other bacteria have evolved to inhibit the proinflammatory 

transcriptional response where mitogen-activated protein kinases (MAPK) cascades 

activation and translocation of the nuclear factor κB (NF-κB) into the nucleus lead to the 

increase of a repertoire of immune molecules, among them, interleukin-1β (IL-1β) and 

IL-18 (Baxt et al 2013). Shigella spp (Ashida et al 2010, Li et al 2007), Burkholderia 

pseudomallei and pathogenic E. coli secrete proteins that will block the degradation of 

the inhibitor of NF-κB (IκBα) (Cui et al 2010). Another example can be found in 

Chlamydia spp., where zinc finger nuclear protein 23 (ZNF23) is captured and taken to 

its inclusion vacuole. ZNF23 is a proapoptotic transcription factor and repressor of cell 

division, therefore its sequestration is probably to halt apoptosis (Soupene et al 2012). 
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Studies carried in asymptomatic bacteriuria (ABU) strain E. coli 83972 revealed genes 

directly involved in the transcription of RNA polymerase II or its regulating pathways 

were strongly affected (Lutay et al 2013). Work carried out on Influenza has also 

highlighted the importance of polymerase II as a target to inhibit antiviral host response. 

For instance, it is thought binding of viral RNA polymerase to the C-terminal domain of 

the initiating form of RNA polymerase II might trigger events that are known to be 

activated during DNA damage, which would make the host degrade Pol II by 

ubiquitination (Chan et al 2006, Vreede et al 2010), in this way repressing antiviral host 

responses. 

Interfering with transcription of DNA to RNA by RNA polymerase II has also been a 

target of bacteriophages in an attempt to hijack the host’s transcription machinery and 

direct to serve their own needs (Chevallereau et al 2016, Tagami et al 2014). There is a 

clear advantage to re-programme the host’s transcription by RNA polymerase II. We 

propose that Salmonella binds to ABDH14B, a positive regulator of transcription from 

RNA polymerase II promoter, in order to stop transcription of genes that are activated 

during infection and that will pose a threat to Salmonella. At this point it is possible to 

speculate but functional studies would be required to understand which genes are the ones 

being silenced or modulated by Salmonella (Chapter VI, Section 6.12.3, Figure 59). 

7.3.3 Cytosolic Salmonella’s exit mechanisms 

A member of the transmembrane 9 superfamily (TM9SF) member, TM9SF3 was 

identified in this study. These proteins are highly conserved through evolution, where 

TM9SF1-TM9SF3 can be found in Drosophila melanogaster, Saccharomyces cerevisiae 

and Dictyostelium discoideum (Benghezal et al 2003, Bergeret et al 2008, Froquet et al 

2008), whereas TM9SF1-TM9SF4 are found in mammals and in zebrafish TM9SF1-

TM9SF5 (Pruvot et al 2010). Studies carried out in these organisms have shown that these 

proteins are key for adhesion and phagocytosis in immune response. 

TM9SFs consist of a large-cytoplasmic domain and nine putative trans-membrane 

proteins (Chluba-de Tapia et al 1997). Work carried out in Drosophila shows the role of 

TM9SF4 in innate immunity, phagocytosis of pathogenic bacteria and adhesion (Bergeret 

et al 2008). In Dictyostelium and yeast, TM9SF4 (Phg1a) and TM9SF1 (Phg1b) 

homologs seem to co-regulate adhesion and phagocytosis of Klebsiella pneumoniae and 

E. coli (Benghezal et al 2003, 2006, Froquet et al 2012). Also, Drosophila studies have 

revealed that TM9SF4 is required for internalization of Candida albicans (Stroschein-
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Stevenson et al 2005). According to further work, Dictyostelium discoideum placed 

phg1A (TM9SF4 homologue) and phg1B proteins as intracellular killers that control the 

required amount of Kil1 (protein required for efficient protein killing) (Le Coadic et al 

2013). Because phg1a and phg1b are divergent members of the TM9 family, analysis of 

their functions can provide an overall view on the function of TM9 proteins only 

(Benghezal et al 2003). 

Regardless of the above, the biological functions of TM9SF proteins remain largely 

unknown, especially, for TM9SF3. In cancer, TM9SF3 is overexpressed in 

chemotherapy-resistant breast cancer cell lines (Chang et al 2011) and in Scirrhous-type 

gastric cancer (Oo et al 2014). TM9SF4 is also highly expressed in human malignant 

melanoma cells deriving from metastatic lesions. On the other hand, studies in rat colon 

have suggested SMBP (TM9SF3’s rat homolog) has a role in rat colon relaxation and 

eosinophil chemotaxis (Sugasawa et al 2001). Further to this, SMBP has been shown to 

be a unique member of the TM9SF family with functional ligand binding properties, 

suggesting that some of these integral membrane proteins may function as channels, small 

molecules transporters or receptors (Sugasawa et al 2001). 

Work carried out by Perrin et al (2015) on TM9SF4 studied the mechanisms by which 

TM9 proteins control surface localization of membrane proteins. Her investigation 

reinforces the work carried out by Sugasawa et al (2001) in TM9SF3 in placing TM9 

proteins as transporters. Without functional studies it is not possible to know what exactly 

the role of TM9SF3 is in Salmonella survival.  Still, based on the evidence presented 

above, we hypothesise Salmonella binds to TM9SF3 in an attempt to be transported from 

the cytosol to the extracellular space (Chapter VI, Section 6.12.2, Figure 58). 

7.4 Conclusions 

Overall, it was identified in this study that SafA binds to five intracellular proteins from 

the rat’s large intestine (Figure 62). Of these, Bri3bp and RGD1561381 (MGST3-like) 

are transmembrane proteins located in the endoplasmic reticulum (ER). I speculate that 

they are both a target of Salmonella to modulate mitochondria mediated cell-death and 

ROS. TM9SF3 is a transmembrane protein likely transporting cargos from the cytosol to 

the extracellular space (Bergeret et al 2008, Perrin et al 2015). I propose here that 

Salmonella can bind to this protein in order to escape from the cytosol to the extracellular 

space. Finally, ABDH14B is a cytosolic protein, playing a role in the positive regulation 

of the RNA polymerase II core promoter to possibly hijack the host and stop the 
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transcription of defence genes. Serpinb1a is also found in the cytosol and inhibits 

interleukin elastase to exacerbate neutrophil-mediated cell-death. 

The current knowledge on Salmonella’s intracellular survival is based on studies carried 

in the Salmonella-Containing Vacuole (SCV) (see also Chapter I, Sections 1.4 and 1.5) 

and little is known about the targets of cytosolic Salmonella. The identification of these 

five proteins advances the information on the intracellular life-style of cytosolic 

Salmonella. It also indicates that the Saf fimbriae might play a role during Salmonella 

infections other than being just an adhesin required for attachment prior to infection. 

Finally, the study of protein-protein interactions using intestinal proteins is challenging 

due to the number of contaminants and undigested food present. Therefore, I believe that 

the adaptation of Universal-BIND™ plates (System 5) capable of performing affinity-

enrichments in such difficult lysates is nevertheless a technical achievement. 

 

Figure 61. Hypothetical model showing the interaction of cytosolic Salmonella with the five identified 

proteins during its intracellular lifestyle. (1) Salmonella binds to Bri3 binding protein (Bri3bp) to 

modulate mitochondrial cell-death. (2) Protein TM9SF3 is used by the bacteria to be localised out of the 

cell. (3) Blocking of protein RGD1561381 by SafA releases GSH to mitigate ROS. (4) Leukocyte elastase 

inhibitors are neutralised by Salmonella to disturb the cell homeostasis and encourage host cell destruction 

by apoptosis. (5) Transcription of genes that will lead to bacteria destruction are blocked by sequestering 

transcriptional regulator ABHD14B protein. 
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7.5 Future Prospects  

While the work carried out provides evidence of specific binding of a number of proteins 

to Salmonella enterica Typhimurium LT2 SafA, the impact of this during infection is not 

clear. It has been speculated on the putative functions, based on the literature available 

for other bacteria. Nevertheless, to evaluate this, further functional studies would be 

required. 

Work needs to be done to characterise the pathways adopted by cytosolic Salmonella and 

its interaction(s) with the identified proteins.  The first step would be to carry western 

blots for each of the identified proteins in order to detect the levels of protein present in 

the affinity-enrichments. 

Functional studies would be performed in parallel by using large intestine epithelial cells 

and in-vivo by infecting animals. For these, both, wild type (WT) Salmonella 

Typhimurium LT2 and a mutant strain lacking the SafA gene would need to be obtained. 

Further to this, a GFP expression plasmid would be utilized to transform Salmonella 

Typhimurium LT2 for use in immunofluorescence microscopy, to visualize and follow 

Salmonella in live cells. Also, it would be considered that after infection Salmonella can 

remain in the Salmonella-Containing Vacuole (SCV) or found free in the cytosol 

(cytosolic Salmonella). Lysosomal membrane proteins 1 and 2 (LAMP1 and LAMP2) are 

recruited by the SCV and LAMP1 has been established as an SCV marker (Martínez-

Lorenzo et al 2001, Roark and Haldar et al 2008). Consequently, we would perform the 

immunostain with the SCV marker LAMP1, to distinguish between the membrane-bound 

and cytosolic Salmonella. 

An alternative to investigate the subcellular location of SafA, would be to transfect cells 

with plasmids encoding wild type SafA protein and immunostain. There would be a 

choice of primary antibodies, such as anti-GST-SafA’, anti-histidine or anti-GST 

(although it is best to avoid the latter due to the elevated GSH present in the intestines). 

Finally, Alexa Fluor secondary antibodies would be used as the fluorescent dye for 

detection and the specimens examined by confocal microscopy. In addition to all these, 

it would also be beneficial to immunostain the cell with markers for different organelles 

to better visualise the compartments where the biological reactions take place. 

It would be challenging to study the biological effects of Salmonella when binding to 

each of the identified proteins if all are present simultaneously in the cell. To address this, 

animal experiments would be advantageous to corroborate if the absence of any of the 
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identified proteins induces changes that could be observed between the infected mice and 

the controls. To elaborate further, each target gene would be mutated in embryonic stem 

cells to generate mutant mice (just one gene would be knocked out at the time). These 

would be observed throughout for any phenotypic changes or alterations during 

development, even though no changes are expected until infection. As the analysis 

progresses, we would decide whether it is deemed necessary to knock out more than one 

gene at once to fully understand the biological implications. 

At present there are no specific studies on TM9SF3 but there are studies in TM9 proteins, 

such as TM9SF4. In Dictyostelium, knocking out of Phga1A (TM9SF4 homologue) has 

demonstrated the need for Phga1A and other two proteins (Phg1B and SadA) (Perrin et 

al 2015) for the surface localization of SibA, an integrin β homologue involved in cell 

adhesion (Cornillon et al 2006). TM9SF4 has also been placed in “tumour cell 

cannibalism”, where the protein was found to play a role in a phagocytosis-based 

mechanism used by tumour cells to feed from neighbouring cells (Fais and Fauvarque et 

al 2012). Based on this, there is strong evidence to suggest any knockouts on TM9SF3 

would probably affect the localization of receptors similar to integrin. It is my hypothesis 

that Salmonella could bind to TM9SF3 not to block localization of adhesins but to utilize 

the function of TM9SF3 as a transporter and exploit it to localize itself out of the cell. If 

the hypothesis is right, the silencing of TM9SF3 would not only decrease the presence of 

adhesins on the host cell surface but it would also lead to an overpopulation of 

intracellular Salmonella in comparison to suitable controls in WT cells or mutants were 

TM9SF3 is over-expressed. 

As literature is scarce, the knocking out of hydrolase ABDH14B is difficult to predict. In 

retinal studies, the silencing of RasGRF1 caused transcriptomic modifications where 

ABDH14A had one of the highest levels of transcriptional inhibition (Fernández-

Medarde et al 2009). Also, ABDH proteins have been considered important for lipid 

metabolism (Lord et al 2013). The function of ABDH14B is to activate transcription. As 

mentioned in the respective discussion (Chapter VI, Section 6.12.3), host transcription is 

a popular target for bacteria (Bierne et al 2012, Canonne and Rivas et al 2012). At this 

stage and with the lack of literature we cannot properly speculate on the effects of 

knocking out ABDH14B, but the absence of the protein would most likely result in the 

lack of production of certain bacteria-resistant genes (immune response based genes). 
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Serpinb1a is a serine protease inhibitor whose role is to maintain balance during the 

production of leukocyte elastase A released by the neutrophils (Silverman et al 2010). 

The binding of Salmonella to Serpinb1a is probably to break the cell’s 

homeostasis/balance and let it destroy itself to escape. Therefore, the silencing of 

Serpinb1a would probably result in early cell destruction due to the lack of elastase 

inhibitor A. 

RGD1561381 is a MGST3-like protein part of the MAPEG superfamily (MAPEG) 

(Jakobsson et al 1997). These transferases are involved in the detoxification of 

xenobiotics and play a role in the inactivation of secondary metabolites produced during 

ROS. I speculate that Salmonella binds to RGD1561381 to release GSH and mitigate 

ROS (Chapter VI, Section 6.12.5). Knocking out the protein would probably enhance 

Salmonella survival as we would expect a substantial decrease in ROS production by the 

host. 

Finally, as discussed in Chapter VI, Section 6.12.1, Bri3 binding protein has been 

established to play a role in ER morphology and mitochondrial cell-death. I presented the 

hypothesis that Salmonella binds to Bri3bp protein in an attempt to block cytochrome c 

release and to halt mitochondrial cell-death of the host. It is also possible that Salmonella 

would target Bri3bp in an effort to disturb the ER cisternae to inactivate the ER and the 

many stress-related signalling pathways activated by it, such as inflammation and UPR. 

In addition, it has been proven that suppression of Bri3bp would lead to an overexpression 

of BCR, triggering the uptake of Salmonella by binding to the BCR present on the surface 

of B-cells, resulting in an immediate antimicrobial humoral response (see Chapter VII, 

Section 7.3.1). Based on this, knocking out Bri3bp could result in a non-functional ER 

due to the lack of properly folded cisternae and as a result the cell would probably 

accumulate toxins, unfolded protein and become an easier target for Salmonella infection 

due to its inability to cope.  It is also a possibility that the lack of this protein would affect 

the expression of BCR (it would probably be up-regulated) and enhance the uptake of 

Salmonella.  Because of this, such a knockout, would be easier to infect due to the increase 

uptake by the BCR. 
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SUPPLEMENTARY DATA 

CHAPTER I – GENERAL INTRODUCTION 

 

Table 19. Putative conserved domains retrieved from BLASTp for SafA and SafD 

proteins. 

Homology (%)                       Number of protein homologues retrieved  through               

                                                    BLASTp 

 

 SafA SafD 

100 9 100 

99.398-96.296 18 0 

89.506-87.647 12 0 

61.765-60 6 0 

59.639-53.289 55 0 

Total 100 100 
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Figure S63. Graphic panel of the NCBI BLASTp results for SafA (UniProt ID Q8ZRK4). Query length is shown at the top of graphic. 

The colour key matches with the scores, where red representing the high scores, followed by pink, green, blue and black. Sequences found 

by BLASTp (matches) are presented as horizontal bars. 
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Figure S64.Graphic panel of the NCBI BLASTp results for SafD (UniProt ID 

Q7CR56). Query length is shown at the top of graphic. The colour key matches with the 

scores, where red representing the high scores, followed by pink, green, blue and black. 

Sequences found by BLASTp (matches) are presented as horizontal bars. 
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CHAPTER VI – MASS SPECTROMETRY ANALYSIS 

6.7 Results: nLC-nESI-MS/MS analysis 

 

 

Figure S65. MS/MS spectrum of identified SafA peptides. Panels A-B represent the 

spectra of peptides identified at 100% to match SafA by Scaffold. All Scaffold data 

available in the electronic file. 
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Figure S66. MS/MS spectrum of identified BSA peptides. Panels A-D represent some 

of the spectra of peptides identified at 100% to match SafA by Scaffold. All Scaffold data 

available in the electronic file. 
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