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Abstract 

Staphylococcus aureus and Proteus mirabilis are pathogenic bacteria that are resistant to 

many clinical antibiotics and the identification of new inhibitory compounds is a priority for 

human health. Sialic acids are scavenged by S. aureus and P. mirabilis from mammalian 

hosts and can be used as a source of carbon and nitrogen. In a range of a range of pathogenic 

bacteria, colonization and persistence is dependent on the utilization of sialic acids. 

Therefore, a potential target for the development of novel antibiotics in these organisms is 

the sodium sialic acid symporters (SiaT), termed SaSiaT and PmSiaT respectively.  

N-Acetylneuraminic acid and N-glycolylneuraminic acid are the most abundant sialic acids. 

Although the SiaT proteins from these organisms are homologous, SaSiaT has a higher 

affinity for N-glycolylneuraminic acid and PmSiaT has a higher affinity for N-

acetylneuraminic acid. The substrate binding site of these SiaT transporters differs by only 

three amino acid residues. Examination of the previously determined X-ray crystal structure 

of PmSiaT, and the subsequently modelled SaSiaT structure, suggests that these three 

residues may be responsible for the opposite substrate specificity observed for these two 

SiaT homologues. 

This thesis focuses on further investigating the substrate preference of SaSiaT and PmSiaT 

by engineering two SiaT triple mutants with the three binding site residues swapped to each 

other’s binding site. In PmSiaT, three residues were mutated to the respective residues in 

SaSiaT producing a mutant referred to as PmSiaT YNN (Phe78Tyr, Gln82Asn and 

Phe243Asn). For SaSiaT, these three residues were mutated producing a mutant referred to 

SaSiaT FQF (Tyr79Phe, Asn83Gln and Phe244Asn). Microscale thermophoresis and 

isothermal titration calorimetry were used to test whether these mutations would reverse the 

observed sialic acid preference. The results show that the PmSiaT mutant, PmSiaT YNN, 

could no longer bind sialic acids. A bacterial growth assay showed that the SaSiaT mutant, 

SaSiaT FQF, displayed reversed sialic acid preference in vivo, however overall activity was 

significantly reduced.  

These results suggest that while the binding site substitutions of PmSiaT and SaSiaT play a 

role in determining sialic acid preference, it is likely to be influenced by additional factors 

that help to specify which type of sialic acid is preferred by these transporters. Overall the 
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work completed in this thesis will help underpin novel drug design to target sialic acid 

transporters, particularly those of P. mirabilis and S. aureus. 
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Chapter One 

Introduction 

1.1 Sialic acids 

Sialic acids are a sizable family of nine carbon amino sugars, made up of over 50 structurally 

unique molecules, all derived from a neuraminic acid backbone. The most common sialic 

acid is 2-keto-3-deoxy-5-acetamido-D-glycero-D-galacto-nonulosonic acid (Figure 1.1), 

more widely known as N-acetylneuraminic acid, but abbreviated throughout this thesis as 

Neu5Ac (A. Varki, 1992). Other sialic acids typically contain the general Neu5Ac backbone, 

but differ in various substituents at the hydroxyl or amino groups (Schauer, 1997). 

Intriguingly, among organisms that incorporate sialic acids, Neu5Ac the only sialic acid that 

is found ubiquitously (Schauer, 2004).  

 

Figure 1.1 The chemical structure of Neu5Ac, the most common of the sialic acids. The main chain carbon 

atoms are labelled one through nine. 

1.2 Sialic acid utilization by pathogenic bacteria 

Sialic acids are found throughout higher animals and some microorganisms, playing a 

variety of roles (A. Varki, 1993). In humans, they are commonly found occupying the 

terminal sugar positions of glycoconjugates that line cell surfaces. More specifically, 

negatively charged sialic acids are found in copious quantities bound to glycoconjugates in 

the human respiratory and gastrointestinal tracts (Vimr, 2013). It is thought that sialic acids 

are found in over 65% of glycoconjugates in some specific areas of the colon (Robbe et al., 
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2004). Here they function in a number of roles including: mediating cell to cell interactions, 

recognition, adhesion, stabilising glycoconjugates and cell membranes, acting as chemical 

messengers/receptors and mediating membrane transport (Schauer, 2000; Vimr et al., 2004). 

In these environments glucose, the typical source of energy for bacteria, is likely limited 

(Jeong et al., 2009) and therefore the ability of intestinal bacteria to metabolize multiple 

carbon sources confers a competitive advantage (Fabich et al., 2008). In particular, bacteria 

able to utilize sialic acids pose a significant competitive advantage over other bacteria that 

colonise these environments (Almagro-Moreno & Boyd, 2009b; Vimr, 2013). Many 

pathogenic and commensal bacteria have evolved mechanisms allowing them to exploit the 

vast array sialic acids displayed on host cell surfaces (Almagro-Moreno & Boyd, 2009a; 

Severi et al., 2007). As well as utilising sialic acids as a carbon and nitrogen source, some 

bacteria are also capable of repurposing sialic acids on their own cell surfaces, to evade the 

host immune system (Severi et al., 2005). 

1.3 Bacterial import of sialic acids 

1.3.1 Cleavage from host glycoconjugates 

The first barrier that bacteria must overcome to achieve utilization of host-derived sialic 

acids, is that a large proportion are conjugated under the normal physiological conditions. 

For example, in human serum, while the total concentration of sialic acid may be 1.58 – 2.22 

mM, the free sialic acid concentration may only be as high as 3 µM (Sillanaukee et al., 

1999). For this reason, sialic acids must be released from glycoconjugates and this is 

typically achieved using neuraminidases. These are enzymes with the ability to hydrolyse 

the link between the subterminal sugar of the glycoconjugate and the terminal sialic acid. 

This cleavage can be achieved via neuraminidases excreted by the bacterial colonists (Vimr, 

1994), or by host neuraminidases, that are produced endogenously by the host immune 

system as part of the inflammatory response (Vimr, 2013). 

1.3.2 Outer membrane transport 

Once free sialic acid is available, bacteria must import it into their cells, as the negatively 

charged sialic acids cannot diffuse across cell membranes on their own. A summary of the 

mechanisms for the import of sialic acids is presented in Figure 1.2. In the case of gram-

positive bacteria, sialic acids can cross the outer cell membrane, passively, through the non-

specific porins OmpF and OmpC (Galdiero et al., 2012). Alternatively, gram negative 
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bacteria can employ specific porins, the most well characterised of which is NanC from E. 

coli (Wirth et al., 2009). Active transporters are also used, such as the NanOU system, part 

of the TonB-dependent receptor family, one of which has been recently characterised in 

Bacteroides fragilis (Phansopa et al., 2014).  

In the periplasmic space some bacteria express proteins for some minor processing of sialic 

acids, allowing more efficient transport across the inner bacterial cell membrane. These 

include a sialate mutarotase, called NanM, that catalyses the production of the more 

thermodynamically stable β-anomer sialic acid from the α-anomer. The β-anomer is thought 

to be the form predominately transported across the inner cell membrane (Severi et al., 

2008). Other examples include a sialate O-acetyl esterase, termed NanS and a putative 

oxidoreductase/dehydrogenase termed YjhC. It has been demonstrated that for E. coli to 

grow on 9-O-acetylated derivatives (common to human mucosal glycoconjugates), a 

functional NanS is required (Robbe-Masselot et al., 2009; Steenbergen et al., 2009), while 

YjhC knockouts have demonstrated reduced growth on a number of sialic derivatives (Horne 

et al., 2020).   

1.3.3 Inner membrane transport 

Bacteria utilize transporters from four different families to move sialic acids across their 

inner cell membranes, while some species can employ more than one type of transporter. 

This is thought to allow for the import of a greater range of sialic acid derivatives (Almagro-

Moreno & Boyd, 2009a).  
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Figure 1.2 The types of sialic acid transporters present among bacteria (blue). Also included are the substrate 

binding proteins of the NanO, ABC and TRAP transporters (green), as well as some of the periplasmic sialic 

acid processing enzymes (yellow). Sialic acids are presented orange circles, while the outer and inner bacterial 

membranes are coloured grey (Rachel A North et al., 2018). 

1.3.3.1 ATP binding cassette transporters  

The sialic acid transporters from the ATP binding cassette (ABC) superfamily are primary 

transporters that harness the energy generated from ATP hydrolysis to drive the movement 

of sialic acids across the membrane (Higgins, 1992). Present throughout prokaryotes, they 

comprise of two similar transmembrane domains, that form the translocation pathway 

through the membrane, and two nucleotide binding domains on the cytoplasmic side, that 

hydrolyse the ATP (Higgins, 1992). However, some classes also contain a periplasmic 

binding protein which tightly binds the substrate and carries it to the transmembrane 

domains (Higgins, 1992). So far, sialic acid ABC transporters have only been characterised 

in Haemophilus ducreyi (Post et al., 2005), although they have been identified in a number 

of other species (Almagro-Moreno & Boyd, 2009a; Gruteser et al., 2012; Holder et al., 2011; 

Marion, Aten, et al., 2011). 

1.3.3.2 Tripartite ATP-independent periplasmic transporters 

The tripartite ATP-independent periplasmic (TRAP) transporters are a unique family of 

transporter found only in bacteria and archaea (Kelly & Thomas, 2001). These secondary 

transporters couple the movement of an ion down its electrochemical/concentration gradient, 

to the transport of various amino acid, carboxylate and aromatic containing compounds 
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across the membrane (Kelly & Thomas, 2001). TRAP transporters are made up of three 

subunits, the first is a periplasmic substrate-binding protein which binds and delivers the 

substrate to the two transmembrane domains. This periplasmic substrate binding protein is 

occasionally tethered to one of the other domains (Kelly & Thomas, 2001). Many of the 

periplasmic sialic acid binding-proteins are well characterised (Gangi Setty et al., 2014; 

Johnston et al., 2008), however there is relatively little data on the membrane spanning 

domains.  

The larger of the membrane spanning domains is thought to form the membrane 

translocation pathway, but the smaller membrane spanning domain, while its purpose is 

unknown, has been shown to be essential for transport (Mulligan et al., 2012). There are few 

characterised sialic acid TRAP transporters, including from Haemophilus influenzae 

(Mulligan et al., 2009), which showed that the substrate-binding protein is essential for 

transport, and from Vibrio cholerae (Mulligan et al., 2012), which demonstrated the V. 

cholerae sialic acid TRAP transporter is dependent on sodium ions. However, since 

members of the TRAP transporter family can also be reliant on a proton gradient for 

transport, it is not known whether sialic acid TRAP transporters are exclusively sodium-

dependent. Sialic acid TRAP transporters have also been identified within the 

Pasteurellaceae and Vibrionaceae families, but have not been characterised (Almagro-

Moreno & Boyd, 2009a). 

1.3.3.3 NanT type transporters 

The very first sialic acid transporter discovered was a sugar proton symporter of the major 

facilitator family. It was found in E. coli and denoted NanT (Vimr & Troy, 1985). Later 

research has revealed these transporters to be present throughout a number of human 

pathogens within Bacteroidetes and Enterobacteriaceae (Almagro-Moreno & Boyd, 2009a). 

NanT-type systems are secondary transporters that couple the translocation of a proton down 

its pH gradient, to the movement of sialic acids across the cell membrane, against their 

concentration gradient (Martinez et al., 1995). Increases in sodium ion concentration have 

been shown to be slightly inhibiting for sialic acid uptake (Severi et al., 2010). The proposed 

mechanism of transport involves an alternating inward and outward conformation, in which 

only one side of the membrane has the substrate binding site accessible at a time (Abramson 

et al., 2003; Y. Huang et al., 2003). While the structural understanding of sugar proton 

symporters is good, with many crystal structures available, our understanding of proton 
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sialic acid symporters is relatively lacking. From sequence analysis of E. coli NanT, there 

are thought to be 14 transmembrane helices, compared to the 12 normally found in the major 

facilitator super family (Martinez et al., 1995). Further probing of the amino acid sequence 

reveals a few structural motifs common to sugar proton symporters including a highly 

conserved “GRR” motif that situated between TM2 and TM3, as well as the 

“EXXXXXXRG(N)” motif located between TM4 and TM5 (Martinez et al., 1995). 

1.3.3.4 Sodium solute symporters 

The latest sialic acid transporter to be discovered, a sodium sialic acid symporter (SiaT), 

belongs to the sodium solute symporter (SSS) family and was initially found in S. enterica 

serovar Typhimurium (Severi et al., 2010). These SSS are secondary active transporters that 

couple the translocation of sodium ions down their electrochemical gradient, with the 

translocation of various molecules across the cell membrane, thus depending on a sodium 

gradient for transport (Wright et al., 2004). This was first demonstrated in the S. enterica 

serovar Typhimurium SiaT, which is dependent on the availability of sodium ions for the 

transport of sialic acids (Severi et al., 2010). 

Previously the only crystal structure solved of an SSS family member, was that of the sodium 

galactose transporter from Vibrio parahaemolyticus. It contained 14 transmembrane helices 

and the structure of the core domain resembled the LeuT-fold, consisting of two inverted 

repeats of five transmembrane helices (Faham et al., 2008). The LeuT-fold also makes up 

the core in a number of other sodium symporters such as: the leucine sodium transporter 

from Aquifex aeolicus (Yamashita et al., 2005), the sodium benzyl-hydantoin symporter 

from Microbacterium liquefaciens (Weyand et al., 2008) and the sodium glycine-

betaine/proline-betaine symporter from Corynebacterium glutamicum (Ressl et al., 2009).  

More recently, the first crystal structure of a SiaT from Proteus mirabilis was solved along 

with the biochemical characterisation of the SiaT. Interestingly, it comprised of 13 

transmembrane helices and its core fold also resembled that of the LeuT-fold, as seen in the 

other sodium symporters listed above. While all these sodium symporters have the core 

LeuT-fold, they share remarkably little sequence identity (Wahlgren et al., 2018). P. 

mirabilis SiaT was also shown to use two sodium ions for transport and a novel sodium 

binding site was discovered. Using sequence alignments, the novel sodium binding site was 

thought to be present in 19.6% of SSS family members that already contain the two regular 

sodium binding sites. It was also proposed that members of the SSS family possess a similar 
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transport mechanism to that of the NanT type sialic acid transporters, where the transporter 

alternates between an inward and outward facing conformation (Faham et al., 2008; 

Wahlgren et al., 2018). The stoichiometry of sodium ions needed for transport varies among 

SSS family members, with some requiring a single sodium ion (Eskandari et al., 1997; 

Mackenzie et al., 1998), and others requiring two sodium ions to transport of their various 

solutes (R. A. North et al., 2018; Turk et al., 2000).  

1.3.4 Bacterial catabolism of sialic acids 

The bacterial catabolism of sialic acids, once imported into the cell, is centred around the 

genes contained in the nan operon. These genes code for an aldolase (NanA), a kinase 

(NanK), an epimerase (NanE) and typically a sialic acid transporter of the NanT-type, 

however the other transporter families have also been noted. These genes are all under the 

control of the transcriptional repressor NanR, which is relieved by the binding of N-

acetylmannosamine-6-posphate, an intermediate of the catabolic pathway (Vimr et al., 

2004). After these nan-encoded enzymes degrade Neu5Ac to N-acetylglucosamine-6-

phosphate (GlcNAc-6-P), the enzymes coded in the nag operon further process the GlcNAc-

6-P to yield fructose-6-phosphate. The nag genes encode NagA, a deacetylase and NagB, a 

deaminase, which are under control of the transcriptional repressor NagR. NagR repression 

is alleviated by the binding of GlcNAc-6-P (Severi et al., 2007). The final product, fructose-

6-phosphate, can immediately enter the glycolysis pathway and be used to generate energy 

in the form of ATP, however various other pathways can draw metabolites for use as a 

carbon source. Bacteria able to metabolize sialic acids as a carbon source normally contain 

nan and nag orthologues, although some can lack key enzymes and employ other means to 

circumvent that step in sialic acid metabolism (Vimr et al., 2004).  

1.4 Importance of novel antibiotics 

One of the most beneficial advances for human health in the 20th century has been the 

discovery of antibiotics. However, the triumph of antibiotics has also been their demise. The 

frequency of essentially untreatable diseases is currently on the rise, with microbial 

characteristics allowing for rapid evolution, stemming from the selection pressures that 

antibiotics provide and the increased transmission of antibiotic resistant bacteria (Cohen, 

1992). The most pressing of issues is the common overuse of antibiotics in agriculture and 

of course, human medicine. These factors in combination with the fact fewer microbial drugs 

are currently under development (Blair et al., 2015), mean society could be facing the 
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beginning of the post-antimicrobial era. Previously, when an antibiotic resistant bacterial 

strain emerged, it could be combatted with another variant of the same drug, or a different 

class of drugs. However, the coevolution of drug resistant bacteria and new drugs has been 

slowing down for decades, with further drug resistant bacteria surfacing and less novel drugs 

to repel them (Blair et al., 2015). Hence, the discovery of new therapeutic strategies is 

currently of the utmost importance. 

One of the most concerning bacteria is Staphylococcus aureus, a gram-positive, typically 

commensal, but opportunistic pathogen, which is capable of inducing a variety of 

devastating conditions including: endovascular infections, pneumonia, osteomyelitis, 

endocarditis and sepsis (David & Daum, 2010). In 1928, Alexander Fleming observed the 

antibiotic properties of penicillin against Staphylococci (Hare, 1982), but since then S. 

aureus has been quick to evolve resistance mechanisms to combat new waves of antibiotics 

(Furuya & Lowy, 2006). The introduction of the first semi-synthetic β-lactam antibiotic 

(methicillin) in 1959 could kill S. aureus, but a short while later, in 1961 the first strains 

emerged that were resistant to almost all derivates of β-lactam antibiotics (Jevons, 1961). 

With the current commonality of methicillin-resistant S. aureus strains, infections are 

typically treated with vancomycin as the line of defence, however vancomycin-resistant S. 

aureus strains are already being discovered (McGuinness et al., 2017; Smith et al., 1999). 

The abuse or inappropriate administration of antibiotics in a variety of community and 

healthcare settings have contributed to the rapid evolution multi-drug resistant S. aureus 

strains to the point of a global epidemic (David & Daum, 2010). Therefore, it is critical that 

novel antibiotics are developed to treat the S. aureus ‘super bug’. 

1.5 Bacterial sialic acid degradation is essential for 

colonization 

Various studies have investigated the degradation of sialic acids in numerous human 

pathogens that typically inhabit mucosal niches, which are decorated in vast arrays of sialic 

acid glycoconjugates, yet limited in glucose (Jeong et al., 2009). Disruption of one or more 

of the sialic acid catabolic genes has been shown to inhibit the growth of a number of 

pathogens on sialic acids such as: E. coli (Vimr & Troy, 1985), S. aureus (Olson et al., 2013), 

S. enterica (Severi et al., 2010), S. pneumoniae (Marion, Burnaugh, et al., 2011) and group 

B streptococci (Pezzicoli et al., 2012). Furthermore, studies using living mouse intestines 
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and mammalian cells revealed that a functional sialic acid degradation pathway is important 

for colonisation and persistence in: V. cholerae (Almagro-Moreno & Boyd, 2009b), S. 

typhimurium, C. difficile (Ng et al., 2013), E. coli (Chang et al., 2004; Y.-L. Huang et al., 

2015; Vogel-Scheel et al., 2010), S. pneumoniae (Marion, Burnaugh, et al., 2011) and V. 

vulnificus (Jeong et al., 2009). Perhaps the most important mechanism for the utilization of 

sialic acids by these pathogens, is the transport of sialic acids into the cells. Of the studies 

listed above, sialic acid transporter knockout strains have been demonstrated to inhibit 

growth of S. pneumoniae in the upper respiratory tract of mice (Marion, Burnaugh, et al., 

2011), indicating not only the importance of sialic acids, but the importance of functional 

sialic acid transporters for colonization and persistence. 

1.6 S. aureus SiaT as a novel antibiotic target 

1.6.1 S. aureus SiaT has an altered substrate specificity 

The most recent advances in SiaT research have been the characterisation of S. aureus SiaT 

(SaSiaT) and P. mirabilis SiaT (PmSiaT), the latter of which represents the first crystal 

structure that has been solved of SiaT homologues, detailing the interactions involved in 

Neu5Ac binding (PDB entry 5NV9). The binding affinities to common sialic acids have also 

been determined in both SiaT homologues. Using microscale thermophoresis (MST) the 

calculated dissociation constant (Kd) of PmSiaT to Neu5Ac was 58 ± 1 µM and to N-

glycolylneuraminic acid (Neu5Gc) was 85 ± 2 µM, while using isothermal titration 

calorimetry (ITC), the Kd of PmSiaT binding Neu5Ac was calculated to be 50 ± 4 µM 

(Wahlgren et al., 2018). On the contrary, SaSiaT had a Kd of 113 ± 6 µM for Neu5Ac and a 

Kd of 39 ± 4 µM for Neu5Gc as determined using MST, while the a Kd values were 106 ± 2 

µM for Neu5Ac and a Kd of 18 ± 2 µM for Neu5Gc as determined by ITC (R. A. North et 

al., 2018). These studies show that PmSiaT has a higher affinity for Neu5Ac as opposed to 

Neu5Gc, while SaSiaT has a higher affinity for Neu5Gc as opposed to Neu5Gc. The 

substrate specificity seems to be reversed in these two SiaT homologues, as PmSiaT prefers 

Neu5Ac, while SaSiaT prefers Neu5Gc. 

Furthermore, both SiaT homologues have been demonstrated to rescue the growth of E. coli 

strains, lacking an endogenous sialic acid transporter, on both Neu5Ac and Neu5Gc (R. A. 

North et al., 2018; Wahlgren et al., 2018). These results support the link between sialic acid 

binding and the effective sialic acid transport of these SiaT homologues. As well as this, 

SaSiaT reflected the same substrate specificity as outlined in the MST and ITC experiments. 
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For SaSiaT, E. coli growth on Neu5Gc was faster (a maximum of 1.9 ± 0.05 × 10-3 growth 

rate/min) and the strain grew to a higher final optical density when compared to growth on 

Neu5Ac (a maximum of 1.3 ± 0.30 × 10-3 growth rate/min) (R. A. North et al., 2018; 

Wahlgren et al., 2018). These studies show the preference of Neu5Gc over Neu5Ac for 

SaSiaT, although Neu5Ac is the much more common sialic acid, begging the question what 

advantage would this substrate specificity confer to S. aureus? 

1.6.2 The occurrence of N-glycolylneuraminic acid 

Aside from Neu5Ac, Neu5Gc is the next most common sialic acid, although these only differ 

by the presence of a single hydroxyl group at C11 in Neu5Gc (Figure 1.3). Similar to the 

ubiquitous Neu5Ac, Neu5Gc occurs regularly throughout the animal kingdom, however 

only very low levels are present in humans (Schauer 2004). This is due to a mutation to the 

gene encoding CMP-N-acetylneuraminic acid hydroxylase, responsible for the synthesis of 

Neu5Gc from CMP-Neu5Ac. The mutation results in the inactivation of CMP-N-

acetylneuraminic acid hydroxylase, meaning Neu5Gc cannot be synthesised, however traces 

of Neu5Gc have been detected in some human tissues. The mutation of the gene encoding 

CMP-N-acetylneuraminic acid hydroxylase occurred sometime after divergence from the 

most common ancestor of humans with great apes (Chou et al. 1998; Muchmore, Diaz, and 

Varki 1998; Varki 2001). While Neu5Gc is claimed to be present in various human cancers, 

there is a lack of evidence concerning an alternate pathway for Neu5Gc synthesis, excluding 

via the inactive CMP-N-acetylneuraminic acid hydroxylase. However, Neu5Gc has been 

demonstrated to be incorporated into human glycoconjugates via dietary animal sources 

(Tangvoranuntakul et al. 2003), meaning while humans cannot synthesise Neu5Gc, it can 

be present throughout the digestive system (A. Varki, 2010; N. M. Varki et al., 2011).  

 

Figure 1.3 The chemical structures of N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc), with the carbon atoms labelled one through eleven. The difference between these sialic acids is the 

addition of a hydroxyl group (coloured red) at C11 in the Neu5Gc structure. 
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With the ability of S. aureus to discriminate between the two most common sialic acids and 

potentially grow faster on Neu5Gc due to more efficient transport into the cell, this may 

influence the host tissue range in which S. aureus can colonize. In areas where sialic acids 

are available, in the form of glycoconjugates, and glucose is limited (Jeong et al., 2009), the 

ability of S. aureus to grow on the less common Neu5Gc when other species may be 

competing over Neu5Ac, would confer a significant advantage. Overall, the preference of S. 

aureus for Neu5Gc may correspond to an advantage for the colonization of humans and this 

preference could be exploited by the development of novel antibiotics. 

1.6.3 Substitutions in the SaSiaT binding site may explain the altered substrate 

specificity 

Examination of the crystal structure of PmSiaT revealed the interaction network involved in 

the binding of Neu5Ac, shown in Figure 1.4 (Wahlgren et al., 2018). The Neu5Ac in its β-

anomeric form is bound close to the centre of the protein, where residues lining four helices 

are interacting with the Neu5Ac. In total, five residues are directly coordinating the Neu5Ac 

through hydrogen bonds, with many others forming hydrogen bonds to water molecules 

which then form further hydrogen bonds with the Neu5Ac. There are also various residues 

that are involved in forming the binding pocket, but do not coordinate the Neu5Ac. 

 

Figure 1.4 The PmSiaT interaction network with the bound Neu5Ac. Neu5Ac is shown in green, while the 

residues of PmSiaT are coloured light blue, with the loops they are a part of also displayed in light blue as 

cartoons. Both views are looking at PmSiaT from the side, as it sits in the plane of the lipid bilayer. Oxygen 

atoms are coloured red, while nitrogen atoms are coloured dark blue. 

A sequence alignment of SaSiaT, PmSiaT and several other bacterial SiaT homologues 

shows that the majority of the residues involved in sialic acid binding are conserved 

throughout these SiaT transporters (Figure 1.5). However, in the case of SaSiaT there are 
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three residues that do not match those conserved among the other SiaT homologues. These 

are Tyr79, Asn83 and Asn244, which are coincidentally all located around the N-

acetyl/glycolyl moiety of Neu5Ac and Neu5Gc respectively in the PmSiaT crystal structure. 

These three residues are also highly conserved in S. aureus SiaT isolates (Wahlgren et al., 

2018). 

 

Figure 1.5 Sequence alignment of SaSiaT, PmSiaT and a range of other bacterial homologues, showing the 

residues interacting with Neu5Ac in the PmSiaT crystal structure. Residues are labelled in reference to their 

positions in SaSiaT. In black are the conserved binding site residues and in red are the binding site residues 

that differ in SaSiaT. 

In the SaSiaT homology model, based on the PmSiaT crystal structure, all these substitutions 

in SaSiaT are in the region containing the hydroxyl group of Neu5Gc (Figure 1.6). The 

Gln82 of PmSiaT is involved in two hydrogen bonds at the C7 and C9 hydroxyls of Neu5Ac 

in the PmSiaT crystal structure. The equivalent residue in SaSiaT, Asn83, contains the same 

amide functional group as Gln82, although the side chain is one carbon shorter. This 

shortening may allow for more space in the substrate binding cavity, particularly in the area 

where the C11 hydroxyl of Neu5Gc is introduced. The original hydrogen bonds of Gln82 

could be conserved, however the Asn83 of SaSiaT could also form a new hydrogen bond 

with the C11 hydroxyl of Neu5Gc. The backbone of Gln82 also coordinates Neu5Ac via a 

water molecule.  

The hydrophobic residues Phe78 and Phe243 in the PmSiaT crystal structure appear to form 

a hydrophobic pocket for the C11 of Neu5Ac to occupy. In the SaSiaT homology model, the 

corresponding residues are Tyr79 and Asn244 and these are both substitutions to more 

hydrophilic residues around the C11 hydroxyl region of Neu5Gc. The Phe78 to Tyr79 

substitution could increase the hydrophilicity of the environment surrounding the C11 

hydroxyl of Neu5Gc, while the introduction of Asn244 could form a new hydrogen bond 

with the C11 hydroxyl, as well as increasing the hydrophilicity in this region. Without a 
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high-resolution crystal structure of SaSiaT, the roles of these substitutions are putative. 

SaSiaT only shares 41% sequence identity with PmSiaT and the effect of many residues 

being different may also mean the three different binding site residues may not be solely 

responsible for the altered substrate specificity. However, the fact is, these three residues are 

the only substitutions in the binding site and SaSiaT has been observed to have the opposite 

sialic preference compared to PmSiaT. Overall, this sialic acid preference of SaSiaT and the 

binding site substitutions could be exploited with the development of novel antibiotics. 

 

Figure 1.6 The binding sites of PmSiaT and SaSiaT with Neu5Gc, including the three binding site substitutions 

represented as sticks. The PmSiaT structure, presented here in light blue, is from the crystal structure (PDB: 

5NV9), while the SaSiaT in orange, is from the homology model produced based on the PmSiaT crystal 

structure. Oxygen atoms are coloured red, while nitrogen atoms are coloured dark blue. The three binding site 

substitutions are labelled with the residue and position of SaSiaT, followed by PmSiaT. 

While substitutions in the SaSiaT binding site may account for a higher affinity to Neu5Gc, 

compared to Neu5Ac, there is no data on any interactions with other sialic acids. With these 

substitutions situated in the region the C5 N-acetyl/glycolyl moiety sits in, they could also 

increase the affinity for other sialic acid derivatives with differing groups at the C5 carbon. 

Examination of the SaSiaT homology model suggests that this may not be the case, however. 
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The residues coordinating the C5 amide group of Neu5Ac/Neu5Gc are mostly conserved, 

the exception being the SaSiaT Asn83, which is shorter than the PmSiaT counterpart Gln82, 

but may still be able to hydrogen bond to the amide oxygen. This suggests losing the amide 

group at C5 may negatively impact sialic binding to SaSiaT or PmSiaT, as evident in the 

binding of 2-keto-3-deoxy-nonulosonic acid (KDN) to PmSiaT. KDN has a single hydroxyl 

group at C5 Figure and has a Kd of > 10 mM, which is significantly higher than Neu5Ac or 

Neu5Gc (Wahlgren et al., 2018).  

Other substituents at the C5 position (presented in Figure1.7) include, O-methyl (KDN5Me) 

and O-acetyl (KDN5Ac) groups (Angata & Varki, 2002). the O-acetyl group may be similar 

enough to an N-acetyl group to facilitate binding but might not offer additional interactions. 

An O-methyl group would offer the same interactions as KDN, but with a hydrophobic 

methyl group that may not be favourable. As well as the N-glycolyl group of Neu5Gc, at 

C5, the C11 can also contain O-acetyl (Neu5GcAc) and O-methyl (Neu5GcMe) groups 

(Angata & Varki, 2002), but with these groups there would potentially be no space in the 

binding pocket to accommodate these groups on the end of the existing N-glycolyl group, 

hence they would probably significantly reduce binding affinity. Even with the potential of 

SaSiaT being able to bind a range of C5 sialic acid derivatives, this may not provide an 

advantage to S. aureus, as humans only contain Neu5Gc (Tangvoranuntakul et al., 2003) 

and variants of Neu5Ac, most notably modifications of hydroxyl groups at C4, C7, C8 and 

C9, particularly acetylation of the C9 hydroxyl (Angata & Varki, 2002).  
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Figure 1.7 The variation in chemical groups at the C5 position of sialic acids. The chemical structure of each 

sialic acid variant is displayed with the name above. The squiggled lines represent the bond the C5 carbon of 

the neuraminic acid backbone. 

1.7 Aims and objectives of this thesis 

SaSiaT has been demonstrated to have the opposite sialic acid preference compared to 

PmSiaT, despite the binding sites of these SiaT homologues only differing in three 

substitutions. This research will focus on investigating the sialic acid preference displayed 

by SaSiaT and PmSiaT, with the hypothesis that the three substitutions in the binding sites 

of SaSiaT and PmSiaT, are responsible for their observed sialic acid preference. To test this 

hypothesis, this thesis will focus on the production of two triple mutants, one SaSiaT triple 

mutant and another PmSiaT triple mutant. These mutants will be PmSiaT YNN and SaSiaT 

FQF, the mutations based on only differences in the binding site residues between the wild-

type PmSiaT and the wild-type SaSiaT. So, for PmSiaT YNN, containing the binding site 

of SaSiaT, these will be Phe78Tyr, Asn82Gln and Phe243Gln. For SaSiaT FQF, containing 

the binding site of PmSiaT these will be Tyr79Phe, Gln83Asn and Gln244Phe.  
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To test the hypothesis that the three binding site substitutions in SaSiaT and PmSiaT are 

responsible for their observed sialic acid specificity, these two triple mutants will be 

expressed, purified and subjected to analysis with MST and ITC, so the affinity for Neu5Ac 

and Neu5Gc can be determined. The wild-type PmSiaT and SaSiaT will also be 

experimented on, to not only confirm the published results, but to validate the results 

obtained with the mutants. In addition, the gene of each SiaT construct will be cloned and 

used in bacterial growth assays. The bacterial growth assays will ultimately demonstrate the 

in vivo activity of each SiaT, as well as confirm that the in vivo sialic acid preference matches 

to the in vitro data, i.e. that the binding preference correlates to a preference for effective 

sialic acid transport. 

The overall aim of this project is to explore the SiaT transporters of P. mirabilis and S. 

aureus, with the underlying objective of expanding the current knowledgebase. This work 

will help inform the development of novel antibiotics to target SiaT transporters, in 

particular the clinically important human pathogen S. aureus. Chapter Two outlines the 

experimental methods used throughout this body of work. Chapter Three will document the 

results of this thesis, including; the cloning, expression and purification of each of the SiaT 

constructs, as well as the experimentation using MST, ITC and bacterial growth assays. 

Chapter Four will provide a discussion of the results obtained and lastly Chapter Five will 

provide some concluding remarks and discuss the future directions of this research. 
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Chapter Two 

Experimental 

2.1 Experimental reagents 

2.1.1 Chemical reagents 

Buffer components were ordered from Sigma-Aldrich. Chemicals used in the preparation of 

media were supplied by Sigma-Aldrich or Invitrogen. The sialic acids; N-acetylneuraminic 

acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) were sourced from Carbosynth. 

The cOmplete™, EDTA-free protease inhibitor tablets were purchased from Roche and n-

Dodecyl β-D-maltopyranoside (DDM) was provided by Anatrace. 

2.1.2 Biological reagents 

Plasmids and the wild-type genes of the sodium sialic acid symporter (SiaT) constructs were 

provided by Dr. Rachel North, whereas mutant SiaT genes were purchased from GenScript. 

A greater explanation of the plasmids and genes involved in this research is included in 

Section 2.4.1. The chemically competent E. coli Lemo21 (DE3) were sourced from New 

England Biolabs, while the chemically competent E. coli Stellar™ cells were ordered from 

MediRay. The chemically competent E. coli JW3193 ΔNanT strain and the E. coli BW25113 

strain were kindly supplied by Dr. Rachel North. Chemically competent DH5α cells were 

propagated in house. 

Restriction enzymes were provided by New England Biolabs. PCR reagents and the In-

Fusion® HD Cloning Kit was sourced from Takara Bio. Macherey-Nagel supplied the 

NucleoSpin® Plasmid Kit and the NucleoSpin® Gel and PCR Clean-up Kit. DNase I was 

purchased from Sigma-Aldrich. Thermo Fisher Scientific supplied the materials for sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), including precast 

polyacrylamide gels, running buffers, sample buffers, protein standards and stains. For 

agarose gel electrophoresis, Thermo Fisher Scientific supplied the SYBR® Safe DNA Gel 

Stain, while the Gel Loading Dye Purple (6X) was ordered from New England Biolabs and 

the HyperLadder™ 1kb was purchased from Bioline. 

 



25 

 

2.1.3 General Materials 

Prepacked chromatography columns were obtained from GE Healthcare. Nickel 

nitrilotriacetic acid (Ni-NTA) agarose resin was purchased from Agarose Beads Technology 

and Polypropylene Columns (10 mL) were provided by Thermo Fisher Scientific. Amicon® 

Ultra-4 Centrifugal Filter Units (50 kDa), 0.22 µm Syringe Filter Units and 0.45 µm Syringe 

Filter Units were purchased from Millipore. All solutions were made with Millipore purified 

water (referred to as MilliQ throughout this thesis). Corning® Costar® Flat Bottom 96 Well 

TC-Treated Microplates were supplied by Sigma-Aldrich. 

2.2 General methods 

2.2.1 Bioinformatic analysis of nucleotide and amino acid sequences 

Nucleotide and amino acid sequences were examined using a variety of tools throughout 

this thesis including: the basic local alignment search tool (BLAST) programs “BLASTn” 

and “BLASTp” (Altschul et al., 1990) (https://blast.ncbi.nlm.nih.gov/Blast.cgi), MUSCLE 

(Edgar, 2004) (https://www.ebi.ac.uk/Tools/msa/muscle/) and ClustalW (Larkin et al., 

2007) (https://www.genome.jp/tools-bin/clustalw). 

2.2.2 Centrifugation 

Cultures and sonicated cells were centrifuged using a Sorvall ™ Lynx 6000 Centrifuge 

(Thermo Fisher Scientific), while membranes were prepared using an Optima™ L-90K 

Ultracentrifuge (Beckman Coulter). Protein was centrifuged using either a Z 326 K 

Centrifuge (Hermle Labortechnik), or an Eppendorf™ Centrifuge 5810 R (Thermo Fisher 

Scientific). 

2.2.3 pH measurement 

The pH of solutions was measured with an Ultrabasic Benchtop pH meter (Denver 

Instrument) and for solutions small in volume, a pH meter CP-105 (ELMETRON) was used 

instead. If the pH needed to be increased or decreased, it was subsequently adjusted with 1 

M or 10 M sodium hydroxide or 1 M or 13 M hydrochloric acid respectively. 

2.2.4 Sterilisation of media and equipment 

Media and equipment used for culturing bacteria were autoclaved at 121 ℃ for 15 minutes. 

Solutions that could not be autoclaved were passed through a 0.22 µm syringe filter. 
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Standard aseptic technique was applied to each procedure and controls were used to identify 

any possible contamination. 

2.3 Microbiology 

2.3.1 Bacterial strains 

There were six bacterial strains of E. coli that were used throughout this thesis. These strains 

included E. coli Lemo21, Stellar™, BL21 (DE3), DH5α, BW25119 and JW3193. 

2.3.2 Antibiotics 

The antibiotics and their working concentrations used throughout this thesis are presented 

in Table 2.1. All antibiotics, excluding Zeocin™, were filtered through a 0.22 µm syringe 

filter for sterilisation. Zeocin™ is sensitive to high ionic strength, high acidity or basicity 

and light. Therefore, any media used with Zeocin™ as the antibiotic, was made up with a 

maximum concentration of 5 g/L sodium chloride and the pH was adjusted to approximately 

7. Subsequently, the media was kept out of light where possible by wrapping cultures/plates 

in aluminium foil. 

Table 2.1 The antibiotics used for bacterial selection. The stock concentrations, working concentrations and 

solvents are shown. Zeocin™ was purchased as a sterile stock solution. 

Antibiotic Stock Concentration 

(mg/mL) 

Working 

Concentration 

(µg/mL) 

Solvent 

Ampicillin 100 100 MilliQ 

Chloramphenicol 34 34 ethanol 

Kanamycin 50 50 MilliQ 

Zeocin™  100 25 -  

 

2.3.3 Media 

2.3.3.1 Luria bertani medium 

For every 1 L of luria bertani (LB) medium prepared, 20 g of LB Broth powder (Lennox) 

and 5 g of sodium chloride was added to MilliQ. The mixture was autoclaved and then stored 
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at room temperature before use. Low salt LB medium (for use with Zeocin™) was prepared 

using the same method, except the 5 g/L sodium chloride was not added. 

2.3.3.2 Luria bertani agar 

LB agar was prepared the same as the LB medium, except 15 g of agar was added to every 

1 L of LB medium. The LB agar was then autoclaved and stored at room temperature. 

Molten LB agar was cooled before it was supplemented with the appropriate antibiotic, 

mixed by carefully swirling before being poured into sterile petri dishes. This was conducted 

either in a laminar flow hood, or by a flame. The plates were then left in sterile conditions 

to dry before the desired cells were plated. 

2.3.3.3 Terrific broth medium 

For every 1 L of terrific broth (TB) medium prepared, 12 g of tryptone, 24 g yeast extract, 

2.2 g monopotassium phosphate, 9.4 g dipotassium phosphate and 4 mL 100% glycerol were 

added to MilliQ. The pH was then adjusted to 7.2 before the medium was autoclaved and 

stored at room temperature. 

2.3.3.4 Yeast extract tryptone medium 

1 L of yeast extract tryptone medium was prepared by adding 16 g tryptone, 10 g yeast 

extract and 5 g sodium chloride to MilliQ. 

2.3.3.5 Super optimal broth with catabolite repression medium 

Super optimal broth with catabolite repression (SOC) medium was prepared by adding 20 g 

tryptone, 5 g yeast extract, 0.5 g sodium chloride 2.5 mL 1 M potassium chloride, 10 mL 1 

M magnesium chloride, 10 mL 1 M magnesium sulfate and 20 mL 1 M glucose to MilliQ. 

Subsequently, the pH was adjusted to 7.0 and the medium was sterilised by autoclaving. 

After autoclaving, the SOC medium was aliquoted into sterile 1.7 mL Eppendorf tubes in a 

lamina flow hood or close to a flame. The aliquots of SOC medium were stored at -20 ℃ 

until required. 

2.3.3.6 M9 salt solution 10X 

For every 1 L of M9 salt solution 10X prepared, 90 g disodium phosphate heptahydrate, 30 

g monopotassium phosphate, 5 g ammonium chloride and 5 g sodium chloride were added 

to MilliQ. The pH was then adjusted to 7.2 and the medium sterilised by autoclaving, prior 

to storage at room temperature. 
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2.3.3.7 M9 minimal medium 

For every 1 L of M9 minimal medium prepared, the following sterile components were 

added to MilliQ, 100 mL M9 salts, 20 mL 20% glucose, 1 mL 1 M MgSO4, 0.3 mL 1 M 

CaCl2 and 1 mL 1 mg/mL thiamine hydrochloride. 

2.3.4 Transformation of chemically competent bacterial cells 

Each strain was transformed according to the manufacturer’s instructions. Briefly, an aliquot 

of competent cells, previously stored at – 80 ℃, was thawed out on ice, before approximately 

100 ng of plasmid DNA was added. The tube was flicked several times before being 

incubated on ice for 20 – 30 minutes. The tube was then heat shocked at 42 ℃ for 45 seconds 

prior to being left on ice for 5 minutes. Subsequently, 400 µL of SOC medium was added 

and the tube was left to incubate for 1 hour at 37 ℃, with shaking at 180 rpm. LB agar plates 

were then prepared as described previously. After the 1 hour of incubation, the tube was 

centrifuged at 7,000 rpm for 1 minute to pellet the cells. The supernatant was decanted, 

before the cells were resuspended in 400 µL of SOC medium. Cells were then plated out in 

varying aliquots and incubated at 37 ℃ overnight.  

2.3.5 Bacterial culturing 

For E. coli Lemo21 (DE3) cultured for the overexpression of SiaT, TB media was 

supplemented with chloramphenicol and kanamycin throughout the culturing process. 

Culturing for the largescale expression of SiaT started with the inoculation of a 5 mL 

preculture with a single transformant. The preculture was incubated at 37 ℃, with shaking 

at 180 rpm, for 6 – 8 hours. The preculture was then used to inoculate a 500 mL overnight 

culture, which was then incubated at 37 ℃ overnight, with shaking at 180 rpm. Largescale 

cultures (1.5 L each, supplemented with 250 mM L-rhamnose for P. mirabilis SiaT 

constructs or 100 mM L-rhamnose for S. aureus SiaT constructs) were inoculated with 30 

mL of the overnight culture the following day. The largescale cultures were incubated at 37 

℃, with shaking at 180 rpm, until an appropriate optical density at 600 nm (OD600) was 

reached for protein expression to be induced (Section 2.6.1) 

For E. coli BL21 (DE3) cultured for the overexpression of human rhinovirus 3C protease 

(HRV3C), yeast extract tryptone media supplemented with kanamycin was used throughout 

the culturing process. Culturing for the largescale expression of HRV3C began with the 

inoculation of a 10 mL preculture with a single transformant. The preculture was incubated 
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at 37 ℃ overnight, with shaking at 180 rpm, before it was used to inoculate a single 

largescale culture (1 L). The largescale culture was incubated at 37 ℃ with shaking at 180 

rpm until an appropriate OD600 was reached for protein expression to be induced (Section 

2.6.2). 

Any culturing for the preparation of plasmid DNA was completed by inoculating 5 mL of 

appropriate media and antibiotic with a single transformant, prior to incubation at 37 ℃ 

overnight, with shaking at 180 rpm. 

2.3.6 Preparation of glycerol stocks 

To prepare glycerol stocks for the storage of bacterial strains, 500 µL of sterile 50% v/v 

glycerol was added to 500 µL of overnight culture, a final concentration of 25% v/v glycerol. 

The tubes were then snap frozen in liquid nitrogen before being stored at -80 ℃. 

2.3.7 Bacterial growth experiments 

For the bacterial growth experiments, the E. coli strains; BW25119 and JW3193 ΔNanT, 

were initially either streaked out from glycerol stocks or transformed with the appropriate 

pJ422-01 plasmid containing the relevant SiaT gene. Throughout the experiment, strains 

containing either pJ422-01 were grown in media supplemented with 25 µg/mL Zeocin™. 

Two colonies of each strain were taken and grown overnight in low salt LB media at 37 ℃, 

with shaking at 180 rpm.  

Overnight cultures were diluted to an OD600 of 0.05 with low salt LB (supplemented with 1 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG)), before they were incubated at 37 ℃, 

with shaking at 250 rpm, until they reached an OD600 of 0.3. At this point 5 mL of each 

culture was centrifuged at 6000 × g for 10 minutes, at 25 ℃. The supernatants were removed, 

and the cell pellets were resuspended in 5 mL of M9 minimal media lacking glucose, prior 

to being centrifuged again at 6000 × g for 10 minutes, at 25 ℃. This wash step was repeated 

twice more and on the final resuspension, cells were resuspended to an OD600 of 0.5. During 

the last centrifugation step, a Corning® Costar® Flat Bottom 96 Well TC-Treated Microplate 

was set up with 180 µL of M9 minimal media containing 1 mM IPTG, 7 µM thiamine 

hydrochloride and either 12.9 mM Neu5Ac, 12.3 mM Neu5Gc, 0.4% (w/v) glucose or no 

carbon source. To the 180 µL of media, 20 µL of each culture were added to the plate, before 

it was loaded into a FLUOstar Omega Microplate Reader (BMG Labtech). Growth was 

recorded at 600 nm every 10 minutes at 37 ℃, with shaking at 300 rpm.  
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The area under the curve of each growth curve was calculated using the trapezoidal rule 

(Maier et al., 2018), after the first value was subtracted from the others to ensure a starting 

point of zero. The area under the curves were presented, and the growth curves were plotted, 

as the mean of six replicates (two biological replicates in each in triplicate) ± standard error 

of measurement. 

2.4 Molecular biology 

2.4.1 Plasmids 

The SiaT genes encoding the wild-type SiaT constructs from Staphylococcus aureus and 

Proteus mirabilis had been previously sub-cloned into the pWarf(-) expression vector and 

were kindly provided by Dr. Rachel North. The SiaT genes encoding the mutant SiaT 

constructs from S. aureus and P. mirabilis were purchased from GenScript in the pWarf(-) 

expression vector. For the bacterial growth assays, all of the SiaT genes were subcloned into 

the low-copy pJ422-01 vector. A detailed protocol of this cloning is shown throughout 

Section 2.4 and the results are shown in Section 3.2. The pET28a plasmid containing the 

HRV3C gene was again kindly provided by Dr. Rachel North. 

2.4.2 Plasmid extraction and isolation 

To purify plasmid DNA, E. coli DH5α were transformed with the desired plasmid and a 

single transformant was used to inoculate a 5 mL pre culture, which was incubated overnight 

at 37 ℃ with shaking at 180 rpm. The following morning plasmid DNA was purified from 

the 5 mL preculture using a NucleoSpin® Plasmid Kit. A NanoDrop™ 1000 

Spectrophotometer was then used to measure the concentration of plasmid DNA via 

absorption at 260 nm. Lastly, the sequence of the plasmid DNA was verified by 

dideoxynucleotide sequencing (Section 2.4.3). 

2.4.3 Dideoxynucleotide sequencing 

Dideonucleotide sequencing was provided by Macrogen (Macrogen, South Korea). 

Approximately 250 ng of plasmid DNA was sent with 0.2 µM of forward primer and 0.2 µM 

of reverse primer for the forward and reverse reactions respectively. 

2.4.4 Primers 

Primers for PCR amplification of the SiaT genes had been previously designed to for 

subcloning from pWarf(-) into the pJ422-01 low copy vector (North et al., 2018; Wahlgren 
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et al., 2018). For the S. aureus SiaT wild-type and mutant genes, the same primers were 

available and therefore used in the subcloning process.  

However, the P. mirabilis SiaT subcloning had been completed elsewhere, and the primers 

were not available, hence new primers were designed for the PCR amplification of the genes. 

Primer sequences are included in the Appendix. These oligonucleotide primer sequences 

were designed so the GC content was greater than 40%, no secondary structure elements 

could form and so the TM of pairs were within 2 ℃ of each other. Primers arrived as 

desiccated pellets and, as per the manufacturer’s instructions, they were resuspended in 

sterile MQ to a stock concentration of 50 µM and stored at -20 ℃. 

2.4.5 Polymerase chain reaction 

The polymerase chain reaction (PCR) was carried out using the CloneAmp HiFi PCR 

Premix from Takara Bio, this premix included DNA polymerase, optimised buffer and 

deoxyribonucleotide triphosphates. The PCR mixture comprised of 1X CloneAmp HiFi 

PCR Premix, 0.5 µM forward primer, 0.5 µM reverse primer and 200 ng of template DNA 

made up to 25 µL with sterile MilliQ. PCR was carried out using the cycling conditions 

outlined in Table 2.2. The results were analysed by agarose gel electrophoresis (Section 

2.4.7) and the product of the PCR was subcloned into the pJ422-01 low-copy vector, 

according to the manufacturer’s instructions (Section 2.4.8). 

Table 2.2 The cycling conditions for PCR. 

Temperature (℃) Time Cycles 

98 1 minute 1 

98 20 seconds  

60 20 seconds 30 

72 2 minutes  

10 As required 1 

 

2.4.6 Restriction digestion 

To obtain an empty and linear pJ422-01 vector for subcloning, a restriction digest was 

performed according to manufacturer’s instructions. The reaction mixture contained 2.5 µL 

of 10X reaction buffer, 1 µL of NdeI, 1 µL of EcoRI and approximately 1,000 ng of pJ422-

01, made up to 25 µL with sterile MilliQ. These components were briefly vortexed to mix, 
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before being incubated at 37 ℃ for 4 hours and subsequently analysed by agarose gel 

electrophoresis. 

2.4.7 Agarose gel electrophoresis for DNA preparation 

After PCR or restriction digests were performed, the DNA fragments were mapped on a 

1.2% (w/v) agarose gel (Section 2.5.1) alongside a HyperLadder™ 1 kb molecular weight 

marker. DNA fragments were then visualised using a Chemi Genius2 Bio Imaging System 

(Syngene). Following excision, the DNA fragments of interest were purified from the gel 

using a NucleoSpin® Gel and PCR Clean-up Kit. The concentration of purified DNA was 

measured using a NanoDrop™ 1000 Spectrophotometer by absorption at 260 nm. 

2.4.8 Recombination reactions 

After the linear pJ422-01 plasmid and relevant SiaT gene were gel purified, a recombination 

reaction was completed. The recombination reaction involved adding 100 ng linear pJ422-

01 plasmid, 200 ng SiaT gene, 1 µL 5X In-Fusion® HD Enzyme Premix and MilliQ to a 

final volume of 5 µL. The mixture was then incubated at 50 ℃ for 15 minutes. A control 

reaction was also completed using the linear pUC19 control vector and a 2 kb control insert 

included in the In-Fusion® HD Cloning Kit. After the incubation was completed, 1 µL of 

the reaction mixture was transformed into E. coli Stellar™ cells. Positive transformants were 

inferred by antibiotic resistance and subsequently, colonies were selected for plasmid DNA 

purification (Section 2.4.2). 

2.5 Electrophoresis 

2.5.1 Agarose gel electrophoresis 

Gel electrophoresis was used to separate DNA fragments. Agarose gels were prepared by 

adding 1.2% (w/v) agarose to 1X 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris)-

acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM glacial acetic acid and 1 mM EDTA) and 

heating until the agarose had completely dissolved. Once the solution had cooled to 

approximately 50 ℃, SYBR® Safe DNA Gel Stain (10,000X) was added to a final 

concentration of 0.2X, before the solution was poured into a cast and left to set. DNA 

samples were mixed with Gel Loading Dye Purple (6X) to a final concentration of 1X, 

before being loaded into the wells alongside a HyperLadder™ 1 kb molecular weight ladder. 
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The gel was electrophoresed for 75 minutes, at 90 volts, in 1X TAE buffer, prior to the bands 

being visualized using a Chemi Genius2 Bio Imaging System (Syngene). 

2.5.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SDS-PAGE was used to separate and identify proteins. It was performed using either 

Novex™ 4-12% Tris-Glycine Mini Gels with Tris-Glycine SDS Running Buffer (1X) or 

Novex™ 4-12% Bis-Tris Protein Gels with Novex™ 2-(N-morpholino)ethanesulfonic acid 

SDS Running Buffer (1X). Protein samples were electrophoresed alongside a Novex™ 

Sharp Pre-stained Protein Standard. For Tris-glycine gels, protein samples were resuspended 

in Novex™ Tris-Glycine SDS Sample Buffer (2X), to a concentration of 1X, with 1.5 M β-

mercaptoethanol, before being electrophoresed for 35 minutes at 224 volts. For Bis-Tris 

gels, protein samples were resuspended in Novex™ LDS Sample Buffer (4X), to a final 

concentration of 1X, with 1.5 M β-mercaptoethanol and electrophoresed for 22 minutes at 

200 volts. Following electrophoresis, gels were fluorescently imaged on a Typhoon™ FLA 

9500 (GE Healthcare) before being stained using SimplyBlue™ SafeStain. After gels were 

stained, they were imaged using a Bio-5000 Plus Gel Scanner (Microtek).  

2.6 Protein biochemistry 

2.6.1 Recombinant protein expression 

For the expression of SiaT, when an OD600 of 1.5 – 1.9 was reached, the cultures were 

cooled, and protein expression was induced by the addition of IPTG to a final concentration 

of 0.4 mM. The cultures were then incubated at 26 ℃ overnight with shaking at 180 rpm 

and the cells were harvested the next day (Section 2.2.2).  

For the expression of HRV3C, when an OD600 of 0.6 – 0.8 was reached, the culture was 

cooled, and protein expression was induced by the addition of IPTG to a final concentration 

of 0.4 mM. The cultures were then incubated at 26 ℃ overnight with shaking at 180 rpm 

and the cells were harvested the next day (Section 2.2.2). 

2.6.2 Harvesting of cells 

Large scale cultures were harvested by centrifugation at 8,000 × g for 10 minutes, at 4 ℃. 

The cell pellets were typically snap frozen in liquid nitrogen and then stored at -80 ℃, 

alternatively cell pellets were immediately used for the preparation of membranes or for 

protein purification. 
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2.6.3 Cell lysis 

All the following cell lysis, membrane preparation and protein purification steps were 

performed at 4 ℃ or on ice at all times to minimize any protein aggregation or protein 

degradation by any contaminating proteases. 

For the purification of SiaT, ice-cold phosphate buffered saline (PBS) was supplemented 

with 1 cOmplete™, EDTA free protease inhibitor tablet per 50 mL and 0.5 mg/mL 

lysozyme, before being used to resuspend SiaT cell pellets at a ratio of 3 mL PBS per 1 g of 

cell pellet. During the resuspension process, DNase I was added to a concentration of 5 

μg/mL and magnesium chloride to a concentration of 2 mM. Once the cell pellets were 

resuspended, cell lysis was carried out by sonication using an UP200S Ultrasonic Processor 

(Hielscher). A maximum of 100 mL of resuspension was sonicated at a time with 70% 

amplitude, 0.5 seconds on, 0.5 seconds off, for 30 minutes. Unbroken cells and cell debris 

were removed by centrifugation at 22,000 × g for 30 minutes, at 4 ℃. The supernatant was 

decanted before the centrifugation step was repeated, to remove residual unbroken cells and 

cell debris. The final supernatant was decanted and then used to for the harvesting of 

membranes (Section 2.6.4). 

For the purification of HRV3C, the cell pellet was resuspended in 50 mL of Chelating Buffer 

(Table 2.3), supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mg/mL 

lysozyme, before the cells were sonicated using an UP200S Ultrasonic Processor 

(Hielscher). Cells were sonicated twice for 15 minutes with 70% amplitude, 0.5 seconds on, 

0.5 seconds off, with the cells cooled on ice between runs. Unbroken cells and cell debris 

were removed by centrifugation at 22,000 × g for 30 minutes, at 4 ℃, before the supernatant 

was decanted and stored at 4 ℃ prior to protein purification. 

2.6.4 Harvesting of membranes 

Following cell lysis, the membrane fraction was harvested. The supernatant collected after 

cell lysis was loaded into a Ti50.2 rotor and centrifuged in the Optima™ L-90K 

Ultracentrifuge (Beckman Coulter) at 200,000 × g, for 3 hours, at 4 ℃. The supernatant was 

gently discarded, and the membrane pellets were removed from the ultracentrifuge tubes, 

snap frozen in liquid nitrogen and stored at -80 ℃ awaiting protein purification. 
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2.6.5 Membrane solubilisation 

The membrane pellets were slowly thawed out before approximately 4 mL of resuspension 

buffer (PBS supplemented with 1 mM PMSF, 5 mM dithiothreitol (DTT) and 6% glycerol) 

was added for every 1 g of membrane pellet. DDM was then added to a final concentration 

of 2% (w/v) and the membranes were left to solubilise with gentle agitation for 2 hours at 4 

℃. Any membranes that had not been solubilised, as well as other debris, were pelleted by 

centrifugation at 24,000 × g, for 1 hour, at 4 ℃. Lastly, the supernatant was decanted and 

stored at 4 ℃ prior to protein purification. 

2.6.6 Protein purification 

Protein purification was carried out at 4 ℃, using chromatography columns and ÄKTA 

protein purification systems from GE Healthcare. Briefly, the SiaT purification protocol 

consisted of an immobilised metal affinity chromatography step (IMAC), followed by buffer 

exchange and green fluorescent protein (GFP)/polyhistidine-tag (his-tag) cleavage with 

HRV3C, before gravity flow chromatography and lastly, size exclusion chromatography. 

Throughout the process the eluate was fractionated in 96 well plates, fractions containing 

SiaT were identified initially by eye (green colour) as well as via SDS-PAGE, while 

absorption at 280 nm was used to monitor the amount of protein eluting from the columns. 

The purification of HRV3C was performed solely on a gravity flow column, before pooled 

fractions were dialysed overnight. Lastly, protein was concentrated and pooled prior to snap 

freezing in liquid nitrogen and storing at -80 ℃. 

2.6.6.1 Immobilised metal affinity chromatography  

The first step in the purification of SiaT was IMAC. A His Trap 5 mL FF was equilibrated 

with five column volumes of Buffer A (Table 2.3), before the solubilised membranes were 

loaded onto the column. Subsequently, the column was washed with Buffer A for up to 20 

column volumes or until the 280 nm absorbance flatlined, to remove any material bound due 

to nonspecific binding. Protein was eluted via a gradual or stepwise gradient to Buffer B for 

P. mirabilis SiaT constructs or S. aureus SiaT constructs respectively. The P. mirabilis SiaT 

constructs were eluted with a continuous gradient up to 100% Buffer B (Table 2.3) over five 

column volumes. The S. aureus SiaT constructs were further washed with 10% Buffer B for 

five column volumes or until the 280 nm absorbance flatlined, before the SiaT was eluted 

with a concentration of 50% Buffer B over ten column volumes. The fractionation plates 
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were examined by eye to distinguish the fractions that were most green in colour, which 

were then pooled together. 

Table 1.3 The buffers used throughout this thesis and their various chemical components. 

Buffer Components 

Buffer A 70 mM Tris, pH 8.0; 150 mM sodium chloride; 20 mM imidazole; 6 

% glycerol; 5 mM β-mercaptoethanol; 0.0174 % DDM 

Buffer B 70 mM Tris, pH 8.0; 150 mM sodium chloride; 500 mM imidazole; 

6 % glycerol; 5 mM β-mercaptoethanol; 0.0174 % DDM 

Buffer C 70 mM Tris, pH 8.0; 150 mM sodium chloride; 0.0174 % DDM 

Chelating Buffer 50 mM Tris, pH 8.0; 300 mM sodium chloride; 20 mM imidazole; 

10% glycerol 

Elution Buffer  50 mM Tris, pH 8.0; 300 mM sodium chloride; 150 mM imidazole; 

10% glycerol 

Dialysis Buffer 50 mM Tris, pH 8.0; 300 mM sodium chloride; 1 mM EDTA; 5 mM 

DTT; 20% glycerol 

 

2.6.6.2 Buffer exchange 

A buffer exchange was required for the SiaT purification process to reduce the imidazole 

concentration, prior to gravity flow chromatography. Spin concentrators (50 kDa) were used 

to exchange the high imidazole Buffer B into Buffer C (Table 2.3), without any imidazole. 

The SiaT was concentrated before being diluted with Buffer C. This step was repeated 

multiple times to achieve a low final concentration of imidazole. 

2.6.6.3 Human rhinovirus 3C protease cleavage  

Once the buffer exchange had been completed, the C-terminal GFP and his-tag were cleaved 

by HRV3C. HRV3C was added to the SiaT-GFP at a 1 to 12.5 mass ratio (HRV3C to SiaT) 

and then the cleavage reaction was then incubated for 16 hours at 4 ℃, with gentle agitation. 

2.6.6.4 Gravity flow chromatography 

To separate the cleaved SiaT from the GFP, the HRV3C and any SiaT-GFP that failed to 

cleave, gravity flow chromatography was carried out. 2 mL of Ni-NTA agarose resin was 

centrifuged at 1,000 × g for 3 minutes to isolate the resin from the storage solution. Once 
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the supernatant was removed, the beads were washed with 2 mL of MilliQ by centrifuging 

again and removing the supernatant twice more. Lastly, the beads were equilibrated by 

adding 2 mL of Buffer C, before being centrifuged again and the supernatant removed. This 

step was repeated once more, and the supernatant removed prior to the SiaT being added. 

The mixture was then left for 1 hour, at 4 ℃, with gentle agitation, for the resin to bind the 

components containing a his-tag. The mixture was then poured into a polypropylene column 

and washed with up to 10 mL of Buffer C while the flow through was collected. 

For the purification of HRV3C, 10 mL of Ni-NTA agarose resin was added to a 

polypropylene column and equilibrated with Chelating Buffer. The HRV3C lysate was 

loaded onto the column and washed with 50 mL of Chelating Buffer followed by 100 mL of 

an 80% Chelating Buffer and 20% of Elution Buffer (Table 2.3) solution until no more 

protein was being eluted. HRV3C was eluted using a one-step gradient to 100% Elution 

Buffer. The concentration of protein in the fractions was measured and fractions with the 

highest protein concentration were pooled for dialysis. The HVR 3C was then dialysed 

overnight in Dialysis Buffer (Table 2.3), with gentle agitation. 

2.6.6.5 Size exclusion chromatography 

For SiaT, the flow through from the gravity flow chromatography step was concentrated to 

a volume of 1 mL, before being loaded onto a HiLoad Superdex 200 16/600 120 mL column. 

Absorbance peaks were aligned with the eluted fractions and analysed by SDS-PAGE to 

identify fractions containing SiaT, which were then pooled together. 

2.6.6.6 Concentration and storage 

After the fractions from size exclusion chromatography were pooled, they were then 

concentrated to approximately 10 mg/mL. Subsequently, the concentrated SiaT was 

centrifuged at 20,000 × g for 10 minutes at 4 ℃, to remove aggregate, before being aliquoted 

into 10 – 50 µL volumes for freezing. Lastly, SiaT aliquots were snap frozen in liquid 

nitrogen and stored at -80 ℃. 

HRV3C was concentrated to approximately 10 mg/mL using a 10 kDa spin concentrator 

before the concentrated HRV3C was centrifuged at 20,000 × g, for 10 minutes, at 4 ℃, to 

remove aggregate, before being aliquoted 100 µL aliquots. Lastly, HRV3C aliquots were 

snap frozen in liquid nitrogen and stored at -80 ℃. 
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2.6.6.7 Protein quantitation 

Protein concentration was measured using a NanoDrop™ 1000 Spectrophotometer. The 

molecular weight and extinction coefficient of each protein was calculated using ExPASy’s 

ProtParam online tool (http://web.expasy.org/protparam/) and used with the NanoDrop™ 

1000 Spectrophotometer for the most accurate reading of protein concentration (Wilkins et 

al., 1999). 

2.7 Biophysical techniques 

2.7.1 Microscale thermophoresis 

Microscale thermophoresis (MST) binding assays were carried out on a Monolith 

NT.LabelFree instrument (NanoTemper Technologies) (Wienken et al., 2010). Initially, 

with previous data in mind (North et al., 2018; Wahlgren et al., 2018), the appropriate 

concentration of SiaT was determined by loading Monolith NT Standard Treated Capillaries 

(NanoTemper Technologies) with varying concentrations of SiaT and performing multiple 

capillary scans, with the aim of finding a concentration that gave suitable levels of 

fluorescence. Sialic acids (20 mM – 0.6 µM) and purified SiaT (4 µM) were made up/diluted 

with PBS supplemented with 0.0174% (w/v) DDM. The sialic acid dilutions were mixed 

with SiaT in a 1:1 (v/v) ratio, leading to final concentrations of 10 mM to 0.3 µM sialic acids 

and 2 µM SiaT. These samples were left to incubate for 5 minutes before being loaded into 

Monolith NT Standard Treated Capillaries (NanoTemper Technologies). Measurements 

were taken at 25 ℃, with 20% LED power and 20% microscale infrared laser power. Data 

was analysed using the NT Analysis software version 1.5.37 (NanoTemper Technologies) 

and the mass action equation was used to determine the dissociation constants via the signal 

from thermophoresis + T-Jump for triplicate experiments. 

2.7.2 Isothermal titration calorimetry 

Isothermal titration calorimetry measurements were made using a Nano Isothermal Titration 

Calorimeter Low Volume (TA Instruments). Purified SiaT was diluted to a volume of 5 mL 

with Buffer C (the same buffer the SiaT batch was purified with when available) and then 

concentrated to 100 µM – 200 µM. The flow through was used to dilute a 100 mM stock of 

sialic acids (made up in Buffer C) to a final concentration of 4 mM. The sample cell was 

loaded with 210 µL of SiaT and the injection syringe was loaded with 50 µL of the respective 

sialic acid. After the system was equilibrated to 25 ℃ with a stirring speed of 400 rpm, 

http://web.expasy.org/protparam/
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titration curves were started with a single injection of 1 µL, followed by 2 µL injections 

every 180 seconds. Data from the injection of protein into buffer and sialic acid into buffer, 

with the same parameters, were used as background corrections. The data was analysed 

using NITPIC and SEDPHAT (Brautigam et al., 2016), with the first injection excluded. 

Dissociation constants were determined by fitting the curves of biological triplicate 

experiments into a single site binding isotherm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

2.8 References 

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local 

alignment search tool. Journal of molecular biology, 215(3), 403-410.  

Brautigam, C. A., Zhao, H., Vargas, C., Keller, S., & Schuck, P. (2016). Integration and 

global analysis of isothermal titration calorimetry data for studying macromolecular 

interactions. Nature protocols, 11(5), 882-894.  

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with improved accuracy and 

speed. Paper presented at the Proceedings - 2004 IEEE Computational Systems 

Bioinformatics Conference, CSB 2004. 

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, 

H., Valentin, F., Wallace, I. M., Wilm, A., Lopez, R., Thompson, J. D., Gibson, T. 

J., & Higgins, D. G. (2007). Clustal W and Clustal X version 2.0. Bioinformatics, 

23(21), 2947-2948. doi:10.1093/bioinformatics/btm404 

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E. E., Brochado, A. 

R., Fernandez, K. C., Dose, H., & Mori, H. (2018). Extensive impact of non-

antibiotic drugs on human gut bacteria. Nature, 555(7698), 623-628.  

North, R. A., Wahlgren, W. Y., Remus, D. M., Scalise, M., Kessans, S. A., Dunevall, E., 

Claesson, E., da Costa, T. P. S., Perugini, M. A., Ramaswamy, S., Allison, J. R., 

Indiveri, C., Friemann, R., & Dobson, R. C. J. (2018). The Sodium Sialic acid 

symporter from Staphylococcus aureus has altered substrate specificity. Frontiers in 

Chemistry, 6(JUL). doi:10.3389/fchem.2018.00233 

Wahlgren, W. Y., Dunevall, E., North, R. A., Paz, A., Scalise, M., Bisignano, P., Bengtsson-

Palme, J., Goyal, P., Claesson, E., Caing-Carlsson, R., Andersson, R., Beis, K., 

Nilsson, U. J., Farewell, A., Pochini, L., Indiveri, C., Grabe, M., Dobson, R. C. J., 

Abramson, J., Ramaswamy, S., & Friemann, R. (2018). Substrate-bound outward-

open structure of a Na+-coupled sialic acid symporter reveals a new Na+ site. Nature 

Communications, 9(1). doi:10.1038/s41467-018-04045-7 

Wienken, C. J., Baaske, P., Rothbauer, U., Braun, D., & Duhr, S. (2010). Protein-binding 

assays in biological liquids using microscale thermophoresis. Nature 

Communications, 1(7). doi:10.1038/ncomms1093 

Wilkins, M. R., Gasteiger, E., Bairoch, A., Sanchez, J. C., Williams, K. L., Appel, R. D., & 

Hochstrasser, D. F. (1999). Protein identification and analysis tools in the ExPASy 

server. Methods in molecular biology (Clifton, N.J.), 112, 531-552.  



41 

 

Chapter Three 

Results 

To investigate whether the binding site substitutions of the sodium sialic acid symporters 

(SiaT) of S. aureus (SaSiaT) and P. mirabilis (PmSiaT) govern their sialic acid preference, 

two mutants were produced. These mutants, termed SaSiaT FQF and PmSiaT YNN, 

contained mutations to the alternate binding site residues of SaSiaT and PmSiaT. For SaSiaT 

FQF, these mutations were Tyr79Phe, Asn83Gln and Asn244Phe representing the binding 

site of wild-type PmSiaT. For PmSiaT YNN these mutations were Phe78Tyr, Gln82Asn and 

Phe243Asn representing the binding site of wild-type SaSiaT. These SiaT mutants 

underwent experimentation to test whether the binding site substitutions are responsible for 

the sialic acid preference of the wild-type SiaT homologues. The following chapter details 

the expression and purification of each SiaT construct for later use in isothermal titration 

calorimetry (ITC) and microscale thermophoresis (MST) experiments. The purification 

strategies described in Section 2.6 were developed by Dr Rachel North (North et al., 2018; 

Wahlgren et al., 2018) and were slightly adapted for this body of work. Subsequently, the 

cloning of each SiaT gene into the pJ422-01 plasmid is presented, for use in the bacterial 

growth assay. 

To test whether the substitutions in the binding sites of PmSiaT and SaSiaT are responsible 

for their sialic acid preference, the SiaT constructs were subjected to analysis by MST and 

ITC. These techniques were selected to determine the dissociation constants (Kd) of each 

SiaT construct so the binding affinity to the sialic acids N-acetylneuraminic acid (Neu5Ac) 

and N-glycolylneuraminic acid (Neu5Gc) could be compared. The SiaT genes were also 

cloned, so they could be used in the bacterial growth assay. This assay uses an E. coli strain, 

deficient in its endogenous sialic acid transporter, transformed with a SiaT gene containing 

plasmid. To test the activity of these SiaT constructs in vivo each strain was grown using 

Neu5Ac or Neu5Gc as the sole carbon source. This allows for the growth to be compared 

between sialic acids and strains, which, due to the endogenous sialic acid transporter being 

knocked out, corresponds to the activity of each SiaT construct. Hence, this in vivo data can 

be used to verify the trends of the in vitro experimentation and confirm that the binding of 
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sialic acids correlates to effective transport, as well as determine whether the sialic acid 

preference has been switched in the mutant SiaT constructs. 

3.1 Expression, purification and cloning 

3.1.1 Expression and membrane preparation 

The typical expression of each SiaT construct involved 18 L of E. coli Lemo21 culture. After 

overnight induction, cultures were centrifuged to pellet the cells, which were then weighed. 

Normal cell weights for the cell pellets were around 125 g per 18 L, with an average of just 

under 7 g of cells per litre of culture. There did not seem to be any significant difference in 

the yield of cells between the different SiaT constructs. This was expected, as they were all 

induced at approximately the same cell density. Cell pellets appeared slightly green when 

collected, indicating production of the green fluorescent protein (GFP) tagged SiaT (SiaT-

GFP). For the preparation of membranes from the cell pellets, yields were typically about 

30 g of membranes per 100 g of cells, for all SiaT constructs. 

3.1.2 Solubilisation of membranes 

The next step was to solubilise the membrane pellets in n-Dodecyl β-D-maltopyranoside 

(DDM). For each SiaT construct, this process was very similar with no large differences in 

the time taken to solubilise or the appearance of the membranes. After centrifuging the 

solubilised membranes, the soluble fraction, a transparent brown liquid, was carefully 

decanted. This left behind a small dark brown pellet of insoluble debris. 

3.1.3 Immobilised metal affinity chromatography 

3.1.3.1 PmSiaT and PmSiaT YNN 

The first step in the purification of the SiaT constructs is immobilised metal affinity 

chromatography (IMAC). The C-terminal GFP-tag permits the GFP associated fluorescence 

of each SiaT construct to be traced through the purification process. The GFP-tag is followed 

by a polyhistidine-tag (his-tag) allowing binding to the IMAC column. After the solubilised 

membranes were loaded onto the IMAC column and washed as per the relevant SiaT 

construct, they were eluted off the column (Section 2.6.6.1). PmSiaT and PmSiaT YNN 

were eluted from the column with a continuous gradient to 100% Buffer B over five column 

volumes and this resulted in a single large peak in absorbance on their respective 

chromatograms. The corresponding fractions were bright green due to the GFP-tag and all 
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fractions appearing green were pooled for concentration and buffer exchange. The pooled 

fractions typically totalled 15 mL to 25 mL for both SiaT constructs. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) showed that, for 

both PmSiaT and PmSiaT YNN, the IMAC step removed a large proportion of the 

contaminants. Figure 3.1 shows the effect of the various purification steps on the purity of 

each P. mirabilis SiaT construct. The outcome of the IMAC step is shown in the third lane 

of each gel and examination the in-gel fluorescence reveals the SiaT-GFP band is present at 

~50 kDa. This is in line with the SiaT-GFP in the second lane of each gel, that contain a 

sample of the solubilised membranes initially loaded onto the IMAC column. Other GFP 

containing species are also present; free GFP at ~20 kDa and a higher oligomer at ~110 kDa 

(approximately double the size of the SiaT-GFP band). These other GFP species are not 

present in the second lane of each gel, except for a small amount free GFP in the PmSiaT 

YNN gel, but this may be due to a low concentration of SiaT in the solubilised membranes 

sample. 
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Figure 3.1 The purity of PmSiaT and PmSiaT YNN illustrated by SDS-PAGE, including the stained gels on 

the left and the in-gel fluorescence on the right. To the left of each gel is the size of each ladder protein in lane 

one. Lane two represents a sample of the membranes that were solubilised and loaded onto the IMAC column. 

In lane three, a sample of the fractions pooled after IMAC are shown. A sample of the post human rhinovirus 

3C protease (HRV3C) cleavage solution is shown in lane four. In lane five sample from the reverse IMAC 

flow through is shown. Lane six shows the eluted GFP and HRV3C from the reverse IMAC. Lane seven shows 

a sample of the protein that was loaded on to the size exclusion column. Lastly, lane eight demonstrates the 

purity of the SiaT pooled from the size exclusion column and frozen for use in ITC and MST. 

Interestingly, the SiaT bands throughout the gels ran significantly further, towards a lower 

theoretical molecular weight (both ~50 kDa), compared to the actual molecular weights of 

PmSiaT and PmSiaT YNN (~83.7 kDa and ~83.6 kDa respectively, with their GFP tags). 

The phenomenon of membrane proteins migrating anomalously is common and thought to 

be explained by incomplete unfolding of the protein, together with differences in the 

proportion and way in which the SDS binds (Rath et al., 2009). 

For both P. mirabilis SiaT constructs, the free GFP and higher oligomer bands were much 

lower in intensity compared to SiaT-GFP and therefore a low proportion of the total GFP in 

the sample. Interestingly, PmSiaT YNN had a relatively less intense higher oligomer band 

and a more intense free GFP band, compared to wild-type PmSiaT. Although this is probably 

due to discrepancies between the loading concentration or the batch of membranes/cells, it 
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could also be a result of the mutations. In the stained gels, the third lanes show a large band 

for the SiaT-GFP at ~50 kDa and another for the free GFP at ~20 kDa, with several other 

contaminants present. Comparing to the in-gel fluorescence, despite the broad bands for 

higher oligomers, the corresponding region in the stained gel was non-existent, further 

suggesting a higher oligomeric species makes up a very small proportion of the total SiaT-

GFP, as it was only detectable through the in-gel fluorescence. 

3.1.3.2 SaSiaT and SaSiaT FQF 

To increase the potential yields of SaSiaT and SaSiaT FQF, 20 g of their respective 

membranes were solubilised and loaded onto the IMAC columns, rather than the usual 10 g 

for PmSiaT and PmSiaT FQF. The IMAC step for the purification of SaSiaT and SaSiaT 

FQF was slightly different to the PmSiaT constructs, involving a stepwise gradient to higher 

imidazole concentrations. After loading, and the same 100 mL wash with Buffer A, the 

columns were washed with 10% Buffer B, before the SiaT was eluted with a step to 50% 

Buffer B. For SaSiaT the 10% Buffer B wash and 50% Buffer B elution yielded similar 

single absorbance peaks, however the absorbance baseline settled slightly higher than the 

previous baseline due to the increased imidazole concentration. The fractions corresponding 

to the absorbance peak for the 10% Buffer B wash did not yield any green fractions when 

examined by eye, whereas the 50% Buffer B elution yielded green fractions, indicating the 

majority of SaSiaT had eluted with the step to 50% Buffer B. To ensure that all the SaSiaT 

had eluted, the concentration of Buffer B was increased to 100% resulting in a very small 

absorbance peak, but no green fractions. 

In contrast, while SaSiaT FQF was being washed with Buffer A, the column lost its dark 

green/brown colour and returned to the bright blue colour it was before the solubilised 

membranes were loaded on. For the other SiaT constructs, the column turned dark 

green/brown after loading and during the initial wash step, a lot of the brown colour was 

removed leaving the green colour of GFP. The absence of the green column after the first 

wash step for SaSiaT FQF suggests either: SaSiaT FQF bound poorly to the column and the 

majority of the SiaT was eluted off the column with the 20 mM imidazole in the Buffer A 

wash, or there wasn’t much SiaT loaded onto the column to begin with. Regardless, the 

purification process was continued. The 10% Buffer B wash resulted in a single small 

absorbance peak and the corresponding fractions were not green. The elution step using 50% 

Buffer B again resulted in a small absorbance peak and three of the corresponding fractions 
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were green and pooled for concentration for a total of 3 mL. This was a much lower volume 

than SaSiaT, of about 15 mL, as well as the PmSiaT constructs of anywhere between 15 mL 

to 25 mL. 

After very little SaSiaT FQF was eluted from the column, a new column was equilibrated 

with Buffer A, lacking any imidazole. To dilute the imidazole concentration of the flow 

though during loading of the previous column, 50 mL of the flow through was added to 50 

mL of Buffer C. This was to try and deduce if the SaSiaT FQF could did not bind the column 

due to the 20 mM imidazole already present, or if there was an issue with the initial IMAC 

column. This 100 mL of diluted flow through was then loaded onto the new column turning 

it dark brown/green. The first washed step (now no imidazole) reverted the column back to 

its bright blue colour. Nevertheless, the 10% Buffer B wash was completed and the SiaT 

was eluted again with 50% Buffer B, both yielded small absorbance peaks and none of the 

corresponding fractions were green. For both columns, after the first two steps, 100% Buffer 

B was applied and there was a very minor absorbance peak, but no green fractions. These 

results suggest the majority of the SaSiaT FQF bound the initial column and was eluted with 

50% Buffer B. This indicates that rather than problems associated with column binding, 

perhaps there were low amounts of SaSiaT FQF to begin with, compared to SaSiaT. 

Figure 3.2 illustrates the effect of each purification step on SaSiaT. For the pooled IMAC 

fractions (lane three), examination of the SaSiaT gel via the in gel-fluorescence shows the 

SiaT-GFP at ~50 kDa, free GFP at ~20 kDa and potentially, a very small amount of higher 

oligomer at ~110 kDa. In the solubilised membrane load (lane two), the SiaT-GFP is present 

as well as a very small amount of free GFP. Referring to the stained gel, the IMAC step 

(lane three) has removed most of the contaminants, only leaving SiaT-GFP, free GFP and 

some very minor contaminants at ~60 kDa and <15 kDa. 
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Figure 3.2 The purity of SaSiaT throughout the purification process illustrated by SDS-PAGE, including the 

stained gels on the left and the in-gel fluorescence on the right. To the left of each gel is the size of each ladder 

protein in lane one. Lane two represents a sample of the membranes that were solubilised and loaded onto the 

IMAC column. In lane three, a sample of the fractions pooled after IMAC are shown. A sample of the post 

HRV3C cleavage solution is shown in lane four. In lane five sample from the reverse IMAC flow through is 

shown. Lane six shows the eluted GFP and HRV3C from the reverse IMAC. Lane seven shows a sample of 

the protein that was loaded on to the size exclusion column. Lastly, lane eight demonstrates the purity of the 

SaSiaT pooled from the size exclusion column. 

Referring to the SDS-PAGE analysis of SaSiaT FQF (Figure 3.3), unfortunately many gel 

samples from the early purification steps were not saved were not saved. A sample from the 

10% Buffer B wash of the first IMAC column (sixth lane) showed significant amount SiaT 

had been eluted, while the flow through and reload samples (lanes seven and eight) only 

contained very small amounts of SiaT. Fractions corresponding to the 10% Buffer B wash 

were not green, whereas those corresponding to the 50% Buffer B elution were. This 

evidence, along with very little amounts of SiaT in the initial flow through (Figure 3.3, lane 

seven) and no green fractions eluting in the second IMAC run, indicate that the majority of 

SaSiaT FQF was bound to the column initially and eluted when 50% Buffer B was applied 

to the column. 
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Figure 3.3 The purity of SaSiaT FQF illustrated by SDS-PAGE, including the stained gel on the left and the 

in-gel fluorescence on the right. To the left of each gel is the size of each ladder protein in lane one. Lane two 

represents a sample of the membranes that were solubilised and loaded onto the IMAC column. In lane three, 

a sample of the post HRV3C cleavage solution is shown. The GFP and HRV3C eluted after the reverse IMAC 

step are shown in lane four. Lane five demonstrates the final purity of the SaSiaT FQF pooled from the size 

exclusion column. A sample of the 10% Buffer B absorbance peak is shown in lane six. Lanes seven and eight 

display the flow through from the initial loading of the IMAC column and a sample from what was 

subsequently reloaded onto the column. Lastly, lane nine shows a sample of the 10% Buffer B wash upon the 

column being reloaded with the previous flow through. 

Potentially, rather than SaSiaT FQF not binding the column as well as SaSiaT did, as 

previously thought at the time, subpar expression may be the fault or even issues to do with 

the membrane preparation or solubilization steps. These could also be dependent on the 

specific batch of cells/membranes or directly related to the mutations that could cause altered 

stability of SaSiaT FQF. There was no expression trial carried out initially, however the 

SiaT-GFP is clearly visible in the solubilised membranes sample, but maybe just not as much 

as for the wild-type SaSiaT. As with the other SiaT constructs, the GFP-tagged SaSiaT and 

SaSiaT FQF also migrated substantially further on their gels (to ~50 kDa for the SiaT-GFP) 

relative to their actual molecular weights of ~85.2 kDa and ~85.3 kDa respectively. 

3.1.4 Concentration, buffer exchange and human rhinovirus 3C protease cleavage 

After the green fractions were pooled from the IMAC step, the various SiaT constructs were 

simultaneously concentrated and buffer exchanged. PmSiaT and PmSiaT YNN occasionally 

aggregated during concentration. When they did, while no significant aggregation occurred, 

they were centrifuged, to remove any aggregates prior to HRV3C cleavage. However, spin 

concentrating SaSiaT and SaSiaT FQF resulted in severe aggregation. Following a few five-

minute centrifugations, white fluffy precipitants formed, and further spin concentration 

exacerbated the issue. To remove the large amount of aggregates forming, the SaSiaT 
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constructs were centrifuged before spin concentration was resumed. Although the SaSiaT 

constructs didn’t require as long to concentrate and buffer exchange (due to 260 mM 

imidazole elution, not up to 500 mM as in the PmSiaT constructs), aggregation accounted 

for a notable decrease in yield at this stage. 

Each SiaT construct had the GFP-his-tag cleaved by HRV3C, the cleavage protocol (Section 

2.6.6.3) worked sufficiently for all SiaT constructs, as evidenced by the disappearance of 

the SiaT-GFP band in the post HRV3C cleavage sample on each gel (Figure 3.1, Figure 3.2 

and Figure 3.3). Compared to the pooled IMAC samples (lane three, except the SaSiaT FQF 

gel), which showed an intense SiaT-GFP band at ~50 kDa, this band disappeared on the post 

cleavage samples and a new band, SiaT, appeared at ~35 kDa (lane four, except the SaSiaT 

FQF gel). Similar to SiaT-GFP, this band did not correctly correspond the SiaT construct’s 

actual size, all appearing at ~35 kDa as opposed to ~55 kDa to ~57 kDa, the actual sizes of 

the PmSiaT and SaSiaT constructs respectively. 

3.1.5 Reverse immobilised metal affinity chromatography 

The majority of the GFP-his-tag and HRV3C contaminants were removed from the SiaT 

solutions using reverse IMAC, in preparation for the final size exclusion chromatography 

(SEC) step. Analysis of the samples from reverse IMAC using SDS-PAGE demonstrate the 

success of this step (Figure 3.1, Figure 3.2 and Figure 3.3). In the flow through from reverse 

IMAC (lane five, except the SaSiaT FQF gel), each SiaT construct is typically quite pure, 

with some small amounts of GFP still contaminating towards the bottom of the gels. The 

GFP shows up on both the stained gels and those viewed via in-gel fluorescence at ~20 kDa. 

Also included is a sample of the proteins that were eluted from the IMAC column (lane six, 

except SaSiaT FQF gel), showing the large amount of GFP that was removed. The molecular 

weight of HRV3C is ~22 kDa, but at a low relative concentration, it does not appear to be a 

visible band on any of the SiaT gels.  

Next each SiaT construct was concentrated for SEC. The same issues in the previous 

concentration/buffer exchange step were present in this concentration step. For PmSiaT and 

PmSiaT YNN, concentrating resulted in very little amounts of visible aggregate forming. 

This was not much of a problem, as concentrating was much faster than it was with the 

previous SiaT-GFP. Prior to loading the size exclusion column, concentrated SiaT samples 

were centrifuged to remove any aggregates. The SaSiaT and SaSiaT FQF constructs again 
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aggregated significantly during concentrating and were centrifuged multiple times to 

remove the aggregates that had formed, prior to size exclusion chromatography. 

3.1.6 Size Exclusion Chromatography 

The SEC chromatograms of each SiaT construct are displayed in Figure 3.4. PmSiaT and 

PmSiaT YNN had very similar chromatograms, with an aggregate peak just after the void 

volume of the column (40 mL) and a large uniform peak at 65 mL where the SiaT had eluted. 

The SEC managed to separate out smaller contaminating species at ~90 mL and a range of 

others from 100 mL towards 120 mL. However, since there was so little protein loaded on 

to the column to begin with, SEC did not separate SaSiaT and SaSiaT FQF out from their 

contaminating species as well as SEC did for their P. mirabilis counterparts. As expected 

from the concentrating, a large proportion of the protein loaded on to the column was 

aggregate, evidenced by the proportionally large peak at 45 mL. For both SaSiaT and SaSiaT 

FQF the major peak eluted at ~65 mL and there was another significant peak at around 75 

mL, thought to be a higher oligomer noticed earlier. 

 

Figure 3.4 The size exclusion chromatograms of the various SiaT constructs. To give an indication of the yield 

for the size of each absorbance peak, for these specific purifications, the amount of SiaT purified was 1 mg, 

3.5 mg, 0.34 mg and 0.12 mg for PmSiaT, PmSiaT YNN, SaSiaT and SaSiaT FQF respectively. 



51 

 

Overall, PmSiaT and PmSiaT YNN were purified to over 95% purity, judged by the SDS-

PAGE analysis (Figure 3.1, lane eight). These SiaT constructs were purified a number of 

times with minute differences in purity between batches, most notably an occasional species 

running at ~100 kDa on their gels. SaSiaT was isolated, although the purity was not as high 

as the previous SiaT constructs, as evidenced by SDS-PAGE (Figure 3.2, lane eight). The 

low amount of SaSiaT relative to the contaminants meant that SEC could not separate these 

species as effectively as with PmSiaT and PmSiaT YNN. SaSiaT FQF was poorly purified, 

with a very small amount of protein loaded onto the size exclusion column, the SaSiaT FQF 

could not be successfully separated out from the contaminating species, as seen in the SDS-

PAGE analysis (Figure 3.3, lane five). 

3.1.7 Yields of each SiaT construct 

The yields of each SiaT construct are presented in Table 3.1. PmSiaT and PmSiaT YNN 

purified almost identically, indicating PmSiaT YNN had most likely folded correctly. These 

were purified to over 95% purity as determined by SDS-PAGE analysis. SaSiaT and SaSiaT 

FQF purified similarly, however concentrating both resulted in significant aggregation 

issues and both yields suffered as a result. SDS-PAGE analysis of SaSiaT revealed it had 

been purified to almost 95% purity, whereas SaSiaT FQF was notably impure, with many 

contaminants. Due to the extremely low yields of SaSiaT and SaSiaT FQF and the 

requirements for the in vitro experimental work, it was decided that the purification of these 

two SiaT constructs was not an adequate use of time and resources. These SiaT constructs 

may require further purification optimization before sufficient yields can be achieved 

consistently for further experimental work. However, it must be noted that the expression 

and purification of these SiaT constructs was only carried out once, so a defective or poor 

batch of cells/membranes cannot be ruled out as the cause of a low amount of purified SiaT. 

Nevertheless, both SaSiaT and SaSiaT FQF were still used in the bacterial growth assay, as 

these do not require purified protein. Reasonable yields were achieved for PmSiaT and 

PmSiaT YNN, hence these were purified multiple times for use in MST and ITC 

experimental work. 
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Table 3.1 The average purification yields of each SiaT construct, including the typical culture volume, the 

weights of the harvested cells, the weights of the membranes prepared, the weights of the membranes used for 

purifications and the amount of SiaT purified in each batch, lastly the average amount of SiaT produced per 

litre of culture across all purifications of that SiaT construct. 

SiaT 

construct 

Culture 

(L) 

Cells 

(g) 

Membranes 

(g) 

Membranes for 

purification (g) 

SiaT 

(mg) 

SiaT yield 

(mg/L culture) 

PmSiaT 18 ~125 ~37.5 ~10 ~2.5 0.52 

PmSiaT YNN 18 ~125 ~37.5 ~10 ~2.3 0.48 

SaSiaT 18 ~125 ~37.5 ~20 0.34 0.03 

SaSiaT FQF 18 ~125 ~37.5 ~20 0.12 0.01 

 

3.1.8 Purification of human rhinovirus 3C protease 

HRV3C was expressed and purified to cleave the C-terminal GFP of each SiaT construct. 

Approximately 80 mg of HRV3C was purified from 1 L of culture. The SDS-PAGE analysis 

in Figure 3.5 illustrates the very high level of purity achieved, a single HRV3C band at ~20 

kDa. The SiaT gels presented previously also demonstrate its efficient activity, with the 

complete disappearance of the SiaT-GFP species and the appearance of SiaT after the 

cleavage reaction (Figure 3.1, Figure 3.2 and Figure 3.3). 

 

Figure 3.5 The purity of HRV3C by SDS-PAGE analysis. To the left of the gel are the molecular weights of 

the ladder protein bands in lane one. Lane two contains a sample of the purified HRV3C protease. 
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3.1.9 Cloning of the SiaT genes 

Each SiaT gene was required to be cloned from the pWarf(-) expression vector into the 

pJ422-01 vector for use in the bacterial growth assays. Cloning of the SaSiaT and SaSiaT 

FQF genes followed the protocol previously developed (North et al., 2018). The cloning 

protocol for the PmSiaT and PmSiaT YNN genes were the similar, however new primers 

were designed for the polymerase chain reaction (PCR) step. Because the codon 

optimisation in the PmSiaT YNN gene differed from the PmSiaT gene, a PmSiaT YNN 

‘gBlock’ was also purchased. The ‘gBlock’ was effectively a PCR product of the PmSiaT 

YNN gene, but with the same base pairs as the PmSiaT gene, so it could be easily recombined 

into the linear pJ422-01 vector or amplified using PCR with the same primers as the PmSiaT 

gene. The cloning protocol is described in Section 2.4 and additional information, including 

primer and gene sequences, is available in the Appendix. 

3.1.9.1 Restriction digest of pJ422-01 

The empty pJ422-01 vector was digested with EcoRI and NdeI restriction enzymes and 

electrophoresed to isolate the double digested linear pJ422-01. The gel, presented in Figure 

3.6, shows the double digested pJ422-01 at ~3900 bases and no sign of pJ422-01 undigested 

or digested at one site (would be at a size of ~4300 bases), thus indicating the digestion was 

efficient. The insert should have been visible at ~400 bases, however, due to the low 

concentration of pJ422-01 digested and the small size of the insert, it could not be seen. 
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Figure 3.6 Agarose gel electrophoresis of the pJ422-01 vector and the SiaT gene PCR products. To the left of 

each gel are the DNA base pair sizes represented by the bands of the HyperLadder™ 1kb in the first lane of 

each gel. (A) The double digested pJ422-01 plasmid in lane two. (B) Lanes two and three contain the PCR 

product of the amplification of SaSiaT and SaSiaT FQF genes respectively. (C) Both lanes two and three 

contain the PCR product of the amplification of the PmSiaT gene. 

3.1.9.2 Amplification of the SiaT genes 

PCR was used to amplify each SiaT gene from the corresponding pWarf(-) expression 

vector. Figure 3.6 illustrates the effective amplification of each SiaT gene, excluding 

PmSiaT YNN. Each PCR product ran as a very intense band at ~1500 bases, as expected, 

and did not seem to be any visible product of unspecific amplification or contamination. 

3.1.9.3 Recombination and transformation 

After the SiaT genes were amplified and the pJ422-01 had been digested, they were gel 

purified, recombined and subsequently transformed into E. coli Stellar™ cells. For every 

recombination except for PmSiaT YNN, plenty of colonies grew overnight. Multiple colonies 

from each plate were plasmid prepped and the resulting pJ422-01 plasmids were 

successfully sequence verified with their new SiaT inserts. Unfortunately, there were 

relatively few PmSiaT YNN transformants, only slightly more than the linear pJ422-01 

control plate. These transformants were plasmid prepped and sequenced, with many coming 

back with no result and the others returning the sequence corresponding to the empty pJ422-

01 vector. 
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To investigate the issue of the PmSiaT YNN gene cloning, the ‘gBlock’ was amplified using 

PCR (with the PmSiaT In-Fusion® primers) and the result electrophoresed with additional 

controls. However, no bands could be visualised on the gel. The ordered sequence was re-

examined, prior to PCR being repeated using sequencing primers. Again, there was no 

product visualised on the gel. With the possibility of an error in the manufacture of the 

‘gBlock’ a replacement was received. Unfortunately, with the time restrictions for this 

research, the cloning was not attempted again, and the bacterial growth assay was only 

completed with the SaSiaT and SaSiaT FQF genes. 

3.1.10 Expression, purification and cloning summary 

To summarise, PmSiaT, PmSiaT YNN, SaSiaT and SaSiaT FQF could be expressed and 

purified, however lower yields were achieved with the SaSiaT constructs, so these will not 

be continued with for the in vitro experimentation. Both of the SaSiaT genes were 

successfully subcloned into the pJ422-01 vector for use in the bacterial growth assay, while 

PmSiaT YNN could not be cloned. Successful purification and cloning have now allowed for 

the continuation of the binding in vitro and in vivo studies. 

3.2 Microscale thermophoresis 

With the purification of sufficient amounts of PmSiaT and PmSiaT YNN, these SiaT 

constructs could now be subjected to analysis with MST and ITC. MST is a biophysical 

technique to characterise binding between biomolecules. It is dependent on thermophoresis, 

the directional diffusion of particles when a temperature gradient is applied. The 

thermophoresis of SiaT can be measured in the presence of sialic acids to calculate the 

respective binding affinities. To test whether the substitutions in the binding sites of PmSiaT 

and SaSiaT are responsible for their sialic acid preference, the SiaT constructs had their Kd 

values for Neu5Ac and Neu5Gc determined by MST (Section 2.7.1), so they could be 

compared between one another. 

First, PmSiaT was subjected to MST to confirm the preliminary results (Wahlgren et al., 

2018), as well as to serve as a control for PmSiaT YNN. The Kd of PmSiaT, as determined 

by MST (Figure 3.7), was 162 ± 17 µM for Neu5Ac and 309 ± 48 µM for Neu5Gc. These 

Kd values are higher than what has been reported previously (58 ± 1 μM and 85 ± 2 μM for 

Neu5Ac and Neu5Gc respectively), although they agree with the substrate specificity that 

PmSiaT has previously displayed, a higher affinity for Neu5Ac, relative to Neu5Gc 
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(Wahlgren et al., 2018). The discrepancies in these data sets are most likely a reflection of 

the sensitivity of MST. Small differences in SiaT and sialic acid concentrations, as well as 

the use of different MST instruments could be responsible for the slightly higher Kd values. 

Nonetheless, the results of PmSiaT confirmed the sialic preference for Neu5Ac compared 

to Neu5Gc and verified the condition of the sialic acids for the results of PmSiaT YNN. 

 

Figure 3.7 MST binding assays for PmSiaT and PmSiaT YNN with Neu5Ac and Neu5Gc. Data points are 

representative of the mean ± the standard error of measurement from triplicate experiments. The Kd values for 

PmSiaT were determined via the signal from thermophoresis +T-Jump for triplicate experiments, reported as 

the mean ± uncertainty in the mean of the fit. 

In contrast, the raw MST data of PmSiaT YNN did not allow a Kd value to be determined 

for either Neu5Ac or Neu5Gc, as it did not resemble any part of a curve (Figure 3.7). This 

suggests that for both sialic acids, PmSiaT YNN has Kd values significantly higher, perhaps 

in the high mM range, than the µM range Kd values of PmSiaT, or that the changes made to 

the binding site have abolished binding all together. Interestingly, there is more variation in 

the fluorescence measurements of PmSiaT YNN, particularly with Neu5Ac (Figure 3.7), 

compared to PmSiaT. This, while reflecting the sensitivity of MST, may indicate small 
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amounts of aggregate forming before the experiment or during exposure to the MST laser. 

This could suggest that PmSiaT YNN is not quite as stable as wild-type PmSiaT. 

3.3 Isothermal titration calorimetry 

ITC also was carried out PmSiaT and PmSiaT YNN (Section 2.7.2), complementary to 

MST. ITC is a biophysical technique that relies on the heat evolved or consumed upon the 

interaction between biomolecules. Together the with knowledge of the concentrations of 

components these parameters can be used to compute the thermodynamic parameters of the 

reaction, including calculations of the Kd. To test the hypothesis that the binding site 

substitutions of PmSiaT and SaSiaT, are responsible for their sialic acid preference, PmSiaT 

and PmSiaT YNN were subjected to ITC. This allowed for another determination of the Kd 

values for these SiaT constructs binding Neu5Ac and Neu5Gc, so they can be compared 

between each other, as well as across different biophysical techniques to support the 

previous MST results. 

The Kd values determined by ITC for the binding of PmSiaT to Neu5Ac and Neu5Gc were 

56 µM (47 – 68) and 70 µM (59 – 83) respectively (68.3% confidence intervals), with ITC 

raw data presented in Figure 3.8. These Kd values are in the same range as the value 

previously reported for PmSiaT binding of Neu5Ac of 50 ± 4 µM (Wahlgren et al., 2018) 

and are similar to the results obtained with MST. Most importantly, the same preference of 

PmSiaT having a higher affinity for Neu5Ac binding compared to Neu5Gc is apparent and 

these results also serve as a good verification for the further PmSiaT YNN results. 
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Figure 3.8 ITC data of PmSiaT titrated with Neu5Ac and Neu5Gc (top panels), with the corresponding binding 

isotherm (bottom panels). One example titration is shown for each sialic acid and the single binding site fit is 

shown in the bottom panel of each titration. The determined Kd values for PmSiaT were 56 µM (47 – 68) for 

Neu5Ac and 70 µM (59 – 83) for Neu5Gc (68.3% confidence intervals). 

For PmSiaT YNN, the Kd values could not be calculated for either of Neu5Ac or Neu5Gc. 

In most ITC titrations for PmSiaT YNN, the injections of sialic acid could barely be 

distinguished from the noise of the instrument, due to extremely low heats of injections as 

shown in Figure 3.9. As a result of this, the heats of injections were not perfectly uniform, 

and no single site binding fit could be appropriately applied to the data. Other issues with 

the injection heats not being uniform could be to do with the presence of evolving bubbles 

as well as the potential for a relatively large baseline drift occurring. Another issue that could 

cause similar injection heats is a result of poor buffer matching, as DDM can be especially 

problematic. However, as with the MST data for PmSiaT YNN, these results suggest the Kd 

values for Neu5Ac and Neu5Gc are substantially higher than for PmSiaT, or that the sialic 

acids are simply not binding.  



59 

 

 

Figure 3.9 ITC raw data of PmSiaT YNN titrated with Neu5Ac and Neu5Gc (top panels), with the 

corresponding binding isotherm (bottom panels). One example titration is shown for each sialic acid and the 

single binding site fit is shown in the bottom panel of each titration. The Kd values for the binding of PmSiaT 

YNN to each sialic acid could not be determined with the current set of experimental conditions. 

3.4 Bacterial growth assay 

For the bacterial growth assay (Section 2.3.7), a series of E. coli strains were used to gauge 

the rate of sialic acid uptake and catabolism. Firstly, the E. coli strain BW25119 (which is 

referred to as E. coli WT) was used as the wild-type E. coli control. This strain is known to 

utilize sialic acids and uptake is afforded by another class of sialic acid transporter known 

as NanT. A negative control was also included, E. coli JW3193 (referred to as ΔNanT), 

which lacks the endogenous sialic acid NanT transporter. These strains have been 

successfully used previously in in vivo sialic acid uptake assays (North et al., 2018; 

Wahlgren et al., 2018).  

Previously, the SaSiaT and SaSiaT FQF genes had been subcloned into the pJ422-01 vector. 

The last two strains examined were two strains of ΔNanT that had been transformed with 
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the relevant pJ422-01 plasmid containing either the SaSiaT gene or the SaSiaT FQF gene. 

These two ΔNanT strains will henceforth be termed ΔNanT_SaSiaT and ΔNanT_SaSiaT 

FQF, and their SiaT expression was induced with the presence of isopropyl β-D-1-

thiogalactopyranoside (IPTG) throughout the experiment. Any transport of sialic acids into 

these ΔNanT strains will be entirely due to the expression of the S. aureus SiaT constructs, 

as the gene for the endogenous NanT sialic acid transporter has been knocked out. When 

grown using Neu5Ac or Neu5Gc as the sole carbon source, the resulting growth of each 

strain can be compared to establish that the SiaT constructs are active in vivo and to show if 

they display a preference for the transport of one sialic acid over the other. Hence, whether 

the binding site substitutions of PmSiaT and SaSiaT are responsible for their sialic acid 

preference was investigated with this in vivo assay. Unfortunately, since the PmSiaT YNN 

gene could not be successfully cloned, the bacterial growth assay was only carried out on 

SaSiaT and SaSiaT FQF. 

3.4.1 Growth on glucose as the sole carbon source 

The growth of each strain with glucose as the sole carbon source was monitored to ensure 

each E. coli strain was viable. The growth curves of each strain grown on glucose are 

presented in Figure 3.10. Both the E. coli WT and ΔNanT strains grew very similarly, 

reaching maximum optical density at 600 nm (OD600) readings of 1.7 and 1.8 respectively 

after about 1000 minutes. By the end of the experiment (3000 minutes) both strains 

decreased slightly from their maximum OD600 readings, to an OD600 of just above 1.5. In 

contrast, ΔNanT_SaSiaT grew to a maximum OD600 of 1.5 after 1700 minutes, while 

ΔNanT_SaSiaT FQF grew to a maximum OD600 of 0.97 after 1550 minutes. From here 

ΔNanT_SaSiaT declined slightly to a final OD of 1.45 while ΔNanT_SaSiaT FQF dropped 

off considerably before the curve flattened out to a final OD of 0.58. The lesser growth 

displayed by ΔNanT_SaSiaT and ΔNanT_SaSiaT FQF could be explained by the metabolic 

cost of maintaining the large pJ422-01 plasmid, as well as the metabolic cost of constant 

SiaT production. Another possibility could be that the SiaT constructs are toxic to the cells 

in some way, this could be particularly true for ΔNanT_SaSiaT FQF, which displayed 

significantly less growth than ΔNanT_SaSiaT. Overall, though there were differences in 

growth, each strain could grow on glucose. 
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Figure 3.10 Bacterial growth assay showing the growth curve of each strain on glucose as the sole carbon 

source. Growth curves represent the mean and standard error of measurement from two biological replicates, 

each grown in triplicate. 

To quantify growth when comparing a range of growth curves differing in absolute shapes 

over the same time period, area under the curve (AUC) analysis was used (Maier et al., 

2018). The results are presented in Figure 3.12 and Table 3.2. In agreement with a visual 

inspection of the growth curves, ΔNanT and E. coli WT had the largest AUC (4142 ± 178 

OD600/min and 3964 ± 97 OD600/min respectively). Closely following these strains was 

ΔNanT_SaSiaT (3178 ± 125 OD600/min), although ΔNanT_SaSiaT FQF (1464 ± 73 

OD600/min) had a significantly lower AUC than the other strains grown on glucose. 

3.4.2 Growth on sialic acids as the sole carbon source 

The growth curves of each strain using Neu5Ac or Neu5Gc as the sole carbon source are 

shown in Figure 3.11. Subsequently, the data in Figure 3.13, Figure 3.14 and Figure 3.15 

shows the growth curves of each strain, individually, when grown on Neu5Ac and Neu5Gc. 

The ΔNanT strain did not grow on either sialic acid, confirming the growth of the 

ΔNanT_SaSiaT strains is due to their SiaT expression. Aside from the lack of growth 

displayed by the ΔNanT strain, each of the other strains grew to a very similar maximum 

OD600, all between 1.91 and 2.39. All the data presented below were also analysed using the 

AUC method, with the results included in Figure 3.12 and Table 3.2 below. 
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Figure 3.11 Bacterial growth assay showing the growth curves of each strain on the sialic acids Neu5Ac and 

Neu5Gc as the sole carbon source. Growth curves represent the mean and standard error of measurement from 

two biological replicates, each grown in triplicate. 
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Figure 3.12 AUC analysis (OD600/min) of each strain when grown on glucose, Neu5Ac or Neu5Gc as the sole 

carbon source. The AUC analysis was implemented to better quantify growth and compare it between strains 

with more unusual growth curves. 

Table 3.2 The results of the AUC analysis of each strain when grown on glucose, Neu5Ac or Neu5Gc as the 

sole carbon source. Data is presented as the mean of six replicates ± the standard error of the mean (OD600/min). 

 Carbon source 

Strain Glucose Neu5Ac Neu5Gc 

ΔNanT 4142 ± 179 104 ± 9 74 ± 10 

E. coli WT 3964 ± 97 4490 ± 13 3975 ± 128 

ΔNanT_SaSiaT 3178 ± 125 2586 ± 59 3215 ± 48 

ΔNanT_SaSiaT FQF 1464 ± 74 1997 ± 16 1199 ± 98 
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3.4.2.1 Growth of E. coli WT on sialic acids as the sole carbon source 

Figure 3.13 shows the growth curves of E. coli WT on Neu5Ac on Neu5Gc. Growth on both 

sialic acids yielded very similar growth curves, with growth on Neu5Ac reaching a slightly 

higher maximum OD600 (2.22) than growth on Neu5Gc (2.00). Growth curves on both sialic 

acids peaked at about 1600 minutes, with the growth curve on Neu5Gc slightly delayed 

behind the Neu5Ac growth curve throughout the experiment. When shown next to the other 

strains (Figure 3.11), the growth curves of E. coli WT reach their maximum OD600 before 

each of the other strains on either sialic acid. Referring to the AUC analysis (Figure 3.12, 

Table 3.2), E. coli WT had the greatest AUC of 4490 ± 13 OD600/min (Neu5Ac) and 3975 ± 

128 OD600/min (Neu5Gc), indicating the most amount of growth out of every strain on the 

sialic acids, in agreement with the growth curves. Moreover, E. coli WT grew similarly on, 

Neu5Ac and Neu5Gc when compared to glucose, with almost identical growth curves. The 

AUC for growth on Neu5Gc and on glucose also matched very closely (3964 ± 97 OD600/min 

and 3975 ± 128 OD600/min respectively). 

 

Figure 3.13 Bacterial growth assay showing the growth curves of E. coli WT on the sialic acids Neu5Ac and 

Neu5Gc, as the sole carbon source. Growth curves represent the mean and standard error of measurement from 

two biological replicates, each grown in triplicate. 

3.4.2.2 Growth of ΔNanT_SaSiaT on sialic acids as the sole carbon source 

The strain that grew the second fastest on both sialic acids was ΔNanT_SaSiaT, as shown 

alongside each strain in Figure 3.11 and separately in Figure 3.14. The shapes of both growth 

curves were alike, with Neu5Gc reaching a slightly lower maximum OD600 of 1.91, slightly 



65 

 

lower than the maximum OD600 of 2.09 for Neu5Ac. The maximum OD600 was reached a 

lot earlier for Neu5Gc (1650 minutes), than Neu5Ac (2700 minutes) and this was reflected 

with the AUC of 3215 ± 48 OD600/min and 2586 ± 59 OD600/min respectively. Interestingly, 

the Neu5Gc growth curve decreased to 1.66 after 3000 minutes, while the Neu5Ac growth 

curve seemed to have barely reached maximum OD before declining slightly to 2.04 after 

3000 minutes. The growth displayed by ΔNanT_SaSiaT, favouring growth on Neu5Gc over 

Neu5Ac, matches the preliminary data (North et al., 2018) and helps validate the condition 

of the sialic acids used for the growth of ΔNanT_SaSiaT FQF. 

 

Figure 3.14 Bacterial growth assay showing the growth curves of ΔNanT_SaSiaT on the sialic acids Neu5Ac 

and Neu5Gc, as the sole carbon source. Growth curves represent the mean and standard error of measurement 

from two biological replicates, each grown in triplicate. 

3.4.2.3 Growth of ΔNanT_SaSiaT FQF on sialic acids as the sole carbon source 

The growth curves of ΔNanT_SaSiaT FQF on both sialic acids displayed the longest lag 

period and have the lowest AUC (Figure 3.11 and Figure 3.15). However, while the 

maximum OD600 measurements for growth on Neu5Ac and Neu5Gc took the longest time 

to reach, Neu5Ac reached the highest maximum OD600 out of all the strains (2.39 after 2900 

minutes) and Neu5Gc reached 2.14 after 3000 minutes but was seemingly still climbing at 

the conclusion of the OD600 measurements. The growth curves were identical, with growth 

on Neu5Gc lagging slightly behind growth on Neu5Ac. For the AUC, the values were 1997 

± 16 OD600/min for Neu5Ac and 1199 ± 98 OD600/min for Neu5Gc. These reflect the large 

lag period before significant growth could be seen on the growth curves, but perhaps don’t 
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correlate to the rapid growth once the lag period was over. The AUC of ΔNanT_SaSiaT FQF 

when grown on sialic acids are in the same range as the growth on glucose (1464 ± 74 

OD600/min), although they have drastically different growth curves. The glucose growth 

curve peaked to a maximum OD600 of 0.97 after only 1500 minutes, before declining to 0.58 

after 3000 minutes, as opposed to the others that peaked right at the end of the experiment. 

This in vivo data suggests that SaSiaT FQF has switched sialic acid preference when 

compared to wild-type SaSiaT. 

 

Figure 3.15 Bacterial growth assay showing the growth curves of ΔNanT_SaSiaT FQF on the sialic acids 

Neu5Ac and Neu5Gc, as the sole carbon source. Growth curves represent the mean and standard error of 

measurement from two biological replicates, each grown in triplicate. 

While the sialic acid preference was switched in ΔNanT_SaSiaT FQF, the strain took a long 

time to reach the exponential phase, before growing rapidly on both sialic acids (Figure 

3.15). This lag period was the longest of all the strains (Figure 3.11), however the rapid 

growth in the exponential phase seemed to be even faster than ΔNanT_SaSiaT. A longer lag 

period than the other strains was also seen with growth of ΔNanT_SaSiaT FQF on glucose 

as well. The extended lag phase, where the cells adjust to their new environment, is probably 

due to a combination of the metabolic burden involved in SiaT overexpression, the 

upregulation of sialic acid degradation pathway genes and their subsequent protein 

expression as well as the plasmid burden for these cells. While the extended lag phase of 

ΔNanT_SaSiaT FQF could be due to potential toxicity involved with SaSiaT FQF 

production, it is unlikely that this is the reason for the growth displayed, as constant toxic 

SaSiaT FQF production would not allow the eventual rapid growth. A more likely 
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explanation is that the sialic acid transport activity of SaSiaT FQF is lesser than the wild 

type as a result of these mutations. It may have taken the cells longer to adapt to the new 

conditions, if the cellular sialic acid concentration took longer to reach the point of inducing 

the production of other sialic acid degradation enzymes. Throughout the experiment the 

number of SaSiaT FQF available to transport sialic acids into each cell would increase, 

potentially allowing for the eventual rapid growth. Regardless, the introduction of the 

SaSiaT FQF mutations has successfully revered the sialic acid preference of the wild type 

in vivo. 

On another note, a decrease in activity compared to the wild type could also be true for 

PmSiaT YNN, as opposed to sialic acid binding being abolished as a result of the mutations. 

A decrease in sialic acid binding affinity might not have been detected in vitro without 

changes to the experimental conditions, something that is less of a problem using this 

bacterial growth assay. Potentially, if this were the case for PmSiaT YNN, testing the 

activity in vivo using this technique could save time and resources compared to the effort 

required to continue to purify to optimize MST and ITC. Unfortunately, with the failure to 

clone the PmSiaT YNN gene, confirming this idea will have to be part of future research. 

3.5 Summary 

In this chapter the purification and cloning of the SiaT constructs has been shown and the 

hypothesis that the three binding site substitution in PmSiaT and SaSiaT are responsible for 

their sialic acid preference has been tested. Using MST and ITC, PmSiaT has been shown 

to favour binding of Neu5Ac over Neu5Gc in agreement with the literature (Wahlgren et al., 

2018), while under the same conditions, PmSiaT YNN was not detected to bind either sialic 

acid. A bacterial growth assay was used to determine the in vivo activity of SaSiaT and 

SaSiaT FQF. The strain containing the SaSiaT gene was demonstrated to grow more 

effectively on Neu5Gc than Neu5Ac, as per the previously published results (North et al., 

2018). Notably, the strain containing the SaSiaT FQF grew better on Neu5Ac compared to 

Neu5Gc indicating the sialic acid preference had been successfully switched. However, the 

strain containing SaSiaT FQF had a very long lag phase and grew less over all compared to 

the wild-type SaSiaT, this is thought to be accounted for by reduced activity displayed by 

SaSiaT FQF. 
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Chapter Four 

Discussion 

The P. mirabilis sodium sialic acid symporter (PmSiaT) and the S. aureus sodium sialic acid 

symporter (SaSiaT) have previously been shown to have opposite substrate specificities. 

There are three differences between the respective substrate binding sites of each SiaT 

homologue. To test whether these three amino acid differences are solely responsible for the 

observed difference in specificity, two triple mutants were made where the binding sites 

were essentially switched. The mutant PmSiaT YNN, has three mutations in its substrate 

binding site that correspond to the residues found in the predicted binding site of SaSiaT; 

similarly, the mutant SaSiaT FQF has three mutations in its substrate binding site that 

correspond to the residues found in the binding site of PmSiaT. Unfortunately, neither 

SaSiaT nor SaSiaT FQF could be sufficiently purified for binding in vitro binding studies. 

However, microscale thermophoresis (MST) and isothermal titration calorimetry (ITC) were 

used to determine the binding constants (Kd) of wild-type PmSiaT and PmSiaT YNN for N-

acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Subsequently, a 

bacterial growth assay was employed to determine the substrate preference of wild-type 

SaSiaT and SaSiaT FQF in vivo. This chapter discusses the results of these experiments 

presented in the previous chapter. 

4.1 Mutations to the PmSiaT binding site disrupted sialic 

acid binding 

The location of the PmSiaT YNN mutations shown in Figure 4.1 below suggested they are 

important for sialic acid binding preference, as discussed in the introduction. With respect 

to the structure of Neu5Gc compared to Neu5Ac (Figure 4.2), the addition of a hydroxyl 

group at the C11 carbon is the only difference between these two sialic acids. The following 

binding site substitutions were predicted to swap the preference for Neu5Gc over Neu5Ac 

(shown in Figure 4.1). For PmSiaT YNN, Phe78Tyr was thought to provide a slightly more 

polar environment for the Neu5Gc C11 hydroxyl group to occupy, while the Gln82Asn 

mutation retains the same functional group, but with a side chain one carbon shorter. This 

Gln82Asn mutation was suggested to potentially maintain its hydrogen bond to the amide 
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nitrogen of Neu5Gc (as seen in the PmSiaT Neu5Ac interaction network Figure 1.4). But it 

may also provide more room in the binding pocket for the introduction of the Neu5Gc C11 

hydroxyl. Lastly, the Phe243Asn mutation was thought to offer a switch to a hydrophilic 

environment and be the best option for new hydrogen bonds with the C11 hydroxyl of 

Neu5Gc.  

 

Figure 4.1 The binding sites of PmSiaT and SaSiaT with Neu5Gc, including the three binding site substitutions 

represented as sticks. The PmSiaT structure, presented here in light blue, is from the crystal structure (PDB 

entry 5NV9). The SaSiaT structure is in orange, from the homology model produced based on the PmSiaT 

crystal structure. Oxygen atoms are coloured red, while nitrogen atoms are coloured dark blue. The three 

binding site substations are labelled with the residue and position in SaSiaT, followed by in PmSiaT. 

 

 



71 

 

 

Figure 4.2 The chemical structures of N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc), with the carbon atoms labelled one through eleven. The difference between these sialic acids is the 

addition of a hydroxyl group (coloured red) at C11 in the Neu5Gc structure. 

The results of MST and ITC confirmed the sialic preference of PmSiaT, binding Neu5Ac 

(Kd = 162 ± 17 µM and Kd = 56 µM (47 – 68) respectively) with a higher affinity than 

Neu5Gc (Kd = 309 ± 48 µM and Kd = 70 µM (59 – 83) respectively). However, PmSiaT 

YNN was not detected to bind either sialic acid, indicating the mutations had abolished all 

sialic acid binding. Further optimization of optimisation of MST and ITC, as well as testing 

the activity of PmSiaT YNN in vivo, may have added more confidence to these results. 

Additional experimentation of this type could perhaps answer whether the mutations have 

resulted in significantly weaker sialic acid binding/transport or no binding/transport at all. 

There are a few reasons that may explain the why PmSiaT YNN could not bind sialic acids 

in the concentration range that either of the wild-type transporters could, including altered 

folding of PmSiaT YNN compared to wild-type PmSiaT. In addition, the three introduced 

mutations could have blocked the binding site of PmSiaT YNN, ultimately not allowing 

either of the sialic acids to enter. Lastly, the resulting structure of PmSiaT YNN may not be 

able to form the same interactions as the wild type with sialic acids in the binding site. 

4.1.1 Differences in folding may explain the lack of sialic acid binding of PmSiaT YNN 

PmSiaT YNN was easily purified like wild-type PmSiaT, suggesting that they were both 

largely folded such that were integrated into the plasma membrane and not aggregated into 

inclusion bodies. The green colour of the green fluorescent protein (GFP)-tag was clearly 

visible throughout the purification process, suggesting that the GFP-fusion protein had 

folded correctly and suggests the rest of the protein had successfully folded as well (Waldo 

et al., 1999). While this suggests PmSiaT also folded correctly, no other experimental 

techniques were employed to confirm this. Protein folding is normally investigated using 

circular dichroism. However, this has not been previously carried out on either of the wild-
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type SiaT constructs and is typically difficult with membrane proteins (Miles and Wallace 

2016). Other complementary techniques could include small angle X-ray scattering and 

analytical ultracentrifugation. These would allow the shape profiles of PmSiaT and PmSiaT 

YNN to be compared. If these techniques were used, they could allow for any differences in 

folding to be detected, which may help explain why PmSiaT YNN could not bind either 

sialic acid. 

4.1.2 The binding site of PmSiaT YNN could be blocked due to the mutations 

Another reason why PmSiaT YNN has not shown any substrate binding, could be because 

the binding site is blocked. This could be a direct result of the mutations, similar to the 

folding issue noted previously. The rationale discussed in the introduction and above, was 

based on the positions of these residues within the SaSiaT homology model (North et al., 

2018) and subsequently, the positions of these mutations in when mutated into the PmSiaT 

crystal structure (Wahlgren et al., 2018). When the residues are directly substituted into 

PmSiaT, they look viable, but the results of this research suggest that they might obtain the 

same position and orientation in solution. In terms of the substitutions, the one that could 

heavily influence how the binding site sits in solution, is the Phe243Asn mutation. The 

Phe243Asn in combination with the other mutations, may have resulted in intramolecular 

interactions causing the binding site to be blocked off, not permitting sialic acid entry.  

The probable effect of the mutations has been discussed in the context of the positions and 

orientations of the residues with a sialic acid bound. What was not thoroughly probed was 

the possible conformations that these residues could obtain without their interactions with a 

sialic acid in the binding site. With knowledge of the unbound structures of either SiaT 

construct, a difference in the orientation of these residues may help determine whether sialic 

acids could enter the binding site. The outward open conformation of PmSiaT has been 

previously modelled using the crystal structure of sodium galactose transporter from Vibrio 

parahaemolyticus (Faham et al., 2008; Wahlgren et al., 2018). However, this was to 

investigate the conformation change of PmSiaT associated with sialic acid binding, as well 

as the function of the bound sodium ions. There was no description of the binding site 

changes, as these would be very speculative, since these transport different sugars and only 

share 24% sequence identity (Wahlgren et al., 2018). If the homology modelled open 

unbound PmSiaT could be viewed, or alternatively modelled again, it likely would not be a 

very accurate source to base discussion of the positions of binding site residues. Hence, 
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determining if this reason is responsible for the abolished sialic acid binding, would require 

further experimentation. With the difficulty involved in producing a crystal structure of any 

SiaT in an unbound state, perhaps molecular dynamics simulations could be attempted to 

answer these queries. 

4.1.3 Sialic acid preference may be governed by a combination of other factors 

The last explanation of the observed results could be that these mutations simply don’t 

control sialic acid preference in PmSiaT YNN. However, with the results of SaSiaT 

discussed in the next section implying these residues are somewhat responsible, another 

suggestion may be that these mutations, when added to the PmSiaT background, do not 

control sialic acid preference. Potentially, these binding site substitutions may play a part in 

sialic acid specificity, but they are not the sole determinants. Other residues, or the 

cumulative structure of PmSiaT as a whole, may be more influential for the sialic acid 

preference observed. Due to the position, orientation and energetics of each of the other 

residues in a SiaT, as well as the overall conformation of the SiaT, introducing mutations 

may not sit identically to the original residues. This point, in combination with the crystal 

structure of PmSiaT and the homology model of SaSiaT not being completely accurate, may 

account for the lack of activity observed for PmSiaT YNN. 

In the context of PmSiaT YNN, adding the Phe243Asn mutation, due to the large change in 

properties of these amino acids, could result in the Asn243 now sitting quite differently than 

the original Phe243 due to the effect of the surrounding residues. For example, the 

hydrophilic nature of Asn243 in PmSiaT YNN could cause it to be in a position different to 

Phe243, without the other residues of PmSiaT binding site and adjacent residues keeping it 

in the appropriate position. Changes like these may result in the residues not functioning as 

thought, i.e. not resulting in a switch to the sialic acid preference and instead seen no activity 

in PmSiaT YNN. 

4.2 Bacterial growth experiments demonstrate the 

reversed sialic acid preference of SaSiaT FQF 

The bacterial growth assay demonstrated that the sialic acid preference of SaSiaT FQF has 

been successfully switched to mimic that of PmSiaT, whereas PmSiaT YNN appears to be 

deactivated in the binding studies described above. However, the preference of SaSiaT FQF 

to transport Neu5Ac better than Neu5Gc, came at a cost to the overall activity compared to 
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the wild-type SaSiaT. Similar reasons as mentioned above for PmSiaT YNN may also be 

true with regards to the decrease in sialic acid transport activity seen in SaSiaT FQF.  

The bacterial growth assay used a wild-type strain of E. coli as well as another strain of E. 

coli lacking the gene encoding its endogenous sialic acid transporter (NanT). This strain, 

termed ΔNanT, could not grow on sialic acids as a sole carbon source. When the SaSiaT and 

SaSiaT FQF genes were each cloned into a pJ422-01 plasmid, the respective plasmids were 

transformed into the ΔNanT strain, creating the strains referred to as ΔNanT_SaSiaT and 

ΔNanT_SaSiaT FQF. Both ΔNanT_SaSiaT and ΔNanT_SaSiaT FQF could grow using 

sialic acids as their sole carbon source with their SiaT expression was induced. Therefore, 

the in vivo activity of SiaT are responsible for the strain’s ability to import sialic acids into 

the cells, allowing for them to be metabolised for the cells to grow. In comparison, the parent 

strain ΔNanT could not grow on sialic acids as a sole carbon source, verifying that the growth 

of the ΔNanT_SaSiaT and ΔNanT_SaSiaT FQF strains is due to their SiaT production and 

subsequent transport of sialic acids into the cells. 

During the bacterial growth experiment presented in Figure 3.11, the ΔNanT_SaSiaT strain 

favoured growth on Neu5Gc compared to Neu5Ac (area under the curves (AUC) of 2586 ± 

59 OD600/min and 3215 ± 48 OD600/min respectively), as previously observed (North et al., 

2018). As opposed to wild-type E. coli, ΔNanT_SaSiaT had a longer lag phase, thought to 

represent the metabolic cost of constraint SiaT production and the added plasmid burden. In 

contrast, the ΔNanT_SaSiaT FQF favoured growth on Neu5Ac over Neu5Gc (AUC of 2586 

± 59 OD600/min and 3215 ± 48 OD600/min respectively), the opposite substrate preference 

of ΔNanT_SaSiaT. This indicates that the in vivo sialic acid transport of SaSiaT FQF has 

successfully been reversed as a result of the three binding site mutations. However, 

ΔNanT_SaSiaT FQF had a considerably longer lag phase and grew less than 

ΔNanT_SaSiaT, thought to be a result of reduced overall transport activity of SaSiaT FQF. 

4.2.1 Reversed sialic acid preference came at a cost to the overall activity of SaSiaT 

FQF 

The decreased activity of SaSiaT FQF could be due to alternate folding compared to the 

wild-type SaSiaT. SaSiaT FQF purified similar to the wild-type SaSiaT, but a comparatively 

low yield was achieved. The GFP portion had successfully folded, owing to the bright green 

colour observed throughout the purification, indicating that the SaSiaT FQF most likely 

folded adequately as well (Waldo et al., 1999). This data suggests SaSiaT FQF folded similar 



75 

 

to the wild type while being expressed in E. coli for purification, as well as remaining folded 

through out the membrane solubilisation step. Hence, it is probable that it has folded 

similarly during the bacterial growth assay. However, during the purification issues around 

either poor expression or poor binding to the immobilised metal affinity column were noted 

as one of the causes of the low yield. The other issue was aggregation throughout the 

purification process, although wild-type SaSiaT also aggregated similarly. This data 

suggests that SaSiaT FQF was perhaps not as stable as the wild-type SaSiaT, which could 

be related to its folding and may help explain why decreased activity was seen in the 

bacterial growth assay. The same techniques as previously mentioned (circular dichroism, 

small angle X-ray scattering and analytical ultracentrifugation) could be used in the future 

to investigate the folding and stability of SaSiaT FQF, when carried out in unison with 

SaSiaT. Although the in vivo stability of each SiaT could be different, and these techniques 

may not accurately reflect that. 

Other reasons for the decreased activity of SaSiaT FQF centre around the mutations resulting 

in changes to the unbound structure of SaSiaT FQF compared to the wild type. In addition, 

the mutations may not sit identically to their wild-type counterparts. The most notable 

change to residue properties, as stated for PmSiaT YNN, is the Asn244Phe mutation in 

SaSiaT FQF. The change from a large uncharged benzene ring side chain, to a smaller amide 

side chain has the potential to cause large changes to the binding pocket, possibly including 

blocking sialic acid entry. The effect of the other residues of the background SaSiaT could 

also play a part in the decrease in activity seen with the addition of these mutations, but may 

also have a much larger impact on the overall sialic acid preference, rather than it being 

solely governed by these binding site substitutions. 

4.2.2 Additional hydrogen bonds could explain the switched sialic acid preference of 

SaSiaT FQF 

Studies have documented sialic acid preference has been in a few examples, where new 

hydrogen bonds have facilitated different binding. The subtilase cytotoxin (SubAB) of 

Shiga-toxigenic E. coli binds the terminal sialic acids of glycoconjugates and the crystal 

structure of the B subunit has been solved in complex with Neu5Gc (PDB entry 3DWP) 

(Byres et al., 2008). It revealed that the C11 hydroxyl of Neu5Gc was hydrogen bonded to 

a methionine back bone and a tyrosine side chain. Interestingly, the preference for Neu5Gc 

over Neu5Ac was up to 20 times higher affinity in microarray analysis of binding various 
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sialic acid terminating glycoconjugates. Mutation of the tyrosine residue hydrogen bonded 

to the C11 hydroxyl resulted in significantly decreased binding to Neu5Gc terminating 

glycans and less cytotoxicity to Vero cells. Thus, highlighting the importance of the 

hydrogen bond the tyrosine residue provided for Neu5Gc binding. As well as binding 

studies, human cell lines were grown on a Neu5Gc supplemented media to simulate a diet 

high in Neu5Gc. As humans are known to metabolically incorporate Neu5Gc 

(Tangvoranuntakul et al., 2003), this substantially increased membrane Neu5Gc content and 

rendered the cells much more susceptible to SubAB. It was also demonstrated that SubAB 

would bind to the kidney tissue of wild-type mice, however mice with the same deactivating 

CMP-N-acetylneuraminic acid hydroxylase mutation humans have, were not bound by 

SubAB. 

The porcine rotavirus CRW-8 spike protein domain VP8 is another example of sialic acid 

preference. Like SubAB, CRW-8 binds sialic acid terminating glycoconjugates, with a 

preference to Neu5Gc over Neu5Ac (Yu et al., 2012). The crystal structure (PDB entry 2I2S) 

shows that Neu5Gc exhibits additional hydrogen bonds at the C11 hydroxyl, compared to 

Neu5Ac. These are between the backbone of a threonine and the side chain of a tyrosine, 

which has been mutated resulting in largely reduced activity. However, analysis and 

comparison to other animal rotaviruses suggest as well as additional hydrogen bonds to 

Neu5Gc, another factor influencing sialic acid preference is the size of the cavity that the 

C11 hydroxyl group sits in. A glycine at position 187 shows preference for Neu5Gc by 

seemingly allowing more room for the C11 hydroxyl in the binding pocket. At the same 

position in other animal rotaviruses, a lysine shows preference to Neu5Ac, despite its 

sidechain’s hydrophilicity in the proximity of the C11 methyl group. This idea of allowing 

more space for the new hydroxyl group, is similar with regards to the binding sites of 

PmSiaT and SaSiaT. The groups of SaSiaT are smaller offering more space for binding 

Neu5Gc, as well as a more hydrophilic pocket for the C11 hydroxyl. 

Again, the capsid protein VP1 of Human polyomavirus 9 (HPyV9), shows a preference for 

Neu5Gc with regards to its receptor binding properties (Yu et al., 2012). Glycan microarray 

analysis and a crystal structure (PDB entry 3TAY) helped determine the Neu5Gc preference 

is facilitated by new hydrogen bonds to the C11 hydroxyl. In contrast, the homologue B-

lymphotropic polyomavirus (LPyV) VP1 capsid protein does not express such a preference. 

The difference between these capsid proteins, lies in the additional hydrogen bonds HPyV9 
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VP1 can produce. LPyV VP1 is unable to form these, as it lacks the appropriate residues to 

hydrogen bond to the extra C11 hydroxyl of Neu5Gc. 

With the above examples, in reference to the binding site differences of PmSiaT and SaSiaT, 

is apparent that the most influential change is most likely the Phe243 and Asn244 binding 

site substitutions respectively. Regarding the structures of these SiaT homologues, the most 

likely source of a hydrogen bond to the C11 hydroxyl of Neu5Gc is through the Asn244 of 

SaSiaT, which is completely lost in the Phe243 of PmSiaT (Figure 4.1). Aside from the 

polarity change, the large change in the size of the side chains may also allow for a water 

molecule, or molecules, to coordinate between Neu5Gc and the Asn244 in this position. This 

is as opposed to the Asn244 forming direct hydrogen bonds. Examples in the literature of 

sialic acid preference have also noted additional hydrogen bonds to the amino acid 

backbone. This could also be a source of the sialic acid preference of SaSiaT for Neu5Gc. 

There may be a specific residue’s backbone that may form a hydrogen bond to Neu5Gc, 

which PmSiaT may not be able to replicate. With evidence in the literature suggesting this 

key Phe/Asn substitution could be responsible, perhaps what may further explain the results 

are the functions of the other two substitutions actually reducing the activity of each SiaT 

mutant. These other two binding site differences were initially thought to play supporting 

roles in governing sialic acid preference but may in fact be more involved with the overall 

function of PmSiaT or SaSiaT. 

4.3 Summary 

Under the same MST and ITC conditions that demonstrated the sialic acid preference of 

PmSiaT for Neu5Ac over Neu5Gc (in agreement with the literature), PmSiaT YNN was not 

detected to bind either sialic acid. While the bacterial growth assay showed the same sialic 

acid preference of SaSiaT as previously reported, the sialic acid preference of SaSiaT FQF 

was successfully switched, however it came at a cost to the overall activity of SaSiaT FQF. 

This chapter explored possible explanations for the trends that are seen in the data, where 

SaSiaT FQF showed that the binding site substitutions function partly in controlling the 

sialic acid preference but are entirely responsible. This was as opposed to the results of 

PmSiaT YNN suggesting the binding site substitutions of SaSiaT in the wild-type PmSiaT 

background do not allow for sialic acid binding. 

The folding of the mutants was discussed as well as the potential for these mutations to not 

accommodate sialic acid binding as due to their positions and orientations in the unbound 
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state. Additionally, comparisons to the literature suggest that new hydrogen bonds forming 

with Neu5Gc are responsible for the preference seen in SaSiaT. With this in mind, there is 

potential for the Asn244Phe mutation in SaSiaT FQF give the largest contribution to sialic 

acid specificity, since the Asn244 has the greatest chance of forming a hydrogen bond with 

Neu5Gc in the wild-type SaSiaT and removing this interaction in SaSiaT FQF has seen the 

sialic acid preference switch. Lastly, there is a possibility that the other binding site 

substitutions mutated into the SiaT constructs could be responsible for the reduced activity, 

however this will require further investigation. 
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Chapter Five 

Conclusion and future directions 

5.1 Overview 

This research focused on producing two triple mutants of the sodium sialic acid transporters 

(SiaT) from Proteus mirabilis (PmSiaT) and Staphylococcus aureus (SaSiaT). SiaT from P. 

mirabilis and S. aureus were previously shown to display opposite substrate preferences; 

where PmSiaT has a higher affinity for the N-acetylneuraminic acid (Neu5Ac) type of sialic 

acid, SaSiaT has a higher affinity for the N-glycolylneuraminic acid (Neu5Gc) type of sialic 

acid. It was previously observed that the substrate binding site of SiaT from these organisms 

differs by three amino acid residues. Thus, the triple mutants were created to switch sialic 

acid binding sites in each to explore substrate specificity. In PmSiaT, three residues were 

mutated to the respective residues in SaSiaT producing a mutant referred to as PmSiaT YNN 

(Phe78Tyr, Gln82Asn and Phe243Asn). For SaSiaT, these three residues were mutated 

producing a mutant referred to SaSiaT FQF (Tyr79Phe, Asn83Gln and Phe244Asn). The 

hypothesis was that the PmSiaT YNN and SaSiaT FQF mutants would therefore display a 

reversed sialic acid preference. 

PmSiaT and PmSiaT YNN were expressed and purified for analysis with microscale 

thermophoresis and isothermal titration calorimetry. As a control, both of these techniques 

were used to determine the binding constants for Neu5Ac and Neu5Gc for the wild-type 

transporter. Similar to what was previously observed, PmSiaT favoured binding of Neu5Ac 

over Neu5Gc (Wahlgren et al., 2018). However, PmSiaT YNN was not detected to bind 

either sialic acid in the µM range, confirming that these residues are likely to be important 

for sialic acid binding. Unfortunately, the reverse experiment where the SaSiaT binding site 

was mutated to resemble that of PmSiaT was unsuccessful as the proteins could not be 

purified in sufficient quantities for the binding studies. Thus, in vivo experiments were used 

to probe the substrate specificity of wild-type SaSiaT and SaSiaT FQF. 

The genes encoding SaSiaT and SaSiaT FQF were successfully cloned and used in a 

bacterial growth assay to test the in vivo activity of SaSiaT and SaSiaT FQF, using an E. 

coli strain lacking its endogenous sialic acid transporter. The strain containing the SaSiaT 
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gene favoured growth on Neu5Gc as opposed to Neu5Ac, matching the previously published 

data (North et al., 2018), while the strain containing the SaSiaT FQF gene had its sialic acid 

preference successfully switched, with growth favoured on Neu5Ac over Neu5Gc. The 

successful switched substrate specificity in SaSiaT FQF fulfilled the hypothesis, however 

the cells grew considerably less overall as a result of poor transport of the sialic acids by 

SaSiaT FQF. 

In conclusion, these three residues that differ in the binding sites of PmSiaT and SaSiaT 

have been demonstrated to function in the control of sialic acid preference. However, further 

investigation is required to determine the exact roles they play in sialic acid binding. This is 

because the substrate specificity was switched in SaSiaT FQF, as a result of these binding 

site mutations, but it came at a cost to overall sialic acid transport, suggesting mutations also 

hindered transport. Overall, this work adds to the knowledge of bacterial transporter proteins 

and helps understand sialic acid transport to a greater depth. The research presented here 

will aid the development of novel antibiotics focused on targeting sialic acid transporters, 

particularly for fighting multi-drug resistant strains of the clinically important human 

pathogen, S. aureus as well as P. mirabilis. 

5.2 Future directions 

Since the PmSiaT genes were not initially cloned, the basis of future work could start with 

the cloning of the PmSiaT and PmSiaT YNN genes for use in the bacterial growth assay. 

This would potentially give the best indication of whether substrate specificity was switched, 

even if the transport/binding was much poorer than the wild type. SaSiaT and SaSiaT FQF 

could be expressed and purified for use with MST and ITC to ensure that the in vivo transport 

correlates to in vitro sialic acid binding. Although the mutants purified similarly to their wild 

types, circular dichroism could be used to detect any differences in folding compared to the 

wild types, as this could have a profound effect on sialic acid binding. 

Introducing single mutations in the 243/244 positions of PmSiaT and SaSiaT, before 

carrying out a bacterial growth assay could be the next approach. This would allow for the 

mutants’ sialic acid transport in vivo to be assessed, before moving on to in vitro studies if 

promising results were obtained. This substitution looks is the most likely candidate for a 

new hydrogen bond with the C11 hydroxyl of Neu5Gc, which the literature suggests is 

important for proteins favouring Neu5Gc over Neu5Ac, like the case of SaSiaT. Whereas in 

PmSiaT, favouring Neu5Ac, the equivalent residue is large and hydrophobic. This avenue 
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is the most promising for continued research into substrate specificity in SaSiaT and 

PmSiaT. 
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Appendix 

Genes 

P. mirabilis sodium sialic acid transporter (PmSiaT) 

ATGCAATTACATGATTTTGGTTTTATTAACTATGCAGTGCTGTTTGGCTATTTGGCAGCTATGTTACTCGTGG

GTGTTTATTTTTCTAAACGTCAAAAAACTGCGGATGACTATTTCCGTGGTGGAGGGCGAGTTCCTGGGTGGGC

CGCTGGTGTGTCTGTATTTGCGACCACATTAAGCTCGATTACATTTATGTCCATTCCTGCTAAAGCTTATACT

TCTGATTGGACCTTTATTATTGGACAGTATTTAGCTATTGCAATTTTACCTTTAGTTTTTTATTTCTATATTC

CTTTTTTTAGAAAATTAAAAATCACCTCCGCTTATGAATATCTAGAAGCTCGTTTTGATGTTCGTAGTCGTTT

ATTTGCTAGCCTTTCATTTATGTTATTCCATATTGGGCGTGTTGCTATTATTACTTATTTAACCGTACTAGCT

TTACGTCCTTTTATGGGGATTGATCCGGTCGTGTTAATCGTATTAATAAGCTTATTATGCATTATTTATACTT

GGATGGGGGGCATTGAAGGCGTTATTTGGACGGATGTTATTCAAGGTTTATTACTTTCTGGTGGTGCTGTACT

GATCTTTATTATGATCTGTTTTAAAGTTGATGGTGGTATTAGCGAAATTTTTACTACTACAGCACAAGCAGAT

AAATTCTTTCCTACCACACAATGGCGCTGGAGTTGGACAGATAGCACTATTCCTGTATTAATGATTGGGTTTT

TATTTGCCAATATTCAGCAATTTACTGCTAGTCAGGATGTTGTGCAGCGCTATATCGTTACCGATTCTATTAA

AGAAACTAAACGTACATTGATAACTAACGCTAAATTAGTGGCTATTATTCCTATTTTCTTTTTTGCCATCGGC

TCTGCATTGTTTGTTTACTACCAACAAAACCCAAGTTTATTACCCGCAGGATTTAATACGGGGGGAATTTTAC

CACTATTTATCGTGACGGAAATGCCTATCGGTATTGCAGGGTTAATTATTGCAGCTATTTTTGCTGCTGCACA

ATCAAGTATTTCTAGTAGTTTAAATAGTATTTCAAGTTGCTTTAATTCTGATATTTATACTCGTCTTAGTAAA

TCATCCCCTAGTCCTGAACAAAAAATGAAAGTCGCAAAGTTAGTTATTATTGTGGCAGGGATATTCAGTAGTT

TAGCGGCAATTTGGTTAGTTTTATCCGATGAAGCTGAAATTTGGGATGCATTTAATAGCCTTATAGGTCTTAT

GGGCGGACCAATGACAGGCCTATTTATGCTGGGAATTTTTGTAAAACGTGCTAATGCCGGTAGCGCCGTTGTT

GGGATCATCGTGAGTATTATTGCAGTATTGGCTGCACGTTATGGCAGTGATCTTAACTTCTTCTTCTATGGAG

TCATTGGTTCAATGTCAGTGGTGATTGCAGGAACCATTACGGCACCACTTTTCGCACCAGCAAAACAGCTTTC

CTTAGATGACAGTGAAACATCAGAGAAC 

PmSiaT codon optimised 

ATGCAACTGCATGATTTTGGCTTTATTAACTATGCCGTGCTGTTTGGTTATCTGGCAGCAATGCTGCTGGTTG

GTGTGTATTTTAGCAAACGTCAGAAAACCGCAGATGATTATTTTCGTGGTGGTGGTCGTGTTCCGGGTTGGGC

AGCCGGTGTTAGCGTTTTTGCAACCACCCTGAGCAGCATTACCTTTATGAGCATTCCGGCAAAAGCATATACC

AGCGATTGGACCTTTATTATCGGTCAGTATCTGGCCATTGCAATTCTGCCGCTGGTGTTTTATTTCTATATTC

CGTTTTTTCGCAAACTGAAAATCACCAGCGCATATGAATATCTGGAAGCCCGTTTTGATGTTCGTAGCCGTCT

GTTTGCAAGCCTGAGCTTTATGCTGTTTCATATTGGTCGTGTGGCCATTATTACCTATCTGACCGTTCTGGCA

CTGCGTCCGTTTATGGGTATTGATCCGGTTGTTCTGATTGTGCTGATTAGCCTGCTGTGTATTATCTATACCT

GGATGGGTGGTATTGAAGGTGTTATTTGGACCGATGTTATTCAGGGTCTGCTGCTGAGCGGTGGTGCCGTTCT

GATTTTTATCATGATTTGCTTTAAAGTGGACGGTGGCATCAGCGAAATCTTTACCACCACCGCACAGGCAGAC

AAATTTTTCCCGACCACCCAGTGGCGTTGGAGCTGGACCGATAGCACCATTCCGGTTCTGATGATTGGTTTTC

TGTTTGCCAATATCCAGCAGTTTACCGCAAGCCAGGATGTTGTTCAGCGTTATATTGTTACCGACAGCATCAA
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AGAAACCAAACGTACCCTGATTACCAATGCAAAACTGGTTGCAATTATCCCGATCTTTTTTTTCGCCATTGGT

AGCGCACTGTTTGTCTATTATCAGCAGAATCCGAGCCTGCTGCCTGCAGGTTTTAATACCGGTGGTATCCTGC

CGCTGTTTATTGTGACCGAAATGCCGATTGGTATTGCCGGTCTGATTATTGCAGCAATTTTTGCAGCAGCACA

GAGCAGTATTAGCAGCAGTCTGAATAGCATTAGCAGCTGTTTTAACAGCGATATTTACACCCGTCTGAGCAAA

AGCAGCCCGAGTCCGGAACAGAAAATGAAAGTTGCCAAACTGGTTATTATTGTGGCAGGCATTTTTAGCAGCC

TGGCAGCCATTTGGCTGGTTCTGAGTGATGAAGCAGAAATTTGGGATGCATTTAATAGCCTGATTGGTCTGAT

GGGAGGTCCGATGACCGGTCTGTTTATGCTGGGCATTTTTGTTAAACGTGCAAATGCAGGTAGCGCAGTTGTT

GGTATTATTGTTAGCATTATTGCGGTTCTGGCAGCGCGTTATGGTAGCGATCTGAATTTTTTCTTTTATGGCG

TGATTGGTAGCATGAGCGTTGTTATTGCAGGCACCATTACCGCACCGCTGTTTGCACCAGCGAAACAGCTGAG

CCTGGATGATAGCGAAACCAGTGAAAAT 

PmSiaT mutant (PmSiaT YNN) 

ATGCAACTGCACGATTTCGGTTTTATCAATTATGCGGTTCTGTTCGGTTACCTGGCGGCGATGCTGCTGGTTG

GTGTTTACTTTAGCAAGCGTCAGAAAACCGCGGACGATTACTTCCGTGGTGGCGGTCGTGTGCCGGGTTGGGC

GGCGGGTGTGAGCGTTTTCGCGACCACCCTGAGCAGCATTACCTTTATGAGCATCCCGGCGAAGGCGTATACC

AGCGATTGGACCTACATCATTGGTAACTATCTGGCGATCGCGATTCTGCCGCTGGTGTTCTACTTTTATATTC

CGTTCTTTCGTAAGCTGAAAATCACCAGCGCGTACGAGTATCTGGAAGCGCGTTTCGACGTTCGTAGCCGTCT

GTTTGCGAGCCTGAGCTTCATGCTGTTTCACATTGGCCGTGTGGCGATCATTACCTACCTGACCGTTCTGGCG

CTGCGTCCGTTCATGGGTATCGATCCGGTGGTTCTGATTGTTCTGATCAGCCTGCTGTGCATCATTTATACCT

GGATGGGCGGTATTGAGGGCGTGATCTGGACCGACGTTATCCAAGGTCTGCTGCTGAGCGGCGGTGCGGTGCT

GATCTTCATTATGATCTGCTTTAAGGTTGACGGCGGTATTAGCGAAATCTTTACCACCACCGCGCAGGCGGAT

AAATTCTTTCCGACCACCCAATGGCGTTGGAGCTGGACCGACAGCACCATTCCGGTGCTGATGATCGGTAACC

TGTTCGCGAACATCCAGCAATTTACCGCGAGCCAGGACGTGGTTCAACGTTACATTGTTACCGATAGCATCAA

GGAAACCAAACGTACCCTGATCACCAACGCGAAACTGGTGGCGATCATTCCGATTTTCTTTTTCGCGATCGGC

AGCGCGCTGTTCGTTTACTATCAGCAAAACCCGAGCCTGCTGCCGGCGGGTTTCAACACCGGCGGTATTCTGC

CGCTGTTTATCGTGACCGAGATGCCGATTGGCATCGCGGGTCTGATCATTGCGGCGATTTTTGCGGCGGCGCA

GAGCAGCATCAGCAGCAGCCTGAACAGCATCAGCAGCTGCTTTAACAGCGATATCTACACCCGTCTGAGCAAG

AGCAGCCCGAGCCCGGAACAAAAGATGAAAGTGGCGAAACTGGTGATCATTGTTGCGGGCATTTTCAGCAGCC

TGGCGGCGATCTGGCTGGTTCTGAGCGACGAGGCGGAAATTTGGGATGCGTTTAACAGCCTGATCGGTCTGAT

GGGCGGTCCGATGACCGGCCTGTTCATGCTGGGTATCTTTGTGAAGCGTGCGAACGCGGGCAGCGCGGTGGTT

GGTATCATTGTGAGCATCATTGCGGTTCTGGCGGCGCGTTATGGCAGCGACCTGAACTTTTTCTTTTATGGCG

TTATCGGTAGCATGAGCGTGGTTATTGCGGGTACCATCACCGCGCCGCTGTTTGCGCCGGCGAAGCAACTGAG

CCTGGACGATAGCGAGACCAGCGAGAAC 

PmSiaT YNN codon optimised 

ATGCAACTGCACGATTTCGGTTTTATCAATTATGCGGTTCTGTTCGGTTATCTGGCGGCGATGCTGCTGGTTG

GTGTGTATTTTAGCAAGCGTCAGAAAACCGCGGATGACTACTTCCGTGGTGGCGGTCGTGTTCCGGGTTGGGC

GGCGGGCGTGAGCGTTTTCGCGACCACCCTGAGCAGCATCACCTTCATGAGCATCCCGGCGAAGGCGTATACC

AGCGATTGGACCTACATCATTGGCAACTACCTGGCGATCGCGATTCTGCCGCTGGTGTTTTACTTCTACATCC

CGTTCTTTCGTAAGCTGAAGATCACCAGCGCGTACGAATATCTGGAAGCGCGTTTTGATGTGCGTAGCCGTCT

GTTCGCGAGCCTGAGCTTCATGCTGTTCCACATCGGTCGTGTTGCGATCATTACCTACCTGACCGTTCTGGCG



86 

 

CTGCGTCCGTTCATGGGCATCGATCCGGTTGTGCTGATTGTGCTGATCAGCCTGCTGTGCATTATCTACACCT

GGATGGGTGGCATTGAAGGTGTTATCTGGACCGATGTTATCCAGGGCCTGCTGCTGAGCGGCGGTGCGGTTCT

GATTTTCATCATGATTTGCTTCAAAGTTGACGGTGGCATTAGCGAGATTTTCACCACCACCGCGCAGGCGGAC

AAGTTTTTCCCGACCACCCAATGGCGTTGGAGCTGGACCGACAGCACCATTCCGGTTCTGATGATCGGCAACC

TGTTCGCGAACATTCAGCAATTCACCGCGAGCCAAGACGTGGTTCAGCGTTATATCGTGACCGACAGCATCAA

GGAAACCAAGCGTACCCTGATCACCAACGCGAAACTGGTGGCGATCATTCCGATCTTCTTTTTCGCGATTGGT

AGCGCGCTGTTCGTGTACTACCAGCAAAACCCGAGCCTGCTGCCGGCGGGCTTTAACACCGGTGGCATTCTGC

CGCTGTTCATTGTGACCGAGATGCCGATTGGCATCGCGGGTCTGATTATCGCGGCGATCTTTGCGGCGGCGCA

AAGCAGCATTAGCAGCAGCCTGAACAGCATCAGCAGCTGCTTTAACAGCGACATCTACACCCGTCTGAGCAAG

AGCAGCCCGAGCCCGGAGCAGAAAATGAAAGTGGCGAAGCTGGTGATCATTGTGGCGGGTATCTTCAGCAGCC

TGGCGGCGATCTGGCTGGTGCTGAGCGATGAAGCGGAAATCTGGGACGCGTTTAACAGCCTGATCGGCCTGAT

GGGTGGTCCGATGACCGGTCTGTTTATGCTGGGTATCTTCGTGAAGCGTGCGAACGCGGGTAGCGCGGTGGTT

GGCATTATCGTGAGCATCATTGCGGTTCTGGCGGCGCGTTATGGTAGCGATCTGAACTTCTTCTTTTACGGTG

TGATCGGTAGCATGAGCGTTGTGATTGCGGGCACCATCACCGCGCCGCTGTTTGCGCCGGCGAAGCAACTGAG

CCTGGACGATAGCGAAACCAGCGAGAAT 

PmSiaT YNN ‘gBlock’ 

ACCTTAGGAGGTAAACATATGCAACTGCATGATTTTGGCTTTATTAACTATGCCGTGCTGTTTGGTTATCTGG

CAGCAATGCTGCTGGTTGGTGTGTATTTTAGCAAACGTCAGAAAACCGCAGATGATTATTTTCGTGGTGGTGG

TCGTGTTCCGGGTTGGGCAGCCGGTGTTAGCGTTTTTGCAACCACCCTGAGCAGCATTACCTTTATGAGCATT

CCGGCAAAAGCATATACCAGCGATTGGACCTATATTATCGGTAACTATCTGGCCATTGCAATTCTGCCGCTGG

TGTTTTATTTCTATATTCCGTTTTTTCGCAAACTGAAAATCACCAGCGCATATGAATATCTGGAAGCCCGTTT

TGATGTTCGTAGCCGTCTGTTTGCAAGCCTGAGCTTTATGCTGTTTCATATTGGTCGTGTGGCCATTATTACC

TATCTGACCGTTCTGGCACTGCGTCCGTTTATGGGTATTGATCCGGTTGTTCTGATTGTGCTGATTAGCCTGC

TGTGTATTATCTATACCTGGATGGGTGGTATTGAAGGTGTTATTTGGACCGATGTTATTCAGGGTCTGCTGCT

GAGCGGTGGTGCCGTTCTGATTTTTATCATGATTTGCTTTAAAGTGGACGGTGGCATCAGCGAAATCTTTACC

ACCACCGCACAGGCAGACAAATTTTTCCCGACCACCCAGTGGCGTTGGAGCTGGACCGATAGCACCATTCCGG

TTCTGATGATTGGTAATCTGTTTGCCAATATCCAGCAGTTTACCGCAAGCCAGGATGTTGTTCAGCGTTATAT

TGTTACCGACAGCATCAAAGAAACCAAACGTACCCTGATTACCAATGCAAAACTGGTTGCAATTATCCCGATC

TTTTTTTTCGCCATTGGTAGCGCACTGTTTGTCTATTATCAGCAGAATCCGAGCCTGCTGCCTGCAGGTTTTA

ATACCGGTGGTATCCTGCCGCTGTTTATTGTGACCGAAATGCCGATTGGTATTGCCGGTCTGATTATTGCAGC

AATTTTTGCAGCAGCACAGAGCAGTATTAGCAGCAGTCTGAATAGCATTAGCAGCTGTTTTAACAGCGATATT

TACACCCGTCTGAGCAAAAGCAGCCCGAGTCCGGAACAGAAAATGAAAGTTGCCAAACTGGTTATTATTGTGG

CAGGCATTTTTAGCAGCCTGGCAGCCATTTGGCTGGTTCTGAGTGATGAAGCAGAAATTTGGGATGCATTTAA

TAGCCTGATTGGTCTGATGGGAGGTCCGATGACCGGTCTGTTTATGCTGGGCATTTTTGTTAAACGTGCAAAT

GCAGGTAGCGCAGTTGTTGGTATTATTGTTAGCATTATTGCGGTTCTGGCAGCGCGTTATGGTAGCGATCTGA

ATTTTTTCTTTTATGGCGTGATTGGTAGCATGAGCGTTGTTATTGCAGGCACCATTACCGCACCGCTGTTTGC

ACCAGCGAAACAGCTGAGCCTGGATGATAGCGAAACCAGTGAAAATTGATAGGAATTCTGTACAGGCCTGCAG 
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S. aureus sodium sialic acid transporter (SaSiaT) 

ATGAAAGAAGTTGGATTTGGCACACTGAACTGGGTTGCCGTTATCATTTATCTACTAGCTATGTTGTTCATTG

GCGTTTATTTTACCAAGCGCGCGAGCCAAAGTACGAATAGTTTCTTTACCGCAAGTGGTCGCTTGCCATCTTG

GGTAGTTGGCTTTTCAATTTATGCCACTACATTAAGTGCAATTACATTTATGTCTACACCAGAGAAAGCATTT

TTAACAGATTGGTCATATATTGCAGGTAACATCGCTATCGTAGCAATTATTCCATTACTCATTTATTTCTATG

TTCCATTCTTTAAAAAGTTAAAGGTAACATCTGCATATGAATATCTAGAAGCACGTTTCGGACCTAGCATTCG

TGTCATTGGCTCTTTACTATTTGTAGTTTATCATCTAGGGCGTGTAGCAATCGTTATCTACTTACCAACATTA

GCGATTACATCTGTATCAGACATGAATCCTTATATCGTTGCATCACTCGTTGGTTTACTATGTATTTTATATA

CATTTTTAGGTGGATTCGAAGGTGTGGTTTGGAGTGATTTCATTCAAGGCGTCATTTTATTAGGCGGCGCTTT

AGTTATCATTATTCTAGGTGTTATGAACATTAAAGGCGGTTTTGGCACTGTCTTTGCAGATGCGATTGAGCAC

AAAAAATTAATTAGTGCAGACAATTGGAAACTAAATACTGCAGCAGCTGCCATTCCAATTATTTTCCTAGGAA

ATATTTTCAACAACTTGTATCAATACACGGCGAGTCAAGACGTCGTGCAACGTTATCAAGCTTCTGATAGTTT

AAAAGAAACAAATAAATCGTTATGGACAAATGGTATCCTAGCTTTAATTTCAGCACCCTTATTTTATGGTATG

GGTACAATGTTGTATTCATTTTATGCACATGAAGCTGTTTTACCAAAAGGCTTCAATACATCATCTGTAGTGC

CATATTTCATTTTGACTGAGATGCCACCATTTGTAGCAGGATTACTTATTGCAGCCATTTTCGCCGCTGCACA

GTCTACCATTTCATCTAGTTTAAATTCTATATCTGCTTGTATTTCAATCGACATTAAGCAACGCTTCTTCGGA

AAAGGTAGCGAGCGACACGAAGTTAACTTTGCTCGTTTCATTATCATCATTGCAGGTATTTTCGGTTTTGGAA

TGTCACTATACTTAATTGCTTCTAATTCAAATGACTTATGGGATTTATTCTTGTTTGTGACTGGATTATTCGG

CGTTCCATTGGCTGGTGTATTTGCAGTTGGTATTTTCACTAAACGTACGAATACATTCGGTGTTATTTGTGGA

TTAATATTGGGTATCATCTTTGCTTACGTCTATAATGGTGTTGGCAAAGGTAACTCACCTTTCTATGTATCTA

CCATTTCATTTACAGTTGCTTTTGTCTTTGCTTATATACTTAGCTTCATTGTCCCTTCAAAACATAAAAAAGA

TATAACGGGATTAACAATTTTCGAAAAAGATAAACCATCAACATACATTTCAAAAACGGCTACGAAAAAG 

SaSiaT codon optimised 

ATGAAAGAAGTTGGTTTTGGCACCCTGAATTGGGTTGCAGTTATTATCTATCTGCTGGCCATGCTGTTTATCG

GTGTGTATTTTACCAAACGTGCAAGCCAGAGCACCAATAGCTTTTTTACCGCAAGCGGTCGTCTGCCGAGCTG

GGTTGTTGGTTTTAGCATTTATGCAACCACCCTGAGCGCAATTACCTTTATGAGCACACCGGAAAAAGCATTT

CTGACCGATTGGAGCTATATTGCAGGTAATATTGCCATTGTTGCCATTATTCCGCTGCTGATCTATTTCTATG

TGCCGTTCTTCAAAAAACTGAAAGTTACCAGCGCCTATGAATATCTGGAAGCACGTTTTGGTCCGAGCATTCG

TGTTATTGGTAGCCTGCTGTTTGTTGTTTATCATCTGGGTCGTGTTGCCATCGTTATTTATCTGCCGACCCTG

GCAATTACCAGCGTTAGCGATATGAATCCGTATATTGTTGCAAGCCTGGTTGGTCTGCTGTGTATTCTGTATA

CCTTTCTGGGTGGTTTTGAAGGTGTTGTTTGGAGCGATTTTATTCAGGGCGTTATTCTGCTGGGTGGTGCACT

GGTTATCATTATTCTGGGTGTGATGAACATCAAAGGTGGCTTTGGCACCGTTTTTGCAGATGCAATTGAACAT

AAAAAACTGATCAGCGCAGACAACTGGAAACTGAATACCGCAGCAGCAGCAATTCCGATTATCTTTCTGGGCA

ACATTTTCAACAACCTGTATCAGTATACCGCCAGCCAGGATGTTGTTCAGCGTTATCAGGCAAGCGATAGCCT

GAAAGAAACCAATAAAAGCCTGTGGACCAATGGTATTCTGGCACTGATTAGCGCACCGCTGTTTTATGGTATG

GGCACCATGCTGTATAGCTTTTATGCACATGAAGCAGTTCTGCCGAAAGGTTTTAATACCAGCAGCGTTGTTC

CGTATTTTATCCTGACCGAAATGCCTCCGTTTGTTGCAGGTCTGCTGATTGCAGCAATTTTTGCAGCAGCACA

GAGTACCATTAGCAGCAGCCTGAATAGCATTAGCGCATGTATTAGCATCGATATCAAACAGCGCTTTTTTGGT

AAAGGTAGCGAACGTCATGAAGTGAATTTTGCCCGTTTCATTATTATCATTGCCGGTATCTTTGGCTTTGGTA
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TGAGCCTGTATCTGATTGCCAGTAATAGCAATGATCTGTGGGACCTGTTTCTGTTTGTTACCGGTCTGTTTGG

TGTTCCGCTGGCAGGCGTTTTTGCCGTTGGTATTTTTACAAAACGTACCAATACCTTTGGCGTGATTTGTGGT

CTGATTCTGGGTATTATCTTCGCCTATGTTTATAATGGTGTGGGCAAAGGTAATAGCCCGTTTTATGTTAGCA

CCATCAGCTTTACCGTTGCCTTTGTTTTTGCATATATCCTGAGCTTTATTGTGCCGAGCAAACACAAAAAAGA

TATTACGGGTCTGACCATCTTTGAAAAAGATAAACCGAGCACCTACATTAGCAAAACCGCAACCAAAAAA 

SaSiaT mutant (SaSiaT FQF) 

ATGAAGGAAGTGGGCTTTGGCACCCTGAACTGGGTTGCGGTTATTATCTACCTGCTGGCGATGCTGTTTATTG

GCGTTTATTTTACCAAGCGTGCGAGCCAGAGCACCAACAGCTTCTTTACCGCGAGCGGTCGTCTGCCGAGCTG

GGTGGTTGGCTTCAGCATCTATGCGACCACCCTGAGCGCGATTACCTTTATGAGCACCCCGGAGAAGGCGTTC

CTGACCGACTGGAGCTTTATTGCGGGTCAAATTGCGATCGTGGCGATCATTCCGCTGCTGATCTACTTCTATG

TGCCGTTCTTTAAGAAACTGAAAGTTACCAGCGCGTACGAGTATCTGGAAGCGCGTTTCGGTCCGAGCATCCG

TGTGATTGGCAGCCTGCTGTTTGTGGTTTACCACCTGGGTCGTGTGGCGATTGTTATCTATCTGCCGACCCTG

GCGATCACCAGCGTTAGCGACATGAACCCGTACATTGTGGCGAGCCTGGTTGGCCTGCTGTGCATCCTGTATA

CCTTCCTGGGTGGCTTTGAGGGTGTGGTTTGGAGCGATTTCATCCAGGGCGTGATTCTGCTGGGTGGCGCGCT

GGTGATCATTATCCTGGGTGTTATGAACATCAAGGGTGGCTTCGGCACCGTTTTTGCGGACGCGATCGAACAC

AAGAAACTGATTAGCGCGGATAACTGGAAACTGAACACCGCGGCGGCGGCGATCCCGATCATCTTTCTGGGTT

TCATCTTCAACAACCTGTACCAGTATACCGCGAGCCAAGACGTGGTTCAGCGTTACCAAGCGAGCGATAGCCT

GAAGGAAACCAACAAAAGCCTGTGGACCAACGGCATCCTGGCGCTGATTAGCGCGCCGCTGTTCTATGGTATG

GGCACCATGCTGTACAGCTTTTATGCGCACGAGGCGGTGCTGCCGAAGGGTTTCAACACCAGCAGCGTGGTTC

CGTACTTCATCCTGACCGAAATGCCGCCATTTGTTGCGGGCCTGCTGATCGCGGCGATTTTTGCGGCGGCGCA

GAGCACCATCAGCAGCAGCCTGAACAGCATTAGCGCGTGCATTAGCATCGACATTAAGCAACGTTTCTTTGGT

AAAGGCAGCGAGCGTCACGAAGTGAACTTCGCGCGTTTTATTATCATTATCGCGGGTATTTTCGGTTTTGGCA

TGAGCCTGTACCTGATCGCGAGCAACAGCAACGACCTGTGGGACCTGTTCCTGTTTGTTACCGGCCTGTTTGG

TGTTCCGCTGGCGGGTGTGTTCGCGGTTGGCATCTTTACCAAGCGTACCAACACCTTCGGCGTTATCTGCGGT

CTGATTCTGGGCATTATCTTTGCGTACGTGTATAACGGTGTTGGCAAGGGTAACAGCCCGTTCTACGTGAGCA

CCATCAGCTTTACCGTGGCGTTCGTTTTTGCGTATATCCTGAGCTTCATTGTTCCGAGCAAACACAAGAAAGA

TATCACCGGTCTGACCATTTTTGAGAAAGATAAACCGAGCACCTACATCAGCAAGACCGCGACCAAGAAG 

SaSiaT FQF codon optimised 

ATGAAGGAAGTGGGCTTTGGCACCCTGAACTGGGTTGCGGTTATTATTTACCTGCTGGCGATGCTGTTTATTG

GCGTGTATTTTACCAAACGTGCGAGCCAAAGCACCAACAGCTTTTTCACCGCGAGCGGCCGTCTGCCGAGCTG

GGTGGTTGGTTTCAGCATCTATGCGACCACCCTGAGCGCGATCACCTTTATGAGCACCCCGGAGAAAGCGTTC

CTGACCGATTGGAGCTTTATCGCGGGTCAGATCGCGATTGTTGCGATTATCCCGCTGCTGATCTACTTCTACG

TTCCGTTCTTCAAGAAACTGAAAGTGACCAGCGCGTATGAGTACCTGGAAGCGCGTTTTGGTCCGAGCATTCG

TGTGATCGGCAGCCTGCTGTTCGTGGTTTATCACCTGGGCCGTGTGGCGATTGTGATCTATCTGCCGACCCTG

GCGATCACCAGCGTTAGCGACATGAACCCGTACATCGTTGCGAGCCTGGTGGGTCTGCTGTGCATCCTGTATA

CCTTCCTGGGCGGTTTTGAGGGCGTGGTTTGGAGCGATTTCATCCAGGGTGTTATTCTGCTGGGCGGTGCGCT

GGTTATCATCATTCTGGGTGTGATGAACATCAAGGGTGGTTTCGGCACCGTGTTCGCGGACGCGATCGAGCAC

AAGAAGCTGATCAGCGCGGACAACTGGAAGCTGAACACCGCGGCGGCGGCGATTCCGATCATCTTCCTGGGTT

TTATTTTCAACAACCTGTACCAGTATACCGCGAGCCAAGACGTTGTGCAACGTTACCAAGCGAGCGATAGCCT
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GAAGGAAACCAACAAAAGCCTGTGGACCAACGGCATTCTGGCGCTGATTAGCGCGCCGCTGTTTTACGGTATG

GGCACCATGCTGTACAGCTTCTATGCGCACGAAGCGGTTCTGCCGAAGGGTTTCAACACCAGCAGCGTGGTTC

CGTACTTCATCCTGACCGAGATGCCGCCGTTTGTTGCGGGTCTGCTGATTGCGGCGATTTTTGCGGCGGCGCA

AAGCACCATTAGCAGCAGCCTGAACAGCATCAGCGCGTGCATTAGCATCGACATCAAGCAACGTTTCTTTGGC

AAGGGTAGCGAACGTCACGAGGTTAACTTCGCGCGTTTCATTATCATCATTGCGGGTATCTTCGGTTTTGGCA

TGAGCCTGTATCTGATCGCGAGCAACAGCAACGATCTGTGGGACCTGTTTCTGTTCGTTACCGGTCTGTTTGG

TGTTCCGCTGGCGGGTGTTTTTGCGGTGGGTATTTTCACCAAGCGTACCAACACCTTCGGCGTTATCTGCGGT

CTGATCCTGGGTATCATTTTCGCGTACGTTTATAACGGTGTGGGTAAAGGCAACAGCCCGTTTTACGTGAGCA

CCATCAGCTTCACCGTTGCGTTCGTTTTCGCGTACATTCTGAGCTTCATTGTTCCGAGCAAACACAAAAAGGA

CATCACCGGTCTGACCATTTTTGAGAAGGATAAGCCGAGCACCTACATTAGCAAGACCGCGACCAAGAAA 

Sequencing Primers 

pJ422-01 forward primer 

5’-CATGTCAACGATAATACAAAATAT-3’ 

pJ422-01 reverse primer 

5’-ATTTATACCTGAATATGGCTC-3’ 

pJ422-01 alternative forward primer 

5’-CAATTCCACAACGGTTTCCCTC-3’ 

pJ422-01 alternative reverse primer 

5’-TTACTTACTCGAGTCATTAGCGG-3’ 

PmSiaT forward primer 

5’-ACCACCACCGCACAGGCAGAC-3’ 

PmSiaT reverse primer 

5’-TAATTGCAACCAGTTTTGCATTGG-3’ 

Polymerase Chain Reaction Primers (Infusion Cloning) 

PmSiaT WT/YNN forward primer 

5’-ACCTTAGGAGGTAAACATATGCAACTGCATGATTTTGGCTTTATTAACTATGC-3’ 

PmSiaT WT/YNN reverse primer 

5’-CTGCAGGCCTGTACAGAATTCCTATCAATTTTCACTGGTTTCGCTATCATCC-3’ 
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SaSiaT WT/FQF forward primer 

5’-TAGGAGGTAAACATAATGAAAGAAGTTGGTTTTGGCACCC-3’ 

SaSiaT WT/FQF reverse primer 

5’-GGCCTGTACAGAATTTCATTTTTTGGTTGCGGTTTTGC-3’ 
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