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[bookmark: _Toc476073306]Thesis Summary

The field of recombinant glycoprotein production in Escherichia coli has advanced with an increase in the number of glycan structures that can be transferred to target proteins (Schwarz et al. 2010, Valderrama-Rincon et al. 2012, Wetter et al. 2013, Srichaisupakit et al. 2015). With various industrial and academic groups utilising a variety of the available structures, the need for a host strain of E. coli that can transfer a number of different glycans is evident. Here the bacterial oligosaccharyl transferase, pglB, known to transfer glycans of alternate content and structure, was chromosomally located creating an E. coli glycosylation host strain where the target protein, glycosyltransferases, and sugar synthesis genes could be switched to produce a glycoprotein of choice. To assess the glycoprotein producing capacity of the newly developed strain, a combined mass spectrometry and Western blot approach was developed to enable absolute quantification of target protein production. With pglB located on the chromosome glycosylation efficiency rose 85% with a 17% increase in glycoprotein production. In an attempt to further improve the efficiency of glycosylation, which is affected with the incorporation of glycosyltransferases from alternate organisms, a multitude of genes identified from previous exploratory studies were over expressed in combination. Certain combinations improved the glycosylation process with higher efficiency and a greater percentage of the desired diglycosylated product, although one gene, dxs, was found to hinder production.
It is expected that the creation of the platform glycosylating strain of E. coli will enable users to more easily test and create novel recombinant glycoproteins. Alongside this the development of the combined mass spectrometry and Western approach will allow absolute quantification of the produced glycoforms, pushing towards a move away from purely Western blot analysis and relative protein production.    
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[bookmark: _Toc476073310]1. Introduction

[bookmark: _Toc460502064]Glycosylation is a post-translational modification essential for human life (Ohtsubo and Marth 2006), highlighted by its presence on half of all human proteins (Apweiler et al. 1999, Rich and Withers 2008), along with its ability to affect functional properties such as localisation and half-life (Elbein 1991). Due to its high frequency and apparent impact, approximately 40% of approved drugs in the recombinant therapeutics sector are glycosylated (Walsh 2014), with the majority being produced in a host with inherent glycosylation machinery, most notably Chinese Hamster Ovary (CHO) cells (Higgins 2010). Although currently the production host of choice, with the ever expanding toolbox of Escherichia coli through the advancements in synthetic biology (Mazor et al. 2007, Chan et al. 2010), and the discovery of  bacterial N-linked glycosylation machinery in Campylobacter jejuni, the possibility of engineering E. coli to produce recombinant glycoproteins became a reality.
The studies conducted within this thesis are based around this field, which came to fruition with the successful transfer of the glycosylation machinery from C. jejuni into E. coli (Szymanski et al. 1999, Wacker et al. 2002), where the engineered E. coli strain was shown to produce recombinant glycoprotein. From this original transfer the field progressed to improve the capabilities of E. coli as a glycoprotein producing host. To gain an understanding of the significance of this development, the process of glycosylation is reviewed, highlighting its original characterisation and discovery within the three domains of life, where the evolutionary significance will be focused upon, and the process between the three domains compared. 
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[bookmark: _Toc476073311]2. Literature review


[bookmark: _Toc460502069][bookmark: _Toc476073312]Part 1: Glycosylation and its discovery in the three domains of life

[bookmark: _Toc460502070][bookmark: _Toc476073313]2.1.1 Glycosylation

[bookmark: _Toc460502071]	As with the discovery of the spliceosome and the presence of exons and introns adding a layer of complexity to the DNA and RNA levels of the central dogma of life (Crick 1970, Chow et al. 1977, Koonin 2012), the discovery of a whole host of post-translational  modifications gave rise to a new sense of complexity at the protein level. 
[bookmark: _Toc460502072]The increased complexity with the various post-translational  modifications (PTMs) can influence a wide variety of biological processes, including gene regulation with the addition of methyl groups to histones (Zhang and Reinberg 2001). Of the many known types of PTM’s, one of the major modifications, said to modify half of all proteins, is glycosylation (Apweiler et al. 1999). It was discovered with the identification of  a GlcNAc sugar residue linked to an asparagine within a polypeptide chain (GlcNAc-β-Asn linkage) of an ovalbumin protein by Johansen et al. in 1961, before a number of monosaccharide linkages to polypeptides were identified (Johansen et al. 1961, Spiro 2002), leading to glycosylation being defined as the attachment of sugar moieties known as glycans, chains of monosaccharides linked glycosidically, to proteins. 
[bookmark: _Toc460502073]Within the three domains of life there are five types of this modification (Table 2.1), with the attachment of the glycans able to influence different protein properties such as solubility, stability, half-life, structure, immunogenicity, as well as being involved in cell attachment, protein ligand interactions, and serve as a quality control mechanism for protein folding (Sinclair and Elliott 2005). The extent to which this modification can influence a proteins function, as well as the fact that it has been estimated that half of all proteins are glycosylated in some way (Apweiler et al. 1999), not only highlights the frequency of this post-translational  modification, but also its apparent importance in life. This can be highlighted further by the prevalence of glycosylation deficiency disorders, and their role in a whole host of medical conditions, showing that this extra level of complexity is a very important one that can be crucial to life (Ohtsubo and Marth 2006). 
[bookmark: _Toc460502074]The five known types of glycosylation are outlined in Table 2.1, along with details on the glycan protein linkage. The diversity between each type is extended further by the fact that each category will contain within it a wide selection of glycans that can be produced and attached to the protein of interest.
 (
Table
 
2.1
.
 The five known types of glycosylation and the type of attachment formed to link the sugar moiety to the protein. 
)
 
	Types of Glycosylation

	N-glycosylation 
	Glycans linked to amino group of asparagine residues

	O-glycosylation
	Glycan linked to the hydroxyl group of either a serine or threonine residue

	Glypiation
	Covalent bond formation between glycosylphosphatidylinositol and the polypeptide chain

	C-glycosylation 
	A mannose sugar links to tryptophan, specifically a carbon in the indole ring

	Phosphoserine glycosylation
	Glycans containing a phosphor group binds to serine through a phosphodiester bond



[bookmark: _Toc460502075]Of the five types, the two most prevalent are the N- and O-linked forms. Based upon  a SWISS-PROT study it was predicted that of the well characterised proteins within their dataset, 90% have either just N-linked glycans attached, or both the N-and O-linked forms, at a rate of 1.9 glycans per protein (Apweiler et al. 1999). Of the two prevalent types of glycosylation, the process of N-linked glycosylation will be focused upon, looking into its characterisation in eukaryotes and its later discovery in the other domains of life. 

[bookmark: _Toc460502076]

[bookmark: _Toc476073314]2.1.2 N-linked Eukaryotic characterisation 

[bookmark: _Toc460502077]The process of N-linked glycosylation within eukaryotes has been well characterised. In the N-type form, the glycans are attached to asparagine residues within a defined potential glycosylation consensus sequence of N-X-S/T, where X can be any amino acid except proline (Marshall 1973). The N-type glycans added vary greatly in structure and content when compared to other types of glycosylation, although within eukaryotes a core first five sugars make up the foundation for all the N-type glycans, see Figure 2.1 (Van Patten et al. 2007, Stanley et al. 2009). This consists of two GlcNAc residues, termed the chitobiose core, followed by one mannose and a further two mannose residues in branching formation, chemically written as, Manα1–6(Manα1–3)Manβ1–4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr. 
[bookmark: _Toc460502078]Producing and attaching the glycans to asparagine residues located in the consensus sequence of the protein is a highly complex process, which was studied extensively using Saccharomyces cerevisiae as the model organism to gain an understanding of how the process occurs in eukaryotic cells (Kukuruzinska and Robbins 1987, Bickel et al. 2005).
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 (
Figure
 2.1.
 The three different varieties of the types of glycans found within humans, high mannose, hybrid, and complex. Each of these three shows the presence of the core five 
monosaccharides
 common to all eukaryotic glycans with the 
chitobiose
 core and the three mannose residues, two of which are in branched conformation (highlighted in the box). 
)

[bookmark: _Toc460502079]


2.1.2.1 General Mechanism in Eukaryotes

[bookmark: _Toc460502080]Figure 2.2 outlines the eukaryotic glycosylation process which is initiated on the cytoplasmic face of the endoplasmic reticulum, where an N-acetylglucosamine phosphate transferase, Alg7, attaches a GlcNAc sugar residue to the lipid carrier, dolichol-phosphate, Dol-P, forming Dolichyl-pyrophosphate-GlcNAc (Dol-PP-GlcNAc) (Kukuruzinska and Robbins 1987). The second GlcNAc residue is added to Dol-PP-GlcNAc to form the chitobiose core and is done by the β1,4-GlcNAc transferase, which is made up of the subunits Alg13 and 14. Alg14, a membrane protein, anchors Alg13 to the cytoplasmic membrane where it is able to perform its transferase activity (Bickel et al. 2005, Chantret et al. 2005, Gao et al. 2005, Wang et al. 2008). The Alg1 protein, a β1,4-mannosyltransferase, adds the first mannose to the chitobiose core (Couto et al. 1984), with Alg2 being able to attach the next two mannose residues in both the α1,6 and α1,3 configuration (O'Reilly et al. 2006). 
The glycan produced at this stage, as mentioned previously, Dol-PP-β1,4GlcNAc-β1,4GlcNAc-β1,4Man-α1,3Man-α1,6Man, forms the basis of all human type N-glycans (Van Patten et al. 2007, Stanley et al. 2009). A heptasaccharide is then built with the addition of two more sugar residues via Alg11 (Cipollo et al. 2001), prior to the glycan being flipped to the luminal face of the endoplasmic reticulum by Rft1p, an ATP-independent membrane spanning flippase (Helenius et al. 2002). Once on the luminal face, and within the endoplasmic reticulum, the glycan is built upon by various glycosyltransferases to mature it further prior to transfer to the protein.
[bookmark: _Toc460502081]At this stage with the built up glycan on the luminal face of the endoplasmic reticulum, it is the purpose of the oligosaccharyl transferase (OST) to transfer it onto the protein. Eight proteins are involved in this glycan recognition and subsequent transfer from the membrane to the asparagine in the conserved N-X-S/T motif of the protein. A hetero-octameric complex of these eight polypeptides is formed comprised of Ost1p, Ost2p, Ost3p, Ost4p, Ost5p, Wbp1p, Swp1p and STT3p (Karaoglu et al. 1997, Spirig et al. 1997). Of the eight proteins within the complex the poly peptide STT3 is seen to be the most crucial polypeptide for catalytic activity (Zufferey et al. 1995, Kelleher and Gilmore 2006).  
[bookmark: _Toc460502082]Once the glycan has been transferred by the OST the process of glycosylation is still not complete. The glycan, now attached to the protein, goes through further processing and trimming by various hydrophobic glycosyltransferases, all of which are between the molecular weight of 65-75 kDa (Burda and Aebi 1999). This extensive processing continues in the Golgi apparatus, where the glycan undergoes more trimming and building to extend the glycan prior to its secretion from the Golgi, when finally the glycan is deemed to be fully mature.
[bookmark: _Toc460502083][image: ]This highly complex PTM was thought to have been reserved for higher complexity organisms and only evolved in the eukaryotic domain of life, but research conducted in the 1970’s showed otherwise (Sleytr 1975, Mescher and Strominger 1976). 
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Figure
 2.2 The 
N
-
linked glycosylation pathway in 
S. 
cerevisiae
, 
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[bookmark: _Toc476073315][bookmark: _Toc460502084]2.1.3 N-linked glycosylation, a process that spans the three domains 

[bookmark: _Toc460502085]2.1.3.1 Archaea 

[bookmark: _Toc460502086]	Until 1976 it was believed that N-linked glycosylation was a modification seen only in the eukaryotic branch of life, but a study looking into the extreme halophile, Halobacterium salinarum, revealed the presence of surface (S)-layer glycoproteins (Mescher and Strominger 1976). At the time of the discovery, this species, as the name suggests, was thought to be an obligate halophilic prokaryote, so it was thought that glycosylation had been discovered in bacteria. However in 1977, with the advancement of identifying species using 16s rRNA, it was realised that the two distinct domains of life on earth should be extended to be comprised of three domains, eukaryotes, prokaryotes and archaea (Woese and Fox 1977). With this revelation, the species Halobacterium salinarum was reclassified as a member of the archaeal domain, therefore altering the discovery of N-linked glycosylation from prokaryotes to archaea. Subsequently more archaeal species were identified as having glycosylation machinery, for example the S-layer of Haloferax volcanii, another halophilic species (Sumper et al. 1990). 

[bookmark: _Toc460502087]2.1.3.2 Prokaryotes

Bacterial O-linked glycosylation was first discovered in the prokaryotic species Clostridium, where glycans were found to be present on the surface layers of the organism (Sleytr 1975). This process of glycan production is closely related to bacterial lipopolysaccharide (LPS) synthesis with the attachment of glycan repeats in O-linkages onto serine or threonine residues (Zarschler et al. 2010). 
Until recently, the prokaryotic domain of life was thought to be deficient of any N-linked glycosylation machinery, but the discovery of a bacterial glycosylation pathway in Campylobacter jejuni proved this to be false (Moens and Vanderleyden 1997, Linton et al. 2002, Young et al. 2002), and opened up the research field of studying N-linked glycosylation in bacteria. Following this discovery, the C. jejuni machinery was classified and allows us to compare and contrast the general prokaryotic glycosylation pathway to the eukaryotic and archaeal processes. 

[bookmark: _Toc476073316]2.1.4 Role of N-linked glycosylation 

[bookmark: _Toc460502088][bookmark: _Toc460502089]	As the complexity of the organism increases the impact of the modification is considered to be higher, with glycosylation playing a role in many processes (Dennis et al. 2009). In eukaryotes, protein glycosylation is a major PTM, exemplified by the fact that most secretory proteins undergo this modification as soon as the primary protein sequence enters the endoplasmic reticulum (Rothman and Lodish 1977). Within this domain of life the glycosylation is co-translational, as in the glycan is attached as the protein is being folded by the cell. Correct tertiary structure of a protein is vital for functionality, and in eukaryotes quality control mechanisms are in place that use glycosylation as a check for correct protein folding (Roth et al. 2010). Glycan addition to the polypeptide chain can alter the hydrophobicity of the peptide, as well as enabling the protein to act as a substrate for calnexin and calreticulin, which are known as lectin chaperones (Ware et al. 1995, Spiro et al. 1996, Lu et al. 2011). The calnexin and calreticulin cycles will process the glycan through a series of steps in production, where branching structure will be built up and then trimmed back before being processed again to produce the final glycan structure. This trimming process is conserved throughout the eukaryotic domain from yeast up to higher eukaryotes (Kornfeld and Kornfeld 1985, Roth 1987), and it is suggested that this processing of the N-glycan is linked to how the protein folds and forms its disulphide bonds (Schrag et al. 2003, Sitia and Braakman 2003). With the lack of organelles in both prokaryotes and archaea, glycosylation is not deemed to play a role in quality control of protein folding, as the glycans are not extensively processed like they are in the Golgi and endoplasmic reticulum of eukaryotic cells.. 
[bookmark: _Toc460502090][bookmark: _Toc460502091]In extreme conditions such as those that species in the archaeal domain are able to survive and thrive in, e.g. high salinity, pH, and temperature, surface layer glycosylation is considered a strategy to deal with changes in the extreme environment. Although the archaeal species Haloferax volcanii is still viable when the OST, aglB, is knocked out, showing that surface layer glycosylation of the archaeal species is not essential for cell survival (Abu-Qarn et al. 2007), it was shown that the lack of N-glycosylation did hinder the cells ability to grow in high salt conditions. This showed that although not essential for survival, N-linked glycosylation is advantageous to the species when dealing with the extreme conditions in which they are found. Quantitative PCR studies looking at a number of the genes involved in archaeal glycosylation were shown to be up or down regulated in response to the differing environments in which they were grown, indicating that the glycan profile could change depending on the environment (Yurist‐Doutsch et al. 2008, Yurist‐Doutsch et al. 2010). It was later shown that Haloferax volcanii grown in levels of differing salinity, 1.75 M and 3.4 M NaCl, attach different glycans onto their S-layer glycoproteins at different positions, showing that glycosylation in the cell can be tuned depending on the environment in which they find themselves (Guan et al. 2012). 
[bookmark: _Toc460502092]	In bacteria the role of N-linked glycosylation is less understood when compared to the other domains of life (Hitchen and Dell 2006), but its discovery in a wide range of mucosal bacterial pathogens, specifically where the glycoproteins are exposed on the cell surface, gave rise to the thought that the modification is believed to play an active role in the organisms pathogenicity (Szymanski and Wren 2005). Other studies analysing the role of protein glycosylation have alluded to its function in the protection against proteolytic cleavages (Herrmann et al. 1996), antigenic variation (Doig et al. 1996), and adhesion (Kuo et al. 1996, Lindenthal and Elsinghorst 1999), all properties that would aid in the pathogenicity of the organism to invade the host and evade host cell immune response.
[bookmark: _Toc460502093]	With the wide range of functions across the three domains of life, it shows the diversity that this PTM can have. Over the millennia, the process across the domains of life has clearly diversified to fulfil different roles within each domain, but from analysing the glycosylation machinery, it is clear that there are similarities between them. 
	 
2. Literature Review Part 1: Glycosylation and its discovery in the three domains 
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[bookmark: _Toc476073317]Part 2: Comparing and contrasting the glycosylation processes between the three domains of life

[bookmark: _Toc460502096][bookmark: _Toc476073318]2.2.1 General outline of the N-linked glycosylation process

[bookmark: _Toc460502097]	1) The glycan is initially built upon a membrane bound lipid anchor by various glycosyltransferases. Different transferases attach different monosaccharides creating the diversity of glycans between the three domains. Within eukaryotes the glycan can go through extensive processing throughout the glycosylation process.
[bookmark: _Toc460502098][image: ]	












 (
Figure
 2. 3. General process of 
N-
linked glycosylation between the three domains of life with no specific glycan structure focused upon.
)


2) Once the glycan has been built, a flippase actively transfers the glycan across the membrane to where the future glycoprotein will be located.
[bookmark: _Toc460502099]	3) The oligosaccharyl transferase recognises the glycan as a substrate and attaches it to the asparagine residue located in the consensus amino acid sequence that the OST is able to recognise.  

Recent theories focussing on the evolution of glycosylation have proposed that the glycosylation process in eukaryotes comes from a precursor process from Archaea.  (Burda and Aebi 1999, Helenius and Aebi 2004). 

[bookmark: _Toc476073319]2.2.2 Glycans 

Between the three domains of life the sugars incorporated into the glycans and the conformation that they are in varies greatly. The core eukaryotic structure of all the N-glycans is β1,4GlcNAc-β1,4GlcNAc-β1,4Man-α1,3Man-α1,6Man (Van Patten et al. 2007, Stanley et al. 2009). To create the variability this structure is subsequently built upon to create three main N-glycan types in eukaryotes (see Figure 2.1). (1) Oligomannose glycans where the branching mannose residues of the core glycan are built upon with more mannose sugars, (2) complex type glycans, where the mannose residues are built upon with a variety of sugars, namely GlcNAc, Gal and sialic acid, and (3) hybrid type glycans, where one of the two branching mannose residues on the core has a complex type “antenna”, and the other has only mannose residues attached making an oligomannose branch (Stanley et al. 2009, Corfield and Berry 2015). 
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Both archaeal and prokaryotic domains of life contain a much wider variety of glycans, with no core structure between species being identified and a longer list of saccharides being included. The glycans within these domains are therefore deemed to be heterogeneous compared to the homologous nature of the eukaryotic domain with its core structure present (Schwarz and Aebi 2011). Of the two, the archaeal domain contains the more diverse glycans with the addition of amino acids into the glycan structure (Figure 2.4, 2.5) (Chaban et al. 2006, Kelly et al. 2009). The diversity of glycans present is also highlighted by the fact that sugars not seen in the eukaryotic domain are also present in the bacterial and archaeal domains, such as the bacillosamine residue seen in the N-glycans of C. jejuni (Young et al. 2002) and the inclusion of a 6-sulfoquinovose subunit in the species Sulfolobus acidocaldarius, an archaeal species isolated in Yellowstone National Park with optimal growth conditions of pH 2-3 at a temperature of 75°C (Hettmann et al. 1998, Zähringer et al. 2000). The presence of archaeal species in such extreme conditions could be used to explain the diversity in their glycans content and structure.  
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[bookmark: _Toc476073320]2.2.3 Glycan modification

Bacteria and Archaea do not undertake extensive trimming and building of their glycans although some archaeal species are capable of modifying their glycans though methylation and sulfation (Schwarz and Aebi 2011) increasing the diversity of glycans within this domain. Amongst the bacterial and archaeal domains each individual species may have a unique glycan that it can produce, in comparison to eukaryotes which all share the same core, this explains the increase in glycan variability from eukaryotes to bacteria, and from bacteria to archaea (Figure 2.6).
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[bookmark: _Toc476073321]2.2.4 Lipid anchor and flippase

Dolichyl pyrophosphate acts as the lipid carrier for the eukaryotic glycans with the glycan being flipped across the membrane through the actions of the Rft1, an ATP-independent flippase. Within the archaeal domain the glycan is built upon either dolichyl mono or pyrophosphate with AlgR believed to function as the flippase, although it is believed that there may be more unidentified flippases within this domain (Kaminski et al. 2012, Jarrell et al. 2014). 
The bacterial system shows a clear difference from the archaeal and eukaryotic domain in terms of a lipid carrier, with undecaprenyl pyrophosphate acting as the carrier embedded in the cytoplasmic membrane, with either the PglK or Wzx protein flipping the glycan from the cytoplasmic face of the inner membrane, and in to face within the periplasm (Linton et al. 2005, Alaimo et al. 2006). Because of the glycan localisation after flipping, only proteins exported to the periplasm within bacteria have the potential to be glycosylated in this manner. A mechanism for cytoplasmic glycosylation has been identified but the process is not reviewed here (Choi et al. 2010, Grass et al. 2010). 

[bookmark: _Toc476073322]2.2.5 Oligosaccharyl transferase (OST) 

In the archaeal domain the OST, unlike the multimer found in eukaryotes, is a single subunit referred to as AglB (archaeal glycosylation B) (Abu-Qarn and Eichler 2006, Chaban et al. 2006, Igura et al. 2007). A similar monomeric subunit was also identified in bacteria and referred to as PglB (protein glycosylation B) (Szymanski et al. 1999, Wacker et al. 2002, Young et al. 2002). Both the archaeal and prokaryotic oligosaccharyl transferases show sequence similarity with STT3, both containing within them the conserved WWXDG sequence. This universal similarity between a major protein in the glycosylation machinery in all domains of life shows an analogous evolutionary path and highlights the importance of the post-translational modification, as well as the importance of the OST in the overall process (Dempski and Imperiali 2002, Kelleher et al. 2003, Dell et al. 2011). 

[bookmark: _Toc476073323]2.2.6 Consensus sequence

Although there is some degree of sequence similarity between the three distinct OSTs, which all have conserved within their sequence the WWXDG amino acid sequence, the amino acid sequence that the OST recognises on the polypeptide, indicating the asparagine residue the glycan will be attached, varies slightly between the three domains and between the species within them. 
[bookmark: _Toc460502101]Although both eukaryotes and archaea can glycosylate asparagines that lie within the amino sequence N-X-S/T, where X can be any amino acid except proline, the composition of amino acids surrounding the sequons can be distinguished between the two domains (Abu-Qarn and Eichler 2006). Within the eukaryotic domain, aromatic amino acids will normally occupy both the -1 and -2 position upstream of the modified asparagine.  Amino acids such as glycine and valine, which are considered to be small hydrophobic residues will often lie at the X position, and at the +1 position, post the serine or threonine, a large hydrophobic amino acid is commonly seen (Ben-Dor et al. 2004, Petrescu et al. 2004). More in depth analysis of the S-layer glycoprotein glycosylation in Halobacterium salinarum showed that the replacement of the serine residue in the glycosylation motif N-X-S, with either valine, leucine or asparagine did not stop the glycosylation process, showing the difference in the recognition of the glycosylation motif between these two domains of life (Zeitler et al. 1998).
[bookmark: _Toc460502102]Within the prokaryotic domain the sequence of N-X-S/T is also recognised but in the model organism C. jejuni a negatively charged amino acid is required at the -2 position of the asparagine resulting in an N-terminal extended acceptor sequence D/E-Y-N-X-S/T (Y,X≠P), with DQNAT found to be the optimal acceptor site (Chen et al. 2007). When compared to the eukaryotic acceptor sequence N-X-S/T (X≠P), there is a higher level of specificity in bacterial glycosylation with the necessity of the negatively charged residue resulting in a tighter level of control in terms of the acceptor sequence (Kowarik et al. 2006b). Although analysing homologues of PglB such as the transferase from Desulfovibrio desulfricans showed that consensus sequence variation within the bacterial domain is prevalent, this PglB homolog did not recognise the consensus sequence of D/E-Y-N-X-S/T (Y,X≠P) from C. jejuni (Ielmini and Feldman 2011), once again highlighting the diversity seen in archaea and bacteria when compared to eukaryotes.

[bookmark: _Toc476073324]2.2.7 Co- or post-translational

Within eukaryotes the glycosylation process is understood to be co-translation, being that the protein is glycosylated as the protein is folded in the endoplasmic reticulum, with the post-translational modification aiding in the folding process and acting as a quality control mechanism. In bacteria the opposite is believed to be the case with the process understood to be post-translational, meaning the process of glycosylation within this domain occurs after protein folding. This impacts on the location of the glycosylation consensus sequence in the peptide chain, as it is believed that the asparagine must lie in a flexible open region, where the bacterial OST, PglB, can access the site for the protein to be glycosylated (Kowarik et al. 2006a). 
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Figure 2.7 outlines the bacterial N-linked glycosylation process that takes place in C. jejuni which was discovered in 1999 and subsequently characterised (Szymanski et al. 1999).
Between the domains of life, there are clear similarities in the overall process of glycosylation, highlighting the presence of a common evolutionary ancestor. Although many species, mainly in the bacterial domain, do not possess N-linked glycosylation machinery, with the knowledge of the similarities and differences between the domains, and the discovery of N-linked glycosylation machinery in C. jejuni, the identification of bacterial glycosylation will be focused upon, along with the potential to engineer N-linked glycosylation into systems where this PTM is not inherent. 




[bookmark: _Toc476073325]Part 3: The rise of prokaryotes as recombinant glycoprotein producing hosts 

[bookmark: _Toc476073326]2.3.1 Recombinant protein production within workhorse E. coli 

From a therapeutic perspective, proteins have been deemed to be of great importance since the turn of the 20th century, where they were harvested from various animals to treat patients suffering from various illnesses (Fisher 1923). However, as the knowledge and technology advanced, the rise of recombinant DNA technology in the 1970’s led to the realisation that bacterial cells could be engineered to produce therapeutics in a vast and economical way. Insulin, the therapeutic protein used to treat diabetes, was the first recombinant protein to be approved for therapeutic use by the FDA in the 1980’s, and since this breakthrough the number of recombinant therapeutics approved for medical use has increased drastically (Goeddel et al. 1979, Williams et al. 1982). Of the 151 recombinant therapeutics approved by either the European Medicines Agency or the FDA, around 30% are produced in E. coli (Ferrer-Miralles et al. 2009), highlighting its importance in recombinant protein production. This gram-negative prokaryote is an important host for production as it is one of the most studied organisms genetically, which gave rise to a great selection of cloning techniques being developed, resulting in a wide range of highly diverse expression systems (Studier and Moffatt 1986, Cabrita et al. 2006). Along with the vast molecular toolbox applicable to this organism, the media in which the bacteria can be cultivated is cheap in comparison to other hosts, and with high growth rates, good scale up capacity and high protein yield, it is clear to see why E. coli has maintained its popularity in recombinant therapeutic production (Baneyx 1999). 
Although popular, when it comes to choosing a recombinant system to work with, the limitations of the system in question must be assessed. Although a great selection for a whole host of proteins, E. coli still has limitations in its ability to properly mature the proteins it produces, with the formation of disulphide bonds being problematic (Lilie et al. 1998, Reardon-Robinson and Ton-That 2016). One of the benefits of working with an organism that is relatively easy to genetically manipulate, is that hurdles can be overcome through the engineering of the organism. By modifying the cells to over express the periplasmic disulphide bond isomerase (DsbC) within the cytoplasm, it enhanced the ability of the cell to form disulphide bonds (Bessette et al. 1999), showing the potential to manipulate E. coli to suit the user’s needs. Other strategies used to improve the folding of complex proteins in E. coli have been to secrete the proteins to the periplasm, where an oxidising environment is present to aid proper folding. The use of differing strategies to overcome problems of this nature, shows that engineering the cell and the expression system that is used can ultimately increase the appeal of the host, manipulating the cell to produce something that it was not previously capable of producing (Huang et al. 2012). 
One of the current major drawbacks of E. coli as a production system is its inability to perform eukaryotic type post-translational modifications such as N-linked glycosylation. Glycosylated therapeutics account for approximately 40% of the proteins in drug development (Walsh 2014), and due to the presence of N-linked glycans, these recombinant therapeutic proteins are mainly produced in a eukaryotic host capable of this post-translational modification, specifically Chinese Hamster Ovary (CHO) cells (Beck et al. 2008, Durocher and Butler 2009).

[bookmark: _Toc476073327]2.3.2 CHO cells, the glycoprotein production host

Selecting CHO cells over other recombinant production systems can provide many advantages when wanting to produce more ‘complex’ proteins. Due to their eukaryotic nature, they are able to effectively fold complex proteins and produce and attach human type glycans for functional interactions with human cells, which results in a therapeutic that is more stable, compatible with the host, and ideally more bioactive (Varki 2007, Wurm 2007). Over the last two decades extensive processing has been conducted to optimise the expression of recombinant therapeutics in CHO cells, and has resulted in high titres of secreted glycoprotein in the order of >10 g/L (Kim et al. 2012). This optimisation will hopefully become an easier task with the recent release of the genetic code for CHO-K1 cell line, helping in the understanding of host cell behaviour, which will in turn aid in any further improvements in productivity (Xu et al. 2011). 
However, as with any production system, there are drawbacks in applying CHO cell lines in therapeutic protein production. In comparison to bacterial growth media, the required solutions for cultivation of CHO cells are more expensive, their growth rates are much slower, and they are susceptible to viral and bacterial infection (Noh et al. 2013). 
The pros of this system greatly outweigh the negative points made here, as they are really the only viable option when wanting to express therapeutic glycoproteins, but even in this area of expertise there are issues. CHO cells lines can produce a heterogenous glycoform, with glycans varying in structure and sugar content, as well as being transferred to differing places on the polypeptide chain (Higel et al. 2016). One of the common variations, that deviates from the desired human type glycan, is the incorporation of the non-human sialic acid, Neu5Gc, and an alpha-Gal epitope to which healthy humans will have antibodies against and hence lead to an immunogenic response (Higashi et al. 1977, Hokke et al. 1990, Hamadeh et al. 1992, Bosques et al. 2010). Although an issue, as with the engineering of E. coli to improve disulphide bond formation, various strategies have been developed to try and eradicate this issue. The more effective strategies seem to deal with the optimisation of culturing conditions, as engineering of this cell type in comparison to bacterial systems is more complex. Of the many strategies the easiest relies on supplementing the growth media with the human type sialic acid Neu5Ac, which creates metabolic competition between the two variants (Ghaderi et al. 2010), or by adding sodium butyrate to the media which reduced the level of Neu5Gc within the CHO cells by 50-62% (Borys et al. 2010, Ghaderi et al. 2012).
With the heterogeneity of glycans and the issues that can arise when non-human sugars are incorporated, the potential of engineering glycosylation machinery into a host which we can more attainably engineer to eliminate these problems is an exciting one. With the wealth of literature and techniques on engineering E. coli to produce more complex recombinant proteins, and the discovery of N-linked glycosylation machinery in the prokaryotic domain, the potential of producing glycoproteins within E. coli was initiated.




[bookmark: _Toc476073328]2.3.3 The successful transfer of N-linked glycosylation machinery into E. coli 
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Following the discovery of the first known bacterial N-linked glycosylation machinery in C. jejuni, research was conducted to identify and characterise the genes and proteins involved in the process. It was found that the necessary genes were located in one cluster on the genome of the organism, Figure 2.8 (Wacker et al. 2002). This genetic locus was found to consist of 12 genes, five being putative glycosyltransferases (pglA, pglC, pglH, pglI and pglJ), three enzymes involved in sugar biosynthesis (a UDP-N-acetylglucosamine C-6 dehydratase (pglF), a C-4 aminotransferase (pglE), an N-acetyltransferase (pglD)), the bacterial oligosaccharyl transferase (pglB), a UDP-glucose 4epimerase (galE), an ATP-binding cassette (ABC) transport protein (pglK) and a polysaccharide biosynthesis protein (pglG) (Linton et al. 2005).
The 12 genes highlighted above are sufficient to attach a heptasccharide glycan, (GalNAc-α1,4-GalNAc-α1,4-[Glcβ1,3-]GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-Bacβ1) (Figure 2.9 (A))(Young et al. 2002) from a lipid carrier, undecaprenyl-pyrophosphate (Feldman et al. 2005), to the specific asparagine residues of the polypeptide in the consensus sequence D/E-X-N-X-S/T, where X can be any amino acid except proline. 
In 2002, this gene cluster, in conjunction with AcrA, a native protein in C. jejuni with two asparagine residues residing in the glycosylation consensus sequence, was transferred into E. coli. The transfer of this ‘pgl’ gene cluster into E. coli enabled the bacterium to glycosylate the AcrA protein, showing that the genes present in this cluster are sufficient to produce glycoproteins in a bacterium that does not possess any native N-linked glycosylation machinery (Wacker et al. 2002). This functional transfer of glycosylation machinery into E. coli opened up the field of bacterial glycosylation and made the aim of producing recombinant glycoproteins in the model bacterial organism a reality. 

[bookmark: _Toc476073329]2.3.4 Characterisation of the C. jejuni glycosylation machinery

	With the successful transfer of the glycosylation machinery, the individual genes within the construct were characterised to understand their role in the production and transfer of the heptasaccharide glycan. Below the pathway is outlined in detail with the overview shown previously in Figure 2.6 

2.3.4.1 Bacillosamine production and transfer

The N-linked glycosylation process of the C. jejuni system starts with the conversion of GlcNAc, into the rare sugar bacillosamine in the cytoplasm of the cell. Initially, PglF modifies UDP-GlcNAc to form a UDP-4-keto-sugar, UDP-2-acetamido-2,6-dideoxy-α-D-xylo-4-hexulose, which is the substrate for the prokaryotic glycosylation protein PglE, a C-4 aminotransferase, which in turn can produce a UDP-4-amino-sugar (Schoenhofen et al. 2006). PglD, the acetyltransferase,  can then catalyse the transfer of an acetyl group from acetyl-CoA to the UDP-amino-sugar forming UDP-N,N’-diacetylbacillosamine (Olivier et al. 2006). UDP-Bac is then anchored to the membrane through the action of the glycosyltransferase PglC with the transfer of UDP-Bac to a polyisoprene-phosphate carrier forming UDP-PP-Bac (Power et al. 2000). 

2.3.4.2 Glycan production 

With the first sugar attached to the polyisoprene-phosphate carrier on the cytoplasmic face of the periplasmic membrane, the bacterial glycan is then sequentially built upon by the glycosyltransferases, PglA, PglJ, PglH and PglI. Mutagenesis studies with the glycosyltransferases were conducted to determine the function of these proteins. ∆pglA mutants showed transfer of the monosaccharide glycan consisting of the bacillosamine, suggesting that PglA is responsible for the transfer of the α1,3-GalNAc to the UND-PP-Bac. ∆pglJ resulted in a disaccharide transfer suggesting the role of PglJ in the transfer of the first α1,4-GalNAc. ∆pglH resulted in a trisaccharide glycan, suggesting transfer of the second α1,4-GalNAc. Finally, ∆pglI  resulted in a linear hexasaccharide transfer meaning that PglH has the capability to attach all three α1,4-GalNAc saccharides and shows that PglI is responsible for the transfer of the branched β1,3-glucose residue, therefore completing the bacterial glycan (Linton et al. 2005). 

2.3.4.3 Flipping the glycan into the periplasm and the transfer onto the polypeptide 

For PglB to transfer the glycan from the undecaprenyl-pyrophosphate to the asparagine acceptor, the completed glycan that resides on the cytoplasmic face of the periplasmic membrane must be flipped through the periplasmic membrane and into the periplasm through the action of the LLO (lipid linked oligosaccharide) translocase PglK (Alaimo et al. 2006). Once this partially understood process has taken place the bacterial OST, PglB, can transfer the glycan onto the poly peptide. 
The C. jejuni  OST, as mentioned before, shows significant homology to STT3, the vital subunit of the yeast oligosaccharyl transferase complex (OST) (Feldman et al. 2005, Igura et al. 2007), and contains within it the conserved sequence of WWDYGY which is known to be essential for transferase activity in vivo (Wacker et al. 2002). 
Glycan transfer to bacterial N-glycoproteins requires the acceptor sequence D/E-Y-N-X-S/T (Y,X≠P), with DQNAT found to be the optimal acceptor site (Chen et al. 2007), although this sequence in isolation is not sufficient for N-glycosylation to occur.  The acceptor sequence needs to be present in a flexible or unfolded part of the protein, where the local conformation can adapt to the attachment of the glycan (Kowarik et al. 2006a). 
Other proteins involved in the glycosylation pathway are GalE, thought to be a UDP-glucose 4-epimerase involved in lipooligosaccharide biosynthesis of the sugars GalNAc (Fry et al. 2000), and PglG, a polysaccharide biosynthesis protein with little known about its role in the pathway.

[bookmark: _Toc476073330]2.3.5 Development of the C. jejuni machinery: from a bacterial glycan to the core eukaryotic structure

2.3.5.1 Immunogenic response with foreign glycans 
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Although the possibility of producing glycoproteins in E. coli is a major advancement in the recombinant production of proteins within bacteria, the insertion of this glycosylation machinery poses an issue similar to one mentioned with the incorporation of non-human monosaccharides into the glycan structure within CHO cells. The heptasaccharide glycan that is produced by the C. jejuni machinery will induce an immunogenic response due to its foreign sugars and foreign glycan structure meaning that with the pgl C. jejuni machinery, recombinant glycoproteins can be produced in E. coli, but currently recombinant therapeutics cannot.   
Slight deviation from the human glycoform causes an immunogenic response (LaTemple et al. 1999), meaning expression systems that cannot produce human glyco-forms are therefore not viable for human therapeutic protein production.  Approximately 1% of IgG molecules in human serum are anti-α-1,3-galactose, a glycan modification that is primarily present in non-primate mammals (Galili et al. 1984), highlighting the importance of the human glyco-form and how easy the humans immunogenic response system can react to foreign glycans.
Because of this, the C. jejuni machinery being expressed within E. coli is not a viable option for recombinant therapeutic production, but with the molecular toolbox of this bacterial organism being so vast, the option to modify this system is there. 

2.3.5.2 Removal of the rare bacillosamine sugar and the construction of ‘pgl2’

With the need to alter the C. jejuni machinery evident, the completely necessary proteins involved in the process, PglB, the OST, and PglK, the flippase, must be able to recognise any new glycan that is engineered as these proteins need to be able to function independent of glycan content. Research into this area provided evidence that PglK, like PglB, has a level of relaxed specificity and that GlcNAc-PP-undecaprenyl can serve as a substrate (Linton et al. 2005, Alaimo et al. 2006). This crucial discovery, as GlcNAc is the first sugar present in the core eukaryotic glycan, allowed the engineering process to move forward, with the first step to creating the eukaryotic glycan within E. coli being the replacement of the rare bacillosamine sugar with GlcNAc (Feldman et al. 2005, Alaimo et al. 2006, Wacker et al. 2006). Of the genes present in the machinery, three are required for the production of this sugar, pglD, pglE and pglF, with pglC the glycosyltransferase that attaches it to the lipid anchor. 
From the characterisation of the C. jejuni machinery it was found that the mutational studies with pglC were not sufficient to knockout glycan synthesis, meaning another gene was fulfilling its role as the initial glycosyltransferase and allowing the glycan to still be built. The gene wecA, a UDP-GlcNAc transferase protein native to E. coli and involved in glycolipid biosynthesis (Meier-Dieter et al. 1992), had to be knocked out for complete disruption of the glycosylation machinery, and after analysing the mass of the respective glycans formed with either PglC or WecA, differing masses showed a difference in the initial sugar that they attach to the lipid anchor. This difference correlates to WecA linking the first eukaryotic sugar residue, GlcNAc to the polyisoprene phosphate rather than bacillosamine (Linton et al. 2005). 
With this advancement the pgl machinery could be trimmed to remove the genes within the construct that encode the production of bacillosamine and its subsequent transfer onto the lipid anchor. Hence, pglD, pglE, pglF and pglC were removed from the pgl machinery, along with pglI, the transferase that attaches the branching glucose, creating the hexasaccharide glycan from the newly termed pgl2 machinery (GalNAc-α1,4-GalNAc-α1,4GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-GlcNAcβ1) (Schwarz et al. 2010) (Figure 2.10).
Advancements in changing the glycan structure and sugar content, led to the possibility of engineering the system further to build the first five core sugars of the eukaryotic glycan. Here two strategies are outlined, one combining an in vivo and in vitro approach, the other striving towards the overall aim of a completely in vivo process for eukaryotic glycan production and transfer. 
 
[bookmark: _Toc377649257][image: ]










 (
Figure
 2.10.
 Progression of the glycans that can be produced in 
E. coli
 from the original glycan from 
C. jejuni 
to the core five eukaryotic sugars 
(
Jaffe
 et al.
 2014
)
. 
)




[bookmark: _Toc476073331]2.3.6 Producing the eukaryotic glycan in a prokaryotic host

[bookmark: _Toc377649258]2.3.6.1 Enzymatic glycan trimming and trans-glycosylation

With the incorporation of the first eukaryotic sugar, GlcNAc, Schwartz et al. in 2010 recombinantly expressed AcrA in an E. coli strain SCM3 that carried the pgl2 cluster. The glycoprotein was subsequently purified and digested in vitro with exo-α-N-acetylgalactosamine to partially cleave the glycan from the protein, leaving the GlcNAc sugar residue tagged to it. Using the endo-β-N-acetylgalactosamine from Arthrobacter protophormiae along with Man3GlcNAc, the rest of the core eukaryotic glycan, as the donor substrate, there was complete transglycosylation, attaching the rest of the eukaryotic core onto the AcrA tagged with the GlcNAc sugar residue, producing AcrA with the first 5 core eukaryotic sugars in the prokaryotic host. 
This combination of in vivo and in vitro processing to create the eukaryotic core, signified a major step forward in the capabilities of producing a eukaryotic type glycan within E. coli, although major in vitro processing is required. Even so, the chemical attachment of the rest of the eukaryotic core onto the GlcNAc attached onto the polypeptide chain via WecA, will create a homogeneous glycoform on the protein of interest, eradicating the issue of heterogeneity in some glycoprotein producing hosts. 

[bookmark: _Toc377649259]2.3.6.2 Introduction of eukaryotic glycosyltransferases into the glycosylation construct pgl2

To achieve the core eukaryotic glycan in a completely in vivo system required extensive engineering of the pathway with the deletion of existing genes, and the insertion of eukaryotic glycosyltransferases to attach sugars in the right orientation. Production of mannose3-N-acetylglucosamine2 (Man3GlcNAc2), was achieved by expressing glycosyltransferases from Saccharomyces cerevisiae (Valderrama-Rincon et al. 2012) that were known to be able to be expressed in E. coli (Couto et al. 1984, O'Reilly et al. 2006, Wang et al. 2008). The S. cerevisiae β1,4-GlcNAc transferase, containing subunits Alg13 and Alg14, was inserted into the construct to add GlcNAc to the GlcNAc-PP-UND, already linked to the lipid carrier by the native E. coli protein WecA (Figure 2.11). Addition of the β1,4-mannosyltransferase Alg1 to the pathway resulted in the addition of the first mannose residue, as seen in S. cerevisiae (Couto et al. 1984), with Agl2, a bifunctional mannosyltransferase from S. cerevisiae, used to attach both the α1,3 and α1,6-mannose residues (O'Reilly et al. 2006) in the respective branched conformations to complete the Man3GlcNAc2 glycan. 
This achievement showed the potential in engineering the C. jejuni pgl machinery, to accommodate various other external genes from eukaryotic organisms such as yeast, whilst maintaining essential C. jejuni genes such as PglB, and PglK to achieve successful bacterial glycosylation. Although a major advancement in the field, for the glycan to mimic one of the three eukaryotic types, more in vitro processing of the final glycan needs to take place, or a significant number of other glycosyltransferases are need to be expressed in bacteria in conjunction with the essential genes. This may increase the burden already placed upon the cell, which is already expressing a multitude of foreign proteins, and potentially impact on the already low efficiency of glycosylation. It is stated within this paper that the percentage of target protein in the glycosylated form is lower than 1% of the total target protein produced (Valderrama-Rincon et al. 2012). 
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[bookmark: _Toc476073332]2.3.7 Improving the efficiency of glycosylation

Metabolic burden is defined as “the amount of resources (raw material and energy) that are taken from the host cell metabolism for foreign DNA maintenance and replication” (Bentley and Kompala 1990). Growth of bacterial cells containing plasmids are said to be placed under “metabolic burden” by certain factors associated with the extra chromosomal DNA (Flores et al. 2004). Amongst these are the replication of the plasmid (depending on the copy number of that plasmid), mRNA translation from the plasmid transcript and rDNA transcription (Bentley et al. 1990, Silva et al. 2012). With the expression of multiple plasmids within the cell, especially those encoding for the expression of eukaryotic glycosyltransferases, the metabolic burden on the cell is high, which can directly impact the glycosylation efficiency of the system. 
Efficiency levels and the yield of glycoprotein production are currently not viable for an industry scale up of production. As we edge closer to the production of proteins containing the eukaryotic glycan in a bacterial host, the efficiency rates and yield will need vast improvements. 

2.3.7.1 Identification of targets to improve the efficiency

Previous studies have shown the efficiency of glycoprotein production within E. coli, particularly that of the native C. jejuni  protein AcrA, using the C. jejuni glycosylation machinery, to be very inefficient with studies showing the percentage of glycoprotein produced compared to the aglycosylated form to be just 13% (Pandhal et al. 2011). As the glycosylation machinery is foreign to E. coli it is believed that the presence of the pACYC(pgl) construct consisting of 12 C. jejuni genes, can have a significant effect on the hosts metabolism which may be correlated to the low glycosylation efficiency. In an attempt to reduce metabolic burden several approaches have been attempted to increase yield and efficiency of glycoprotein production within E. coli. 



2.3.7.2 Proteomics study and the Identification of icl 

By applying the principles of iTRAQ (isobaric tag for relative and absolute quantification) and probability based network analysis of metabolic changes, the understanding of why the system has certain limitations when producing glycoproteins was expanded (Ross et al. 2004, Wiese et al. 2007). A proteomics study comparing a control expression system without the pgl construct, to those with it, gave a snapshot of the cells, showing which proteins were upregulated when the post-translational machinery was present. The flux of the system was then analysed and targets identified that could relieve the stress with the expression of the pACYC(pgl) construct. The E. coli strain, CLM24, was then engineered to over express one of the identified targets in an attempt to reduce metabolic burden and improve efficiency. 
It was found in this study conducted by Pandhal et al. 2011 that the glyoxylate pathway was upregulated at the same time point as maximum glycoprotein production, indicating a potential correlation between the increased productivity of the glyoxylate pathway, and the optimum conditions for production of glycoprotein. To drive the flux through the glyoxylate pathway the icl gene was over expressed within CLM24 pEC(acrA)  pACYC(pgl). Through the over production of the ICL protein the amount of target product produced remained similar to that of the control but an increase in the glycosylation efficiency was observed from 13% in the control, to 37% in the forward engineered cells. It was also found that the amount of glycosylated protein being produced was increased by 300% (Pandhal et al. 2011). 

2.3.7.3 Inverse metabolic engineering and the discovery of ptsA and dxs as beneficial enzymes to the bacterial glycosylation process

To identify genes that were over expressed when the task of glycosylating proteins was induced within the cell, an inverse metabolic engineering strategy was employed by Pandhal et. al 2013. Extra chromosomal fragments, ranging from 1-8 kb, from E. coli W3110 were placed onto plasmids and subsequently transformed into E. coli CLM24 cells expressing the glycosylation machinery. Using a lectin specific to one of the sugars incorporated in the glycan structure, hundreds of colonies were screened to analyse their glycan and glycoprotein producing capacity when compared to control colonies. Those fluorescing at twice the intensity of control cells, indicating a higher presence of the GalNAc sugar, were screened to determine the insert size of the fragment and sequenced to identify the genetic elements within them. Genes that appeared in two or more of the screened genetic libraries were carried forward for further analysis. From this study four genes were investigated further and engineered to be over expressed in the cell.  Among those investigated were ptsA, a protein involved in the PEP-protein phosphotransferase system, and Deoxy-xylulose-P synthase, dxs, involved in isoprenoid synthesis. The over expression of ptsA, along with the expression of the target protein, AcrA, and the glycosylation machinery, pgl2, led to a 6.9 fold increase in the overall production of the target protein including the aglycosylated and glycosylated variants. When excluding the aglycosylated form and focusing on the glycosylated variant, the over expression of ptsA led to 6.7 fold rise in glycoprotein production. When analysing overall target protein production, dxs, was comparable to the control, but a 1.6 fold increase was observed in the production of the glycosylated form, effectively improving the glycosylation efficiency from 21% in the control cells, to 36% in the engineered strain (Pandhal et al. 2013). 
[bookmark: _Toc377649262]With the potential of improving the efficiency evident with the studies mentioned, strategies implemented to identify new targets for engineering can be done in a number ways. As in the studies conducted that identified ptsA and icl, various metabolic engineering methods can be undertaken to find new genes that can be involved in the glycosylation process. The importance of undertaking novel studies is highlighted by the fact that the two studies mentioned identified different targets that were both shown to improve the process. With the publication of these studies, other researchers have the possibility of analysing the data set, and exploring alternate genes that were identified but not looked in to as potential subjects for their own research. Exploiting the available literature in this way can be a beneficial approach when conducting efficiency research, as it saves repeating any of the initial metabolic engineering work which is conducted to identify targets.
Alternatively with a high number of papers covering the process of bacterial glycosylation, and the sugar biosynthesis pathways involved, many targets are already present that have not previously been investigated. Engineering these targets can prove to be valuable. For example the DNA sequence engineering of key enzymes in the process, such as pglB.

2.3.7.4 Codon Optimisation of the oligosaccharyl transferase PglB

In the commercial world of ordering synthetic genes within an expression plasmid of choice, codon optimisation is now a service that most consumers would select. With benefits such as the ability to remove restriction sites from your gene to aid cloning, the advancements in the algorithms used have allowed the consumer to tailor the expression levels to suit their needs (Burgess-Brown et al. 2008). This is primarily done through the optimisation of the ribosome binding site (RBS), the promoter, and the codon usage within the transcript, tailoring these to best suit the host organism that the consumer wishes to recombinantly express their gene in (Hannig and Makrides 1998). 
Although an expensive service with prices gradually reducing, the method of codon optimisation and synthetic gene synthesis was used in an attempt to reduce the metabolic burden put on the cell when expressing the glycosylation machinery. The reduction in burden was measured by monitoring the improvements to glycosylation efficiency and out of the 9 genes that make up the machinery, PglB, the bacterial oligosaccharyl transferase from C. jejuni, was selected to be optimised due to its importance within the process (Pandhal et al. 2012). 
Any improvements in efficiency from cells with the wild type pglB, to those with the codon optimised version of the gene, were measured using Western blots, or pseudo selective reaction monitoring using mass spectrometry. Each method analysed the ratio of aglycosylated to glycosylated target protein produced and depending on the method of quantification used, the efficiency at which glycans were transferred to the protein of interest was improved by 77% (Figure 2.12 (A+B)) and 101% respectively (Pandhal et al. 2012). This not only shows that the efficiency of the process can be improved trough engineering the gene at the transcript level, but also highlights the differences in quantification methods, raising the issue of which method is more accurate. 
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	The transfer of the construct from C. jejuni to E. coli opened up the field of N-linked glycosylation, whereby the potential to produce recombinant therapeutics is slowly becoming a reality. Over the years the machinery has developed but along with the advancements towards the production of the eukaryotic glycan, other issues such as the drop in glycosylation efficiency have arisen. With this and other issues the overall aim of the field is still not achievable but progress can be made, exemplified with the clear advancements in glycan development and efficiency improvements shown within this section.
	 
2. Literature Review Part 3: The rise of prokaryotes as glycoprotein producing hosts




[bookmark: _Toc476073333]Part 4: The expression system

Figure 2.13 outlines the schematic of an E. coli cell capable of producing glycoproteins. In the current state of the field, many different types of glycosylation machinery and target proteins are available to work on, but in only a few bacterial strains. Below the components used in the model system are outlined, explaining the reasons behind the choices as went on to conduct experiments to try and overcome issues in the field.   
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[bookmark: _Toc476073334]2.4.1 The host strain and the competing function of WaaL

	Bacterial glycosylation studies are on the whole conducted in the bacterial strain CLM24, an E. coli W3110 variant with a single gene knockout. The gene knocked out is the O-antigen ligase waaL, which is involved in the lipopolysaccharide (LPS) of gram negative bacteria which is an essential part of the bacterias outermembrane, vital to maintaining its structural integrity  (Nikaido and Vaara 1985). LPS is made up of three components, lipid A, an O-antigen and a core oligosaccharide. The WaaL protein serves as the ligase that recognises the O-antigen on the periplasmic side of the cytoplasmic membrane, and attaches it to the lipid A core prior to its export to the cell surface (McGrath and Osborn 1991, Han et al. 2014). It is also able to recognise the glycan produced from the C. jejuni glycosylation machinery as a substrate and will therefore, if still functional within the system, export this glycan to the cell surface and deplete the available glycan pool that is present for PglB to attach onto the protein of interest. For this reason it is beneficial to knockout this gene.
	In chapter four, a strain of E. coli MC4100 is used where the waaL gene is still functional, so the O-antigen presenting pathway can be exploited and relative glycan production of various engineered strains be made through the presentation of the glycans upon the cell surface.     

[bookmark: _Toc476073335]2.4.2 Exporting the protein of interest to the periplasm

	In the bacterial system the glycan is built up on the cytoplasmic face of the cytoplasmic membrane and flipped to the periplasmic face via an ATP-dependent process using PglK (Lehrman 2015). For glycosylation to occur, the protein of interest must therefore be present in the periplasm where the glycan and PglB are also located.	
	Within bacteria there is a wide range of export systems present (Papanikou et al. 2007). Of these, three export systems are highly characterised and available to utilise to target the protein of interest to the periplasm. The three include the Sec transport system, the SRP (signal recognition particle) pathway, and the TAT (twin-arginine translocation) export system. Of these three export systems, the Sec system will be utilised in the studies presented due to its ease of use, with only the placement of a leader sequence at the C-terminus of the target protein required for translocation. 
	The Sec system is deemed to be the most characterised system within bacteria, but is also present in archaea and the endoplasmic reticulum of eukaryotic cells (Kudva et al. 2013). Across the three domains of life, the role of the Sec transport system is to transport secretory proteins across the inner membrane of the cell, and place membrane proteins within the inner membrane. To function, the pathway relies on cytosolic proteins such as SecA or SRP, which act to recognise the signal sequence located at the C-terminus of the polypeptide chain which initiates the target proteins translocation (Koch et al. 2003). Within the system outlined here, the Erwinia carotovora pectate lyase B leader peptide, pelB, the most frequently utilised leader peptide for periplasmic translocation (Thie et al. 2008), is used to target the protein of interest to the periplasm. The pelB sequence, situated at the C-terminus of the target protein, consists of a 22 amino acid sequence (MKYLLPTAAAGLLLLAAQPAMA) and is cleaved post translocation  by signal peptidases embedded within the membrane (Lei et al. 1987, Paetzel et al. 2002). 
	The Sec pathway will deliver the protein of interest in an unfolded state into the periplasm (Nilsson et al. 1991). This is one disadvantage over using the TAT export system, as this pathway delivers the protein in its folded state, and in theory would be preferential for bacterial glycosylation as it is believed to be a completely post-translational modification (DeLisa et al. 2003).    

[bookmark: _Toc476073336]2.4.3 Glycosylation machinery

	The work conducted has been carried out using the glycosylation machinery pgl2, situated on the pACYC backbone. This slight variant from the pgl glycosylation machinery originally transferred from C. jejuni, produces and transfers the hexasaccharide glycan GalNAc-α1,4-GalNAc-α1,4GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-GlcNAcβ1 onto the consensus sequences. The machinery is situated upon a pACYC plasmid backbone that confers chloramphenicol resistance. The 8 genes, made up of the necessary glycosyltransferases, oligosaccharyl transferase and flippase, are placed under a constitutive promoter removing the need for an inducer molecule, and subsequently means that the glycans are constantly being built up and flipped into the periplasmic space. 	
	The pACYC(pgl2) machinery was chosen as the model system, due to the moderately high glycosylation efficiency seen with this plasmid in comparison to the eukaryotic machinery, allowing easier analysis. The glycan produced has also been confirmed as a substrate for the only OST available, meaning successful transfer to the consensus sequence within the target protein is achievable. The glycan produced has also been extensively studied and characterised, providing a good model glycan to be analysed using various mass spectrometry methods, and also allows easier optimisation for any methodology development, meaning that comparisons between efficiency values and titres could be looked at, as long as absolute quantification was specified. 
	
[bookmark: _Toc476073337]2.4.4 Target protein

	The model protein used throughout the study is AcrA. This protein was the first glycoprotein to be transferred from C. jejuni into E. coli and has been used in a wide range of bacterial glycosylation studies, making it the most studied glycoprotein within the bacterial domain and an ideal model protein. AcrA has two N-linked glycosylation sites, one present at asparagine 105, and one at asparagine 255. Because these consensus sites were not engineered into the protein they are naturally present in flexible regions of the protein and available for glycosylation. The presence of two sites also enables us to look into glycan saturation of this protein, and whether a diglycosylated form is achievable within the system. This is of significance as recombinant therapeutic glycoproteins will normally have more than one glycosylation, as shown with the SWISS-PROT study that showed that most glycoproteins contain 1.9 glycans per protein (Apweiler et al. 1999).  
To recombinantly express this protein in the strain of interest, CLM24, its genetic sequence was cloned onto a pEC plasmid backbone, with its expression under the control of an araBAD promoter which requires L-arabinose for induction of transcription. At the C-terminus of the genetic sequence, is the 22 amino acid pelB leader peptide for translocation purposes, and at the N-terminus, a 6 x histidine tag is present to aid in the purification of the 39 kDa protein. The amino acid sequence of AcrA is shown in Figure 2.14, with the relevant characteristics highlighted.  
In the studies presented in this thesis, AcrA serves simply as a model glycoprotein, but in nature it is part of a multi-drug efflux complex with AcrB and TolC in E. coli (Zgurskaya and Nikaido 1999), which in part is responsible for pumping antibiotics out of the cell and into the medium. In C. jejuni, the protein has a similar role although sequence identity between the two homologues is 29.01%, with the native E. coli variant not containing any consensus bacterial glycosylation sites. The presence of no glycosylation sites on the E. coli form is important as proteins competing for the glycan supply that the machinery is capable of building are not desired. 

MKYLLPTAAAGLLLLAAQPAMAMHMSKEEAPKIQMPPQPVTTMSAKSEDLPLSFTYPAKLVSDYDVIIKPQVSGVIVNKLFKAGDKVKKGQTLFIIEQDKFKASVDSAYGQALMAKATFENASKDFNRSKALFSKSAISQKEYDSSLATFNNSKASLASARAQLANARIDLDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADFFISDTDKLNLVRNTQSGKWDLDSIHANLNLNGETVQGKLYFIDSVIDANSGTVKAKAVFDNNNSTLLPGAFATITSEGFIQKNGFKVPQIGVKQDQNDVYVLLVKNGKVEKSSVHISYQNNEYAIIDKGLQNGDKIILDNFKKIQVGSEVKEIGAQLEHHHHHH
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Figure
 2.14.
 
Amino acid sequence of the target protein AcrA.
 Highlighted in yellow is the 
PelB
 sequence required for export with the Sec export system. In red 
is
 the two glycosylation consensus sequences that PglB will recognise. The asparagine residues that the glycan will be attached to are underlined. The green highlight shows that addition of a 6 x 
histidine
 residue tag for purification purposes. 
)



2. Literature Review Part 4: The Expression System

With the glycosylation system outlined, glycosylated AcrA can be produced using the pACYC(pgl2) machinery. With this, contributions to the field of research can be achieved with the aim of overcoming some of the issues that are prevalent.




 
2. Literature Review Part 5: Detection and analysis of glycosylation
	
[bookmark: _Toc476073338]Part 5: Current limitations of the glycosylation system within E. coli 

	With the birth of the field in 2002 and the subsequent progress over the years, the bacterial glycosylation system is approaching the stage where it can be considered for a wide variety of applications, including the development of vaccines (Ihssen et al. 2010, Wacker et al. 2013, Hatz et al. 2015). One of the main targets of the field is the production of glycosylated therapeutics, but before this can be achieved there a number of problems that are prevalent in the field. 

[bookmark: _Toc476073339]2.5.1 Strain engineering 

With the necessity of the waaL gene deletion for effective glycosylation, the bacterial strain CLM24 is routinely used for glycosylation studies in E. coli. This W3110 variant is not tuned for recombinant gene expression like the commonly used B type strain, BL21 (DE3). Due to the need to express the glycosylation machinery recombinantly as well as the target protein, strain engineering could aid the overall process of bacterial glycosylation within E. coli, especially as a number of the genes required in the machinery are embedded in the membrane. A number of strains have been developed commercially with certain characteristics that may be beneficial to producing glycoproteins in E. coli. To utilise these, they will need to have the waaL gene knocked out and subsequently tested, but it may help to improve production.
 In an attempt to combat some of the strain issues, and create a true glycosylating strain of E. coli, Chapter 6 focuses on the placement of some of the crucial genes required for glycosylation, onto the chromosome of CLM24. Currently all the genes required for E. coli to become an N-linked glycoprotein producing host must be transformed into the cell, and placed on a single plasmid. By chromosomally locating the key enzymes, the aim is to relieve metabolic burden from the cell and make it easier to test new machinery as the expression of some of the genes will be naturally present within the cell. 


[bookmark: _Toc476073340]2.5.2 Consensus sequence recognition 

	Comparing the amino acid requirements of the consensus sites between the eukaryotic oligosaccharyl transferase and PglB of the C. jejuni system, shows a higher level of specificity with the bacterial system. Initially, this added requirement for a negatively charged amino acid at the -2 position of the asparagine residue was thought to be of potential benefit, as it would introduce a greater level of control over where glycans would be attached onto the protein of interest. As the field developed and the idea of producing glycosylated therapeutics came to fruition, this added layer of specificity is considered a hindrance to the system. Although the level of control is greater, if your aim is to take a natural eukaryotic glycoprotein and express it in E. coli, then you may need to alter the amino acid sequence of the protein of interest, changing the amino acids at the -2 position of the N-linked asparagines in question to either aspartic acid or glutamic acid. This can potentially have a significant impact on protein folding, therefore having an impact on the proteins functionality, and can also significantly change the expression profile of the protein within the bacterial host. Because the proteins in question are for therapeutic purposes, the decision to alter the amino acid sequence cannot be taken lightly. Even if this decision is deemed acceptable after the necessary studies are run, the fact that the consensus sequence is present is not enough for glycosylation to occur, as it must be present in a flexible region of the cell, due to the process being completely post translational. 
	In an attempt to find an OST that can recognise the eukaryotic consensus sequence, a variety of PglB homologs have been tested, along with studies conducted where PglB has been engineered to increase efficiency and alter the site it recognises (Ollis et al. 2014, Ihssen et al. 2015). Although promising, a PglB variant is yet to be engineered that fully matches the OST specificities of the eukaryotic type.   

[bookmark: _Toc476073341]2.5.3 Accessibility of the consensus sequence and the use of the glycotag

In an attempt to resolve the issues associated with changing the primary amino acid sequence to insert the glycosylation site, a U.S based research group has innovatively come up with a ‘glycotag’, whereby the consensus sequence required for glycosylation has been placed at the N-terminus of the polypeptide chain (Fisher et al. 2011). In theory, much like the incorporation of terminal histidine tags for purification, it is thought that the positioning of the tag at the extremity of the protein will make the amino acid sequence lie on the outer regions of the protein when in its tertiary structure. This should mean that the OST PglB will be able to recognise and interact with the tag, making it possible to transfer the glycan onto the asparagine residue. Although shown to work, from a therapeutic protein production perspective, this is far from ideal. 
Changing the gene and ultimately the protein sequence through tag addition, much like that with the changing of the consensus sequence, can impact on the proteins functionality and effect expression of the recombinant protein (Wu and Futowiczk 1999, Kudla et al. 2009). Along with the changing protein sequence, another issue can arise with the tertiary structure of the protein. First of all the addition of the tag may affect protein folding and lead to aggregation (Cabantous et al. 2005), and if the terminal end to which the tag is located is naturally folded within a hydrophobic section of the protein, then the glycosylation site may not be accessible. This can be a common effect, as some terminal tags added for purification purposes, require the purification step to be conducted in denatured conditions due to the inaccessibility of the tag post protein folding (Schmitt et al. 1993, Terpe 2003, Woestenenk et al. 2004). A final caution should be made as native positioning of a glycan on the protein can be crucial. In most cases glycosylation is crucial to functionality (Hutzler et al. 2008), and as glycan addition affects protein folding (Lu et al. 2011), if the glycan is randomly placed at the end on a glycotag, this may alter folding and tertiary structure and therefore affect functionality, highlighting the importance of having the glycan in the native position on any recombinant proteins produced, and the need for an OST that can recognise the eukaryotic consensus site consistently. 

[bookmark: _Toc476073342]2.5.4 Glycan structure 

As the field has advanced and accumulated knowledge on the bacterial glycosylation system, variations on the initial system containing the defined pgl pathway allowed the first steps in creating a model cell chassis. This has provided the opportunity for researchers to experiment with different genetic components within the system, replacing them with alternative parts from a variety of organisms, including eukaryotes (Schwarz et al. 2010, Srichaisupakit et al. 2015). This led to the creation of a wide range of different glycan structures that could be attached (Wacker et al. 2002, Schwarz et al. 2010, Srichaisupakit et al. 2015), with a commercially successful example of this coming from the generation of glyco vaccines by GlycoVaxyn (Wacker et al. 2013, Hatz et al. 2015). 
With an ever expanding number of glycan structures still being discovered in the archaeal and prokaryotic domains of life, the potential to transfer them to target proteins for currently unexplored uses is a promising prospect for the field (Nothaft and Szymanski 2010, 2013). Although promising with great potential, in terms of producing therapeutic proteins, the glycans currently produced will induce an immunological response in human patients due to the sugar content, with the lack of certain terminal residues meaning that protein clearance with these glycans will be very high (Raju et al. 2001). A large step was made towards the human type glycan with the addition of genes from yeast to imitate the first five core sugars of the eukaryotic glycan (Valderrama-Rincon et al. 2012), but more work is needed for the production of mature eukaryotic glycans in the bacterial host. With the glycan needed to be extended from the core, more glycosyltransferases may be need which may impact on the already low glycosylation efficiency.

[bookmark: _Toc476073343]2.5.5 Efficiency of the glycosylation process

	In the bacterial system a lot of processes in the cell have to be functional for glycan addition onto the protein to occur. 
	1) The glycosyltransferases have to be functionally expressed to build full glycans on the lipid linked anchor located in the cytoplasmic membrane. 
2) The Flippase must recognise the full glycan as a substrate and actively flip it across the membrane so that it is attached to the cytoplasmic membrane but faces the periplasm. 
3) The target protein has to be expressed and the secretion tag recognised by the specific export system so the protein is actively exported to the periplasm so that it is localised in the same vicinity as the glycan. 
4) The OST, PglB, has to recognise both the glycan and the asparagine residue located in the consensus sequence of the target protein before transferring the glycan onto the protein. 
Considering all this and the fact that when expressing target proteins with more than one glycosylation site, the cell has to effectively produce a glycan for every glycosylation site on the recombinant protein expressed and exported to the periplasm, the process can be limited and the efficiency of transfer quite low. 
	Failure in any of the steps outlined above, or metabolic bottlenecks at any of the stages will result in low efficiency leading to a vast majority of the protein produced in the current bacterial system being aglycosylated. As well as the processes in the four points outlined, other bottlenecks may include, sugar biosynthesis within the cell, production of the lipid anchor UDP, and the expression and functionality of all the genes involved in the machinery. All are essential to the process of glycosylation in we bacterial system.
 In chapter 2.3.7, studies have been conducted in an attempt to try and engineer the cell to be more effective as a glycosylation host. Chapter four of this thesis attempts to help towards the efficiency issues, by looking at some of the metabolic targets identified in a previous study in combination with one another, to determine if a combinatorial effect is observed with the over expression of a multitude of targets. 

[bookmark: _Toc476073344]2.5.6 Quantification 

	Publishing absolute quantification values of the amount of glycoprotein produced in each individual study is crucial for comparisons between expression systems to be made. If routinely stated, research groups that are expressing different target proteins and glycans could see how their values compare. This is crucial for studies that are focusing on glycosylation efficiency within bacteria, as although efficiency is important, the overall aim is high production of the glycosylated product. Efficiency in a study may be high but production values could be low. On the other hand efficiency could be low but overall target protein production could be high resulting in more glycoprotein being produced compared to the higher efficiency study. To try and set a standard for glycoprotein quantification in E. coli, chapter five of this thesis, attempts to develop such a method that aims to move the field away from Western blotting and relative quantification, and towards a mass spectrometry approach, tailored for absolute quantification, whilst maintaining the ability to measure glycosylation efficiency. 
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[bookmark: _Toc476073345]Part 6: Detection and analysis of glycosylation in prokaryotes 

	Using the system outlined in chapter 2.4 to produce the glycoproteins, this section focuses on the various methods that are used to confirm the presence of glycosylation within the system, and how the production of glycoprotein is quantified. 
Within other production hosts such as CHO cells, where glycosylation is naturally present, the efficiency of the process is much higher with issues arising from differing glycans (Sundaram et al. 2011). For their characterisation, the glycans are normally cleaved from the target protein prior to analysis using an enzyme called PNGaseF (Plummer et al. 1984). Within the current prokaryotic system, glycosylation efficiency, as mentioned previously is an issue within the field. Because of this, any methods regarding the detection and analysis of the produced glycoproteins are deemed to be beneficial, if the glycosylation efficiency can be calculated simultaneously with the relative or absolute glycoprotein quantification.  

[bookmark: _Toc476073346]2.6.1 Western blot analysis

The majority of studies within the field of prokaryotic glycosylation use Western blotting to assess their production capabilities, with the method routinely used for relative quantification and the calculation of glycosylation efficiency. The process normally relies on the user having an antibody to their target recombinant protein, or that their protein is engineered to contain a terminal histidine tag to which there are specific antibodies. In the process of immunoblotting the antibody will bind to the protein and enable detection from a relatively complex protein sample. Transfer of the glycan onto the asparagine residue placed in the prokaryotic glycosylation sequence will increase the mass of the protein by approximately 1.4 kDa (Scott et al. 2012), depending on the content of the glycan in question. With the mass shift expected with glycan addition in a system where glycosylation efficiency is not 100%, multiple bands are expected following SDS PAGE (see Figure 2.15), and Western blotting protocols which indicates glycosylation is occurring. Intensities of these bands can also be an indication of the quantity of protein produced, and therefore used to calculate efficiency of glycoprotein production in comparison to the aglycosylated form. 
Although widely available and routinely used, the procedure is flawed in terms of quantification, due to many variables affecting the bands intensity on the blot such as development time. This makes it hard to compare samples across different membrane blots, as both transfer and development time can be variable (MacPhee 2010, Aebersold et al. 2013).





 (
Figure
 2.15.
  Example of a recombinant protein expressed for glycan addition with two asparagine residues in the required consensus sequence for 
glyan
 addition. Three bands indicate the three glycoforms produced in the cell. 
Aglycosylated, monoglycosylated, and diglycosylated.
 
)



[bookmark: _Toc476073347]2.6.2 Lectins specific to sugars 

Due to the slight difference in molecular weight between the glycosylated and aglycosylated proteins, Western blotting confirms glycosylation but not to a high degree of confidence as the antibody is not specific to the glycans. Running a lectin screen can infer the presence of protein glycosylation to a higher degree of confidence although flaws are also present in this technique. 
 Unlike Western blots the lectin protocol is not specific to the protein of interest. Lectins are available that interact and bind to the sugar residues in the glycans attached to the proteins (Rüdiger and Gabius 2001, Wu et al. 2001, Hirabayashi 2004). In the study of the bacterial glycan, a lectin specific to the GalNAc residue which makes up five sugars of the heptasaccharide glycan, is a common lectin of choice. Because the lectin is linked with a peroxidase like the horse radish peroxidase linked anti-His antibody used throughout this thesis, binding of the lectin to the protein is detected in a similar way to Western blot analysis, although lectins do not possess absolute specificity (Tian and Zhang 2013), meaning confirmation of protein size is essential in determining if your target protein is responsible for the glycan-lectin interaction. This protocol would be run in conjunction with a Western to compare glycosylation detection. Mass spectrometry analysis is the most comprehensive analysis technique currently available, although the interpretation of the data generated is more complex. 

[bookmark: _Toc476073348]2.6.3 Mass spectrometry

To study protein glycosylation using mass spectrometry, two approaches can be used, either glycan based analysis, whereby glycans are cleaved from the protein and the structure and content of the glycan is derived, or glycopeptide analysis, whereby the glycan is left covalently attached to the peptide. Due to the control that can be exerted through the use of a single form of glycosylation machinery, and the previous research into the glycans content, most prokaryotic studies benefit from glycopeptide analysis on the mass spectrometer. 
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 Overall schematic of mass spectrometry analysis from cell culture to data analysis 
(
Steen and Mann 2004
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2.6.3.1 Glycopeptide analysis

Analysis of glycoproteins using MS/MS (tandem mass spectrometry), has vast potential in the analysis of a mixture of glycoproteins, although analysis can prove to be difficult in the system as glycopeptides can be very low in abundance due to the low glycosylation efficiency of the production factory. 
In the mass spectrometry workflow for the detection of glycosylation (Figure 2.16), the glycoproteins are first digested to glycopeptides, via a single or combination of proteases. Trypsin is typically the protease of choice in glycopeptide analysis (Rebecchi et al. 2011), with others such as Glu-C used in combination to generate peptides of optimal length, so the m/z values are in the range detectable by the mass spectrometer (Manri et al. 2013). In silico digestion is therefore crucial and resulting peptides are first analysed so the asparagine to which the glycan is attached is conserved as the glycan may interfere with digestion (Nishiyama et al. 2000). 
Once digested, the mix of glycopeptides and aglycosylated peptides are subject to separation via liquid chromatography, as it is a proven technique to resolve complex proteomics samples and is highly compatible with mass spectrometry (Suzuki 2013). Post LC separation, the peptides are generally ionised with electrospray ionisation (ESI), as it is a method of ionisation whereby the intact glycopeptides are ionised and guided into the mass spectrometer without any structure being lost with glycan cleavage or fragmentation (Wuhrer et al. 2007, Leymarie and Zaia 2012). Using ESI generally creates glycopeptides that are in a multiply charged state that is beneficial to analysis, as any large glycopeptides present following digestion, will have an m/z in a lower range if multiply charged, hopefully reducing the m/z to a value observable in the mass spectrometer (Goldberg et al. 2007, Dalpathado and Desaire 2008). One flaw of this approach is that the generated peptide without the glycan, which will be highly prevalent in our system, may have an m/z that is too small once ionised to be observed.
Within the mass spectrometer, a survey scan within the instrument is used to measure intact precursor ions, with the more abundant selected for fragmentation to produce product ions. Certain precursor ions can be targeted via the usage of an inclusion list, where the instrument specifically looks for the mass values that are input by the user, and will actively only fragment those peptides for MS2 analysis, greatly improving hypothesis driven research (Domon and Aebersold 2006). 
[bookmark: _Toc377649268]
2.6.3.2 Collision Induced dissociation of glycopeptides 

Fragmentation of peptides to gain sequence information, can be achieved through collision-induced dissociation (CID), but when used to fragment glycopeptides, will preferentially fragment the glycan while producing little or no peptide sequence information, which can be problematic (Zhu and Desaire 2015), especially if the glycosylation site of the protein in question is not known. Spectra produced from this fragmentation method can include, glycan oxonium ions and intact precursor ions with a varying number of the sugar residues attached  (Chandler et al. 2013). With no b- and y- ions from the peptide being observed in the CID spectra of the glycopeptides (Carr et al. 1993, Huddleston et al. 1993, Hunter and Games 1995), it significantly increases the difficulty of matching observed glycopeptides back to their corresponding proteins. 
From the perspective of the current field of prokaryotic glycosylation, this is not a defining reason to avoid a mass spectrometry approach, as the glycosylated protein is often known, and can be targeted in the instrument using the in silico mass of the peptides. If a wider glycomics study was being conducted to assess the presence of all glycoproteins, then this would be an issue as sequence information would be necessary for protein identification.  
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 2.17.
 Glycopeptide CID MS/MS spectra of the glycopeptides VVLHPNYSQVDIGLIK from 
haptoglobin
, with a precursor mass of 
m/z
 800.78, 5+. Spectra contains the 
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 ions 204 and 366, representing their retrospective glycan moieties, 
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 2013
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2.6.3.3 Oxonium Ions

Glycan oxonium ions in the CID spectrum of glycopeptides, represent the presence of specific monosaccharide residues from the glycan. Their presence in the mass spectrometry MS2 spectra can act as a highly selective marker to prove the presence of glycosylation (Conboy and Henion 1992, Huddleston et al. 1993). Taken to give a higher degree of confidence than the results obtained from Western blotting and lectin peroxidase analysis, the oxonium ions represent different sugars based on the m/z values. Hex+ sugars give an m/z value of 163, HexNAc+ an m/z of 204 (Figure 2.17), and HexNAc-Hex+ an m/z of 366. The presence of one of these diagnostic ions and especially a combination of the three, can prove the occurrence of glycosylation to high degree of confidence, depending on the monosaccharide content of the glycan in question. 

[bookmark: _Toc476073349]2.6.4 Quantification of glycosylation in prokaryotes 
	
	As the field progresses and more studies are conducted using a wider range of target proteins and differing glycosylation machinery, it is crucial that the process of producing recombinant glycoproteins in bacteria is quantified. Currently Western blotting is used to obtain relative quantification information, with few studies measuring absolute figures and stating the titres of target glycoprotein being produced (Table 5.1). Techniques have advanced where users can potentially quantify the production using a heavy labelled version of their target protein (Pandhal et al. 2013), but it is not routinely used, with mass spectrometry only really used for validation of glycoprotein production and the glycan content (Valderrama-Rincon et al. 2012). 
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[bookmark: _Toc476073350]Part 7: Conclusions and how this thesis aims to contribute

[bookmark: _Toc476073351]2.7.1 Conclusions

	The discovery of glycosylation in the prokaryotic domain of life highlights the level of conservation and importance of this post-translational modification. The initial transfer of the glycosylation machinery from C. jejuni into E. coli led to the emergence of the field in 2002, and the identification of the genes involved in the production of the C. jejuni glycan. From this, advancements over the years have been made towards the utilisation of bacteria as a glycosylation host. Gradually the field is progressing towards the production of recombinant therapeutic glycoproteins, but a lot of challenges remain before choosing E. coli as a glycoprotein production host. 
	Within this thesis, the aim is to address some of the issues highlighted, in an attempt to help the field progress.

[bookmark: _Toc476073352]2.7.2 Contributions to the field

2.7.2.1 Chapter four

	Glycosylation efficiency in the E. coli system is low (approx. 13% (Pandhal et al. 2011)). To overcome the issue, studies were conducted to identify genes that were seen to be over expressed when the glycosylation machinery was active within the cell (Pandhal et al. 2011, Pandhal et al. 2013). Once identified the genes of interest were engineered to be over expressed to analyse any effect on glycosylation efficiency. 
	When assessing the impact on glycosylation, the identified genes were looked at in isolation and not in combination with any of the other genes that were identified in the various studies. In chapter four, a select few of the genes identified were tested in combination for the first time, to see if a combinatorial effect was observed when over expressing a multitude of the genes. 


2.7.2.2 Chapter five

	The process of glycosylation in bacteria is routinely analysed using various methods including Western blotting and mass spectrometry. Although viable for confirming the presence of glycosylation, many researchers in the field fail to use the methodology for absolute quantification of glycoprotein production. In chapter five the aim was to develop a method that would set a gold standard for glycoprotein quantification in the bacterial system, where calculating production and glycosylation efficiency simultaneously is of importance. 

2.7.2.3 Chapter six

	With the development and discovery of more bacterial glycosylation pathways from various species, and the development of current machinery with the move towards the eukaryotic glycan, the idea of producing a glycosylating strain of E. coli, where key enzymes maintained throughout the developments are placed on the chromosome, would aid progression of the field, making it easier to test new machinery and target proteins. In an attempt to produce this glycosylating strain of E. coli, in chapter 6 the essential genes from the glycosylation machinery were placed onto the chromosome of CLM24. Through the localisation of these genes onto the chromosome, the aim was to improve the efficiency of the process, while creating a strain that is easier to work with and provides a system whereby the user can test multiple types of machinery and target proteins. The methodology developed in chapter five was used to quantify any improvements. 	
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[bookmark: _Toc476073353]3. Materials and methods

The methods stated here are used throughout this thesis, with specific information, such as primer design, placed in the relevant experimental chapters where the experiments were conducted.
All reagents were purchased from Sigma Aldrich unless stated otherwise. Antibiotic working concentrations used throughout were as follows, kanamycin 35 µg/mL, ampicillin 100 µg/mL, and chloramphenicol 35 µg/mL.

Table 3.1. The plasmids used in the studies, signifying the antibiotic resistance cassette, origin of replication present and the original source.
	Plasmid
	Origin of replication
	Antibiotic resistance cassette 
	Source

	pEC(acrA) (including all variants created)
	ColE1
	Ampicillin

	(Wacker et al. 2002)

	pACYC(pgl2)
	p15A
	Chloramphenicol
	(Schwarz et al. 2010)

	pOSIP-KO
	pUC
	Kanamycin
	(St-Pierre et al. 2013)

	pE-FLP
	oriR101
	Ampicillin 
	(St-Pierre et al. 2013)



Table 3.2. The strains used throughout the experiments and their specific genotypes.
	E. coli Strain
	Genotype

	DH5α
	F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK–mK+), λ–

	MC4100
	F- [araD139]B/r Δ(argF-lac)169* &lambda- e14- flhD5301 Δ(fruK-yeiR)725 (fruA25)‡ relA1 rpsL150(strR) rbsR22 Δ(fimB-fimE)632(::IS1) deoC1

	CLM24
	Variant of W3110 (below) with the addition of ΔwaaL

	W3110
	F- λ- rph-1 INV(rrnD, rrnE)



[bookmark: _Toc476073354]3.1 Molecular biology techniques

3.1.1 Polymerase chain reaction (PCR)

PCRs were mainly conducted using either the Phusion® or Q5® polymerase kits from NEB (New England Biolabs), with the primers designed using the SnapGene program and being ordered from Invitrogen custom DNA oligos  (Thermo Fisher Scientific). 
50 µL reactions were set up using the designated amounts of buffer and dNTPs specified in the specific kits. Around 250 ng of template DNA was added along with 0.5 µM of both forward and reverse primers. Nuclease free water was added to make up the reaction volume to 50 µL before cycling on the PCR machine. The PCR reaction was as follows, 98 °C for 3 minutes, 30 cycles of a 30 second denaturation step at 98 °C, a 30 second annealing step at a variation of temperatures that depends on the primer design, and an extension step at 72 °C run at 1 kb per 30 seconds, extended depending on the size of fragment being amplified. A final extension step was also run at 72 °C for 10 minutes before cooling the reaction to 4 °C. PCR reactions were subject to an agarose gel electrophoresis on a 1% agarose gel for 1 hour at 120 mA, with the DNA fragments of the correct size extracted from the gel piece using a Qiagen® kit. 
If colony screen PCRs were conducted, 1 colony was picked and mixed in 50 µL of nuclease free water. 5 µL of this resuspended colony was used as the template DNA, and the initial heating step in the PCR reaction extended to 5 minutes.

3.1.2 Agarose gels

1 g of agarose was dissolved in 100 mL of TAE buffer (Tris Base, Acetic acid, EDTA) by heating on full power in the microwave for 2 minutes. The molten 1% (w/v) agarose was left to cool for ten minutes prior to the addition of 10 µL of ethidium bromide. Agarose was then poured into gel cast and a comb containing the appropriate wells added. Once set, the chamber was filled with TAE buffer up to the fill line. Samples were mixed with the required volume of 5x loading buffer and loaded into the wells, 5 µL of 1 kb ladder (Bioline) was added to one well for size and quantification analysis. The gel was run for 1 hour at 120 mA to achieve successful separation. The DNA was visualised using a UV dock (GelDoc-It-Imager, UVP). Bands of interest were excised from the gel using a sterile scalpel and the DNA purified using a Qiagen® Gel extraction kit.

3.1.3 Gel extraction of DNA from an agarose gel

Gel pieces were carefully excised from the gel using a UV illuminator to visualise bands, weighed, and placed in clean 1.5 mL centrifuge tubes. Buffer QG (QIAquick® – Gel Extraction Kit) was added to the gel piece that equated to 3x the volume of the gel (100 mg = 100 µL) and incubated at 50 °C until the gel had completely dissolved. 1 gel volume of isopropanol was added after the dissolved gel pieces were centrifuged for 10 seconds at 1,000 x g. The solution was mixed and placed in a QIAquick® spin column before centrifugation at 17,000 x g for 1 minute. The column was then washed with 750 µL of buffer PE (QIAquick® – Gel Extraction Kit). The wash solution was subject to centrifugation again to remove any residual buffer. 50 µL of nuclease water was applied to the column and the QIAquick® spin column placed in a clean centrifuge tube. The column was left to stand for 1 minute and centrifuged at 17,000 x g for 1 minute. The resulting solution contained the cleaned DNA from the agarose gel.

3.1.4 Digestions

Depending on the DNA in question, digests were set up in accordance to the particular enzymes used. In most cases, High fidelity enzymes were purchased from New England Biolabs (NEB). A 50 µL reaction was set up containing, 1 µL of each restriction enzyme used to digest 1 µg of DNA, 10 µL of 5 x digestion buffer, with the reaction volume made up to 50 µL with nuclease free water. Reactions were left at 37 °C for 1 hour. Vector DNA would subsequently have 1 µL of alkaline phosphatase added to the digestion mix post digestion, and left for a further 1 hour at 37 °C.  
Digested DNA was cleaned up using either a Qiagen® PCR clean up kit, or was gel purified post analysis on an agarose gel. 1 µL of digested product was run on an agarose gel for quantification purposes. 

3.1.5 Ligations

A final reaction volume of 20 µL was used. Of the 20 µL, 2 µL consisted of NEB 10 x ligation buffer and 1 µL T4 DNA ligase (NEB). The rest of the reaction volume was made up of varying amounts of insert and vector DNA, with the reaction volume being made up to 20 µL if necessary with nuclease free water. The ligation ratios of insert to vector were calculated based on the amount of DNA being used in the reaction and the length of the said DNA. In the majority of the reactions, a vector concentration of 20 ng was used, with the insert amount varying depending on the chosen ligation ratio. For most cases an insert to vector ratio of 3:1 was used. If larger fragments were to be inserted (≥ 6 kb), more ratios would be tested ranging from 1:1 to 10:1. Negative control ligations with no insert present were routinely set up to determine the success of ligations post transformations. 
Ligations were conducted at room temperature for 1 hour before transforming the reaction mix into the chosen cell line. If difficulties were experienced with the cloning, the ligation step was often optimised by trying various conditions for ligation, including; 16 °C incubation overnight, and 4 °C incubation overnight.  

3.1.6 Chemically competent cells

10 mL of LB (Lysogeny Broth, Tryptone 10 g, NaCl 10 g, Yeast extract 5 g) with or without the appropriate antibiotics, was inoculated with one bacterial colony picked using a sterile inoculating loop. This starter culture was left shaking overnight at 37 °C, 180 rpm. 200 mL LB was inoculated with 2 mL of starter culture of the desired cell line. The culture was left to grow at 37 °C 180 rpm, until an O.D 600 nm of 0.5 was reached. The flask was then kept on ice for 10 minutes to chill, swirling every minute. The culture was then decanted into 4 x 50 mL ice cold falcon tubes and the cells were harvested at 4 °C spinning at 4,000 x g for 10 minutes. Each of the 4 pellets were carefully resuspended in 20 mL ice cold 100 mM MgCl2. Cells were harvested once again. One pellet was then resuspended in 6 mL ice cold CaCl2 and transferred to the next falcon tube until all four pellets were suspended in the 6 mL solution. Cells were left on ice for 1.5 hours to become competent. 1.8 mL of 50% (v/v) glycerol was added and gently swirled until mixed thoroughly with the cells. 90 µL competent cells were aliquoted into cold 1.5 mL centriguge tubes (Eppendorf) and were snap frozen by dropping into liquid nitrogen before being stored at -80 °C.  

3.1.7 Heat shock transformations

Depending on the transformation material, either 5 µL of the ligation mix, or 10 pg – 100 ng of plasmid DNA was mixed with 90 µL of chemically competent cells and kept on ice for 30 minutes. Cells were subjected to a 55 second heat shock at 42 °C in a water bath before being placed on ice for a further minute. 1 mL of LB was then added to the cells and the cells left to recover for 1 hour at 37 °C, 180 rpm. Cells were then harvested at 6,000 x g for 2 minutes, 1 mL of the LB was extracted and the cells resuspended in the remaining LB. The remaining cells were plated out onto LB agar plates with the appropriate antibiotics and left to incubate overnight at 37 °C.

3.1.8 Electroporations

10 mL starter cultures of the desired final strains were made, picking a single colony and inoculating 10 mL of LB supplemented with the required antibiotics. The culture was left at 37 °C for 3 hours at 180 rpm. Post growth the bacteria were spun at 4,000 x g for 10 minutes at 4 °C. The resulting pellet was washed with ice cold 10% glycerol and spun again with the same centrifugal conditions as before. This washing and spinning cycle was repeated twice more resulting in the pellet being washed three times. After the last spin, the pellet was gently resupended in 100 µL of the 10% ice cold glycerol. 1-2 µL of the desired plasmid was placed with the cells and gently mixed before incubating on ice for 1 minute. This solution was then placed in an ice cold electroporation cuvette ensuring no air bubbles were present after transfer. The solution was subjected to a 1.8 kV pulse for 5 milliseconds giving a field strength of 12.5 kV/cm in the 0.1 cm cuvette. Immediately after the pulse 1 mL of LB warmed to 37 °C was added, and the solution mixed by pipetting up and down. The 1 mL culture was transferred to a clean 1.5 mL centrifuge tube and left to incubate at 37 °C for a minimum of 1 hour at 180 rpm. After incubation the culture was spun down at 2,000 x g for 2 minutes in a benchtop centrifuge and the majority of the supernatant removed leaving approximately 100 µL. The pellet was resuspended in the left over supernatant and spread on an agar plate with the required antibiotics. 

3.1.9 Screening successful ligation colonies 

Positive and negative ligation plates were compared. If positive plates contained more colonies than the negative then these colonies were streaked out onto fresh plates and a starter culture set up with the same tip used to streak. Plates and cultures were left overnight at 37 °C, with the cultures also shaking at 180 rpm. Starter cultures were harvested through centrifugation at 4,000 rpm for 10 minutes at 4 °C.  A Qiagen® mini prep kit was then run with the pellets to extract plasmid DNA. Digests, with a combination of restriction enzymes were conducted and ran out on a 1% agarose gel, fragment sizes were compared to in silico digests using the SnapGene software. 

3.1.10 Sequencing

Plasmids that gave a positive result following digestion were sent up to the Core Genomics sequencing facility at Sheffield University, for final confirmation of successful construction. 10 µL of 100 ng/µL of plasmid DNA was required, along with 10 µL of 1 pmol/µL of the primer per reaction. Sequences were checked using the FinchTV programme, searching for any faults in the screened sequence. 

3.1.11 Glycerol stock formation

Bacterial starter cultures were set up of the said bacterial strain and left to incubate overnight at 37 °C shaking at 180 rpm. 0.5 mL of the starter culture was placed in a sterile centrifuge tube and mixed with 0.5 mL of 50% glycerol. The stock was then stored at -80 °C. Before starting experiments with the bacterial strain, glycerol stocks were streaked out onto agar plates containing appropriate antibiotics, if any. 

[bookmark: _Toc476073355]3.2 Bacterial growth and expression

3.2.1 Bacterial growth

E. coli CLM24 cells were used in the protein expression studies due to the WaaL pathway not being present. Antibiotic concentrations of ampicillin and chloramphenicol were used where appropriate. Starter cultures of the bacterial strains of interest were set up and left overnight at 37 °C, 180 rpm, to be used to inoculate 100 mL LB in triplicate the next day. Cultures were inoculated with 1 mL of the starter culture and incubated at 37 °C, shaking at 180 rpm. When an optical density (O.D) at 600 nm of 0.5 was reached, the protein expression was induced through the addition of 0.2% (v/v) L-arabinose.  Cells were left to incubate and express the protein for a further 4 hours at 30 °C 180 rpm. The final OD of the cultures was measured and 40 O.D units worth was harvested through centrifugation at 4 °C, at a speed of 4,500 x g for 10 minutes. The Supernatant was discarded and the pellet stored at -20 °C prior to protein extraction.  

3.2.2 Periplasmic protein extraction

Protein pellets were thawed on ice and resuspended in 1 mL of periplasmic lysis buffer (20% sucrose, 1g/L lysozyme, 30 mM tris-HCl pH 8.5, 1 x Halt protease inhibitor complex (Thermo Fisher Scientific)) and left to roll on ice for 2 hours. The soluble protein fraction was collected through centrifugation at 4,500 x g at 4 °C for 10 minutes, with the supernatant being harvested as the soluble periplasmic fraction. 

3.2.3 Bradford assay 

A standard curve was produced using a serial dilution of 1 mg/mL bovine serum albumin (BSA) down to a concentration of 30 µg/mL. 20 µL of the protein was mixed with 980 µL of Bradford assay and left to incubate at room temperature for 5 minutes before measuring the absorbance at 595 nm. 20 µL of the soluble periplasmic protein fraction was measured in the same way and the protein concentration determined from the standard curve.

[bookmark: _Toc476073356]3.3 Gel based analysis 

3.3.1 SDS PAGE 

5 µg of periplasmic protein extract was prepped for analysis by diluting down the protein extract, mixing with 6 µL LDS sample loading buffer, 2.4 µL of sample reducing agent to make a final volume of 24 µL. Samples were heated to 80 °C for 10 minutes and then left to cool to room temperature. Precast NuPAGE® Novex 4-12% Bis-Tris gels (Thermo Fisher Scientific) were loaded into the gel apparatus and the two chambers filled with the required MOPS SDS buffer. Samples were loaded into the wells and the gel run for 1.5 hours at 180 V. 10 µL of Novex prestained protein ladder (Thermo Fisher Scientific) was also run for size analysis of the proteins. 
After the gel was successfully run, further downstream processing could take place, including, Coomassie staining, silver staining, and Western blot analysis. 

3.3.2 Coomassie stain

Following SDS PAGE, the gel was extracted from the cast, washed in deionised water twice, and then placed in InstantBlue (Expedeon) for 1 hour. If the bands were still faint, the gel was left to incubate over night. To remove InstantBlue and prevent further development, the gel was washed twice with deionised water. Gels were subsequently stored in deionised water at 4 °C. 

3.3.4 Silver Stain

A Pierce® Silver stain kit was used throughout this protocol (Thermo Scientific), with all steps being carried out at room temperature with constant gentle shaking unless stated otherwise. The polyacrylamide gel was washed twice in HPLC grade water for 5 minutes and then placed in fixing solution (30% ethanol, 10% acetic acid) and incubated for 15 minutes. The solution was replaced and the gel fixed for another 15 minutes. 2 x 5 minute ethanol washes (10% ethanol) were conducted prior to 2 x 5 minute washes with HPLC grade water. The gel was incubated in sensitizer solution (1 part sensitizer solution, 500 parts HPLC grade water) for 1 minute and then washed twice with HPLC grade water for 1 minute each.  The gel was then incubated for 5 minutes in silver stain solution (1 part Silver stain Enhancer, 100 parts Silver Stain solution), and washed for 2 x 20 seconds with ultrapure water. Developing solution was then added (1 part silver stain enhancer, 100 parts silver stain developer) and left until bands were visible. Once the desired intensity was obtained, stop solution was used to replace the developer (5% acetic acid). 

3.3.5 Western blot

Following SDS PAGE, the gel was extracted from the cast and washed in deionised water. Proteins were transferred from 4-12% Bis-Tris SDS-PAGE to the nitrocellulose membrane using an iBlot® (Thermo Fisher Scientific). The membrane was subsequently blocked in blocking buffer (5% milk powder in Tris-Buffered Saline (TBS) with 0.1% v/v Tween20) for 1 hour at room temperature. 3 x 10 minute washes of the membrane in TBS 0.1% Tween20, was followed by overnight incubation at 4 °C in blocking buffer with a His-tag antibody (abcam® Anti-6X His tag® (HRP)) (1:10,000). Following incubation the excess unbound antibody was washed off with 3 x 10 minute washes in TBS 0.1% Tween20. The HRP linked antibody was detected on the blot using 10 mL of TMB-Ultra blotting solution (Thermo Fisher Scientific) for roughly 20 minutes. Pictures were captured using a 16-bit CCD camera. Other imaging systems are available such as the various LI-COR variants available from LI-COR biosciences that may offer superior imaging and developing of westerns to provide a wider linear range when making densitometry measurements. 


3.3.5.1 Densitometry 

Images were analysed using Image Studio Lite version 5.2. Bands were highlighted with equal size boxes to measure the density of both the aglycosylated and glycosylated product produced, see Figure 3.1. Within the analysis a box of equal size was used to measure the background density of the blot and the value subtracted from density measurements. Values from the two boxes were combined to calculate the total target protein production. To determine the percentage split of mono glycosylated to diglycosylated product produced, densitometry measurements of the two glycoform bands were conducted, see Figure 3.2, and the percentage calculated to split the densitometry value from the previous analysis. When more than one Western was conducted due to samples not fitting on one blot, each gel had a control sample loaded onto it to enable samples to be normalised across gels, see Figure 3.1 box 13. This was necessary as no loading control was used when running the SDS PAGE gels and transfer between blots can vary. 
The data obtained from this method is deemed reliable for strain comparisons but to gauge accurate quantification there are flaws with this method which is why such an effort was put into developing a method that could quantify the various glycoforms without relying on Western blotting.
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 (
Figure
 3.1.
 Densitometry analysis of a Western blot, box 13 represents a sample that would have been loaded onto all SDS-PAGE gels to allow normalisation across samples. Box 14 was assigned to represent the background in the software.
)
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 (
Figure
 3.2. 
Densitometry analysis to determine the split between mono and diglycosylated protein production.
)

[bookmark: _Toc476073357]3.4 Purification techniques

3.4.1 Histidine nickel affinity chromatography purification 

Purification was achieved through a cellulose-bound Ni2+ affinity column (Bioline) that actively binds proteins with a Histidine-tag. The column was first washed with 5 column volumes of sterile water and then equilibrated with 5 column volumes of binding buffer (20 mM sodium phosphate, 500 mM NaCl, 40 mM Imidazole, pH 7.4). The periplasmic fraction was then loaded directly onto the column followed by a wash step with 10 column volumes of the binding buffer. His-tagged proteins bound to the column were then eluted using 5 volumes of elution buffer with a high enough concentration of imidazole to displace the protein (20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4). Elutions were collected as 5 x 1 mL fractions. Fractions were then concentrated using 3 kDa size exclusion spin column, and the buffer changed to remove salt. 

3.4.2 Purification using a lectin column

Attempted purification was conducted on a column containing 2 mL agarose bound soybean agglutinin (Vector Labs) which is specific to terminal Gal or GalNAc monosaccharides of glycans. The column was washed with 20 mL Tris buffered saline pH 7.4 prior to a purified sample of periplasmic extract from CLM24 pEC(acrA) pACYC(pgl2) being loaded onto the column at room temperature. The sample was allowed to drip through with no pushing/pulling of the sample, collected, and then reapplied to the column to allow gravity to pull it through once again. The column was washed with 10 mL of TBS pH 7.4 and then the bound proteins eluted in 10 x 1 mL fractions using the glycoprotein elution solution from Vector Labs ES-2100. All flow through from the column was collected and kept for analysis. Post elution the column was washed with 10 mL TBS pH 7.4.



3.4.3 Concentration of protein and buffer exchange

500 µL of the elute from the purification step was applied to the Ambicon 3 kDa spin column. The column was placed in an Ambicon collection tube and the solution drawn through the column by centrifuging at 14,000 x g for 30 minutes at 4 °C. The flow through was discarded and more elute added and drawn through the column until all the solution had passed through. The final buffer was decided based on the downstream use of the protein and was added to the concentrated protein to make a final volume of 500 µL in the spin column. The solution was drawn through the column for the final time by centrifuging at 14,000 x g for 30 minutes at 4 °C.

[bookmark: _Toc476073358]3.5 Mass spectrometry methods 

3.5.1 In – gel digestion

His-Tag purified proteins were run on a 4-12% Bis-Tris acrylamide gel. The gel was stained with the Coomassie stain, InstantBlue. The staining process was left for 1 hour at room temperature and washed with deionised water. Bands of interest were then excised from the gel and destained at 37 °C for 30 minutes in 200 mM ammonium bicarbonate, 40% acetonitrile (ACN). Destained gel pieces were incubated for 5 minutes in 100% ACN and the liquid phase removed. Gel pieces were then dried in a vacuum concentrator for 5 minutes. The protein was reduced by incubating the gel pieces in 100 µL of reduction buffer (10 mM Dithiothreitol, DTT, in 50 mM ammonium bicarbonate) for 30 minutes at 56 °C. Another incubation step in 100% ACN was undertaken prior to alkylation of the protein which was conducted by incubating the gel piece for 20 minutes at room temperature in the dark, in 100 µL of alkylation buffer (55 mM Iodoacetamide in 50 mM ammonium bicarbonate). The gel pieces were washed with 50 mM ammonium bicarbonate for 10 minutes and incubated with 100% ACN once more. The gel pieces were then dried down in the vacuum concentrator and digested using a protease of choice. The quantity and buffer of protease required for digestion is dependent on the protease in question with the digestion being left to incubate overnight at 37 °C. Post digestion the liquid from all consequent steps was collated in a Lo-Bind 1.5 mL microcentrifuge tube (Eppendorf). Peptides were extracted from the gel matrix by adding 15 µL of 25 mM ammonium bicarbonate at room temperature for 10 minutes. 40 µL of 100% ACN was added and the samples incubated at 37 °C for 15 minutes followed by the addition of 5% formic acid with the same incubation procedure. The collated supernatant was dried down in a vacuum centrifuge ready for mass spectrometry analysis.

3.5.2 In solution protease digestion with spiked in 15N AcrA 

The volume required to get 5 µg of periplasmic extract was placed into a Lo-bind centrifuge tube (Eppendorf). A certain quantity of heavy labelled AcrA (expressed and purified as in sections 3.2.1 and 3.4.1, with the exception that growth was conducted in Silantes media containing 15N) was then added to this sample and the volume made up to 40 µL with 100 mM ammonium bicarbonate. 3.2 µL of 50 mM Dithiothreitol (DTT) was added to give a final concentration of 4 mM and incubated at 56 °C for 1 hour. Samples were then spun down briefly at 2,000 x g for 1 minute before 3.5 µL of 100 mM iodoacetamide was added to give a final concentration of 8 mM. The samples were then incubated at room temperature in the dark. Post incubation, Trypsin was added to a ratio of protease to protein of 1:25. The digestion was then left for 18 hours at 37 °C, and once completed the samples were dried in a vacuum centrifuge.  

3.5.3 C18 clean up

All solutions were made up using mass spectrometry grade reagents unless stated. Solutions were pulled through the column by centrifugation at 1,500 x g for 1 minute unless stated otherwise. Peptides for mass spectrometry analysis were cleaned using Pierce® C18 Spin columns. Dried samples were resuspended in 20 µL of 0.5% TFA in 5% ACN, vortexed briefly and sonicated on ice for 5 minutes. Spin columns were placed into a centrifuge tube and the resin activated with 2 x 200 µL of 50% ACN. Columns were centrifuged and the flow through discarded. 2 x 200 µL 0.5% TFA in 5% ACN were added to equilibrate the column. The sample was loaded onto the column resin and centrifuged. Flow through was reapplied to the column and passed through the column once more. 2 column washes with 200 µL 0.5% TFA in 5% ACN were conducted. Post washing the column was placed in a clean Lo-Bind centrifuge tube (Eppendorf) and 20 µL of elution buffer (70% ACN) was applied to the resin and drawn through the column. The elution step was repeated collecting the flow through in the same centrifuge tube. Samples were dried in a vacuum centrifuge tube and stored at -20 °C before running on the mass spectrometer. 

3.5.4 Resuspension and liquid chromatography

Dried samples from the protease digestion were resuspended with the addition of 20 µL of loading buffer from the mass spectrometer. Samples were then sonicated for 5 minutes and spun at 13,000 x g for 5 minutes. 18 µL of the sample was transferred to clean vials suitable for the LC autosampler. 
2 µL of the resuspended peptides were drawn into the LC (Thermo Scientific Dionex Ultimate 3000, controlled by Chromeleon software) and ran down the LC column to separate out peptides. The LC gradient and other parameters are outlined in Tables 3.3 and 3.4.
 

Table 3.3. Specific LC parameters for the LC-MS methodology.

	Column temperature
	40°C

	Injection volume
	2 µL

	Flow rate
	0.3 µL/min

	Mobile Phase A
	0.1% (v/v) TFA, 97% H2O 3% ACN

	Mobile Phase B
	0.1% (v/v) TFA, 97% ACN 3% H2O








Table 3.4. The gradient from buffer A to B used within the LC for LC-MS analysis.

	Time
	%A
	% B
	Curve

	0.0
	97
	3
	5

	5.0
	97
	3
	5

	10.0
	90
	10
	5

	85.0
	50
	50
	5

	86.0
	10
	90
	5

	90.0
	10
	90
	5

	91.0
	97
	3
	5

	105.0
	97
	3
	5




A heated electrospray ionisation source in positive mode was used for ionisation of the peptides, with the ionisation voltage set at 2000 V and the capillary temperature set at 250 °C.

3.5.5 Auto MS

Auto MS detection was run in positive mode on the Thermo scientific Q Exactive Orbitrap mass spectrometer, controlled by Xcalibur software (Thermo Fisher Scientific). Detection was performed throughout the 105 minutes that the LC method was programmed for, with a scan range of 150 to 2000 m/z.  The resolution for the full scan was 120K and 30K for the MS2, with the Automatic Gain Control (AGC), which represents the maximum ion capacity set at 1 x 106 ions for the full scan and 1 x 105 for the MS2. The maximum ion injection time (IT) was 60 ms for both scans with an isolation window of 2 m/z, and the normalised collision energy set to 27. 
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Figure
 3.3.
  Example of MS level spectra showing the presence of a targeted precursor ion and its 
15
N
 
peptide in the same spectra. 
14
N
 precursor expected 
m/z
 = 542.29, 
15
N
 precursor expected 
m/z
 = 548.27. 
)



3.5.6 Parallel reaction monitoring PRM

Peptide masses for the inclusion list were generated using the Skyline software and input into the method builder in the Xcalibur for Parallel Reaction Monitoring (PRM). Retention time information from the auto LC/MS run with the 75 minute gradient was input for available peptides. As with the autoMS run, a voltage of 2000 V and a capillary temperature of 250 °C were set for ionisation from the electrospray. The full scan range was fixed at 150 to 2000 m/z, with an orbitrap resolution of 120K, a target AGC value of 3 x 106, and a maximum IT of 200 ms. For PRM mode, the resolution was set at 30K, with an isolation window of 4. The target AGC was set at 2 x 105 and the fill time of 100 ms. Fragmentation of the peptides was performed with a normalised collision energy of 35 with no fixed first mass set. 


[bookmark: _Toc476073359]3.6 High performance liquid chromatography (HPLC)

Samples were prepped for HPLC analysis normally with the samples being ran through size exclusion spins columns, which allowed the buffer that the sample was suspended in to be changed. The selected buffer in most cases corresponded to the buffer that was selected as the initial mobile phase, unless the hydrophobicity of the solution was too high that protein aggregation may occur. 
	Along with sample preparation, solvents were prepared using HPLC quality solvents, and degassed prior to being set up for use on the Dionex U300 that was used for HPLC analysis. Methods were programmed to include the detection parameters, such as UV wavelength or florescence, injection volume, which was largely dependent on the column used and the volume of the injection volume, column compartment temperature, and the gradient to which the buffers would change from percentage A to B or vice versa. Specific running conditions of the HPLC will be listed in the relevant chapters, highlighting the parameters listed here and the contents of the buffers used. 

3.6.1 HPLC fractionation

The Chromeleon software was set up to automatically detect peaks within the chromatogram. Once a peak was detected based upon certain thresholds, such as the peak intensity and its initial slope, measured by the detection of the UV absorbance or intrinsic fluorescence, the peaks were collected into vials on the auto sampler, where as the slope of the peak decreased, the software was able to recognise this and cancel peak collection. Alternatively if retention time was deemed to be consistent, the times of the peaks could be input and the samples collected based on this.    

[bookmark: _Toc476073360]3.7 Dot blots 

3.7.1 Cell surface representation of glycans

E. coli MC4100 cells were used for this part of the study due to the presence of the WaaL pathway. 1 mL of LB in a sterile 1.5 mL centrifuge tube was inoculated with the bacterial strain of interest, and the appropriate antibiotics added. Growth took place overnight at 37 °C shaking at 180 rpm. The O.D at 600 nm was measured and cultures were normalised down to 0.6 using sterile deionised water. The cells were then diluted by a factor of 1 in 75,000 to a final volume of 1 mL. 100 µL of the diluted cells were then plated out on LB agar with the appropriate antibiotics and left to incubate at 37 °C overnight. A piece of Protran™ nitrocellulose paper was cut to fit a petri dish and soaked in the appropriate antibiotics for 5 minutes before being left to dry in a flow hood. The paper was then placed over the petri dish making contact with the colonies and left to incubate for 3 hours at 37 °C. The nitrocellulose membrane was then blocked in PBS containing 2% Tween 20 for 2 minutes at room temperature, before being washed twice with PBS for 10 minutes. The membrane was then incubated in PBS with 0.05% TWEEN® 20, 1 mM CaCl2, 1 mM MnCl2,  1 mM MgCl2, and 3 µg soybean agglutinin lectin peroxidase (specific for GalNAc), for 16 hours at 20 °C. The membrane was then washed twice in PBS for 10 minutes before detecting and analysing the colonies using Immobilon™ chemiluminescent HRP substrate (Millipore) with ImageQuant™ RT ECL (GE Healthcare), fitted with a 16-bit CCD camera.
[image: Dot blot method.png]
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Figure
 
3.4
.
 Outline of the methodology used to achieve single bacterial colonies on the agar plates and the process of screening for the representation of the cell surface glycans.
)


3.7.2 Colony analysis 

Images were analysed using version 7 of the ImageQuant software. Single colonies were selected and those in close proximity of another colony were disregarded to ensure minimal contamination of two colony selection. Initially the pixel intensity and area were calculated before the background of the membrane was subtracted from the density measurement. Density measurements were tallied, the means plotted and compared to the control.

[bookmark: _Toc476073361]3.8 Chromosomal integration using the clonetegration technique

One Step Integration Plasmids (pOSIP) were obtained from the Shearwin research group (The University of Adelaide, SA 5005, Australia) transformed into the ccdB-resistant E. coli strain DB3.1. The OSIP plasmids contain all the genetic elements required to integrate the desired DNA into the strain of choice. 
Initially the pOSIP plasmid of choice was propagated in the DB3.1 strain and the plasmid DNA purified using a mini prep kit (Qiagen®). Plasmid DNA was then cut with the appropriate restriction enzymes and gel purified. 
The desired DNA that was to be integrated was amplified using PCR with primers containing the necessary promoter and RBS sequence for the forward primer, and the desired restriction sites on both the forward and reverse. Amplified DNA was subsequently digested using these restriction enzymes and gel purified. Both plasmid and insert DNA was quantified on a 1% agarose gel and a ligation reaction performed. 
Ligation reaction mix post incubation was transformed into chemically competent cells of we strain of choice, CLM24. The outgrowth was conducted at 30 °C due to the temperature sensitive nature of the integration module. Post transformation the cells were plated onto agar containing the appropriate antibiotic and left to incubate overnight at 30 °C. 
Colonies were screened using PCR analysis. Primers detailed in the original clonetegration paper were used to see if successful integration of the OSIP plasmid containing the DNA of interest had occurred. Colonies with apparent integration were subject to another PCR reaction containing a primer specific to the chromosome and one specific to the DNA that was to be integrated.  
Post confirmation, a glycerol stock of the strain was made and a 200 mL culture grown to produce chemically competent cells. These cells were then transformed with the plasmid pE-FLP. This plasmid was also obtained from the Shearwin research group and is necessary to remove the integration module from the chromosome. Cells were plated out on agar containing 30 µg/mL ampicillin and incubated overnight at 30 °C. Colonies were screened using a PCR reaction with the same primers used to confirm successful integration with one primer specific to the chromosome and the other to the plasmid. If the integration module was removed the PCR fragment would be ~2 Kb less than the previous PCR fragment. 
The pE-FLP plasmid was removed from the bacteria by streaking out the colonies repeatedly on agar plates with and without ampicillin. Colonies that grew on the ampicillin plates were streaked again until the strain did not grow on plates with the antibiotic. 
The strain was then checked with the previous PCR reaction to confirm that no contamination had taken place with the removal of the pE-FLP plasmid before making a glycerol stock. 
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Figure
 3.5.
 Structure of the pOSIP plasmids used in the Clonetegration protocol, showing the presence of the 
ccdB
 
gene. Plasmid variants of the pOSIP plasmids differ in their antibiotic resistance cassettes and the 
attP
 
sites, allowing for the insertion of genes onto different parts of the chromosome 
(
St-Pierre 
et al.
 2013
)
. 
)




[bookmark: _Toc476073362]3.9 Quantification using a nanodrop

	Periplasmic extract from CLM24 cells expressing either pEC(acrA) or pEC(acrA) with pACYC(pgl2) that had been purified using nickel affinity chromatography, and been processed through buffer exchange columns, had their absorbance at 280 nm measured on a Nanodrop 1000 (Thermo Fisher Scientific). The Nanodrop was first cleaned with deionised water, and the equipment blanked at 280 nm with 2 µL of the solution that the sample protein was suspended in. Once blanked 2 µL of sample was placed on the lower measurement pedestal, the sample arm was closed and the measurement taken by selecting the correct application on the associated software. Between samples the lower an upper pedestals were cleaned by wiping with clean blue roll. Measurements of each sample were taken twice and the average used for quantification purposes. 

3. Materials and Methods














Chapter four


[bookmark: _Toc476073363]Testing the effect of over expressing a combination of genes shown to improve bacterial glycosylation in E. coli 

[bookmark: _Toc476073364]4.1 Introduction 

As the field of bacterial glycosylation advances from the production of glycans in the prokaryotic domain of life, to those in the eukaryotic, the efficiency at which the cell can transfer a glycan onto the target protein is a limitation in industrial applications. From various studies, a number of genes have been identified, that when over expressed in isolation led to an increase in glycosylation efficiency (Pandhal et al. 2011, Pandhal et al. 2013). Here three of those genes were expressed in combination with one another in an attempt to observe additive benefits. The system was characterised to analyse the effect that over expressing these genes had on glycosylation efficiency, glycan production, glycoprotein production, and site occupancy of the two glycosylation sites within the target model glycoprotein, AcrA. To test this, a lectin screen was carried out to detect glycan production on the cell surface, and Western blot analysis conducted to analyse the glycosylation efficiency and relative glycoprotein production. 

4.1.1 The three genes identified in the recent efficiency studies and their effect on the process of glycosylation 

From the two studies outlined in chapter 2.3.7, both employing different strategies to identify genes that are upregulated in the presence of the glycosylation machinery, three genes were identified that are of interest to this study. By understanding their function, an insight was gained into why these proteins were causing an improvement in glycosylation efficiency, before engineering the multiple combinations of the genes to be expressed on the pEC(acrA) plasmid along with the expression of pACYC(pgl2) in the bacterial strains CLM24 and MC4100.

4.1.1.1 icl

[image: ]Isocitrate lyase (ICL) is one of the key enzymes in the glyoxylate pathway, whose function is to cleave isocitrate to succinate and glyoxylate (Atomi et al. 1990). With this protein over expressed it may increase the carbon pool available for other biosynthesis within the cell as utilising the glyoxylate pathway instead of the full citric acid cycle conserves carbons (Figure 4.1). These could then in theory be utilised for biosynthesis of glycan precursors.  












 (
Figure 4.1. The Citric Acid not being fully utilised with the glyoxylate pathway highlighted showing the bypassing of various intermediates to succinate and malate production. 
)


4.1.1.2 ptsA

A gene involved in the phosphotransferase system (PTS) (Blattner et al. 1993, Saler and Reizer 1994), the ptsA gene encodes for the phosphoenol-pyruvate (PEP) protein phosphotransferase system enzyme I (Keseler et al. 2005). 
Within this system, enzyme I is initially phophorylated by PEP and then subsequently transfers its newly acquired phosphoryl group to a histidine phosphocarrier protein which in turn can continue the cascade (Poolman et al. 1995, Garrett et al. 1997). The pathway was discovered in E. coli and subsequently found to be involved in the uptake and phosphorylation of a variety of sugars, including N-acetylglucosamine, one of the sugars present in the glycan encoded by pgl2 (Kundig and Roseman 1971).  
From the perspective of engineering the bacterium to perform glycosylation, the fact that this pathway is involved in the uptake of sugars from the extracellular media is an important one. By over expressing one of the early components of the PTS, more sugars may be taken up by the cell, increasing the number of glycan precursors within the cells and therefore increasing the number of glycans that the cell is able to build.  
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 (
Figure
 4.2
.
 The production of the glycan lipid anchor, Und-P and the involvement of dxs in the process 
(
Tatar 
et al.
 2007
)
)


4.1.1.3 dxs

The dxs gene encodes for 1-deoxyxylulose-5-phosphate (DXP) synthase which catalyses the production of DXP from pyruvate and D-glyceraldehyde-3-phosphate (D-GAP) in a thiamine diphosphate dependent manner (Sprenger et al. 1997, Brammer et al. 2011). DXP in turn is a biosynthetic precursor for thiamin and pyridoxol, as well as for isopentenyl diphosphate, the five carbon precursor for all isoprenoids (Broers 1994, Himmeldirk et al. 1996). The production of DXP is deemed to be the rate limiting step in the mevalonate pathway of isoprenoid synthesis (Kuzuyama et al. 2000). 
Figure 4.2 shows the initial step of DXP production and the significance this reaction has with the number of downstream products that depend on this one reaction. One of those numerous products is undecaprenyl phosphate (Und-P) which acts as a lipid anchor on which the glycan is built. By over expressing dxs, more Und-P could be produced, potentially meaning a higher number of glycans being built on the cytoplasmic membrane which in turn may increase the efficiency.   

Research into the proteins that the metabolic genes encode showed that the main effect is with the glycan and sugar biosynthesis pathways, as highlighted in Table 4.1.
 (
Table
 4.1.
 The three metabolic engineering genes of choice and their proposed role in the glycosylation process
)


	Gene
	Function
	Potential glyco-benefit

	icl
	Catalyzes the cleavage of Isocitrate to succinate and glyoxylate 
	Tighter control over carbon pool causing an increase for incorporation into glycan precursor synthesis

	dxs
	Deoxy-xylulose-P-synthase
	Isoprenoid synthesis, an essential process for lipid production
Involved in glycan transport during N-glycosylation

	ptsA
	PEP-protein phosphotransferase system enzyme I
	Improved energy metabolism and protein biosynthesis



4.1.2 Expressing the genes of interest in combination

To accommodate the multiple combinations of the three genes of interest a multiple cloning site (MCS) was inserted into pEC(acrA). The MCS contained the necessary restriction sites to insert the genes of interest, as well as the strong constitutive promoter J23119 from the iGEM catalogue. 

4.1.2.1 Table of the constructs produced 

Table 4.2. The seven constructs produced in this study, from the genes expressed in isolation and in combination
	Singles
	Doubles
	Triples

	pEC(acrA_ptsA)
	pEC(acrA_ptsA_ICL)
	pEC(acrA_ptsA_dxs_ICL)

	pEC(acrA_dxs)
	pEC(acrA_ptsA_dxs)
	

	pEC(acrA_ICL)
	pEC(acrA_dxs_ICL)
	



				
4.1.3 Testing the system

4.1.3.1 Testing the glycan production capabilities utilising the presence of the waaL

CLM24, is a bacterial strain that is chosen for glycoprotein production due the knockout of the waaL gene (chapter 2.4.1). This is crucial for glycoprotein production studies, as WaaL can recognise the glycan produced by the pgl2 machinery as a substrate, which results in the glycan being presented on the surface of the cell. The O-antigen presenting pathway that WaaL is a part of, can be utilised in a bacterial strain where no target protein is present, so that all glycans produced by the cell can be placed upon the cell surface, and the glycan production capabilities of that strain measured by immunoblotting the surface of the cells with a lectin specific to the sugar residues in the pgl2 glycan. 
With the combinations of the three genes being investigated, the glycan production capabilities of each combination were examined through the exploitation of the WaaL protein. The results obtained could then be compared to the glycoprotein production results to see if an increase in glycan production tends to equate to an increase in glycoprotein production, or to see if various bottlenecks exist in the bacterial glycosylation pathway that would prevent efficient transfer. 
4.2 Aims and hypothesis 

4.2.1 Aim 

The aim was to test the combinatorial effect of expressing multiple genes of interest that have proven to be beneficial to bacterial glycosylation. Once the seven constructs were made, the plasmids were transformed into the E. coli strains CLM24 and MC4100 along with the glycosylation machinery pgl2. Both universal glycan production and target protein glycosylation efficiency were measured to analyse effects from over expressing the various combinations.

4.2.2 Hypothesis 

Factors such as glycosylation efficiency and glycan production will be improved upon in cells over expressing a multitude of the identified metabolic engineering genes, when compared to cells that are over expressing these genes in isolation, and the control cells MC4100 and CLM24, which contain the plasmids pEC(acrA_MCS) and pACYC(pgl2) without the metabolic genes of interest being expressed. 

[bookmark: _Toc476073365]4.3 Workflow

The constructs created were initially tested using the E. coli strain MC4100, which has the waaL pathway intact enabling analysis of the glycan producing qualities of the constructs. Serving as a preliminary study, this gave an insight into which combination of the metabolic engineering genes were the most beneficial based on glycan production. Following this the constructs were transformed into the E. coli strain CLM24 where the waaL pathway has been knocked out, allowing PglB to transfer the glycans to the protein of interest. Western blot analysis was conducted to assess the glycoprotein production capabilities of the strains. 



[bookmark: _Toc476073366]4.4 Materials and Methods

4.4.1 Insertion of the MCS and building of the constructs

The MCS was amplified using PCR (Primers and MCS sequence in Table 4.3) and subsequently digested with the restriction enzymes EcoRI and XmaI along with the target protein plasmid, pEC(acrA). Following DNA clean up procedures the MCS was ligated into cut vector to create pEC(acrA_MCS). DH5α was the chosen cloning strain of choice for initial transformation reactions. Validation of the insertion was done via plasmid purification and digest, before DNA sequencing at the Sheffield core genomic facility. Sequencing data was checked on the FinchTV programme to confirm successful insertion and to check for any mutations that may have arisen.
 (
Table
 
4.3
.
 Sequence of the newly designed multiple cloning site and the primers used to amplify it.
)


	Part
	Sequence 5’- 3’

	MCS Top
	TGTCTTGACAGCTAGCTCAGTCCTAGTATAATGCTAGCAGCTCGCGGCCGCAGCTCCCATGGAGCCGGCCGGCCAGCTCTTAATTAAAGCTC

	MSC Bottom
	GAGCTTTAATTAAGAGCTGGCCGGCCGGCTCCATGGGAGCTGCGGCCGCGAGCTGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGACT

	MCS Forward Primer
	CCCGGGAGTCTTGACAGCTAGCTCAGTC

	MCS Reverse Primer
	GAATTCGAGCTTTAATTAAGAGCTGGCCG







 (
Table
 4.
4
.
 The primers used to amplify the three genes of interest and the restriction sites used to insert them into 
pEC(
acrA_MCS
).
)

	Gene
	Forward Primer
	Reverse Primer
	Restriction Sites

	ptsA
	GCGGCCGCAGGAG
GTAAATAATGGCCCT
GATTGTGGA
	CCATGGTTACAGTT
CCAGTTCATGTTGC
AG
	NotI, NcoI

	dsx
	CCATGGAGGAGGTA
AATAATGAGTTTTGA
TATTGCCAAATACCC
	GGCCGGCCTTATG
CCAGCCAGGCC
	NcoI, FseI

	icl 
	GGCCGGCCAGGAG
GTAAATAATGAAAAC
CCGTACACAACAAA
	TTAATTAATTAGAA
CTGCGATTCTTAG
TG
	FseI, PacI



The seven constructs required for the study were sequentially built up depending on which of the three genes were cloned in first. Genes were amplified via PCR from plasmids used in the aforementioned studies (Pandhal et al. 2011, Pandhal et al. 2013), cut with the restriction enzymes listed in Table 4.4, and ligated into the cut vector. 

4.4.2 Statistical analysis
	
To compare the different strains and obtain statistical information, so that any difference between the strains could be deemed as significant (p value > 0.05), an unpaired t-test with Welch’s correction assuming both the populations do not have the same standard error, was run, using the necessary tool on GraphPad to aid in analysis.  

[bookmark: _Toc476073367]4.5. Results

4.5.1 Plasmid construction
[image: acra plasmid inserts.PNG]

 (
Figure
 4.
3
.
 Outline of the multiple cloning site inserted into 
pEC(
acrA), highlighting the restriction sites used to insert the metabolic genes of interest
)

To engineer the metabolic engineering genes onto the same plasmid as that of the target protein, a new multiple cloning site had to be inserted into pEC(acrA). The MCS contained the necessary restriction sites to insert the three genes of interest and was designed with the constitutive promoter, J23119 from the iGEM catalogue. This 35 bp promoter was placed up stream of the restriction sites required to insert ptsA. Forward primers used to amplify up the genes of interest contained the Shine Dalgarno RBS sequence, AGGAGG and a 6 base pair gap to ensure the RBS was situated slightly upstream of the start codon. 
After successful creation of pEC(acrA) with the new MCS, the metabolic genes of interest were amplified using PCR and ligated into pEC(acrA_MCS) to create the various combinations. Figure 4.4 shows the digests of the plasmids propagated in DH5α, alongside the expected in silico digests. If ptsA was present in the construct, the digest was done with only EcoRI, if not, like in pEC(acrA_dxs), then both EcoRI and XmaI were used. For final verification the plasmids were sent for sequencing to confirm gene insertion. 
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 (
Figure
 4.
4
.
 (A) Digests of the plasmids in 
pEC(
acrA_MCS
) (Lane 1 = MW ladder, 2 = ptsA, 3 = dxs, 4 = ICL, 5 = ptsA_dxs, 6 = ptsA_ICL, 7 = dxs_ICL, 8 = ptsA_dxs_ICL). Plasmids with 
ptsA
 were digested with only 
EcoRI
. Those without 
ptsA
 were digested with both 
EcoRI
 and 
XmaI
. (B) Expected digests, calculated from 
in silico
 digests with the described enzymes. Uncut plasmid is in lanes 3, 4, and 7.
)




4.5.2 MC4100 cell surface representation of glycans 
	
4.5.2.1 Visualising the glycans

The newly formed constructs were transformed into E. coli MC4100 along with the protein glycosylation machinery pACYC(pgl2). As a positive control, the cell line MC4100 with pEC(acrA_MCS)  pACYC(pgl2) was created. For the negative control the cell line MC4100 pEC(acrA_MCS) was created with no glycosylation machinery. MC4100 was chosen because of the presence of the WaaL protein. As mentioned previously, this protein, an O-antigen ligase, can recognise the glycan as a potential substrate and attach it to a lipid A core which subsequently gets exported to the cell surface, hence placing the glycan on the extremity of the cell. By having this pathway intact and not inducing expression of we target protein, it allows us to present the glycans on the cell surface and analyse production. 
The protocol formed in this study is a slight modification from Pandhal et al. 2013, with the major difference being that the cells were not lysed. This meant that only cell surface glycan representation was analysed, and not glycoprotein production or internal GalNAc concentration. Figure 3.4 in the material and methods section shows the flow through of the methodology. 
Cell surface representation of glycans produced by the various cell lines is shown in Figure 4.5. 55 colonies were analysed on each plate and their densitometry compared to that of the positive control. Background intensity of each membrane was also subtracted from the density of colonies to normalise analysis. From this the glycan production of each strain was measured and compared based on relative intensity (Figures 4.6 and 4.7).
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4.5
.
 GalNAc specific 
lectin
 
peroxidase
 screen against the pgl2 glycan represented by 
E. coli
 MC4100 cells containing 
pACYC(
pgl2) and the various metabolic engineering plasmids. Target protein not induced.
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Figure
 
4.6
.
 Mean density of the colonies showing relative glycan production between the different strains. Error bars represent the standard deviation (n = 55).
)
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 (
Figure
 4.
7
.
 Graph showing the percentage change in the relative intensity of the colonies when compared to the control without the metabolic engineering genes. 
Asterisks above the bars indicate strains of significant difference from the control.
)



4.5.2.2 Changes in glycan production 

From Figure 4.7, where relative change from analysing the glycan production capabilities between the engineered strains and the control strain is presented, the plasmid expressing both ptsA and icl had the biggest influence on glycan production, with a 6.4% increase. Four other strains were also significantly different and are indicated by an asterisk above the bar within the chart.  
With four strains showing a slight, but significant improvement in glycan production, it seemed to correspond to the over expression of the metabolic engineering genes having a beneficial effect on the cell building the glycan through the action of the glycosyltransferases. Although the initial screen was positive, the effect of dxs expression on the cell had an inverse effect, affecting glycan production in a negative way when expressed with icl.  
The negative impact on glycan production from the expression of dxs can be seen through the comparison of the strain expressing pEC(acrA_dxs_ICL), against the strain expressing pEC(acrA_ICL), as the 3.2% increase with the over expression of icl, was reduced to a negative 2.1% change when icl was over expressed in combination with dxs. 
By analysing the combinatorial effect of all the genes it further highlights the issue of dxs expression within the constructs.

4.5.2.3 Combinatorial effect with glycan production 

The combinatorial effect was analysed by looking at the singular addition of the genes into the pre-existing constructs. Table 4.5 shows whether the change in glycan production with the addition of the genes gave a clear improvement or not. 
When more of the genes were over expressed in combination, all but four additions benefited the glycan production. Of these four, one was the inability of the addition of icl into pEC(acrA_dxs) to improve production, two were with the addition of the dxs gene into the constructs expressing ptsA and ptsA + icl, with the fourth being the addition of dxs into pEC(acrA_ICL). The final construct combination of dxs into pEC(acrA_ICL) showed a clear difference on glycan production, but actually removes any of the benefit from the single addition of icl, so is deemed to be negative. 
 (
Table
 4.
5.
 Significant change in glycan product
ion
, yes (Y) or no (N), when the three metabolic genes of interest 
were
 added into the constructs.
)
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From the glycan production study when multiple metabolic genes of interest were expressed, glycan production increased when compared to the control strain, but only with certain combinations of the genes of interest. Out of the four significant strains the combination of both ptsA and icl together was found to be the most beneficial. The inclusion of dxs into the constructs had a negative impact on production of the glycans, especially when included with icl, as this strain was the only one present that caused a negative change when compared to the control. 
	
4.5.3 Measuring the glycoprotein production capabilities of the strains  

4.5.3.1 Expression of glycosylated AcrA in E. coli cells, CLM24 

[image: ]E. coli CLM24 were used due to the WaaL protein being knocked out. The constructs made, along with pACYC(pgl2), were transformed into the cells with the strain CLM24 pEC(acrA_MCS)  pACYC(pgl2) used as the comparative control strain. The bacteria were grown in culture and induced with L-arabinose to express the target protein. SDS PAGE and subsequent Western blotting was used to analyse production, with densitometry of the bands used to calculate relative glycoprotein production and the glycosylation efficiency (Figure 4.8). An anti-His tag antibody was used to analyse protein production as it enabled us to study all three glycoforms.
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Figure
 4.8
.
 Western blots of the 7 constructs and the control expressing 
A
crA along with the 
pACYC(
pgl2
)
 machinery. His-tag antibody was used for detection of the target protein.
 The three bands for each strain represent the three biological replicates.
  
)






4.5.3.2 Densitometry analysis 

Analysis was conducted as is outlined in the materials and methods chapter 3.3.5.1. Figure 4.9 shows the relative glycosylation efficiency of the different strains, with some bars left blank as no, or only one sample in the three replicates was shown to contain glycoprotein. From the analysis that was conducted the results from the densitometry are suitable for efficiency values that allow comparisons between strains as the same analysis was applied to all samples. For accurate calculation of efficiency values other methods were developed (chapter five) but ultimately were not complete.
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) is
 included for 
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. Efficiency calculated through measuring the density of aglycosylated and glycosylated
 bands of A
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4.5.3.3 Improvement in Glycosylation efficiency 

Of the seven combinations tested, three were shown to have statistically different glycosylation efficiency when compared to the control strain, Figure 4.8, indicated by the asterisks above the bars on the chart. The strain containing the pEC(acrA_ptsA_ICL) plasmid had the highest glycosylation efficiency, with a 1.69 fold increase, from 24.6% to 41.6%, when compared to the control strain.  Two of the other significant strains, pEC(acrA_ptsA_dxs_ICL) and pEC(acrA_ptsA), caused a 1.48 fold and 1.27 fold increase in efficiency respectively.
Although positive results were obtained for some of the strains in question, two of the constructs built were detrimental towards the glycosylation process within the cell, as no or few glycoprotein bands were observed on the Western blots (see Figure 4.8). With both of the affected strains containing constructs with dxs, it further draws attention to the negative impact that this gene was having on the process.

4.5.3.4 Combinatorial effect and the effect of dxs

Of the multiple additions tested, only two had a clear positive impact on the process. The addition of both ptsA and icl into pEC(acrA_dxs), managed to produce glycoprotein, where the strain with dxs in its own entity did not. Comparing it from the perspective of placing dxs into pEC(acrA_pstA_ICL) to form the triple, the addition of this gene reduced the efficiency from 41.6% to 36.3%. The other combinatorial effect where there was a clear positive impact on the cell came from the addition of ptsA into pEC(acrA_ICL), improving efficiency from 26.1% to 41.6%.
As with the glycan production study, expression of dxs within the constructs had a detrimental effect on glycosylation efficiency, reducing the percentage in all of the strains that it was combined into, including the detrimental effect when added to pEC(acrA_ICL), where the glycosylation process was inhibited in two of the three biological replicates (see Figure 4.8). When added to pEC(acrA_ptsA) the efficiency was reduced by 6.4%, and the reproducibility of the glycosylation process across the three replicates also diminished as demonstrated by the increase in the standard deviation, represented by the error bars. 
The three strains that showed an increase in both glycosylation efficiency and glycan production, when compared to the control, pEC(acrA_ptsA), pEC(acrA_ptsA_ICL) and pEC(acrA_ptsA_dxs_ICL), were looked at in terms of glycoprotein production and site occupancy of the glycan consensus sites on the target protein.

4.5.4 Characterising the selected constructs further

4.5.4.1 Glycoprotein production

The densitometry values of the three bands were analysed, and the ratio measured, giving the relative aglycosylated and glycosylated AcrA production (Figure 4.10). The improvement in efficiency from 24.6% in the control strain, to 36.3% with pEC(acrA_ptsA_dxs_ICL), can be explained by the maintenance of aglycosylated product produced between the two strains, but with a 1.90 fold increase in the production of the glycosylated product. This meant that a higher yield of target protein was being produced, with a greater percentage of the product in the desired glycosylated form, although production was variable from the three replicates (Figure 4.10).
[image: ] With pEC(acrA_ptsA_ICL) the efficiency rose due to the reduction in aglycosylated AcrA production by 49.3%, whilst the cell maintained similar levels of glycoprotein production to the control. 
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Figure
 4.
10
.
 Comparison of the three significantly different strains and the control, in terms of glycosylation efficiency, looking at the relative production of aglycosylated and glycosylated acrA based on mean density of the bands. 
)


The differences observed in the production of the aglycosylated and glycosylated variants of AcrA between the three strains highlights the importance of characterising the glycosylation and looking beyond the efficiency figures. The relative quantity of glycosylated product is an import value to state, as it is the desired product, but to further the analysis, as AcrA is a glycoprotein with two asparagines that lie in the consensus sequence for PglB, the desired product is in fact the protein with two glycans attached.

4.5.4.2 Site occupancy of glycans

Figure 4.11 focuses on the three glycoforms of AcrA that were produced from the three strains of metabolic engineering genes that were taken forward for further analysis.
Although pEC(acrA_ptsA_ICL) had the highest efficiency amongst the three, with 41.6% of the total AcrA produced by this strain being glycosylated, of the produced glycoprotein, 16.1% is the desired diglycosylated form, a 0.55 fold change from the control, which has 29% of its glycoprotein in the diglycosylated variant. The strain with the highest percentage of the glycosylated product in the diglycosylated form, was pEC(acrA_ptsA) with 34.8%, a 1.2 fold increase from the control. 

[image: ]




 (
Figure
 4.11.
 Break down of the three glycoforms produced in the three strains chosen for further analysis, with the control strain included for comparative reasons.
)
	




[bookmark: _Toc474862000][bookmark: _Toc476073368]4.5.4.3 Characterising the significant combinations with a therapeutic protein of interest

To see if the slight improvements made here were protein specific, the acrA gene was cloned out of the constructs and replaced with a gene to express interferon α2b. The constructs were successfully produced and validated through sequencing, but unfortunately the protein was glycosylating to such a small quantity that analysis using Western blotting was not viable. Samples were cultivated and prepped for analysis using the method outlined in chapter five, but unfortunately there was not enough time to complete the analysis.

[bookmark: _Toc476073369]4.6 Discussion

Improving glycosylation efficiency is one of the many challenges that must be overcome before E. coli can be utilised as a true glycoprotein producing host. By introducing the three genes, ptsA, dxs and icl in their own entity, and in combination with one another on the pEC(acrA_MCS) plasmid, an effect on the glycosylation process took place. Certain combinations had more of a significant effect, with the combination of ptsA and icl raising the efficiency to 41.6%. This 1.69 fold increase was subsequently reduced to a 1.47 fold increase when dxs was added into the construct, and highlights the negative impact that dxs had when introduced. Further evidence for this came from the reduction of efficiency from 31.2% in pEC(acrA_ptsA), to 24.8% in pEC(acrA_ptsA_dxs). The biggest indicator of the negative effect from dxs addition, came from the pEC(acrA_dxs_ICL) strain, whereby the inclusion of dxs inhibited the cells ability to produce glycoproteins in two of the three biological replicates.
Within the experiments conducted here it is clear that dxs was causing a negative effect on the cells ability to glycosylate the target protein, but without conducting expression studies to determine the expression levels of the gene within the system, it is hard to state what effect it was having on the process. From the glycan production part of this chapter, it was clear that although the capabilities of the cell were slightly reduced, glycans were still being produced in the strains where it was assumed dxs was expressed, meaning that the problem may lie in the glycan flipping and transfer to the protein within these strains. It is hard to speculate why this effect occurred, when in the study which it was discovered, it was deemed beneficial to the process. 
The fact that in the glycan production study, constructs containing dxs produced glycans, but in the glycoprotein production study, little or no glycoprotein was produced, it highlights that production of glycans does not necessarily equate to glycoprotein production, as other bottlenecks within the process may be present.

4.6.1 Is efficiency everything?

Of the three significant strains compared to the control based on efficiency, pEC(acrA_ptsA_ICL) was deemed to be the best, but analysing the difference in terms of relative amount of product formed, this strain showed a 10.3% increase in the quantity of glycosylated AcrA produced when compared to the control. Of the three, pEC(acrA_ptsA_dxs_ICL) raised the level of glycosylated product by a fold change of 1.90, but was highly variable with one of the replicates far outperforming the other two. 
Because of this when determining if a strain is beneficial to the glycosylation process, the decision cannot be based just on the glycosylation efficiency, the amount of the desired product must also be considered, including site occupancy of the glycoprotein. 

4.6.2 Production of the desired diglycosylated product

Many glycoproteins contain more than one glycosylation site within the amino acid sequence, with full site occupancy normally required for full protein functionality (Apweiler et al. 1999), so when producing a protein, like AcrA in our system, it is vital to check the level of site occupancy of the produced protein. An example of an industrially relevant therapeutic which has multiple glycan attachment, comes from one of the best selling recombinant therapeutics between 2001-03, Etanercept (enbrel), a fusion protein made up of tumour necrosis factor α and the Fc domain of immunoglobin G1, which is sold by the pharmaceutical companies Amgen and Pfizer, which has three N-linked glycosylation sites required for functionality (Pavlou and Reichert 2004, Houel et al. 2013). 
The model protein, AcrA, has two glycosylation sites. Figure 4.11 breaks down the level of glycoprotein produced into the three glycoforms, aglycosylated, monoglycosylated and diglycosylated. The only strain to produce more diglycosylated product was pEC(acrA_ptsA), with a 1.2 fold increase from the control, showing that these metabolic engineering genes, although capable of increasing glycan production and effecting efficiency, were not as effective at improving the level of diglycosylated protein produced. 
This, along with the fact that the dxs strains could produce glycans but not glycoproteins, highlights that the potential bottleneck in the bacterial glycosylation process may currently lie with the oligosaccharyl transferase PglB, as we are able to improve glycan production but not effectively transfer the increased amount. 

4.6.3 Combinatorial effect 

From the glycan production study, the addition of ptsA or icl into the single or double constructs had a significant effect on production, with the addition of icl into pEC(acrA_dxs) being the exception. Over expressing multiple metabolic genes of interest was beneficial, but in terms of looking at the glycosylation efficiency it was not as clear. Significant improvements were only observed in two cases and from analysing various aspects of the glycosylation profile, just an improvement in efficiency should not be deemed a success.
The discrepancy between the two studies highlights the issue that high glycan production does not necessarily translate into high glycoprotein production. This suggests that a bottleneck further down in the process could be apparent, potentially with the oligosaccharyl transferase PglB not being able to effectively cope an increase in the glycan substrate.

4.6.4 Choice of promoter and RBS

Although changes in glycan production and glycosylation efficiency were observed between the different constructs tested, no expression analysis was performed to ensure expression of the three metabolic genes of interest. To confirm expression, RT-PCR could have been performed or the bands could have been visibly seen on a total protein extract of the cell on an SDS-PAGE gel and sent off for peptide mass fingerprinting. In an attempt to optimise expression of the three genes of interest to similar levels, more effort should also have been made when producing the constructs to try and analyse the sequences flanking the RBS and the initial start codon, utilising online bioinformatic tools such as the RBS calculator to try and normalise the expression instead of just selecting the Shine Dalgarno sequence.   

4.7 Conclusion

	In conclusion, over expressing the metabolic engineering genes in combination had an additive effect on glycan production but the same cannot be said as comprehensibly with glycosylation efficiency, as only three significant improvements were made, with one of the genes shown to have detrimental effects on glycoprotein production. 
	By characterising the best performing strains in respect to glycoprotein production and the split between the mono and di glycosylated forms, it highlighted the importance of analysing the system in terms of the glycoforms produced, as the best performing strains in terms of glycosylation efficiency, did not necessarily produce the greatest relative amount of glycoprotein. 
	One of the major drawbacks of this experimental chapter is the fact that the results outlined here, cannot be compared to the values from which the genes were first identified, as the glycoprotein production values were all relative. To eradicate this issue in any future work, the next experimental chapter focuses on the development of a quantification method for absolute quantification of glycoprotein production within the system, whilst retaining the ability to measure glycosylation efficiency
4. Chapter four

[bookmark: _Toc460503311]


5. Chapter five


[bookmark: _Toc476073370]Analysing the production of AcrA glycoforms with the aim of absolute quantification 

[bookmark: _Toc476073371]5.1 Summary

Obtaining absolute quantification of the three glycoforms that the system produces (aglycosylated, mono glycosylated, and diglycosylated), would allow the results to be compared and contrasted to not only different glycoprotein production experiments within E. coli, but also to other expression systems such as CHO cells. Three strategies were developed to try and quantify the three glycoforms, and develop a single method that could be proposed to the wider field. Of the three strategies, two tried to separate the three forms of AcrA using either HPLC analysis, or a lectin chromatography method. The final strategy involved a mass spectrometry approach, which utilised a heavy labelled version of the target protein that could be quantified using its absorbance at 280 nm, and spiked into the samples with unknown amounts of the different forms of AcrA. Processing of the mass spectrometry data, comparing the intensity of 14N and 15N labelled peptides, would show that quantification of the target protein was achievable, with a combined mass spectrometry and Western blot approach being developed to enable quantification of the three glycoforms.
	 
[bookmark: _Toc476073372]5.2 Introduction

As the field expands and more research is conducted with a wider array of target proteins and differing glycosylation machinery, the ability to compare and contrast the performance of each individual study against one another is paramount for analysing performance, and gauging the productivity in terms of the amount of glycoprotein produced. As it currently stands, most studies fail to present data on the amount of glycoprotein produced in absolute values (Table 5.1), with Western blotting mainly used to analyse glycosylation efficiency, and allow the calculation of relative quantification against a control strain. Chapter four exemplifies this where it was possible to compare the efficiency values and relative glycoprotein production between the various strains, but it was not possible to relate the glycoprotein production values to any other studies, due to the lack of absolute quantification. 
Analysing glycosylation efficiency is a good indication of strain performance, but the overall aim is to produce a high quantity of glycoprotein. Without absolute quantification data, it is hard to compare any studies that are conducted against others in the field to determine if a good production level has been achieved, although absolute quantification data is rarely published in the literature. 
Table 5.1 is a compilation of studies producing glycoproteins in E. coli; looking at the glycoprotein production column, it is evident that values are often not calculated or published. In addition to this the majority of quantifications are done using Western blot analysis. This technique, although powerful and a great analytical technique in terms of specific protein identification, is less suitable as a method of quantification. The technique is dependent solely on the intensity of the band on the blot, which is reliant on the specificity of the enzyme which can in many cases be nonspecific and show multiple positive bands on the Western. Even if the antibody is specific or the protein is purified before analysis, transfer and development of blots can vary meaning intensity comparisons across multiple blots can be inaccurate (Aebersold et al. 2013).  
To set a standard for glycoprotein quantification in E. coli, three methodologies were developed to try and quantify the different glycoforms produced in the system via methods that attempted to avoid Western blots. Two methods were based on the principle that the glycoforms could be separated from one another using either HPLC, with a specific HILIC column designed to deal with glycoproteins, or a lectin column, that is selective towards the monosaccharide present in the glycan produced by the pACYC(pgl2) plasmid.






 (
Table
 5.1. 
Table
 highlighting previous 
in vivo 
glycoprotein production studies in 
E. coli
 and the lack of quantitative information on the amount of glycoprotein produced. 
Table
 modified from 
(
Pandhal 
et al.
 2013
)
.
)


	Protein
	Glyco-protein mg/L
	E. coli Strain
	Glycan Structure
	Glyco Efficiency (%)
	Quant- method
	Reference 

	CH2
	-
	SCM3
	GlcNAc(GalNAc)5
	<5
	Western Blot (WB)
	(Schwarz et al. 2010)

	F8
	-
	SCM3
	GlcNAc(GalNAc)5
	40
	WB
	(Schwarz et al. 2010)

	Endotoxin A
	-
	CLM24
	(Rhap)2GalGcNAc
	-
	WB
	(Ihssen et al. 2010)

	acrA
	3.53
	CLM24
	Bac(GalNAc)2Glc (GalNAc)3
	47
	RC/DC, WB & pseudo Selective Reaction Monitoring
	(Pandhal et al. 2011)

	acrA
	-
	SCM6
	Bac(GalNAc)2Glc (GalNAc)3
	-
	WB
	(Lizak et al. 2011a)

	3D5
	2.00
	SCM6
	Bac(GalNAc)2Glc (GalNAc)3
	20
	WB, Absorbance at 280 nm
	(Lizak et al. 2011a)

	acrA
	-
	CLM24
	Bac(GalNAc)2Glc (GalNAc)3
	25
	WB
	(Pandhal et al. 2012)

	Maltose Binding Protein & ScFv13-R4
	0.05
	MC4100
	(Man)3(GlcNAc)2
	<1
	WB
	(Valderrama-Rincon et al. 2012)

	Fc of IgG1, RNA-seA &hGHv
	0.05
	MC4100
	(Man)3(GlcNAc)2
	<1
	WB
	(Valderrama-Rincon et al. 2012)



Once separated, the individual forms could be quantified using existing methods, such as measuring absorbance at 280 nm, and calculating the quantity using the proteins molar extinction coefficient. The final method involved the production of a heavy labelled version of the target protein, using media containing 15N labelled nitrogen. This was then incorporated with periplasmic extract from cells expressing ‘light’ AcrA, and analysed on a mass spectrometer.

[bookmark: _Toc476073373]5.3 Attempted separation of the three glycoforms of AcrA produced in we bacterial system using High Performance Liquid Chromatography

[bookmark: _Toc476073374]5.3.1 Method outline and Introduction

5.3.1.1 Introduction

High Performance Liquid Chromatography (HPLC) is routinely used for separation of complex analytes such as proteins (Tennikova et al. 1990, Jonnada et al. 2015). With an increasing interest in glycoproteins and studying the glycome, more columns and methods are being designed for the sole purpose of glycoprotein and glycan separation and characterisation (Jensen et al. 2012, Armutcu et al. 2014). Within this method the aim was to exploit one of the newly developed columns, utilising the change in hydrophobicity that glycan attachment can impart on a protein (Zhong and El Rassi 2009), to see a difference in the retention time between aglycosylated and glycosylated proteins, leading to protein separation. 
The column selected for this method, was the Glycoprotein BEH Amide 300Å 1.7 µm column from Waters. This was selected based on its characteristics and application notes that showed capabilities that we were willing to exploit, for example the successful separation of a monoclonal antibody (mAb), where partial glycan cleavage had been carried out to create a mAb with a varying glycoform (Figure 5.1). The column was designed for intact glycoprotein profiling using hydrophilic interaction chromatography (HILIC) to separate analytes. This normal phase mode of chromatography, relies on the basis of a hydrophilic stationary phase, and as the mobile phase decreases in hydrophobicity, more polar analytes will elute meaning that the more polar the protein, the greater its retention time (Alpert 1990). With the addition of polar glycans on the protein, this would increase the protein’s polarity, and hence the glycoproteins should elute after the aglycosylated variant (Figure 5.1).    
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 (
Figure
 5.1.
 
Application note from the 
Glycoprotein BEH Amide 300Å 1.7 µm
 column, outlining the separation of a monoclonal antibody (mAb) with two glycosylation sites.
 (Top) native mAb with all glycans attached. (Middle) partial enzymatic cleavage of glycans using the enzyme PNGase F. (Bottom) further enzymatic cleavage of the glycans showing the separation of the glycoforms 
(
Lauber and Koza 2015
)
.
)




5.3.1.2 Method outline

With evidence of glycoform separation on the column, the method development for the quantification of the glycoprotein relied on the separation of glycoprotein variants using HILIC, with the Glycoprotein BEH Amide 300Å 1.7 µm column.	

[bookmark: _Toc476073375]5.3.2 Aim 

Using liquid chromatography, the aim was to sufficiently separate the three glycoforms of AcrA, measuring the absorbance of the peaks at 280 nm. With three distinct peaks, the absorbance values measured could be used along with the estimated molar coefficient of the protein, to quantify the three forms of AcrA.  The quantification of the three glycoforms would also give a more accurate glycosylation efficiency that could be calculated through the relative abundance of the peaks.

[bookmark: _Toc476073376]5.3.3 Workflow

Cultures of strains CLM24 pEC(acrA), and CLM24 pEC(acrA) pACYC(pgl2), were grown up and induced to express AcrA through the addition of L-arabinose. Post expression the cells were lysed to extract the periplasmic proteins, and purified using a nickel column. The purified protein was then subject to size exclusion columns to change the buffer from the elution buffer used in purification which is high in salt, to a buffer suitable for LC analysis. 6 µL of each purified sample was subjected to LC analysis, in an attempt to achieve separation of the glycoforms.  

[bookmark: _Toc476073377]5.3.4 Specific Methodology 

5.3.4.1 Running of the HPLC and optimising the separation

A Dionex Ultimate 3000 LC system was used for the attempted protein separation. The operating parameters such as the flow rate, column temperature, mobile phase, and gradient were optimised to give the best separation.
The parameters found to best suit we needs are outlined in Table 5.2 and 5.3.





Table 5.2. HPLC parameters for the separation of the AcrA glycoforms.
	Column temperature
	50 °C

	Fluorescence Detection
	Ex 280/Em 320 nm

	Injection volume
	6 µL

	Flow rate
	0.2 mL/min

	Mobile Phase A
	0.1% (v/v) TFA, H2O

	Mobile Phase B
	0.1% (v/v) TFA, ACN



Table 5.3. Gradient of buffer A to B in the HPLC method for glycoform separation.
	Time
	%A
	%B
	Curve

	0.0
	25
	75
	5

	3.0
	25
	75
	5

	18.0
	45
	55
	5

	21.0
	45
	55
	5

	21.5
	95
	5
	5

	26.5
	95
	5
	5

	27.0
	25
	75
	5

	37.0
	25
	75
	5



[bookmark: _Toc476073378]5.3.5 Results

5.3.5.1 Separation performed on the BEH Amide 300Å 1.7 µm column

6 µL of sample in a 75% (v/v) acetonitrile solution in water was loaded onto the column. Over 15 minutes the percentage of ACN was gradually reduced to 55% (v/v), which was found to create enough of a hydrophilic environment for AcrA to elute off the column. As this was a pure sample of the protein of interest, and shown to be >95% pure (Figure 5.2), the one peak on the chromatogram when testing the completely aglycosylated protein, was believed to be we protein of interest and subsequent fractionation was not performed at this stage.  
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 5.2.
 
Coomassie
 stain of a 4-12% 
Bis-Tris
 acrylamide gel containing 
we
 purified protein of interest. (Lane 1) 
Novex
 
Prestained
 protein ladder with the molecular weight of the bands labelled down the side. (Lane 2) 
Periplasmic extract from the bacterial pellet.
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pEC(
acrA) pACYC(pgl2). (Lane 4) Same as Lane 3 but the sample had been through a 3 
kDa
 spin column and the buffer changed to remove the salt from the purification elution.
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From Figure 5.2 the high purity of AcrA is evident, with few faint bands present at the low molecular weight area of the gel in lane 4. Although a couple of minor contaminants the purity was deemed high enough to proceed with the liquid chromatography.
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Figure
 5.3.
 HPLC separation of various samples of AcrA using the Waters Glycoprotein 
BEH Amide 300Å 1.7 µm
. Peaks measured from the proteins fluorescence at excitation 280 nm, emission 320 nm. (A) AcrA purified from CLM24 
pEC(
acrA). (B) AcrA purified from CLM24 
pEC(
acrA) pACYC(pgl2). (C) Overlap of the two chromatograms.
)




Samples from CLM24 pEC(acrA) were run as the negative control, with only one peak expected on the chromatogram. From CLM24 pEC(acrA) pACYC(pgl2), two peaks were expected. Normally with a good expression of AcrA, there would have been three for the three glycoforms of AcrA produced, but from analysing Figure 5.2 and only observing two bands corresponding to aglycosylated and mono glycosylated product, only two peaks were expected on the chromatogram.  
The chromatograms of the resulting LC runs are shown in Figure 5.3. From analysing the chromatograms, it was apparent that the sample where multiple forms of AcrA were produced contained a second peak after 14 minutes, where the control sample did not. Overlapping the two chromatograms, it was made clear that the first peak at 11 minutes matches between the two samples, whereas the second peak in the glycosylated sample, had a later elution time which was expected from the glycosylated protein. 
Based purely on the LC chromatograms  the desired separation was achieved. To validate this separation, more runs were conducted using the same parameters, but the samples were fractionated, collecting the peaks. The fractions were then concentrated up using spin columns and a 4-12% Bis-Tris acrylamide gel conducted prior to silver stain analysis. Coomassie staining was not chosen as a more sensitive staining method was preferred to better visualise glycoprotein from the separation. 
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Figure
 5.4.
 Silver stain of fractionated AcrA samples from the attempted protein separation on the BEH amide column. 1-2 = CLM24 
pEC(
acrA), 3-4 = CLM24 pACYC(pgl2). (Lane 1) CLM24 
pEC(
acrA) first peak from 
figure
 3 top chromatogram. (Lane 2) CLM24 
pEC(
acrA) second peak from 
figure
 3 top chromatogram. (Lane 3) CLM24 
pEC(
acrA) pACYC(pgl2) first peak from 
figure
 3 middle chromatogram. (Lane 4) CLM24 
pEC(
acrA) pACYC(pgl2) second peak from 
figure
 3 middle chromatogram. 
)




Following the separation of the glycoforms using liquid chromatography and analysing the resulting chromatograms, it seemed that the two expected peaks were present, indicating glycoprotein separation from the aglycosylated counterpart, had been achieved. Further analysis with the collected fractions showed this not to be the case, with the second peak containing a mixture of the two glycoforms (Figure 5.4). 
To ensure that the result was not due to carry over in elution from the first peak, the rate at which the HPLC changed from 75% solution B to 55% was reduced, to increase the difference in retention time between the two peaks, but the same results were obtained with aglycosylated protein in the second peak. 
Communication with Waters, the manufacturers of the column, was made outlining the desired application and the results had obtained. They suggested running the samples in their denatured form. Guanidine hydrochloride was added to the samples to get the protein in its primary state and ran on the column, but the desired separation was not achieved. 
As an alternative to the Waters column, other columns were tested for this application including a ProSwift™ RP-4H monolithic column from Thermo Fisher Scientific, and a Hypercarb™ Porous Graphitic also from Thermo Fisher Scientific. Unfortunately neither resulted in any observable separation following initial runs and after buffer optimisation. 
	
[bookmark: _Toc476073379]5.3.6 Conclusion 
 
 This HPLC method was intended to separate the glycoforms based on the difference in hydrophobicity between the variants and allow the absorbance at 280 nm of the peaks to be measured so the amount of protein could be quantified and the glycosylation efficiency calculated. From the chromatograms the results were initially positive, but by investigating the contents of the peaks through fractionation and subsequent silver stain analysis, it was found that the separation was mixed. Although a failed attempt, the optimised purification protocols, and the evidence that clear peaks of the target protein are seen when run on the HPLC, proved that quantification using the absorbance at 280 nm and extinction coefficient was possible for any other methods that were developed. 





[bookmark: _Toc476073380]5.4 Attempted purification of the mono and diglycosylated AcrA from the aglycosylated counterpart using a lectin column specific to the sugars in the glycan produced with the glycosylation machinery pACYC(pgl2)

[bookmark: _Toc476073381]5.4.1 Introduction and Method Outline

5.4.1.1 Introduction

After the failure of the HPLC HILIC method to separate out the AcrA glycoforms, a method more specific to recognising the glycans attached to the protein was designed.
Lectins are a class of protein that bind carbohydrates, with different lectins found to be specific to different sugar residues (Goldstein and Hayes 1978). Soybean agglutinin (SBA) is specific to carbohydrates with a terminal Gal (galactose) or GalNAc sugar residue (Gupta et al. 1994), with an affinity around 40-fold greater for GalNAc when compared to Gal (Pereira et al. 1974, Hammarstrom et al. 1977). The glycan built by the glycosylation machinery coded for by pACYC(pgl2) within the expression system is a hexasaccharide glycan containing five GalNAc residues, most importantly with one of the five GalNAc residues being the terminal sugar moiety of the glycan structure.  
Due to the high affinity that SBA has for terminal GalNAc residues, the glycoprotein purification was run using an agarose bead column with SBA bound to it. The column was intended to preferentially bind to the glycosylated form of AcrA, allowing the glycoprotein to be eluted, and quantified separately from the aglycosylated AcrA (which would be collected with the sample load flow through). As the diglycosylated variant would have twice the number of glycans, its affinity for the SBA would in theory be higher than that of the monoglycosylated protein. Because of this, more eluting agent would be needed, allowing for the separation of the mono and diglycosylated variants. To see if this effect took place the elution was performed in 10 x 1 mL fractions.   


[bookmark: _Toc476073382]5.4.2 Aim

The aim was to take the purified mix of the AcrA glycoforms following nickel affinity chromatography, and apply it to a column enriched in a lectin that has an affinity for and binds the monosaccharide GalNAc. Following separation the aim was to quantify the three glycoforms using either absorbance readings through the running of the proteins down an LC column or simply using a Nanodrop.

[bookmark: _Toc476073383]5.4.3 Workflow 

A culture of both CLM24 pEC(acrA), and CLM24 pEC(acrA) pACYC(pgl2), was cultivated and induced to express AcrA through the addition of L-arabinose. Post expression the cells were lysed to extract the periplasmic proteins and purified using a nickel column as detailed in chapter 3.2.2 and 3.4.1. The protein was then filtered through size exclusion columns to change the buffer to one with lower salt content as it can interfere with the binding of the glycans.
Samples were then subject to a lectin column with the aim to separate the glycoforms of AcrA. Flow through from the column was collected to analyse the effectiveness of the binding and the capacity of the column. To analyse the fractions, SDS-PAGE analysis was used with subsequent silver staining, as it a more sensitive staining method compared to Coomassie staining.

[bookmark: _Toc476073384]5.4.4 Specific methodology

5.4.4.1 Purification using the lectin column specific to GalNAc residues

2 mL Agarose bound soybean agglutinin (SBA) from Vector Labs, was placed in a suitable column for purification purposes. The matrix was washed and the purified AcrA from CLM24 pEC(acrA) pACYC(pgl2) loaded onto the column, with the flow through collected and reapplied to the column to ensure maximum binding. The column was washed once again to remove unbound protein before eluting the bound proteins using the Glycoprotein Elution Solution from Vector Labs. All flow through from the purification was collected for analysis. 

[bookmark: _Toc476073385]5.4.5 Results

5.4.5.1 Use of a lectin column specific to GalNAc to purify glycosylated AcrA

[image: ]Post His-tag purification a 4-12% Bis Tris acrylamide gel was run to check the production of the glycosylated product and ensure a high level of purity (Figure 5.5). The subsequent pure sample was loaded onto the SBA column, washed and the bound protein eluted.
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Bis-Tris
 acrylamide gel, 
coomassie
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 Lane 1 purified AcrA post affinity chromatography. Lane 2 same as lane 1 but sample concentrated using a spin column. 
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Figure
 5.6.
 4-12% 
Bis-Tris
 acrylamide gels stained using a silver stain kit (Section 3.3.4). (Fig. 5.6A) Lane 1 Flow through from the sample being loaded onto the SBA column. Lane 2, 
flow
 through from the wash step. 
(Fig. 5.6B) 10 x elution fractions from the SBA column purification.
)


Figure 5.5 shows the sample loaded onto the column contained monoglycosylated AcrA. Following the buffer exchange (lane 2 Figure 5.6A) the aglycosylated and monoglycosylated AcrA was still present with a small number of impurities showing up as the sample was concentrated. 
The sample from lane 2, Figure 5.5, was loaded onto the column and the flow through (lane 1 Figure 5.6A) shows the presence of both aglycosylated and mono glycosylated AcrA, indicating that the glycosylated AcrA was not binding to the column even though the sample was applied twice, meaning that either the lectin was not recognising the glycan, or the binding capacity was exceeded. From the wash flow through (lane 2 Figure 5.6A), aglycosylated AcrA was present but the glycosylated form was absent, showing that there was some evidence of the glycosylated variant binding to the column.
To elute bound proteins, Vector labs supply an elution solution that was used. 10 mL of the solution was passed through and the flow through collected in 1 mL fractions that were concentrated and loaded on the gel (Figure 5.6B). Lane 1 of Figure 5.6B shows that the contents of the first elution fraction was the only elution sample to contain protein, and judging from the molecular weight of the two bands, it indicated the presence of both aglycosylated and monoglycosylated target protein, showing that the previous prediction of AcrA not binding to the column was false, and that non-specific binding of aglycosylated AcrA to the column makes it unsuitable for the desired application. 

[bookmark: _Toc476073386]5.4.6 Conclusion
 
In the current system, the ability to produce glycosylated product is limited, with a far greater quantity of aglycosylated AcrA being produced. Because of this, and the relatively low quantity of glycosylated protein present, it was thought that the binding capacity of the column would not be exceeded (4 mg/mL), but with the column shown to have non-specific binding, it could be becoming overloaded with both the aglycosylated and glycosylated variants. This would inhibit the columns ability to bind all of the glycosylated form, and would explain the presence of the glycoform in the flow through. The fact that the glycoform is not in the wash could be explained by the stronger binding interaction that the lectin would have for the glycoprotein, with both observable in the elution due to the elution buffers ability to completely strip the column.   
Although promising with the binding of the glycoprotein, the purification needs optimising to eradicate the non-specificity that the lectin appeared to have towards the aglycosylated protein. Like with Nickel affinity chromatography and the inclusion of a small amount of immidazole into the sample prior to binding, optimisation with a small amount of either Gal or GalNAc in the sample may remove any non specific binding, and allow purification of the glycoprotein. Judging on the results obtained and the lack of specificity, it was deemed that separation of mono and diglycosylated would need extensive optimisation and the method development was not pursued, as the ability to distinguish the two and quantify them was believed to be paramount.  

[bookmark: _Toc476073387]5.5 Quantifying AcrA production and differentiating between the three glycoforms using a mass spectrometry based approach

[bookmark: _Toc476073388]5.5.1 Introduction and method outline

5.5.1.1 Introduction

A mass spectrometry approach was developed based on similar principles to the methods of SILAC and QconCAT. Both of these methods involve the introduction of heavy labelled isotopes to aid in absolute quantification of either the proteome (SILAC), or of targeted proteins (QconCAT). In the latter method, the user can quantify a host of proteins by designing a synthetic gene containing multiple peptides from the various proteins that the user wishes to quantify. This synthetic protein can then be expressed with a heavy isotope of choice, purified, and then quantified before spiking it in before proteolytic digestion. When analysing the MS level spectra, the monoisotopic masses of the light and heavy peptides from the proteins of interest will be present, allowing the absolute quantification of the ‘light’ protein, from the heavy peptide of known concentration (Pratt et al. 2006, Chen and Turko 2014). The method is based upon the QconCAT protocol but avoids common issues of this methodology, as only one protein is being quantified.
One of the limitations of QconCAT is the need to ensure that the synthetically designed protein gives the same digestion pattern as the native proteins. If different digestion rates occur then the ratio of light to heavy labelled protein will differ, and the accuracy of the absolute quantification will be lost (Chen and Turko 2014). In the method proposed here, only AcrA is quantified, so there would be no difference in as the heavy and light protein as the sequences are inherently identical.
	
5.5.1.2 Method outline

Once the heavy labelled (15N) AcrA had been expressed, purified, and quantified, a range of concentrations of the heavy AcrA was spiked into samples with an unknown constant amount of the light protein. As it was assumed that the amount of the light protein (14N) is constant in this range of samples, due to the same periplasmic sample from CLM24 pEC(acrA) pACYC(pgl2) being used, the intensity of the light protein could be normalised to 1, and the ratio of the heavy to light across the different samples analysed, to check if there was a linear response of the targeted peptides as the heavy protein concentration increased. The intensities were measured at the MS level with the spectra containing both the heavy and light monoisotopic ions.  
	
5.5.1.2.1 Inference method for measuring glycoprotein production

To quantify the total protein using mass spectrometry, aglycosylated peptides were targeted using the development of an inclusion list, and quantified through the comparison of the light to heavy ratios at the MS level (as long as there is linearity between the peptides and their increase in concentration). To quantify glycoprotein production, potential glycopeptides were targeted in the inclusion list (peptides that have the asparagine in the consensus sequence necessary for glycosylation to occur, but with no glycan attachment), and quantified in the same way as the aglycosylated variants. If glycosylation had occurred, then theoretically the quantity of AcrA measured from the potential glycopeptides would be lower than the value obtained from the aglycosylated, as a percentage of the potential glycopeptides would have been glycosylated and would therefore have a different m/z value, meaning the quantity calculated from the potential glycopeptide would be lower than that from the aglycosylated peptide. The difference between the two would then be inferred as glycoprotein. For example if the aglycosylated peptide quantification gave the total AcrA production to be 2 µg, and the potential glycopeptides 1.5 µg, then it would be inferred that 0.5 µg of the protein was glycosylated at that site contained within the potential glycopeptide. This would allow the absolute quantification of glycoprotein production, and was done with both sites meaning glycosylation efficiency values could be obtained. 

[bookmark: _Toc476073389]5.5.2 Aim 
	
As with the unsuccessful HPLC and lectin based methodologies stated in this chapter, the aim of this strategy was to set a new standard for measuring glycoprotein production within bacteria using a mass spectrometry approach as opposed to the standard Western blotting method. Use of this method was thought up to also differentiate between the three glycoforms of AcrA that is produced, making it feasible to calculate glycosylation efficiency using mass spectrometry through the inference method outlined above. 
	
[bookmark: _Toc476073390]5.5.3 Workflow

Protein coded for by CLM24 pEC(acrA) was expressed and grown in Silantes media containing the 15N nitrogen isotope. The resulting bacterial cells were lysed to extract the periplasm, with the resulting lysate subject to a nickel column to purify the histidine tagged AcrA. The quantity of AcrA was determined using a Nanodrop, and a liquid chromatography technique, whereby the absorbance at 280 nm was taken and the value used along with the theoretical extinction coefficient to calculate the quantity. 
Desired amounts of the 15N AcrA was spiked into 5 µg of periplasmic extract and digested using Trypsin. Samples were then cleaned, and checked for contamination on a Bruker amazon mass spectrometer, prior to further analysis.
 Due to the nature of the method and the need to target peptides from the protein of interest, an auto MS method, with an LC gradient of 30 and 75 minutes, was run on a Thermo Q Exactive Orbitrap to determine which peptides were observed with these two gradient lengths. From this, an inclusion list was created containing the m/z values of peptides, targeting various aglycosylated peptides and those with the glycan expected to be attached. Once tested, the method targeting specific peptides was undertaken on the samples with various amounts of 15N AcrA spiked in, to measure peptide linearity as the protein quantity increases. If linear, these peptides can be targeted in future samples where a chosen quantity of 15N labelled AcrA can be spiked in, and the ratios at the MS level used to quantify the amount of unknown 14N AcrA. 

[bookmark: _Toc476073391]5.5.4 Specific methodology

5.5.4.1 15N AcrA quantification using HPLC

A Dionex Ultimate 3000 LC system was used to run and analyse the target protein on the monolithic column, ProSwift™ RP-4H from Thermo Fisher Scientific. The operating parameters such as the flow rate, column temperature, mobile phase, and gradient were optimised to give the best peak clarity.
The parameters found to best suit our needs are outlined in Tables 5.4 and 5.5:

Table 5.4. HPLC parameters for AcrA quantification.

	Column temperature
	70 °C

	UV Detection
	280 nm

	Injection volume
	: 6 µL

	Flow rate
	0.1 mL/min

	Mobile Phase A
	97% H2O 3% ACN 0.1% (v/v) TFA

	Mobile Phase B
	97% ACN 3% H2O 0.1% (v/v) TFA






Table 5.5. HPLC gradient of buffer A to B for the quantification of AcrA.

	Time
	%A
	%B
	Curve

	0.0
	90
	10
	5

	2.0
	65
	35
	5

	16.0
	57
	43
	5

	17.0
	10
	90
	5

	22.0
	10
	90
	5

	22.1
	90
	10
	5

	26.0
	90
	10
	5

	27.0
	90
	10
	5



[bookmark: _Toc476073392]5.5.5 Results

5.5.5.1 Quantification of heavy labelled AcrA

[image: ]E. coli expressing CLM24 pEC(acrA) was grown up in Silantes media rich with the 15N isotope instead of 14N, creating a heavy labelled AcrA. This was subsequently purified prior to quantification. To check the purity of the sample, an acrylamide gel was run and a Coomassie stain undertaken to check for any major impurities, Figure 5.7.
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Figure
 5.7.
 4-12% acrylamide gel of heavy labelled AcrA. Protein grown in CLM24 
pEC(
acrA) in 
silantes
 media with heavy labelled 
15
N
. 
Coomassie
 staining undertaken after running of the gel.
)
	

As with the purifications in the other sections of the chapter the purity was high with no contaminating protein on the gel. This was crucial for the quantification method within the mass spectrometer. With the pure 15N AcrA obtained from affinity chromatography, the sample was quantified using HPLC to obtain the absorbance at 280 nm, Figure 5.8. The absorbance was also measured using a Nanodrop and both values used along with the molar extinction coefficient estimated from the ExPASy ProtParam online tool.
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 (
Figure
 5.8.
 Two chromatograms of identical quantities of purified 
15
N
 AcrA subjected to HPLC analysis on a 
ProSwift
™ RP-4H LC column. Chromatograms show the absorbance at 280 nm to give absorbance information of 
we
 protein at this wavelength. 
)



The high purity of the sample from the Coomassie stain in Figure 5.7 was shown once again in the chromatograms from the HPLC analysis, with only one distinct peak at 15 minutes throughout the scan (UV detector 280 nm). From the spectra the area under the peak was calculated to give the mAU/min. This value was then input into an adapted equation from Beer-Lambert law to calculate the mol/L of the protein, where f is the flow rate in mL/min, E is the extinction coefficient, and d is the cell length used for UV detection. 



The average of the two peaks from the separate runs was taken and the protein sample quantified using the equation above. From the absorbance taken from the HPLC runs the protein concentration was found to be 3.08 µg/µL. 
To determine if this analysis was comparable to a standard method used in industry, the sample was subjected to Nanodrop analysis. 1 µL of the purified 15N AcrA was placed on the Nanodrop and the absorbance at 280 nm taken. As this method is similar to spectrophotometry just on a smaller scale, the equation from the Beer-Lambert law was used to calculate the analyte concentration in mol/L. The Nanodrop 1000 has a 0.2 mm path length but when measuring the  A280 the module displays 1 cm equivalent data, meaning the path length value can be omitted from the equation. A is the absorbance of the analyte at 280 nm, ε is the molar extinction coefficient, and c is the calculated analyte concentration. 



From the Nanodrop method the protein concentration of the sample was calculated to be 3.19 µg/µL.
	
5.5.5.2 Creating an inclusion list to target peptides that can be used for quantification

Following quantification of the heavy labelled protein, a series of dilutions were conducted in 5 µg of periplasmic extract from CLM24 pEC(acrA) pACYC(pgl2), giving 8 samples of periplasmic extract, each with a different quantity of 15N AcrA spiked in, ranging from 0.5 to 0.0125 µg. These samples were subjected to an in solution digest using Trypsin as the protease, and cleaned through C18 columns prior to mass spectrometry analysis.
To identify peptides that would be observed from the mass spectrometer, so they could be targeted in subsequent analytical runs, two auto MS runs were conducted with either a 30 or 75 minute LC gradient. After these were undertaken, the raw data was processed using MaxQuant to give a table of the peptides obtained from MS/MS level scans, where peptides were fragmented to determine their sequence identity. The peptides obtained from the 30 minute and 75 minute LC gradient runs that correspond to AcrA, are shown in Tables 5.6 and 5.7.
 (
Table
 5.6.
 Auto MS run performed on a Thermo 
Orbitrap
 with a 30 minute LC gradient. Only peptides with no missed cleavages shown, if peptides were shown in multiple charge states all different states are shown.
)
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From the different runs, no clear difference was apparent between the 30 and 75 minute gradient, as the peptides identified were almost identical between the two. Although more time consuming, the 75 minute gradient was chosen for the future runs as the retention times between peptides were greater, allowing more peptides to be targeted over a wider range of time points. 
Taking the peptide information from the 75 minute gradient auto MS run (Table 5.7), an inclusion list was created targeting five peptides that did not contain the glycosylation consensus sequence, using their charge state, m/z, and retention time information to allow targeting. 
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Table
 5.7.
 Auto MS run performed on a Thermo 
Orbitrap
 with a 75 minute LC gradient. Only peptides with no missed cleavages shown, if peptides were shown in multiple charge states all different states are shown.
)
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Although only one of the potential glycopeptides was seen on the auto MS run (Table 5.7, 3rd peptide), the two potential glycopeptides were targeted in multiple charge states, with even potential miss cleaved peptides containing the sequence targeted to try and ensure that the peptides would be observed. 

5.5.5.3 Checking the linearity of peptide abundance as the protein concentration increases

With an inclusion list built that was set to target aglycosylated peptides for total protein quantification, potential glycopeptides for the inference and determination of glycosylation efficiency, and glycosylated peptides for validation of the process taking place, the 8 samples of periplasmic extract from cells expressing the three glycoforms of AcrA, with varied 15N AcrA spiked into the mixture, were analysed using LC/MS, where each sample was measured twice to give technical replicates.  
In post mass spectrometry analysis the peptides from the inclusion list were identified in the raw spectra, and analysed for the presence of the 15N counterpart. Of the five aglycosylated peptides targeted, two were present with sufficient abundance of the 15N peptide in all the samples. Each of these two peptides were found in the 16 runs (8 samples x 2 technical runs), and the intensity of both the 14N and 15N peptides at the MS level were taken. The ratio of the 14N to 15N was then calculated, and plotted to see if there was a linear response. Figure 5.9 shows the linearity of the two aglycosylated peptides used for quantification of the total protein. The R2 values of the two peptides, IDLDHTEIK, and LYFIDSVIDANSGTVK, indicated that there was a linear response. Figures 5.10 and 5.11 show the raw spectra containing the 14N and 15N peptides at the MS level. From these it was clear to see that the relative abundance of the 15N decreased as less protein was spiked in. 
From these results showing clear linearity of these peptides, we were able to suggest that for total protein quantification of AcrA, 0.4 µg of 15N peptide could be spiked into a sample, and the ratio of 14N to 15N of these two peptides can be used to calculate the total quantity of AcrA produced.
As different research groups are interested in the expression of different target proteins, any user would obviously have to run through the above checks for every protein that they wish to quantify. Once this is done and the stock of heavy labelled protein is correctly stored, the process of absolute quantification of total protein production will be relatively quick. The user would only need to spike in a known amount of the heavy protein, digest and run it using the developed mass spectrometry method with the inclusion list, before processing the data and calculating the quantity.  

5.5.5.4 Analysing glycosylation efficiency using the mass spectrometry approach and the inference method

To quantify the amount of glycoprotein produced, the protein was quantified through the analysis of the targeted aglycosylated and potential glycosylated peptides, comparing the 14N intensity to their 15N counterpart, and inferring that the difference between the two values obtained must have glycan addition, and is therefore glycoprotein. Unfortunately only one of the potential glycopeptides was observed in sufficient quantity across the samples, but with not enough 15N counterpart present for quantification to be viable. With only one potential glycopeptide, it was impossible to gain absolute glycosylation efficiency as even if the peptide we were able to see was quantifiable, we would only be analysing one glycosylation site. 
With the failure to observe the potential glycopeptides, measuring the glycosylation efficiency of AcrA was not currently viable using this method. Although this does not imply that the method would not work for other target proteins.
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 5.9.
 
Ratios of the 
14
N
 to the 
15
N
 peptide intensity.
 Average intensities of each peptide taken from the two technical replicates plotted, with the intensities taken from the same MS level spectra from the mass spectrometry raw data.
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Figure
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 Peptide IDLDHTEIK with 
an
 
14
N
 2+ 
m/z
 of 542.29, and an 
15
N
 2+ 
m/z
 of 548.27. (A) 0.4 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion. (B)
 
0.2 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion. (C) 0.1 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion.
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 Peptide LYFIDSVIDANSGTVK with 
an
 
14
N
 2+ 
m/z
 of 871.45, and an 
15
N
 2+ 
m/z
 of 880.43. (A) 0.4 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion. (B)
 
0.2 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion. (C) 0.1 µg of 
15
N
 AcrA spiked into the sample pre-
tryptic
 digestion.
)


[bookmark: _Toc476073393]5.5.6 Conclusion

By producing a heavy labelled 15N version of the target protein it allowed it to be used as a comparative control to build a method for absolute quantification of the target protein. Due to the way the experiment was designed, it allowed known quantities of the 15N AcrA to be spiked into complex mixtures of protein, such as the periplasmic extract, which contained the 14N AcrA glycoforms, initially to check which peptides were present and visible on the certain mass spectrometry instrument, before analysing peptide linearity. Once confirmed this meant that quantification of future samples could be initiated almost directly after cell growth and expression, with the addition of the 15N protein to the periplasmic extract, and the running of the LC/MS developed with the specific inclusion list containing the checked peptides. 
Although beneficial in terms of the amount of processing post expression of the individual samples, the method failed to identify the glycopeptides in sufficient quantities for the glycoprotein quantification to be viable. Although not a complete method, the mass spectrometry approach enables an accurate quantification of the total amount of AcrA produced. If the potential glycoprotein of both sites were detected in sufficient 14N and 15N quantities, then this method would be feasible, but for AcrA another method combining Western blot analysis had to be developed.  

5.5.7. Proposed method to enable absolute quantification using a combined mass spectrometry and Western blot approach

In order to achieve absolute quantification of the total amount of AcrA produced, absolute quantification of the amount of glycoprotein produced, and the efficiency of glycosylation, it is proposed that the mass spectrometry method outlined above, should be used in conjunction with Western blotting, but only if the potential glycopeptides are not detected. 
By running a Western blot and subsequent densitometry analysis, the glycosylation efficiency can be calculated. Once the percentage of aglycosylated to glycosylated protein is know from the intensity of the bands, the absolute quantification value for the total protein from the mass spectrometry method can be divided using the percentages obtained from the glycosylation efficiency to achieve an absolute quantification of the glycoprotein produced, including the difference between mono and diglycosylated protein produced. For example if the glycosylation efficiency from the Western was shown to be 20%, and the absolute quantification of total protein shown as 5 µg, then 1 µg of the 5 will be deemed to be glycoprotein. 
This proposed method was used in the final chapter to compare glycoprotein production from cells with a chromosomally located OST, to cells where the transferase is located within the glycosylation machinery on the pACYC(pgl2) plasmid.  A method of absolute quantification based on a solely Western blot approach was also developed, to compare to the mass spectrometry approach developed here, in an attempt to see if a cheaper and easier method, from the data analysis perspective, could be developed that would further encourage the field to ascertain absolute quantification information. Although the Western method could only be suggested if the method was comparable to the mass spectrometry approach in terms of the quantities calculated. 














5. Chapter five




6. Chapter six


[bookmark: _Toc476073394]Producing a glycosylation host strain of Escherichia coli: The placement of the bacterial oligosaccharyl transferase, pglB, onto the genome 


[bookmark: _Toc476073395]6.1 Summary

With the advancement of the field over recent years, and the increase in differing types of glycosylation machinery being utilised by various academic and industrial groups, the need for a glycosylating strain of E. coli is apparent (Valderrama-Rincon et al. 2012, Wetter et al. 2013). By placing one of the essential genes required for glycosylation onto the chromosome, namely the bacterial oligosaccharyl transferase, the aim was to produce this strain while still allowing the user to be able to easily change the target protein and glycan structure for their requirements. Although differing glycans and target proteins may require alternative transferases other than pglB, it was hoped that by placing this gene on the chromosome any metabolic burden associated with the expression of pglB may be lifted. This was done with the aim of reducing burden in the pathway which would be shown by an increase in the glycosylation efficiency and absolute glycoprotein production. 
To analyse increases in both total recombinant target protein production and glycosylation efficiency, Western blotting was used, with the mass spectrometry method detailed in chapter 5.5 being utilised for absolute quantification of AcrA production. This quantification method was also compared to a newly formed method of absolute quantification using only Western blotting. The two methods were compared and contrasted, and shown to produce different values in absolute quantification, which led to the problem of which method was the more accurate. 

[bookmark: _Toc476073396]6.2 Introduction

6.2.1 Metabolic burden with plasmid expression
	
Expressing a complex pathway in a host bacterium, especially one expressing multiple membrane bound enzymes, can put a vast amount of metabolic burden on the host cell in question (Carneiro et al. 2013). The specific pathway can effectively have a toxic effect on the cell, which in turn can lead to a low performance of the pathway and impact heavily on the host cells physiological characteristics such as growth (Wu et al. 2016).  This can be explained by the drain on cellular resources, such as energy molecules like ATP, or carbon building blocks as the organism has not evolved to produce such a multitude of foreign proteins (Glick 1995). 
To obtain a cell that expresses a protein or pathway of interest, the most common strategy applied is to alter the host strain with the introduction of plasmids containing the genes of interest. Plasmids provide an easy and modifiable way to express a series of recombinant proteins within bacteria, providing the opportunity to tune parameters such as the promoter, RBS, and DNA sequence (which in turn allows the addition of tags for secretory or purification purposes). Although highly beneficial, plasmid based expression can subsequently derive the cell of further resources, as it has to cope with the task of plasmid maintenance, and the constitutive production of the antibiotic resistance gene which is essential for plasmid retention (Hoffmann and Rinas 2001, Rozkov et al. 2004). This can lead to stress responses within the cell, and can ultimately led to plasmid instability and even the mutation of inserted genes (Harcum and Fu’ad 2006, Wang et al. 2006, Ow et al. 2007, St-Pierre et al. 2013). 
As an alternative to plasmid based systems, methods to integrate onto the chromosome are available, and with the recent surge in the use of the CRISPR-Cas9 system, the ability to modify the genome of an organism with apparent control is well documented (Doudna and Charpentier 2014). Due to the phenomenon of plasmids interfering detrimentally with the host and the ease of genetic modification with CRISP-cas9 and other more established integrating techniques, the option of expressing pathways situated on the chromosome should be considered equally with its plasmid based counterpart, with the choice of moving to the chromosome being a highly beneficial choice in some studies. 
One such study highlighted these benefits by sequentially moving systems onto the chromosome, enabling a direct comparison to take place between strains with solely plasmid based pathways, against a strain with a purely chromosomally based one. Here, when assessing the production of ethanol directly from brown microalgae, with modules for alginate metabolism, degradation, and ethanol production on either plasmids or on the chromosome, there was a 40% rise in ethanol production in the strain where no plasmids were present, leading to an increase in overall titre of 330% over 50 generations (Santos et al. 2013). These findings highlight the importance of genetic localisation, and shows the genetic stability of the system over multiple generations when the pathway was chromosomally based. 
[image: ]With existing examples of where chromosomally based systems seem to be more beneficial to the desired process, the option of moving the glycosylation machinery onto the chromosome was decided in terms of reducing burden with the localisation of all the required genes onto the chromosome, and maintaining the ability of the system to be easily tuned. The final outcome was a compromise of the two, resulting in the retention of the two plasmid system, but placing certain essential genes onto the chromosome, forming a strain of E. coli that could be used throughout the field for future studies that still retains the ability to be used with varying target proteins and glycans.
	









 (
Figure
 6.1.
 The two plasmids that the 
E. coli 
strain CLM24 
requires
 to produce glycosylated AcrA.  The oligosaccharyl transferase 
pglB 
is highlighted on the glycosylation machinery plasmid. 
)


6.2.2 The bacterial glycosylation system and the need for two plasmids

In the E. coli based glycosylation system, the target protein resided on one plasmid, and the glycosylation machinery on another (Figure 6.1), this allowed the user to be able to change both the target protein of interest and the glycosylation machinery through simple bacterial transformations. With the detrimental effect that plasmid based systems can have, one idea to relieve the burden was through the combination of the two plasmids, effectively halving the resources needed for plasmid maintenance and replication. Although molecular cloning techniques are time consuming and pose DNA sequence issues, such as the presence of undesired restriction sites in the genes of interest, this approach was achievable. The overriding argument against the combination of the two plasmids was that it would diminish the ability to tune the system. As the field advances and novel machinery is created, the system needs to be able to quickly change. Plasmids offer this flexibility, and with the need to be able to test the system with a multitude of target proteins, having this coded for on a separate plasmid would be advantageous, as the change would require bacterial transformation as opposed to genomic incorporation. The two plasmid strategy saves the effort of combining plasmids, and until the full eukaryotic glycan can be built within E. coli, the system will likely remain this way, one plasmid with the target protein and one with the machinery. 
This apparent need to be able to tune the system also opposes the argument to placing all the machinery onto the genome, but to benefit from chromosomal localisation, and with the need to change the target protein and glycosylation machinery evident, the two plasmid system was retained, but the essential genes were placed onto the chromosome, creating a strain of E. coli that can be utilised as a glycosylating host, that is easy to transform with the desired glycosyltransferases and target protein to produce a glycoprotein of interest.   





6.2.3 Key enzymes of the bacterial glycosylation process and the production of a glycosylating strain

The enzyme groups listed in Table 6.1 are essential for the process of bacterial glycosylation and have been maintained throughout all recent studies in the field where the production of a glycoprotein within bacteria is necessary (Valderrama-Rincon et al. 2012, Pandhal et al. 2013, Jaffe et al. 2014). Certain forms of the bacterial oligosaccharyl transferase, such as pglB, function independently of glycan structure and have been used across a variety of studies with glycans varying in both monosaccharide content and structure (Linton et al. 2005).
 (
Table
 6.1.
 
Groups of key enzymes in the glycosylation process and their functions.
)

	Key enzyme group
	Function

	Oligosaccharyl transferase
	Attach glycan onto the asparagine residue located in the consensus sequence

	Glycan Flippase
	Flip the glycan from the cytoplasmic face of the cytoplasmic membrane and onto the periplasmic face



With developments whereby the glycosylation machinery has been moved from the bacterial and into the eukaryotic domain, the genes that the machinery is comprised of have changed considerably (Valderrama-Rincon et al. 2012). In the original construct consisting of 12 genes (Wacker et al. 2002), all genes originated from the bacterial species Campylobacter jejuni, with all 12 needed to build and transfer the heptasccharide glycan (GalNAc-α1,4-GalNAc-α1,4-[Glcβ1,3-]GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-Bacβ1). As more research was conducted with this construct it was found that E. coli has two native genes that could replace those present in this machinery. The enzyme wecA was found to beneficially attach a GlcNAc residue onto the lipid anchor (Feldman et al. 2005), mimicking the same initial sugar in the core human N-type glycan (GlcNAc), and more importantly, a flippase native to E. coli, wzX, which has been shown to recognise similar substrates to the C. jejuni flippase, pglK (Feldman et al. 1999, Marolda et al. 2004). This ultimately means that one of the seemingly essential genes (Table 6.1) is already genomically located within the organism. As these discoveries were made and the field advanced to produce the core eukaryotic pentasaccharide glycan (Valderrama-Rincon et al. 2012), many of the original genes from C. jejuni were deemed to be unnecessary, with only the OST, pglB, being kept as it is essential for the process independent of the glycan that is produced. Since wzx, the native E. coli flippase has been shown to recognise similar substrates to the C. jejuni flippase pglK (Kelly et al. 2006, Valderrama-Rincon et al. 2012), it means that to produce the desired glycosylating strain of E. coli, able to attach the initial eukaryotic N-linked glycans, only the OST needs to be chromosomally inserted. 
Although shown to recognise a range of glycan substrates, it must be mentioned that both the flippase and OST must be able to recognise any unique glycan that is produced. As mentioned before, both the key enzymes have been shown to be flexible regarding the recognition of both the bacterial glycan from C. jejuni, and the core five eukaryotic glycan, but it is an aspect that must be taken into consideration and tested. 

6.2.4 Metabolic burden reduction after the chromosomal location of pglB 

One of the original reasons for integrating genes onto the chromosome was to reduce the metabolic burden associated with plasmid based expression. With the bacterial glycosylation system in its current state and the need for the ability to tune it, the integration of all of the machinery is not viable, but with pglB already being integrated there was a case for this removing some of the burden and potentially lifting a bottle neck within the pathway. 
The bacterial OST is a membrane bound protein and is a key enzyme in the glycosylation process (Glover et al. 2005, Lizak et al. 2011b). It is situated in the cytoplasmic membrane, facing in towards the periplasm, waiting for both the glycan to be flipped across into the periplasm via the bacterial flippase, and the protein of interest to be exported there via the Sec export system. Once both the glycan and target protein are periplasmically located, PglB can function and attach the glycan onto the asparagine residue situated in the consensus sequence. Being such a pivotal enzyme in the process, its production and activity is paramount and could be forming a bottleneck in the overall pathway, as mentioned in chapter chapter four. With this enzyme also being bound to the membrane its expression could also be placing the cell under heightened metabolic stress (Rosano and Ceccarelli 2014). With its relocation onto the chromosome, and the strategy of using a high strength constitutive promoter, but with a relatively low strength ribosome binding site, the expression of pglB could be increased whilst not having more of an impact on the metabolic burden of the cell (communication with Guy-Bart Stan, unpublished results). If this happens then this theoretical bottleneck could be lifted and the process of glycosylation more effective within the cell resulting in an increase in glycosylation efficiency. 
  
6.2.4 Achieving chromosomal integration

6.2.4.1 Clonetegration

Many techniques are present to place genes of interest onto the genome of E. coli, conducting some of these certain protocols can be a time consuming process that require a multitude of DNA transformations, taking numerous weeks to complete (Sharan et al. 2009, Kuhlman and Cox 2010). In this chapter the technique known as Clonetegration is used which is a simplified version of the CRIM protocol (St-Pierre et al. 2013). Three improvements were made to this method to form the Clonetegration technique which is ultimately a plasmid based system, using bacterial integrases to place the genes of interest onto the chromosome at certain attB sites.  
In the methodology part of this chapter, a brief overview of the technique is given with the details of the insertion of pglB onto the chromosome of the E. coli strain CLM24. The detailed procedure of the clonetegration method can be found in the Materials and Methods (chapter 3.8). 
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 (
Figure
 6.2.
 Schematic of the steps needed to perform the clonetegration procedure (green line), along with the old methodology (black line) that has been made more efficient. Moons indicate an overnight step 
(
St-Pierre 
et al.
 2013
)
.  
)



6.2.5 Absolute quantification using a Western blotting approach 

Western blots are used throughout the field to routinely analyse glycosylation efficiency, and in cases have been used as a relative quantification method like in chapter four of this thesis. To improve upon this, a strategy was implemented to be able to quantify the protein of interest using the 15N AcrA produced, purified and quantified in chapter 5.5. 
 Relying on the same principles of quantifying the target protein against its 15N counterpart, the idea behind this method was to analyse specified amounts of the 15N AcrA on a SDS PAGE gel at the same time as the samples, transferring them onto the nitrocellulose membrane simultaneously, and allowing the same development time. Densitometry analysis could then be conducted on the two Western blots, producing a standard curve from the incremental amounts of 15N AcrA, and reading off the absolute quantification of samples. The theory behind this was that as the quantity of the protein increased more antibody should bind, therefore giving a higher intensity on the developed Western. If the relationship between the increased amounts of protein and intensity was a linear one, then the quantity of unknown samples could be calculated using the standard curve. 
The results obtained from using this method were compared to the ‘gold’ standard mass spectrometry approach proposed in the previous chapter. If similar results were obtained, then although a methodology with well known problems, such as protein transfer onto the membrane, and unreliable development times making it harder to compare multiple blots, it could be proposed as a last resort alternative if a mass spectrometry approach is not available, to encourage the measurement of absolute quantification within the field. 
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 (
Figure
 6.3.
 (Top) Theoretical Western blot with increasing amounts of the 
15
N
 target protein. (Bottom) Standard curve produced from densitometry analysis of the above Western. Unknown protein concentrations can then be calculated from their intensities. 
)



[bookmark: _Toc476073397]6.3 Aims and hypothesis 

6.3.1 Aim 
 
The aim was to place the essential bacterial oligosaccharyl transferase pglB onto the chromosome of the bacterial strain CLM24, which was optimised for glycoprotein production with the deletion of the waaL gene. To achieve this, the chromosomal integration method known as Clonetegration was used. Once this was completed, the new strain CLM24.pglB was sequenced to check integration, and transformed with the plasmid required for AcrA expression, pEC(acrA), and a newly constructed plasmid containing the glycosylation machinery pgl2 but with a deletion of the pglB gene, pACYC(pgl2ΔB). This strain was then compared against the bacterial strain CLM24 pEC(acrA)  pACYC(pgl2), initially to check that chromosomal expression of the transferase was functional, before comparing its performance to the old system, analysing the yield of desired product and the glycosylation efficiency with the Western blot and mass spectrometry approaches. 

6.3.2 Hypothesis  

1. The creation of a glycosylating strain of E. coli would allow the creation of glycoproteins without the need for a plasmid based oligosaccharyl transferase.
2. With the oligosaccharyl transferase being located on the chromosome, the pathways efficiency would increase, creating a higher quantity of glycoprotein with higher glycosylation efficiency when compared to the plasmid based expression of pglB. 
3. Of the two analytical methods used, there would be a difference between the two in terms of the absolute quantification of the product being produced. 

[bookmark: _Toc476073398]6.4 Workflow

The OST pglB was amplified from pACYC(pgl2) using primers with built in restriction sites allowing this gene to be cloned into the clonetegration plasmid pOSIP-KO. Simultaneously the pglB gene was removed from pACYC(pgl2) creating pACYC(pgl2ΔB). Once successful cloning into the clonetegration plasmid had occurred, the detailed protocol was followed to place the gene onto the chromosome. Verification was undertaken, amplifying up the chromosomal section of the genome to which the gene was placed. This was then sequenced to confirm insertion and gather sequence information. 
	To analyse the new strain CLM24.plgB, it was transformed with pEC(acrA) and pACYC(pgl2ΔB) to analyse the functionality of the chromosomally placed OST. Confirmation of glycoprotein production was done using Western blot analysis with CLM24 pEC(acrA) pACYC(pgl2) used as the positive control, and CLM24 pEC(acrA) pACYC(pgl2ΔB) the negative.
The effectiveness of the new strain was compared to the positive control, measuring the yield of AcrA production and the glycosylation efficiency thereof. The methodology outlined in chapter 5.5 was implemented to measure these parameters with a comparison to a Western blot technique also undertaken to compare and contrast the two techniques. 

6.5 Methodology 

6.5.1 Statistical analysis
	
To compare the different strains and obtain statistical information, so that any difference between the strains could be deemed as significant (p value = > 0.05), an unpaired t-test with Welch’s correction assuming both the populations do not have the same standard error, was run, using the analysis tool on GraphPad to aid in analysis.  

6.5.2 Cloning of pglB into the clonetegration machinery

The pglB gene was amplified using PCR and subsequently digested with the restriction enzymes EcoRI and SphI along with the target protein plasmid, pOSIP-KO. Following DNA clean up procedures the gene was ligated into the digested vector to create pOSIP(pglB). The primers used are described in Table 6.2 with the inserted restriction sites, promoter, and RBS highlighted. The constitutive promoter used is from the iGEM catalogue, J23119, and has been characterised as a strong promoter. The RBS is taken from the originally characterised Shine Dalgarno sequence (Shine and Dalgarno 1974). 
 (
Table
 6.2
.
 Primer information for the amplification of 
pglB
, with the main properties of the newly inserted sequence highlighted 
)
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6.5.3 Deletion of pglB from pACYC(pgl2)

To remove pglB from the plasmid containing the glycosylation machinery, a strategy was used whereby the plasmid was amplified using primers that flanked pglB which contained the KpnI restriction site. Once the large ~13Kbp fragment was amplified the DNA was digested with KpnI and re-circularised using T4 ligase to create the pACYC(pgl2ΔpglB) plasmid. To confirm the deletion the resulting plasmid was sequenced in house at Sheffield Core Genomics facility. 
 (
Table
 6.3
.
 
Primer information for the 
amplification of the pgl2 plasmid.
 The 
KpnI
 restriction site (GGTACC) is used on both primers to aid re-circularisation.
)
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6.5.4 Absolute quantification using Western blotting

A series of dilutions were carried out to obtain various quantities of 15N AcrA ranging from 2 – 0.1 µg. These were then loaded into wells and subject to SDS PAGE analysis. On a separate gel but  performed simultaneously, 5 µg of periplasmic extract from each of the samples was prepared and as with the 15N AcrA samples, were mixed with 5 µL of 4 x LDS loading buffer, 2 µL 20 x reduction buffer, with sufficient nuclease free water added to reach a final volume of 20 µL. Two 4-12% Bis-Tris acrylamide gels were ran, one with the 15N AcrA samples and the other with the periplasmic extracts from the bacterial strains CLM24.pglB pEC(acrA) pACYC(pgl2ΔB), CLM24 pEC(acrA) pACYC(pgl2), and CLM24 pEC(acrA) pACYC(pgl2ΔB). The second gel also contained a sample from one of the 15N AcrA concentrations so the Westerns could be normalised to one another. 
Proteins were transferred to nitrocellulose membranes and the Western blotting procedure outlined in the materials and methods chapter carried out. Post development densitometry analysis was undertaken and a calibration curve produced from the range of 15N AcrA quantities. Densitometry analysis was conducted on the samples and the calibration curve used to perform the absolute quantification on the samples.  

6.5.5 Absolute quantification using mass spectrometry

As with the methodology proposed in chapter 5.5, a certain amount of 15N aglycosylated AcrA was spiked into 5 µg of periplasmic extract and subjected to an in solution digest using Trypsin. In this experiment 0.4 µg of 15N AcrA was spiked in and the same mass spectrometry method outlined previously was applied whereby certain aglycosylated peptides were targeted that have been shown to give a linear response as the quantity of the 15N protein increases. 
The LC/MS, as before, took place on a Thermo Scientific Q Exactive Orbitrap mass spectrometer with an LC gradient of 75 minutes to ensure good separation of peptides. Post data acquisition, the samples will be analysed using MaxQuant™ and Skyline™ to identify the targeted peptides within the LC chromatogram and obtain the intensity values of both the 14N and 15N versions of the same peptides within the same MS spectra.
Glycopeptides of AcrA were targeted to validate glycosylation further using the presence of oxonium ions to indicate whether or not the process took place, although confirmation of this was also done through the analysis of Western blots and the presence of the glycosylated protein bands. 

[bookmark: _Toc476073399]6.6 Results

6.6.1 Production of the glycosylation strain of E. coli: using clonetegration to place pglB on the chromosome of CLM24

6.6.1.1 Initial integration event

Chemically competent E. coli CLM24 cells were made using the protocol detailed in the materials and methodology section of this thesis and were transformed with the resulting ligation mixture from the cloning of pglB into pOSIP-KO. The pOSIP-KO plasmid, confers kanamycin resistance and also replicates a toxic ccdB gene between the two multiple cloning sites, meaning that any original uncut plasmid that may still be present and possibly transformed into the host will express ccdB and therefore prevent the organism from proliferating. Post transformation the cells were streaked onto LB agar supplemented with kanamycin and left overnight to grow at 30 °C. Figure 6.4 shows the resulting plates.
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 (
Figure
 6.4.
 Resulting LB agar plates (
kananmycin
) from the transformation of the ligation mixture of pOSIP (cut vector) + 
pglB
 (cut insert) and transformed into CLM24. (Left = Control plate). 
)

During the 30 °C outgrowth the integration mechanism is functional and the whole plasmid is integrated at the specific attB site on the chromosome which corresponds to the attP site present on the plasmid. To check that integration had occurred and increase the chances of success, multiple colonies were picked, restreaked, and subjected to colony screen PCR. 
	
6.6.1.2 Checking integration using PCR

Within the clonetegration protocol, primers are detailed that are specific to regions around the site of integration and to the pOSIP plasmid. Primers 1 and 4 are those that flank the integration site on the chromosome, and so a PCR product using these two primers will result in a 241 bp fragment if no integration has taken place. Primers 2 and 3 are specific to the plasmid, but if an integration event took place two fragments should be present on a subsequent DNA agarose gel, one band formed with primers 1 and 2, 328 bp in length, and one band formed from the binding and elongation with primers 3 and 4, 389 bp in length. Figure 6.5 outlines the schematic of these PCRs with the expected fragment sizes in the adjacent table.
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 (
Figure
 6.5.
 Schematic of the 
Clontegration
 primers used to check the status of integration. (A) Primers 1 and 4 
that lie
 outside the integration site. (B) Showing how primers 1-4 interact if an integration event has occurred. (C) Expected fragment size once the PCR products are separated on an agarose gel. 
)
	



Colony PCRs containing a mixture of all four primers in equal quantities were carried out on five potential conies from the transformation plate (Figure 6.4), and one colony of CLM24 with no integration plasmid having been transformed into it to serve as the negative control. From Figure 6.6, comparing the banding from the five potential colonies to the negative control, and analysing the size of the fragments (expected vs. actual, Figure 6.5C) by matching them up with the DNA ladder, the banding provided sufficient evidence to show that an integration event took place with the pOSIP plasmid. 
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 (
Figure
 6.6.
 PCR results from colony screen PCRs of five CLM24 pOSIP-pglB transformants. The negative control was conducted on a colony of CLM24 with no integration plasmid present. 
)


[image: ]Although an integration event took place with the p-OSIP plasmid, to confirm the presence of the target gene more analysis was required. The chance that an empty plasmid or original p-OSIP plasmid without the gene of interest had been inserted was low due to the presence of the ccdB toxic gene, but to confirm integration another colony screen PCR was conducted with one primer specific to the chromosome, and the other to the gene of interest. 









 (
Figure
 6.7.
 (Top) agarose gel confirming the insertion of the target gene 
pglB.
 (Bottom) Expected 
in silico
 fragment sizes and the details of what’s in each lane including the negative controls.
)

From the bands observed in Figure 6.7, the size of fragments produced correlated to the in silico fragment sizes  that were expected, providing evidence that the gene of interest had been inserted meaning the protocol could be continued and the integration machinery and kanamycin resistance removed.

6.1.3 Removal of the integration machinery and antibiotic resistance cassette 

Provided with the clonetegration materials was a plasmid expressing a flippase from pCP20 (Cherepanov and Wackernagel 1995), that targets the two FRT regions in the integration plasmid that was placed on the chromosome. This will effectively remove the integration machinery from the chromosome of CLM24 including the kanamycin antibiotic resistance gene that was initially required for selection purposes. This plasmid containing this site specific recombinase is named pE-FLP and confers ampicillin resistance.
To remove the integration machinery chemically competent cells of CLM24.pglB were produced and transformed with pE-FLP. The outgrowth, like with the transformations conducted with pOSIP, was done at 30 °C prior to be being streaked onto LB agar supplemented with ampicillin. 
Single colonies were re-streaked onto LB agar, LB agar with ampicillin, and LB agar with kanamycin over several days to remove the pE-FLP plasmid, and to check that kanamycin resistance had been cured. Incubation took place overnight at 30 °C. Figure 6.8 shows the CLM24.pglB strain cured of ampicillin resistance and therefore the pE-FLP plasmid.
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 (
Figure
 6.8.
 (Left) LB agar plate streaked with CLM24.
pglB
. (Right) LB agar plate supplemented with 
ampicillin
 and streaked with the same colony of CLM24.
pglB
. 
)
	To confirm the removal of the integration machinery more colony screen PCRs were carried out. With the removal of the machinery the fragment size of the PCR using the clonetegration primer P1, and the pglB forward primer, should reduce by the number of base pairs present between the two FRT regions. Hence from the Subsequent PCRs the in silico fragment size was reduced from 6015 bp (Figure 6.7) to 2555 bp. 
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 (
Figure
 6.9.
 (Top) DNA agarose gel of colony screen PCRs. (Bottom) Details of the PCR reactions carried out and the expected fragment size if successful removal of the integration machinery has occurred. 
)



Following the successful integration of pglB onto the chromosome of CLM24 and the removal of the integration machinery, the PCR products obtained in Figure 6.9 were excised from the agarose gel, cleaned and sent for sequencing with positive sequencing results completing the validation process. 

6.6.2 Production of glycosylated AcrA in the newly formed glycosylation strain CLM24.pglB

The cell lines CLM24.pglB pEC(acrA) pACYC(pgl2ΔB), CLM24 pEC(acrA) pACYC(pgl2), and CLM24 pEC(acrA) pACYC(pgl2ΔB) were grown up and induced to express acrA following the procedure outlined in the materials and methods chapter (chapter 3.2.1). The periplasmic proteins were extracted and quantified, with 5 µg of the periplasmic extract being subject to SDS-PAGE and subsequently transferred onto a nitrocellulose membrane for Western blotting with a 6 x Histidine residue antibody. The resulting Western is shown in Figure 6.10 with the multiple banding being indicative of the formation of glycoproteins due to the mass shift with the attachment of the glycans. 
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 (
Figure
 6.10.
 Western blot analysis following 4-12% 
Bis-
Tris
 SDS-PAGE. (Top left) Positive control samples with 
pglB
 being expressed on the original pgl2 plasmid. (Top right) 
New glycosylating strain expressing 
pglB 
on the chromosome.
 
(Bottom) negative control showing absence of glycoprotein and proving that the removal of 
pglB 
from pgl2 is sufficient to inhibit the process of glycosylation.
 (n=3)
)






Analysis was conducted as is outlined in the materials and methods chapter 3.3.5.1.  From the analysis that was conducted the results from the densitometry are suitable for efficiency values that allow comparisons between strains as the same analysis was applied to all samples.
From the Western blot it was clear that pglB on the chromosome was functional and was allowing the glycosylation process to continue, showing that the glycosylation strain that was intended, had been produced. From the negative control where no glycoprotein bands were present, it was clear that the removal of pglB from the pgl2 plasmid was sufficient to inhibit the glycosylation process, and prevent the production of glycoproteins. To characterise the benefits of having the oligosaccharyl transferase on the chromosome, efficiency analysis comparing chromosomal localisation to plasmid localisation was conducted. 

6.3 Improvement in glycosylation efficiency with chromosomal localisation of pglB

[image: ][image: ]Densitometry analysis on the Western bands from cell lines CLM24.pglB pEC(acrA) pACYC(pgl2ΔB), and CLM24 pEC(acrA) pACYC(pgl2) was performed to calculate the relative production of glycosylated AcrA in comparison to the aglycosylated counterpart.   
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 (
Figure
 6.11.
 (Left) Glycosylation efficiency of the new glycosylation strain CLM24.
pglB 
compared to the control strain with 
pglB
 expressed on the plg2 plasmid. (Right) breakdown of the glycoprotein product produced in terms of the percentage of mono and diglycosylated product. Values obtained using densitometry analysis. (n=3)
)


With the pglB located on the chromosome the glycosylation efficiency increased from 21.9% in the control strain, to 40.6% in the new glycosylating strain CLM24.pglB. Analysing glycoprotein production in terms of mono and diglycosylated forms, it showed that with the oligosaccharyl transferase on the chromosome, there was more diglycosylated product. The benefit of the chromosomally located pglB was highlighted by the fact that the control strain showed no diglycosylated product (Figure 6.11).
 To quantify the amount of glycosylated and aglycosylated AcrA produced, the newly developed Western method, running known amounts of 15N AcrA on a SDS PAGE gel was conducted, along with the mass spectrometry method developed in chapter 5.5. 

6.6.4 Absolute quantification of AcrA from a calibration curve of varying amounts of the target protein on a Western blot

Using the 15N AcrA produced and quantified in chapter five, a serial dilution of the purified protein ranging from 2 – 0.1 µg was performed and the volume normalised to 20 µL before conducting a 4-12% Bis-Tris acrylamide gel and subsequent Western blot. Figure 6.12 shows this Western blot with the seven different quantities ranging from low-high (left to right).  
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 (
Figure
 6.12.
 Increasing amounts of purified 
15
N
 AcrA ran down a 4-12% 
Bis-Tris
 acrylamide gel and visualised on a Western blot using an antibody specific to the 6 x 
histidine
 residues at the C-terminus of the protein. 
)


To limit any irregularities with the protein transfer onto the nitrocellulose membrane, or the development of the blot, a replicate of one of the samples from Figure 6.12, was also analysed with the samples so the two blots could be normalised to these values. 
[image: ]Following the running of the Western, a calibration curve was produced using the densitometry values obtained from Figure 6.12, see Figure 6.13, although the 2 µg band could not be included as the intensity measurement was too high to be read on the densitometry analysis software, Image Studio Lite 5.2. 









 (
Figure
 6.13.
 Calibration curve produced from the intensity values of the varying amounts of 
15
N
 AcrA subjected to Western blot analysis.
)


The R2 value obtained from the calibration curve indicated a linear relationship between an increasing amount of 15N AcrA and the intensity obtained from densitometry analysis, allowing the quantification of unknown samples to be calculated from their intensities (Figure 6.10).   
The Western blot containing the samples of interest was analysed using densitometry and using the calibration cure above, an absolute quantification of the glycosylated and aglycosylated AcrA was made. Following the absolute quantification of AcrA in the 5 µg of periplasm that was loaded onto the gel, the values were converted into mg/L, working back from this initial quantification and applying various factors such as culture volume, the volume of cells taken to get 40 O.D’s, to calculate the quantity of AcrA that would be produced from 1 L of culture.  
Figure 6.14 shows the absolute quantification values highlighting the total amount of AcrA produced between the control strain with pglB on the pACYC(pgl2) plasmid, and the glycosylating strain with pglB on the chromosome. Other values calculated include the amount of glycosylated product formed and the quantity of aglycosylated AcrA being produced. 
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Figure
 6.14.
 Absolute quantification of AcrA production calculated from the calibration curve produced from the 
15
N
 AcrA Western blot. (Top left) Aglycosylated AcrA production, (Top right) glycosylated AcrA production, (bottom left) total AcrA production. (n=3).
)








	
From the quantifications using the 15N serial dilution and subsequent densitometry analysis, the quantity of total AcrA being produced between the two strains was similar, with no significant difference, although the control strain does on average produce 1.42 mg/L more of the target protein than the strain in question, which highlighted the variability of this technique. Of the 5.43 mg/L of AcrA produced from the chromosomally located pglB strain, 2.19 mg was the desired glycosylated AcrA, an 81% increase from the control strain which produced 1.21 mg/L of the desired glycosylated AcrA. 
The 85% increase in glycosylation efficiency indicated that the glycosylation process within the host is more effective and efficient with a potential ease of any potential bottleneck surrounding pglB. 

6.6.5 Absolute quantification using a mass spectrometry approach

To quantify using a mass spectrometry approach, the protocol outlined in chapter 5.5 was performed with 0.4 µg of 15N AcrA being spiked into 5 µg of the periplasmic extract from the sample. This mixture was subjected to an in solution protein digest using the protease Trypsin, cleaned and analysed using LC/MS. Certain aglycosylated peptides were targeted that were known to have a linear response as the concentration increased. Based upon the relative intensity of the 14N peptide to the 15N counterpart at the MS level the absolute quantification of the protein was calculated. As with the quantification with the Western blot technique, the values obtained from this method were calculated back to give the mg of target protein produced per litre of culture. 
The mass spectrometry method allowed for quantification of the total AcrA being produced in the experiments but did not allow us to differentiate between the glycosylated and aglycosylated variants. To calculate the quantity of the different forms, the value obtained for the total quantification was split into glycosylated and aglycosylated values, by taking the glycosylation efficiency values obtained from the Western blot analysis, and simply splitting the value using the percentages. For example, if 5 mg/L of the target protein was produced based on the quantification from the mass spectrometer, with 20% glycosylation efficiency from the Western blot analysis, then 1 mg/L of the protein was deemed to be in the glycosylated form. 
As well as being able to quantify the amount of target protein present within the samples, using a mass spectrometry approach also enabled the verification of glycosylation using the presence of diagnostic oxonium ions that are indicative of HexNAc sugars. With the specific glycan and the sugars that it was comprised of, the diagnostic ion that would be observed if glycosylation was present had an m/z value of 204.08.  
6.6.5.1 Validation of glycoprotein production 

One of the benefits associated with quantification analysis conducted on a mass spectrometer was the ability to validate the production of glycoproteins. When the peptide was fragmented for MS/MS the glycan could also be fragmented and was highlighted on the mass spectrometer with the presence of oxonium ions that were dependent on the sugars present in the glycan. The glycan that was built within this system contains six HexNAc residues all of which give the oxonium ion 204.08. 
As the modified asparagine residues were known, the in silico mass of the glycopeptide could be calculated and the different potential charge states targeted to identify the glycopeptide in question within the sample, with the presence of 204.08 in the MS/MS spectra indicative of glycan presence.  
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Figure
 6.15.
 
MS/MS spectra of one of the glycopeptides highlighting the presence of the 204.08 
oxonium
 ion.
)


The presence of oxonium ions in Figure 6.15 within a peptide where glycosylation was expected to take place, confirmed the process of glycosylation took place and further validates the Western blot analysis showing that glycoprotein was being produced.


6.6.5.2 Identification of the aglycosylated peptides within the samples that will be used for quantification

After the samples were run and the raw data obtained, the samples were processed using MaxQuant™. The programme cycled through the MS/MS data and run it against a known proteomics database, in this case E. coli K-12, with the sequence of the target protein input in addition to the normal proteome.  
 (
Table
 6.4.
 The two aglycosylated peptides targeted for protein quantification with their score and retention time information.
)
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The two aglycosylated peptides were targeted at the MS level for further MS/MS fragmentation, with two specific peptides chosen from previous MS runs, where they showed the presence of the two peptides in the samples with a good score, and showed a linear response as the quantity of 15N AcrA spiked in increased.
From the MaxQuant™ processing the retention time information obtained, along with the expected precursor ions from Skyline™, were used to identify the 14N peptide at the MS level. Due to the almost identical properties of the 14N and 15N peptides, the retention time of the two peptides would be the same, with the intensity of the monoisotopic ion of the 14N and 15N peptide taken within the same spectra to be used for the quantification, Figure 6.16. 




 (
Table
 6.5.
 
In silico 
monoisotopic masses of the 
14
N
 and 
15
N
 peptides in the 2 + charge state.
)
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 (
Figure
 6.16.
 MS level spectra at the identified retention time from 
MaxQuant
 for the two aglycosylated peptides being used for quantification. In both spectra the 
15
N
 counterpart can be seen with the intensity of the two different monoisotopic ions noted for quantification purposes.
)




Within the MS spectra containing both the 14N and 15N peptides, the intensities of the monoisotopic ions (Table 6.5) were recorded, and with the knowledge of the peptides having a linear response as the concentration increases (chapter 5.5.5.3), the ratios of the 15N:14N peptide intensities were used to calculate the quantity of the unknown. For example if the intensity of the 15N peptide was 2 x 107, and the 14N peptide intensity was 4 x 107, then a 1:2 ration of 15N:14N is present meaning that twice the amount of 14N peptide is present within the sample. The ratio can then be used along with the known amount of 15N peptide that has been spiked in to calculate the quantity of the 14N protein.  

6.6.6 Comparison of the absolute quantification obtained from the Western blot method vs. the mass spectrometry approach

With the 14N and 15N intensities taken from the various samples and the absolute quantification from this processed to give the amount of AcrA per litre of culture, a comparison can be made between the two methods in terms of total AcrA, aglycosylated AcrA, and glycosylated AcrA produced (Figure 6.17). 
The difference in AcrA quantification between the two methods was seen by the drop in glycosylated AcrA produced between the Western and mass spectrometry methods when looking at CLM24.pglB. With the Western blot method there was an 81% increase in glycosylated AcrA production from the control to CLM24.pglB, but following the mass spectrometry quantification, this 81% increase dropped to 16.5%, going from being significant with the Western blot method (p = 0.0255), to insignificant when analysed using the mass spectrometry approach (p = 0.4606).
Although the efficiency of glycosylation has remained the same, the mass spectrometry method calculated total AcrA production to be 35.91% less than with the Western approach from the CLM24.pglB strain, and only 19.27% less in the yield of total AcrA in the control strain. This larger drop in calculated yield from one of the strains was sufficient enough to alter the perception that the chromosomal localisation of pglB improved glycoprotein protein production significantly. This raised the question as to which method was more accurate as differing outcomes in glycoprotein production were found and it is assumed that the mass spectrometry approach is considered to be the current gold standard (Aebersold et al. 2013). 
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Figure
 6.17.
  Comparisons between the two methods in terms of (A) total AcrA production, (B) aglycosylated AcrA production, and (C) glycosylated AcrA production. (n=3)
)
	




[bookmark: _Toc476073400]6.7 Discussion

6.7.1 Production of a successful glycosylation strain of E. coli 

With the placement of the oligosaccharyl transferase onto the chromosome of the bacterial strain CLM24, a true glycosylating strain of E. coli has been produced, whereby the user can alter the target protein and glycan structure by tuning the plasmids that they transfer into the host. By testing the initial production of AcrA against a control strain of CLM24 with pglB effectively knocked out from the pgl2 plasmid, it showed that pglB positioned on the genome was functional, and able to transfer the glycans to the target protein within the CLM24.pglB strain. Figure 6.10 shows the absence of any glycosylation within the CLM24 pEC(acrA) pACYC(pgl2ΔB) with only one protein band present. The CLM24.pglB pEC(acrA) pACYC(pgl2ΔB) strain with the chromosomally located transferase showed the presence of AcrA glycoprotein with three bands showing the three protein variants that were formed, aglycosylated, monoglycosylated, and diglycosylated protein, indicating the clear functionality of the transferase located on the genome.  
With this advancement in the field, the relative ease at which different target proteins and glycosylation pathways can be tested should be improved. Users can design their expression systems knowing that the bacterial transferase is present and functional along with the native flippase wzX, meaning that only a few requirements need to be thought about before producing glycoproteins in E. coli. In terms of the target protein it must be exported to the periplasm and contain an asparagine residue in the correct consensus sequence, in a flexible region of the protein. The big requirement from the perspective of this glycosylating strain comes with the choice of the glycosyltransferases which ultimately alter glycan content and structure. When choosing this strain the glycan produced must be recognised by both the transferase and flippase as a substrate but with the benefits of placing the transferase on the chromosome, more strains can be made containing alternate transferases so different glycans can be worked with.  



6.7.2 Efficiency increase with chromosomally based pglB

On the glycosylation machinery plasmid, the 8 genes required for glycan construction and transfer (chapter 2.3.5.2) are placed behind one constitutive promoter, with pglB being the fifth gene in line, and approximately 5,100 bp away from the aforementioned promoter. By moving this essential gene onto the genome and placing it under its own strong constitutive promoter, in theory this would increase pglB expression and remove a potential bottle neck in the process. This was shown by the efficiency increase between the control strain and the new glycosylating strain from 21.9% to 40.6%, a significant (p = 0.0076) 85% increase. 
With the only difference between the two systems being the localisation of the transferase, the level of glycans between the two strains should remain the same, meaning that with the expression of pglB from the genome, it was better expressed to deal with the glycans and transfer them to the protein of interest at a higher rate. More glycans could feasibly be produced in the altered strain if the localisation of the OST was to reduce any metabolic burden on the cell. This could conceivably enable the cell to turn over a higher number of glycans, therefore accounting for the increase in glycosylation efficiency, although from the previous discussion in chapter 4.6, higher glycans does not necessarily equate to more glycoprotein. To test this more studies would have to be done, initially to check the difference in expression levels of pglB between the two strains, identifying if the transferase placed under its own promoter is produced at an increased rate and secondly, the strategy employed in chapter four could also be conducted where the glycans were expressed on the cell surface to check their production between the strains.  
The clear benefit of having pglB expressed on the chromosome was also highlighted by the presence of the diglycosylated product. The target protein AcrA has two distinct consensus sequences required for glycosylation. In the control strain only the monoglycosylated protein was present showing the low level of glycan transfer within the strain. When pglB was chromosomally located 14.2% of the glycosylated product was in the diglycosylated form (Figure 6.11). With this in mind and the rise in glycosylation efficiency the hypothesis that genomically locating one of the essential genes is beneficial to the process of glycosylation within the host can be accepted.

6.7.3 Difference in absolute quantification between the Western and mass spectrometry approaches

Due to the need to always perform Western blots to analyse the glycosylation efficiency, the idea to quantify from a Western blot method was investigated. Western blotting is regarded as a relatively cheap method in comparison to mass spectrometry and the use of heavy labelled protein variants, and can be performed with bench top equipment that is present in most molecular biology laboratories. The process may require intensive optimisation, which can be protein dependent, but once complete the methodology can have a relatively high throughput and the data obtained from the protocol is easy to analyse with the process of densitometry. 
Although the method can be tailored to suit the user, there are issues surrounding the technique, including the reliability of protein transfer onto the nitrocellulose membrane, and the development of the subsequent blots (Mahmood and Yang 2012). These issues can cause discrepancies when trying to run absolute quantifications using this technique, especially if samples are ran across multiple gels. One of the main issues with Western blotting and deriving absolute quantifications from it is the fact that signal response as the concentration of the protein increases is not always linear (Mahmood and Yang 2012). In this study there was a linear signal response across the samples loaded (Figure 6.13) but only within a certain range. Between 0.1 and 1 µg the intensity increase across the samples was linear, but the 2 µg sample could not be included as the intensity measurement was too high (Figure 6.12 and 6.13). This highlights the issues surrounding the absolute quantification using this method, and shows that even if there is a linear signal response between the protein and antibody, it may only be within a small range and requires your sample intensities to be within that range for quantification to be attempted. To overcome this, samples could be diluted to fit within the linear range but if that range is small and the protein not present in vast quantities this can hinder analysis. Within this study the samples fell in the range produced, which allowed the comparison of the results from the Western blot method to the mass spectrometer to be conducted, providing us the opportunity to see if a solely Western based method was feasible to use in the future.  
As the Western blot method was used to calculate glycosylation efficiency independent of the two methods used, the real comparison between these methods was made between the absolute quantification of total AcrA production, i.e. total AcrA quantity from the control strain from the two methods, and total AcrA quantity from the sample strain, CLM24.pglB. From the two methods there was no significant difference between the values obtained, although the percentage decrease in absolute quantity of AcrA from the Western to the mass spectrometry approach for the control strain decreased by 19.27%, from 6.85 mg/L to 5.53 mg/L, whereas the modified strain of CLM24.pglB, decreased by 35.91%, from 5.43 mg/L to 3.48 mg/L. This higher decrease in the quantification of the modified strain, equated to a lower calculated quantity of glycoprotein production, which was calculated from the efficiency information obtained from the Western blot. From the Western quantification method, the chromosomally modified strain showed an 80.99% increase from the control in glycosylated AcrA production. From the mass spectrometry method, the chromosomally modified strain showed a 16.53% increase from the control, even though the samples analysed were identical.
The differences in the two methods raises the question as to which one should be taken as the accurate methodology and therefore closer to the true value. If the differences between the two methods were consistent between the two strains, then it would be easier to say that one methodology maybe over or under compensating the quantification, but with one strain showing a greater decrease/increase depending on the perspective of Western to mass spectrometry, or mass spectrometry to Western, it further complicates the issue. 
Although the mass spectrometry method could be argued against currently, due to the need for the glycosylation efficiency values to be obtained from Western blotting, the technical issues surrounding this method have less impact on the ability to run absolute quantifications when compared to Westerns. Mass spectrometry is considered to be the gold standard with heavy labelled absolute quantification, with a whole host of studies using this method. Western blots are not developed for absolute quantification, and a strategy was developed here as in case of any failure with the mass spectrometry approach, and to see if a cheaper alternative was feasible to encourage more absolute quantification within the field. 
With known technical issues surrounding the use of Westerns to run absolute quantification, it would be easier to state that this method was overestimating the quantities, but with the Western used in conjunction with the mass spectrometer to calculate glycosylation efficiency and subsequently glycoprotein production, it would be wrong to fully compare the results until the mass spectrometry method is fully developed to infer the production of glycoprotein (chapter 5.1.2.1). 

[bookmark: _Toc476073401]6.8 Conclusion

The development of a glycosylating strain of E. coli where the user can easily change the glycan and target protein should aid in the development of the field. With the added bonus of the increase in glycosylation efficiency, the process of producing glycoproteins within this strain has become more effective. From the comparisons between the mass spectrometry and Western method in an actual study as opposed to the method development seen in chapter two (chapter 5.5), there were clear differences in the absolute quantifications, making it hard to determine which method had produced the more accurate results. From the literature surrounding the issues associated with Westerns being used for absolute quantification, it could suggest that the mass spectrometry approach would be a superior quantification method, although for this to be the case, the method outlined needs development so it can infer glycoprotein production, and remove the need for Western blotting entirely.










6. Chapter six


[bookmark: _Toc476073402]7. Future Work

[bookmark: _Toc476073403]7.1 Chapter four 

7.1.1 Taking the newly developed method to analyse old samples

	In the initial experiment analysing the different combinations of previously discovered metabolic engineering genes, the results obtained were all relative and therefore only comparable to one another. With the new development of a method allowing us to achieve absolute quantification, as outlined in the second chapter 5.5, it would be of interest to analyse those samples again using this method. A comparison could then be made to the efficiency and production values in chapter six, to determine and analyse the effect that over expressing these genes has, when compared to the expression of pglB on the chromosome. The results could also be compared to studies outside of those conducted here, to greater understand the significance of the results, as well as linking them back to the original studies in which the genes were identified. 

7.1.2 Does the over expression of the metabolic engineering genes cause a universal change independent of target protein and glycan?

	With the analysis conducted on acrA expression with the pgl2 glycan, and a slight improvement in performance with certain combinations of the metabolic engineering genes, it would be of interest to see if the over expression of the three genes in their various combinations has a universal effect, independent of the target protein and glycan produced. If the over expression is deemed to be universal, then the targets can be classified as beneficial to the glycosylation process, and can be engineered to be over expressed in future glycosylation strain development.
One step of this has already been completed. During the studies within this thesis, Interferon alpha 2b was optimised for expression and the gene was cloned into the various plasmids created in chapter four with the replacement of the acrA gene. The issue with this study was that the glycosylation efficiency was always too low for any glycosylation band to be observed on any Western blots conducted. With the inference method developed in chapter five, this protein would be the ideal candidate to test any future developments with, as the cloning for the future work suggested here has already been achieved, and the protein only contains one engineered glycosylation site. This should mean that the peptide can be extensively targeted within the mass spectrometry method, with the added bonus that the method would not be reliant on the identification and quantification of two potential glycopeptides as was the issue with AcrA.  

7.1.3 Checking the expression levels of the metabolic genes within the system

	The insertion of the MCS into the pEC(acrA) plasmid, allowed the genes of interest to be placed under one constitutive promoter from the iGEM catalogue, J23119. The order to which they were arranged after the promoter, was decided based on the size of the genes measured in terms of the number of base pairs. This approach was not ideal and more effort should have been placed in determining an appropriate promoter and RBS combination to achieve maximum expression. An RBS calculator could have been utilised and may have given more reason to selecting a specific RBS strength instead of the theoretical strong promoter and Shine Dalgarno RBS. Along with the need to validate the expression variables selected, another parameter that was not checked in this study was the expression levels of the over expressed metabolic genes. Depending on the position in the plasmid, and the distance the genes start codon is from the promoter, where it is positioned may have an effect on the genes expression. If the levels between the genes vary significantly, this may explain any differences in the study between the different combinations of genes. To analyse the expression levels, either quantitative real-time PCR could be used to measure the transcript production of the genes, or a QconCAT method could be designed to measure at the protein quantity within the cells.  


[bookmark: _Toc476073404]7.2 Chapter five

7.2.1 Further optimisation of the HPLC methodology

	After the initial promising results from the HPLC were found to be negative after analysis of the fractions, the methodology was put aside due to time constraints after limited optimisation was conducted. Ideally this method should be studied at in more detail, but with a target protein that may produce results that are easier to analyse, for example a protein of interest that has only one glycosylation site. This would ensure that if a mixed glycoform is present only two peaks would be observed. Ideally the column would also be tested with a protein with a higher proportion of glycosylated protein present. One of the issues with the method development was the fact that with the production system, aglycosylated AcrA is present in much higher quantities when compared to the glycosylated counterpart. To overcome this, but sill develop a method whereby the AcrA glycoforms can still be separated, the glycan on the new protein of interest will need to still be that produced by the pgl2 machinery. A protein that matches the requirement of only one site, and has been expressed before is Interferon alpha 2b. Although the protein can be expressed, the current level of glycosylation obtainable with this protein is limited and a terminal glycosylation tag may need to be engineered into the protein sequence. Alternatively one of the glycosylation sites from AcrA could be genetically engineered and removed, making analysis easier, and potentially increasing the efficiency of glycosylation. 

7.2.2 Use of a target protein with only one glycosylation site to further develop the mass spectrometry inference method

	As mentioned in the previous section, using a protein with only one site for potential glycan addition would be advantageous to production and analysis. With the development of the inference method with AcrA, to calculate the glycosylation efficiency both potential glycopeptides need to be present in sufficient quantity. This can be problematic as protein coverage in a mass spectrometer can depend on the peptides generated from the specific protease used. If the glycosylation site lies in an amino acid sequence where a compatible sized peptide for mass spectrometry analysis cannot be generated, even with uncommon or multiple proteases, then analysis can be difficult. The process of finding a compatible peptide is made more complex by the addition of glycans. Although in the inference method, the potential glycopeptides are targeted, meaning the peptide size should be within the mass range of the instrument due to the possibility of the differing charge states, the addition of the glycan can add a significant mass to the peptide, which means that a higher charge state is needed for the peptide to fall within the mass range. As this is largely out of control for the user, the validation step of seeing the glycosylated peptide can be difficult. 
	If only one glycosylation site is present in the target protein the inference method should be easier to achieve, as more peptides can be targeted, including those with missed cleavages. Multiple charge states can also be included in the inclusion list, increasing the potential of observing the potential glycopeptide and actual glycopeptide in the mass spectrometry method. 

[bookmark: _Toc476073405]7.3 Chapter six 

7.3.1 Placing the rest of the glycosylation machinery onto the chromosome
	
	By placing the oligosaccharyl transferase onto the chromosome, a glycosylation strain of E. coli has been made and a significant change in glycosylation efficiency was achieved. With benefits of chromosomal expression evident, it would be of interest to place the rest of the machinery onto the genome to see if this would have further benefits. As mentioned in the main body of chapter six, a certain level of experimental flexibility will be lost with the placement of the machinery on the genome, as the glycan content and structure will be fixed, but if there is a vast improvement, then a case can be made for the production of multiple strains, all with differing machinery on their genomes. 
	Another future avenue for the field, following on from the idea of chromosomally positioning the genes, is to pick a strain of choice other than CLM24, which has been engineered for protein expression. CLM24 is a variant of E. coli W3110, with a single deletion of the waaL gene to prevent WaaL from competing with PglB for the glycan as a substrate. Apart from this, the CLM24 strain is not engineered for glycan production. As an alternative, the commonly used protein expression strain, E. coli BL21 (DE3), shown to have increased recombinant protein production, could have the waaL gene knocked out and the glycosylation genes chromosomally placed, to create a glycosylation strain that is tuned for improved recombinant protein production. Alternatively, other strains, such as C43 (DE3), which is tuned for recombinant membrane production, could be tested, and may prove more beneifical as PglB is a crucial protein within the system, and is also bound in the periplasmic memebrane.  

7.3.2 Reducing target protein production to improve efficiency

	In the current system the production of the aglycosylated variant of AcrA is high in comparison to the glycosylated forms, with a glycosylation efficiency of less than 50%, highlighting the amount produced. From the perspective of focusing entirely on efficiency, and putting yield and production to one side, to achieve a fully glycosylated AcrA product, the cell needs to produce two glycans for every one AcrA that is exported to the periplasm, and have the oligosaccharyl transferase work effectively enough to be able to transfer two glycans to the target. 
One strategy to reduce the strain on the glycan production part of the system would be to reduce the expression levels of AcrA. This can be achieved in a variety of ways. Either the level of L-arabinose used to induce protein expression could be lowered and optimised, or the promoter itself could be changed. The current expression strategy within CLM24 is to express the glycosylation machinery constitutively so the glycans are built up upon the periplasmic membrane, effectively waiting for the expression of acrA to be induced with the addition of L-arabinose, and the protein expressed and exported. This may be inducing a sudden burden on the cell as the expression of the target protein is initiated and the export system is suddenly engaged. By placing the recombinant expression of acrA on a constitutive promoter, like that of the glycosylation machinery, the cell can slowly produce AcrA at a rate similar to that of the glycan production, and allow PglB to transfer the glycans gradually as AcrA is expressed, as opposed to being swamped at the point of induction.
From the perspective of yield, if the balance between glycan production and target protein production can be found, then scale up of the culture volume can begin to improve the quantity of glycoprotein produced. Optimisation of the expression strategy can also be developed with longer expression times as long as there is no significant degradation. This will also be easier as no induction strategy will need to be set out, as both systems will be on constitutive promoters. 

7.3.3 Measuring the expression levels of PglB between the two systems

	Much like the expression levels of the metabolic engineering genes in chapter four, the expression levels of PglB need to be analysed between the two systems, so a comparison can be made between chromosomally based expression, and expression amongst the machinery on the pACYC(pgl2) plasmid. Alongside this, analysis to look into the metabolic burden between the two systems could be conducted to understand if a chromosomally based system is more beneficial.	
	If all the glycosylation machinery could be placed genomically, a proteomics study may be conducted to gauge a snapshot of the cell in terms of protein production. From this more targets for metabolic engineering could be found, comparing the expression levels between the chromosomally based system and a control cell with no glycosylation machinery present.  
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[bookmark: _Toc476073406]8. Concluding Remarks

Following the initial research into the area and the identification of the issues surrounding the field, the experiments designed were conducted in an attempt to alleviate some of those problems. In the chapter four, where multiple genes of interest, believed to aid in the glycosylation process, were expressed in combination, the issue of efficiency was looked at, in an attempt to see if expressing the genes in combination would better help the cell as a glycoprotein producing host. From this there were minimal improvements to the glycosylation efficiency, but from analysing the glycoforms extensively, it was evident that differing strains affected the cell in a variety of ways which could lead to an increase in efficiency, but also a decrease in glycoprotein production. This showed that although efficiency is deemed to be a major issue for the field, production of the desired product must be highlighted in all studies conducted, especially with absolute quantification, as this allows the comparison between alternate studies. Here only relative glycoprotein production was analysed, which led to the attempted development of a new absolute quantification method being developed in chapter five. 
Various methods were attempted in this chapter where the focus was to separate the three glycoforms of AcrA produced. Promising results were obtained but the separation was never fully achieved, and with limitations in the amount of time left for optimisation, the mass spectrometry approach was developed and used in chapter six, where it was compared to a novel Western blot approach for absolute quantification. In chapter six, one of the key enzymes in the glycosylation process, the bacterial OST PglB, was assessed after the idea that it may be a bottleneck in the process and therefore limiting glycoprotein production.
From the detrimental effects of dxs within the chapter four, it showed that although glycans are produced, it does not always equate to glycoprotein production. This lead to the thought that there may be a bottleneck with associated with the OST, and with this in mind, along with the need for a glycosylating strain of E. coli, the OST was placed upon the chromosome in attempt to relieve any metabolic burden associated with this gene. Using the method outlined in chapter five, along with a newly designed method to alleviate absolute quantification information from Western blotting, the efficiency of glycosylation was deemed to rise, showing that the effectiveness of PglB was raised from chromosomal expression, but depending on which method was used to calculate glycoprotein production, the capabilities of this strain differed. 
Knowing and understanding the limitations of the work conducted, the future development and optimisation of the quantification method is key to progression and to allowing an absolute method of quantification without the need for Western blotting. Although limiting, the method stated here does surpass previous attempts at quantification and should encourage the publication of absolute quantification information that the field so clearly needs. This was outlined by the work conducted in chapter four, with the inability to compare it to the previous studies in which the genes of interest were originally identified. 
By developing the combined Western and mass spectrometry method, and using it to quantify the production capabilities of the developed glycosylating strain of E. coli, it showed that the method developed was applicable to future studies, and suggests that once optimised, should be used widely throughout the field. Along with the development of the glycosylating strain of E. coli which has the potential to make a vast impact on the field, making it easier for different types of machinery and target proteins to be tested, as long as the core enzymes, Wzx and PglB, can recognise the new glycan as a substrate, contributions to the field of recombinant glycoprotein production in E. coli have been made, which will hopefully make the overall aim of achieving therapeutic glycoprotein production easier. 

8. Concluding Remarks
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ATGATTATCCTGGCCTACGTCTTTAGCGTTTTCTGTCGCTTTTACTGGGTTTGGTGGGCCTCTGAGTTCAACGAGTATTTCTTCAATAACCAGCTGATGATTATCAGCAATGATGGTTACGCATTCGCAGAAGGTGCGCGCGATATGATCGCAGGTTTCCATCAGCCGAATGATCTGTCCTACTATGGTTCCAGCCTGTCCGCGTTGACGTACTGGCTGTACAAGATCACCCCGTTTAGCTTCGAATCCATTATCCTGTATATGAGCACCTTCCTGAGCAGCTTGGTTGTTATTCCGACGATTCTGCTGGCTAATGAGTATAAGCGTCCGCTGATGGGTTTTGTCGCAGCGCTGTTGGCGAGCATTGCAAACAGCTACTACAATCGTACTATGAGCGGTTACTATGACACCGATATGTTGGTTATTGTTCTGCCAATGTTTATCCTGTTCTTTATGGTGCGTATGATCCTGAAGAAAGATTTCTTTTCTCTGATCGCGCTGCCGTTGTTCATCGGTATCTATCTGTGGTGGTATCCGTCTAGCTATACCCTGAACGTGGCCCTGATTGGTCTGTTTCTGATTTACACCCTGATCTTTCACCGTAAAGAAAAGATTTTCTATATCGCGGTGATCCTGAGCTCCCTGACGCTGTCCAACATTGCCTGGTTCTACCAGTCCGCGATTATCGTCATTCTGTTTGCGCTGTTTGCTCTGGAGCAAAAACGCCTGAACTTTATGATCATTGGTATTCTGGGTAGCGCGACTCTGATCTTCCTGATTCTGAGCGGTGGCGTTGATCCAATCCTGTACCAGCTGAAATTCTACATCTTCCGCAGCGACGAATCCGCAAACCTGACCCAAGGCTTTATGTACTTCAACGTTAATCAAACCATCCAGGAAGTGGAAAATGTTGACCTGAGCGAGTTCATGCGCCGCATCAGCGGCAGCGAAATTGTTTTTCTGTTTAGCCTGTTTGGTTTCGTCTGGCTGTTGCGTAAACACAAATCCATGATTATGGCACTGCCGATCTTGGTTCTGGGCTTTCTGGCTCTGAAGGGCGGTCTGCGTTTCACCATCTACAGCGTGCCGGTGATGGCGTTGGGTTTTGGTTTCCTGTTGAGCGAGTTTAAGGCGATTATGGTGAAAAAGTATAGCCAACTGACGTCGAATGTCTGCATCGTCTTTGCCACCATTCTGACGCTGGCCCCAGTGTTCATTCATATCTACAACTACAAGGCACCGACCGTGTTTTCGCAGAATGAAGCGTCTTTGCTGAACCAATTGAAAAACATCGCGAATCGCGAGGACTATGTCGTGACCTGGTGGGACTATGGTTACCCTGTTCGTTACTATAGCGACGTCAAGACCCTGGTTGACGGTGGCAAACACCTGGGTAAAGATAACTTCTTCCCGAGCTTTGCTCTGAGCAAAGATGAACAAGCGGCTGCCAATATGGCGCGTCTGAGCGTCGAGTACACCGAGAAATCGTTCTACGCTCCGCAAAATGACATTCTGAAAACGGACATTCTGCAGGCGATGATGAAAGACTATAACCAATCTAATGTCGATCTGTTCTTGGCCAGCCTGAGCAAGCCGGACTTCAAGATTGATACTCCGAAAACGCGTGATATCTACCTGTACATGCCTGCACGTATGAGCCTGATTTTCAGCACCGTCGCAAGCTTTAGCTTCATTAACCTGGATACGGGTGTTCTGGACAAGCCGTTTACCTTCTCTACCGCCTATCCGCTGGACGTGAAAAACGGCGAAATCTATCTGAGCAATGGCGTCGTCCTGAGCGACGATTTTCGTAGCTTTAAGATCGGCGACAATGTGGTTTCTGTGAACAGCATTGTTGAGATCAATAGCATCAAACAGGGCGAGTACAAGATTACGCCGATTGACGACAAGGCACAGTTCTACATTTTCTATCTGAAGGATAGCGCGATTCCGTATGCGCAGTTCATCCTGATGGACAAAACGATGTTCAATAGCGCGTATGTTCAAATGTTCTTTCTGGGCAACTACGATAAGAACCTGTTCGACCTGGTGATCAACAGCCGTGATGCGAAAGTGTTTAAGCTGAAGATCTGA

10.1.2 Gene sequence of acrA followed by the newly inserted MCS

Sequence from the pEC(acrA) plasmid that encoded the acrA gene and the newly inserted multiple cloning site. Gene sequences for the three gene inserts of ptsA, dxs and icl are in 10.1.3 and were amplified and cloned into the MCS using the primers and restriction sites outlined in the materials and methods.

ATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGCATATGAGCAAAGAAGAAGCACCAAAAATACAAATGCCGCCTCAACCTGTAACAACCATGAGTGCTAAATCTGAAGATTTACCACTTAGTTTTACTTACCCTGCTAAACTTGTCAGTGATTATGATGTCATTATAAAACCTCAAGTTAGCGGCGTAATAGTAAATAAACTTTTTAAAGCTGGAGATAAGGTAAAAAAAGGACAAACATTATTTATTATAGAACAAGATAAATTTAAAGCTAGTGTTGATTCAGCTTACGGACAAGCTTTAATGGCTAAGGCAACTTTCGAAAATGCAAGCAAGGATTTTAATCGTTCTAAAGCTCTTTTTAGCAAAAGTGCAATCTCTCAAAAAGAATACGACTCTTCTCTTGCTACATTTAACAATTCAAAAGCTAGTCTAGCAAGTGCTAGAGCACAGCTTGCAAATGCAAGAATTGATCTAGATCATACCGAGATAAAAGCTCCTTTTGATGGTACTATAGGAGATGCTTTAGTTAATATAGGAGATTATGTAAGTGCTTCAACAACTGAACTAGTTAGAGTTACAAATTTAAATCCTATTTACGCAGATTTCTTTATTTCAGATACAGATAAACTAAATTTAGTCCGCAATACTCAAAGTGGAAAATGGGATTTAGACAGCATTCATGCAAATTTAAATCTTAATGGAGAAACCGTTCAAGGCAAACTTTATTTTATTGATTCGGTTATAGATGCTAATAGTGGAACAGTAAAAGCCAAAGCCGTATTTGATAACAATAACTCAACACTTTTACCGGGTGCTTTTGCAACAATTACTTCAGAAGGTTTTATACAAAAAAATGGCTTTAAAGTGCCTCAAATAGGTGTTAAACAAGATCAAAATGATGTTTATGTTCTTCTTGTTAAAAATGGAAAAGTAGAAAAATCTTCTGTACATATAAGCTACCAAAACAATGAATACGCCATTATTGACAAAGGATTGCAAAATGGCGATAAAATCATTTTAGATAACTTTAAAAAAATTCAAGTTGGTAGCGAAGTTAAAGAAATTGGAGCACAACTCGAGCACCACCACCACCACCACTGAGTCGACTCTAGAGGATCCCCGGGAGTCTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCAGCTCGCGGCCGCAGCTCCCATGGAGCCGGCCGGCCAGCTCTTAATTAAAGCTCGAATTC

10.1.3 Gene sequences of ptsA, dxs, and icl

ptsA

ATGGCCCTGATTGTGGAATTTATTTGTGAGCTACCTAACGGCGTACATGCGCGTCCGGCAAGCCACGTTGAAACGCTGTGTAATACTTTTTCATCACAAATTGAGTGGCATAACCTGCGCACTGACCGCAAGGGCAACGCCAAAAGCGCCCTTGCGCTGATTGGCACCGATACGCTGGCGGGCGATAACTGCCAGTTACTGATTTCCGGGGCCGACGAACAGGAAGCGCACCAGCGTTTAAGCCAATGGCTGCGCGATGAATTCCCCCACTGCGATGCGCCGCTGGCGGAAGTTAAATCTGACGAACTGGAACCACTGCCGGTTTCACTGACCAATCTGAATCCGCAAATTATCCGCGCCCGCACCGTGTGCAGCGGTAGTGCAGGCGGCATTCTGACGCCGATCTCTTCTTTAGATCTCAATGCGCTGGGTAATCTTCCCGCAGCCAAAGGCGTTGACGCCGAGCAATCCGCACTGGAAAACGGCCTGACGCTGGTACTGAAAAACATTGAGTTTCGTCTGCTGGATAGCGACGGTGCTACCAGCGCGATTCTGGAAGCTCACCGATCCCTGGCTGGCGATACTTCCCTGCGCGAACATTTACTGGCAGGCGTCAGCGCCGGATTAAGCTGCGCCGAAGCAATTGTTGCCAGCGCGAATCACTTTTGCGAAGAGTTTTCCCGTTCCAGCAGCAGCTACCTGCAAGAACGTGCCCTGGACGTACGCGACGTCTGCTTCCAGTTACTCCAGCAAATCTACGGTGAGCAACGCTTCCCGGCACCGGGCAAACTGACGCAGCCCGCCATTTGTATGGCTGATGAACTGACCCCCAGCCAGTTCCTCGAACTGGATAAAAATCACCTCAAAGGATTGTTGCTCAAAAGCGGCGGCACCACCTCACATACGGTGATCCTTGCCCGTTCGTTCAACATTCCAACGCTGGTTGGTGTGGATATTGATGCCCTTACTCCGTGGCAGCAACAAACGATTTATATCGACGGCAACGCCGGGGCGATTGTGGTTGAGCCAGGGGAAGCCGTAGCTCGTTATTATCAGCAAGAAGCCCGCGTACAGGACGCCCTGCGTGAGCAACAGCGTGTCTGGCTGACCCAACAAGCCCGTACCGCTGACGGTATCCGCATTGAAATTGCCGCTAACATCGCTCACTCCGTGGAAGCGCAGGCCGCATTCGGCAATGGTGCGGAAGGCGTTGGTTTGTTCCGCACTGAAATGCTCTATATGGATCGCACCAGCGCACCGGGCGAAAGCGAGTTGTACAACATTTTTTGTCAGGCGCTGGAATCCGCCAACGGACGCAGCATTATTGTGCGCACTATGGACATTGGCGGCGACAAACCCGTTGATTATCTGAACATTCCCGCAGAGGCAAACCCGTTCCTCGGTTATCGCGCCGTGCGTATTTATGAAGAGTACGCGTCGTTGTTTACCACGCAGCTACGGTCGATCCTCCGCGCCTCCGCTCACGGCAGCCTGAAAATCATGATCCCGATGATCTCCTCAATGGAAGAGATCTTATGGGTGAAAGAAAAACTGGCGGAAGCCAAACAGCAACTACGTAACGAACACATTCCGTTTGATGAGAAAATCCAGCTCGGCATCATGCTGGAAGTGCCGTCGGTGATGTTCATCATCGATCAATGCTGCGAAGAGATTGATTTCTTTAGTATTGGTAGTAATGACCTGACGCAGTATCTGCTGGCGGTGGATCGCGATAACGCTAAGGTTACTCGTCACTACAACAGCCTGAATCCGGCATTCTTGCGGGCGCTCGATTACGCCGTGCAAGCGGTGCATCGCCAGGGCAAATGGATTGGTCTGTGCGGTGAGCTGGGAGCGAAAGGTTCCGTGCTGCCGTTGCTGGTCGGCTTAGGGCTGGATGAACTCAGCATGAGCGCACCATCAATTCCGGCGGCGAAAGCTCGGATGGCGCAACTTGATAGCCGTGAGTGCCGCAAGTTGCTCAACCAGGCAATGGCCTGCCGTACTTCGCTGGAAGTAGAACACCTGCTGGCGCAATTCCGCATGACCCAACAAGACGCACCGCTGGTCACCGCCGAGTGCATCACACTGGAAAGCGACTGGCGCAGCAAAGAAGAAGTGCTCAAAGGCATGACCGATAACCTGCTGCTGGCGGGCCGCTGCCGCTATCCGCGTAAACTGGAAGCCGACTTGTGGGCGCGCGAGGCCGTTTTCTCTACCGGTCTGGGCTTTAGTTTTGCCATTCCACACAGCAAATCAGAACACATTGAGCAATCCACCATCAGCGTGGCGCGTCTGCAAGCGCCGGTGCGCTGGGGCGATGATGAAGCGCAATTCATCATTATGTTAACCCTGAACAAACACGCTGCGGGCGATCAGCATATGCGCATTTTCTCGCGCCTCGCTCGCCGCATCATGCACGAAGAATTCCGTAACGCGCTGGTTAACGCCGCCTCTGCCGACGCTATCGCCAGCCTGCTGCAACATGAACTGGAACTGTAA

dxs

ATGAGTTTTGATATTGCCAAATACCCGACCCTGGCACTGGTCGACTCCACCCAGGAGTTACGACTGTTGCCGAAAGAGAGTTTACCGAAACTCTGCGACGAACTGCGCCGCTATTTACTCGACAGCGTGAGCCGTTCCAGCGGGCACTTCGCCTCCGGGCTGGGCACGGTCGAACTGACCGTGGCGCTGCACTATGTCTACAACACCCCGTTTGACCAATTGATTTGGGATGTGGGGCATCAGGCTTATCCGCATAAAATTTTGACCGGACGCCGCGACAAAATCGGCACCATCCGTCAGAAAGGCGGTCTGCACCCGTTCCCGTGGCGCGGCGAAAGCGAATATGACGTATTAAGCGTCGGGCATTCATCAACCTCCATCAGTGCCGGAATTGGTATTGCGGTTGCTGCCGAAAAAGAAGGCAAAAATCGCCGCACCGTCTGTGTCATTGGCGATGGCGCGATTACCGCAGGCATGGCGTTTGAAGCGATGAATCACGCGGGCGATATCCGTCCTGATATGCTGGTGATTCTCAACGACAATGAAATGTCGATTTCCGAAAATGTCGGCGCGCTCAACAACCATCTGGCACAGCTGCTTTCCGGTAAGCTTTACTCTTCACTGCGCGAAGGCGGGAAAAAAGTTTTCTCTGGCGTGCCGCCAATTAAAGAGCTGCTCAAACGCACCGAAGAACATATTAAAGGCATGGTAGTGCCTGGCACGTTGTTTGAAGAGCTGGGCTTTAACTACATCGGCCCGGTGGACGGTCACGATGTGCTGGGGCTTATCACCACGCTAAAGAACATGCGCGACCTGAAAGGCCCGCAGTTCCTGCATATCATGACCAAAAAAGGTCGTGGTTATGAACCGGCAGAAAAAGACCCGATCACTTTCCACGCCGTGCCTAAATTTGATCCCTCCAGCGGTTGTTTGCCGAAAAGTAGCGGCGGTTTGCCGAGCTATTCAAAAATCTTTGGCGACTGGTTGTGCGAAACGGCAGCGAAAGACAACAAGCTGATGGCGATTACTCCGGCGATGCGTGAAGGTTCCGGCATGGTCGAGTTTTCACGTAAATTCCCGGATCGCTACTTCGACGTGGCAATTGCCGAGCAACACGCGGTGACCTTTGCTGCGGGTCTGGCGATTGGTGGGTACAAACCCATTGTCGCGATTTACTCCACTTTCCTGCAACGCGCCTATGATCAGGTGCTGCATGACGTGGCGATTCAAAAGCTTCCGGTCCTGTTCGCCATCGACCGCGCGGGCATTGTTGGTGCTGACGGTCAAACCCATCAGGGTGCTTTTGATCTCTCTTACCTGCGCTGCATACCGGAAATGGTCATTATGACCCCGAGCGATGAAAACGAATGTCGCCAGATGCTCTATACCGGCTATCACTATAACGATGGCCCGTCAGCGGTGCGCTACCCGCGTGGCAACGCGGTCGGCGTGGAACTGACGCCGCTGGAAAAACTACCAATTGGCAAAGGCATTGTGAAGCGTCGTGGCGAGAAACTGGCGATCCTTAACTTTGGTACGCTGATGCCAGAAGCGGCGAAAGTCGCCGAATCGCTGAACGCCACGCTGGTCGATATGCGTTTTGTGAAACCGCTTGATGAAGCGTTAATTCTGGAAATGGCCGCCAGCCATGAAGCGCTGGTCACCGTAGAAGAAAACGCCATTATGGGCGGCGCAGGCAGCGGCGTGAACGAAGTGCTGATGGCCCATCGTAAACCAGTACCCGTGCTGAACATTGGCCTGCCGGACTTCTTTATTCCGCAAGGAACTCAGGAAGAAATGCGCGCCGAACTCGGCCTCGATGCCGCTGGTATGGAAGCCAAAATCAAGGCCTGGCTGGCATAA

icl

ATGAAAACCCGTACACAACAAATTGAAGAATTACAGAAAGAGTGGACTCAACCGCGTTGGGAAGGCATTACTCGCCCATACAGTGCGGAAGATGTGGTGAAATTACGCGGTTCAGTCAATCCTGAATGCACGCTGGCGCAACTGGGCGCAGCGAAAATGTGGCGTCTGCTGCACGGTGAGTCGAAAAAAGGCTACATCAACAGCCTCGGCGCACTGACTGGCGGTCAGGCGCTGCAACAGGCGAAAGCGGGTATTGAAGCAGTCTATCTGTCGGGATGGCAGGTAGCGGCGGACGCTAACCTGGCGGCCAGCATGTATCCGGATCAGTCGCTCTATCCGGCAAACTCGGTGCCAGCTGTGGTGGAGCGGATCAACAACACCTTCCGTCGTGCCGATCAGATCCAATGGTCCGCGGGCATTGAGCCGGGCGATCCGCGCTATGTCGATTACTTCCTGCCGATCGTTGCCGATGCGGAAGCCGGTTTTGGCGGTGTCCTGAATGCCTTTGAACTGATGAAAGCGATGATTGAAGCCGGTGCAGCGGCAGTTCACTTCGAAGATCAGCTGGCGTCAGTGAAGAAATGCGGTCACATGGGCGGCAAAGTTTTAGTGCCAACTCAGGAAGCTATTCAGAAACTGGTCGCGGCGCGTCTGGCAGCTGACGTGACGGGCGTTCCAACCCTGCTGGTTGCCCGTACCGATGCTGATGCGGCGGATCTGATCACCTCCGATTGCGACCCGTATGACAGCGAATTTATTACCGGCGAGCGTACCAGTGAAGGCTTCTTCCGTACTCATGCGGGCATTGAGCAAGCGATCAGCCGTGGCCTGGCGTATGCGCCATATGCTGACCTGGTCTGGTGTGAAACCTCCACGCCGGATCTGGAACTGGCGCGTCGCTTTGCACAAGCTATCCACGCGAAATATCCGGGCAAACTGCTGGCTTATAACTGCTCGCCGTCGTTCAACTGGCAGAAAAACCTCGACGACAAAACTATTGCCAGCTTCCAGCAGCAGCTGTCGGATATGGGCTACAAGTTCCAGTTCATCACCCTGGCAGGTATCCACAGCATGTGGTTCAACATGTTTGACCTGGCAAACGCCTATGCCCAGGGCGAGGGTATGAAGCACTACGTTGAGAAAGTGCAGCAGCCGGAATTTGCCGCCGCGAAAGATGGCTATACCTTCGTATCTCACCAGCAGGAAGTGGGTACAGGTTACTTCGATAAAGTGACGACTATTATTCAGGGCGGCACGTCTTCAGTCACCGCGCTGACCGGCTCCACTGAAGAATCGCAGTTCTAA
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