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1 Introduction 1 

1 Introduction 

Escherichia coli was first described by the German researcher Theodor Escherich in 1886 as 

“bacterium coli commune” and later renamed to honour its discoverer (Escherich 1886, 

Hacker and Blum-Oehler 2007). The gram-negative bacterium has served as model organism 

to study fundamental processes of life such as the replication of deoxyribonucleic acid 

(DNA) (Meselson and Stahl 1958), genetic recombination (Lederberg and Tatum 1946), the 

elucidation of the genetic code using E. coli-targeting T4 bacteriophages (Crick et al. 1961), 

and gene regulation (Jacob and Monod 1961). The discovery and characterization of specific 

restriction enzymes by Danna and Nathans in 1971 revolutionized emerging genetic-

engineering technologies (Danna and Nathans 1971). Since then, restriction enzymes have 

been used for decades as a valuable set of tools to manipulate DNA (Danna and Nathans 

1971, Roberts 2005). Subsequently, codon-optimized gene sequences were chemically 

synthesized and successfully expressed in E. coli (Goeddel et al. 1979). First expressions of 

genes encoding mammalian peptide hormones in E. coli have been reported for somatostatin 

(Itakura et al. 1977) and insulin (Goeddel et al. 1979). Human recombinant insulin has been 

approved for general medical use in 1982 by the US Food and Drug Administration (FDA) 

marking the birth of the modern pharmaceutical industry and paving the way for the triumph 

of biopharmaceuticals in the following years (Kinch 2015, Quianzon and Cheikh 2012). Since 

then, the amount of approved and marketed biopharmaceuticals has been steadily increasing 

to 91 biologic-based therapeutics including monoclonal antibodies, enzyme modulators, and 

receptor modulators approved in 2013 (Kinch 2015). Since 2000, the landscape of approved 

biopharmaceuticals has been regularly reviewed by Gary Walsh (Walsh 2000, 2003, 2006, 

2010, 2014, 2018). During the most recent period, the proportion of biopharmaceuticals 

manufactured using non-mammalian-based production cell lines decreased from 40 % in 

2014 to 21 % in 2018 (Walsh 2014, 2018). Remarkably, every second approved drug 

represented a monoclonal antibody indicating the increasing importance of mammalian-

based production cell lines (Walsh 2018). Additionally, two-thirds of the approved biosimilar 

drugs reached the European market in the last four years (Walsh 2018). The growth of the 

biosimilar market as well as the goal to provide a comprehensive access to expensive drugs 

such as monoclonal antibodies for patients in both developed and developing countries, 

enhance the demand for optimized and cost-effective manufacturing processes (Elgundi et 

al. 2017). The choice of a suitable host is key for the cost-efficient production of 

biopharmaceuticals, influenced by characteristics such as fast growth in a low-cost medium, 

amenability to genetic manipulation, genetic stability, and high production titres of high 

quality protein as judged by folding and post-translational modifications e.g. glycosylation 

(Sorensen H. P. and Mortensen 2005, Waegeman and Soetaert 2011). The adaptation of 

strong promoters derived from bacteriophages such as the T7 RNA polymerase system 

(Tabor and Richardson 1985) has led to a remarkable overexpression of recombinant 
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proteins reaching up to 50 % of total cellular proteins in E. coli (Baneyx 1999, Graumann and 

Premstaller 2006, Rosano Gá and Ceccarelli 2014). Although E. coli has been used as the 

preferred host for the production of recombinant protein biopharmaceuticals until the mid-

90s, the importance of mammalian-based production platforms has increased in recent years 

due to the inability of E. coli to form post-translational modifications including the formation 

of cytoplasmic disulfide bonds and glycosylations (Swartz 2001). Therefore, complex 

biopharmaceuticals are produced in mammalian cells to ensure the correct folding and 

modification of the product, although mammalian-based production has generally been 

associated with higher process costs (Kamionka 2011, Rosano Gá and Ceccarelli 2014, 

Sahdev et al. 2008). Observations made on the genetic stability of Chinese hamster ovary 

(CHO) strains have revealed a significant heterogeneity in the chromosome structure of 

producing cells potentially caused by recombination and translocation events within CHO 

populations derived from single clones (Feichtinger et al. 2016, Kaas et al. 2015, Wurm 2013, 

Wurm and Wurm 2017). Further studies will show, whether the genetic diversity observed 

in clonal CHO populations poses a serious problem or an opportunity for the 

biopharmaceutical industry. Recent advances in genetic engineering of bacteria enabled the 

generation of improved E. coli strains and aroused growing interest in the bacterium as 

expression host for the production of complex recombinant eukaryotic proteins. 

1.1 Engineered E. coli strains for improved recombinant protein 

expression 

A wide range of E. coli-derived laboratory strains optimized for cloning, mutagenesis, and 

protein expression have been engineered (Casali 2003). E. coli K12 and E. coli B-derived 

strains commonly used for recombinant protein expression are listed in Table 1. E. coli K12 

has been isolated from the stool of a convalescent diphtheria patient in 1922 and 

subsequently renamed “K12” in 1925 (Bachmann 1996, Daegelen et al. 2009). The complete 

4639221-base pair genome sequence of E. coli K12 has been elucidated in 1997 (Blattner et 

al. 1997). During the following decades, E. coli K12 derivatives have become the standard 

host for industrial recombinant protein production (Huang et al. 2012). With few exceptions, 

these strains are exempt from the National Institutes of Health Guidelines outlining biosafety 

practices and regulations (Huang et al. 2012). Therefore, E. coli K12 derivatives are generally 

used in the biotech industry (Huang et al. 2012). The parental strain of E. coli B was originally 

used by D’Herelle for his studies on bacteriophages before Delbrück, Luria, and Hershey 

introduced the name of E. coli B (Daegelen et al. 2009). The E. coli B derivatives BL21 and 

the lysogenic BL21(DE3) were first reported by Studier and Moffatt (Daegelen et al. 2009, 

Huang et al. 2012, Studier and Moffatt 1986). E. coli BL21(DE3) harbours a genomic 

insertion of a lambda-derived prophage carrying the inducible gene for T7 ribonucleic acid 

(RNA) polymerase (Daegelen et al. 2009, Studier and Moffatt 1986). In contrast to E. coli 

strains of the K12 lineage, E. coli B strains produce less acetate at high glucose concentrations, 
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have a higher outer membrane permeability, and are deficient in the adenosine triphosphate-

dependent protease Lon and in the outer-membrane protease OmpT (Casali 2003, Correa 

and Oppezzo 2011, Huang et al. 2012). The absence of these proteases results in decreased 

degradation of heterologous proteins, especially the deletion of ompT encoding OmpT has 

increased the recovery of isolated protein from B-derived E. coli strains (Casali 2003). In 

contrast to E. coli BL21, which is used for a wide range of promoters in protein expression, 

E. coli BL21(DE3) was isolated as the ideal strain background for the expression of genes 

inserted under the control of the T7 promoter (Studier and Moffatt 1986). 

Table 1: Selection of E. coli strains commonly used for recombinant expression of disulfide 

bond containing proteins (Casali 2003, Lobstein et al. 2012, Terpe 2006). 

Strain Derived from E. coli Key features 

BL21 B 

Deficient in lon and ompT proteases 

Low acetate production 

Higher outer membrane permeability 

Origami™ K12 

Enhanced cytoplasmic disulfide bond 
formation 

trx/gor mutant 

Origami™ B Tuner™ 

Enhanced cytoplasmic disulfide bond 
formation 

Deficient in lon and ompT proteases 

trx/gor mutant 

Rosetta Tuner™ 

Expression of rare transfer RNAs 

Deficient in lon and ompT proteases 

Improved expression control by IPTG 

SHuffle® T7 Express BL21 

Enhanced cytoplasmic disulfide bond 
formation 

Deficient in lon and ompT proteases 

trx/gor mutant 

SHuffle® T7 K12 

Enhanced cytoplasmic disulfide bond 
formation 

trx/gor mutant 

Tuner™ BL21 
Improved expression control by IPTG 

Deficient in lon and ompT proteases 

The T7 RNA polymerase-based expression system has been established to achieve high-level 

recombinant protein expression in E. coli (Tabor and Richardson 1985). The chromosomally 

encoded T7 RNA polymerase gene underlies the control of the lacUV5 promoter and 

expression is induced by adding the synthetic compound Isopropyl-β-D-

thiogalactopyranoside (IPTG), a structural analogue of the natural inducer of the lac-operon, 
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allolactose (Casali 2003, Jobe and Bourgeois 1972). The T7 polymerase is highly selective and 

the T7 promoter has been used to create a range of commercially available pET vectors 

(Rosano Gá and Ceccarelli 2014). The gene of interest is inserted under the control of a 

T7/lac hybrid promoter and the plasmid-encoded, constitutively expressed LacI-repressor 

binds to lac operator regions, thus repressing both the lacUV5 and the T7/lac promoter 

(Rapley and Whitehouse 2015). LacI is released from both regions in the presence of IPTG 

leading to the formation of T7 RNA polymerase and expression of the target gene, 

respectively (Rapley and Whitehouse 2015, Sorensen H. P. and Mortensen 2005). 

Consequently, the expression of the gene of interest is linked to IPTG induction (Tabor and 

Richardson 1985). In order to avoid induction by lactose, the lactose permease LacY 

supporting the active uptake of lactose has been deleted creating the Tuner™ strain 

(Khlebnikov and Keasling 2002, Rosano Gá and Ceccarelli 2014). IPTG can diffuse across 

the cell membrane and consequently ensures a concentration-dependent, homogeneous level 

of induction (Casali 2003, Khlebnikov and Keasling 2002). High-level expression of 

recombinant proteins increased problems with protein aggregation and inclusion body 

formation (Casali 2003, Rosano Gá and Ceccarelli 2014). In order to enhance expression of 

soluble proteins, a range of improved producer strains have been created (Derman et al. 

1993, Lobstein et al. 2012, Prinz et al. 1997, Strocchi et al. 2006, Thomas et al. 1997). For 

example, E. coli K12 was modified by co-expressing the chaperones Cpn10 and Cpn60 

derived from the psychrophilic bacterium Oleispira antarctica to enhance protein solubility 

(Ferrer et al. 2003, Strocchi et al. 2006). A new approach was pursued by altering the redox 

state of the E. coli cytoplasm. The reducing cytoplasmic environment restricts the formation 

of disulfide bonds required for proper folding and activity of complex recombinant proteins 

due to the maintenance of cysteines in their reduced state (Stewart et al. 1998). Disulfide 

bonds are formed between two cysteine moieties by the oxidation of thiol groups and the 

resulting covalent bonds are essential for the native structure and biological activity of 

proteins (Oka and Bulleid 2013). The mutation of the genes trxB and gor encoding the 

thioredoxin- and glutathione reductases, respectively, has been shown to promote disulfide 

bond formation (Derman et al. 1993, Prinz et al. 1997). This strategy was subsequently used 

to isolate modern E. coli production strains such as Origami™ or SHuffle® T7 strains 

(Lobstein et al. 2012, Prinz et al. 1997). Furthermore, the cytoplasmic expression of the 

disulfide bond isomerase gene dsbC has led to the creation of the E. coli SHuffle® T7 strains 

(Lobstein et al. 2012). DsbC is part of the disulfide bond formation system in E. coli’s 

periplasm and catalyses the rearrangement of aberrant disulfide bonds to promote correct 

formation of the covalent bonds (Chen J. et al. 1999b, Gaciarz et al. 2017). For example, E. 

coli SHuffle® T7 strains have been successfully employed to express single-domain antibodies 

(Zarschler et al. 2013), the recombinant human fibroblast growth factor-1 (Nasiri et al. 2017), 

the human glycosyltransferase GalNAc-T2 (Lauber et al. 2015) and full-length IgG 

antibodies (Robinson et al. 2015). Additional expression of the mitochondrial flavin-linked 

sulfhydryl oxidase Erv1p from Saccharomyces cerevisiae and the human protein disulfide-
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isomerase PDI in the cytoplasm of E. coli has also been shown to promote the formation of 

cytoplasmic disulfide bonds (Gaciarz et al. 2017, Nguyen et al. 2011). The 22 kDa protein 

Erv1p is essential for mitochondrial biogenesis and viability of the yeast cell (Lee et al. 2000). 

The enzyme dimerizes via the N-terminal domain and the location of the sulfhydryl oxidase 

activity in the 15 kDa carboxy-terminal fragment of the protein has been demonstrated by 

the ability to introduce disulfide bonds into completely reduced lysozyme (Lee et al. 2000). 

The 55 kDa- PDI is an essential chaperone of the endoplasmic reticulum with an oxidase 

and isomerase activity, thus catalysing disulfide formation and isomerization of incorrect 

disulfide bonds, respectively (Hatahet and Ruddock 2009, Wilkinson and Gilbert 2004). Both 

genes encoding the chaperones Erv1p and PDI have been combined to generate the E. coli- 

compatible plasmid pMJS9, which was subsequently used to transform SHuffle® T7 strains 

constitutively expressing DsbC (Nguyen et al. 2011). As a result, an efficient disulfide bond 

forming E. coli expression system has been established (Nguyen et al. 2011). 

The successful use of engineered of E. coli strains optimized for the expression of disulfide 

bond-containing proteins has been demonstrated by many examples (Lauber et al. 2015, 

Nasiri et al. 2017, Nguyen et al. 2011, Robinson et al. 2015, Zarschler et al. 2013). The 

functional expression of recombinant proteins has been further improved by optimizing 

media and cultivation conditions (Lauber et al. 2015, Nguyen et al. 2011). The EnPresso® B 

medium provides a controlled enzyme- based glucose release system mimicking a fed-batch 

cultivation mode in orbitally shaken flask cultures (Panula-Perala et al. 2008). Ensuring an 

adjustable nutrient supply in a stable pH- environment, higher biomass and product titres 

have been obtained in comparison to cultivations using Luria-Bertani LB- or Terrific-Broth 

TB- medium (Krause et al. 2010, Panula-Perala et al. 2008). It has been suggested that high 

growth rates in aerobe LB- or TB-based batch-mode cultivations initiate an unbalanced 

carbon metabolism leading to acetate by-product accumulation and acidification of the 

culture medium with negative effects on product as well as biomass yield (De Mey et al. 2007, 

Dittrich et al. 2005). The so-called overflow metabolism has been postulated as a 

programmed physiological response used by E. coli to balance proteome costs of energy 

biogenesis and biomass synthesis for growth (Basan et al. 2015). Under these conditions, 

cells use fermentation instead of the higher adenosine triphosphate (ATP)-yielding 

respiration process to generate energy in the presence of oxygen (Basan et al. 2015). An 

alternative explanation is based on the reduction of the surface-to-volume ratio of fast 

growing cells (Szenk et al. 2017). The “membrane real estate hypothesis” proposes that the 

finite membrane area of the cell limits the space available for the formation of electron 

transport complexes (Szenk et al. 2017). Linking metabolic changes to the size of a bacterial 

cell, the hypothesis postulates the switch from respiration to fermentation to ensure faster 

ATP production per unit membrane area in fast growing cells (Szenk et al. 2017). Although 

expression strains derived from E. coli B produce less acetate compared to representatives of 

the E. coli K12 lineage, acidification of the culture medium is still an issue (Huang et al. 2012). 

A slow and controlled growth employing EnPresso® B medium avoids metabolic overflow 
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metabolism and provides a suitable pH environment for recombinant protein expression in 

E. coli (Hortsch and Weuster-Botz 2011, Zarschler et al. 2013). 

The present work focuses on the development of an E. coli-based expression system for the 

production of glycosylated proteins. Standard E. coli strains lack the enzymes necessary for 

glycosylation to produced fully functional proteins (Swartz 2001, Wells and Robinson 2017). 

Glycosylation represents one of the most important types of post-translational modifications 

affecting therapeutic efficacy, in vivo half-life, and immunogenicity of a wide range of 

therapeutic proteins (Li H. and d'Anjou 2009, Zhou and Qiu 2018). The transfer of sugar 

moieties to an acceptor site is catalysed by glycosyltransferases with asparagine residues and 

serine (Ser) or threonine (Thr) side chains as most prevalent glycosylation sites, resulting in 

N- or O-linked glycosylations, respectively (Sola and Griebenow 2009). In order to develop 

glycocompetent E. coli strains, the functional expression of the human glycosyltransferase N-

Acetylgalactosaminyltransferase 2 (GalNAc-T2) in SHuffle® T7 strains has been reported 

(Henderson et al. 2011, Lauber et al. 2015). Employing the previously established E. coli K12 

derived SHuffle® T7 expression system including co- and pre- expression of Erv1p and PDI 

encoded on pMJS9, and EnPresso® B medium (Lauber et al. 2015), the successful in vivo O-

glycosylation of two target proteins was demonstrated. 

1.2 N-linked protein glycosylation 

Post-translational N- and O- glycosylations differ in glycosylation patterns and linkage to the 

aglycone (Varki and Kornfeld 2015). Eukaryotic N-glycans (Figure 1) share a common core 

structure consisting of three mannose (Man) and two N-acetylglucosamine (GlcNAc) 

moieties forming a y-like shape covalently linked via the amide nitrogen of an asparagine 

(Asn) residue to the protein (Stanley et al. 2015).  
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Figure 1: Main types of eukaryotic N-glycans linked to asparagine (Asn). Monosaccharides are 

indicated by the following symbols: blue square (N-acetylglucosamine, GlcNAc), green circle 

(mannose, Man), yellow circle (Gal, galactose), red diamond (sialic acid, Neu5Ac) and red triangle 

(Fuc, fucose). The type of glycosidic bonds is indicated (Stanley et al. 2015). (© by The Consortium 

of Glycobiology Editors, La Jolla, California) 

The synthesis of eukaryotic N-glycans takes place in the endoplasmic reticulum and Golgi 

apparatus (Costa et al. 2014, Varki and Kornfeld 2015). In an initial step, a precursor glycan 

consisting of two GlcNAc, nine Man and three glucose (Glc) moieties linked to a dolichol 

phosphate lipid carrier is synthesized on the cytosolic side of the membrane and in the lumen 

of the endoplasmic reticulum (Costa et al. 2014, Stanley et al. 2015). The assembled precursor 

is subsequently transferred by a specific oligosaccharyltransferase (OST) to a designated Asn 

located in the consensus sequence Asn-X-Ser/Thr of a polypeptide chain, where X 

represents any amino acid except proline (Pro), (Bieberich 2014, Stanley et al. 2015). In a 

series of following processing steps, the glycan is trimmed and transported to the Golgi for 

final glycan maturation resulting in the three general types oligomannose, complex, and 

hybrid (Figure 1) (Bieberich 2014, Stanley et al. 2015). The production of therapeutic 

proteins that require N-glycosylations has been primarily carried out using mammalian 

expression hosts. In particular CHO cells have been used as dominant platform for the 

production of complex glycoproteins (Gerngross 2004, Walsh 2018). Significant advances 

have been reported using glycoengineered yeast strains for the production of proteins with 

humanized N-glycosylation patterns such as the Pichia pastoris derived strain SuperMan5 

(Gerngross 2004, Jacobs et al. 2009, Vervecken et al. 2004, Wildt and Gerngross 2005). 

Moreover, the characterization of N-glycosylation pathways in prokaryotes has led to an 

increased interest in exploring bacteria as alternative expression hosts (Jacobs and Callewaert 

2009, Nothaft H. and Szymanski 2013).  

Types of N-Glycans

©2017 The Consortium of Glycobiology Editors, La Jolla, California

Chapter 9, Figure 1. Essentials of Glycobiology, Third Edition

Symbol Nomenclature for Glycans (SNFG)
Buy the Book
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The lack of cellular compartments such as endoplasmic reticulum and Golgi apparatus in 

prokaryotes has promoted the misconception that bacteria are not capable of glycosylating 

their proteins (Upreti et al. 2003). This assumption was refuted in the late eighties when 

Mescher and Strominger isolated a surface layer glycoprotein derived from Halobacterium 

salinarium, carrying both N- and O-glycosylations (Mescher and Strominger 1976). N-

glycosylation is restricted to a limited number of species and has been described for a subset 

of bacteria belonging to the epsilon subdivision of the proteobacteria including 

representatives of the genera Campylobacter, Helicobacter, and Wolinella (Dell et al. 2010, 

Szymanski et al. 1999, Young et al. 2002). A further N-glycosylation pathway has been 

identified in Haemophilus influenzae belonging to the gamma-proteobacteria (Dell et al. 2010, 

Gilbreath et al. 2011). N-glycosylated proteins investigated so far include examples that are 

located on the surface of the microbial cell potentially influencing processes such as microbe-

host interactions and immune escape mechanisms (Schaffer and Messner 2017). N-

glycosylations in C. jejuni, the causative agent of Campylobacteriosis, one of the most 

widespread infectious diseases worldwide, has been well examined (Dell et al. 2010, Schaffer 

and Messner 2017). Patients with gastrointestinal infections caused by C. jejuni suffer from 

acute watery or bloody diarrhea, fever, and cramps (Kaakoush et al. 2015). It has been shown 

that N-glycosylation influences the pathogenesis of C. jejuni and mutated strains displayed a 

significant reduction in adherence in vitro, a reduced ability to colonize the intestinal tract of 

mice, and changes in the immunoreactivity of membrane proteins (Szymanski et al. 2002, 

Wacker et al. 2002). Additionally, a recent study has indicated that N-glycans protect bacterial 

proteins from the action of gut proteases and promote bacterial fitness (Alemka et al. 2013). 

So far, 53 glycoproteins of C. jejuni have been identified in a recent glycoproteome study 

(Scott et al. 2011). The year 2002 is considered as a milestone in the history of bacterial 

glycoengineering. For the first time, the transfer of the prokaryotic N-glycosylation pathway 

from C. jejuni into E. coli has enabled N-glycosylation of an expressed recombinant protein 

in vivo (Wacker et al. 2002). All 12 genes of the protein glycosylation locus pgl have been 

introduced into E. coli and glycosylation of a recombinantly co-expressed immunoreactive 

protein derived from C. jejuni has been demonstrated (Wacker et al. 2002). In several studies, 

the structure and biosynthesis of the glycan have been elucidated and the functions of the 

pgl- encoded enzymes deciphered (Gilbreath et al. 2011, Kelly J. et al. 2006, Linton et al. 2005, 

Young et al. 2002). Similar to eukaryotic N-glycans, an oligosaccharide attached via 

pyrophosphate to a lipid carrier is sequentially assembled (Dell et al. 2010, Schaffer and 

Messner 2017). In C. jejuni, a heptasaccharide precursor is formed (Figure 2) starting with 

the conversion of uridine diphosphate (UDP)-GlcNAc to UDP-diacetylbacillosamine (2,4-

diacetamido-2,4,6-trideoxyglucopyranose, Bac) in a three-stage enzymatic reaction catalysed 

by PglF, PglE and PglD (Nothaft H. and Szymanski 2013, Olivier et al. 2006). Subsequently, 

the glycosyltransferase PglC adds Bac to the undecaprenyl pyrophosphate carrier via an α-

glycosidic bond at the cytoplasmic side of the inner membrane (Gilbreath et al. 2011, Olivier 

et al. 2006). One N-acetylgalactosamine (GalNAc) moiety is transferred by the 
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glycosyltransferases PglA followed by the successive addition of four GalNAc residues 

catalysed by the glycosyltransferases PglJ (Kelly J. et al. 2006, Linton et al. 2005). The terminal 

three GalNAc residues are attached by PglH (Figure 2) and PglI completes the 

heptasaccharide by the addition of a branching Glc moiety (Kelly J. et al. 2006, Olivier et al. 

2006). The glycan is translocated across the inner membrane into the periplasmic space by 

the ATP-dependent flippase PglK and the heptasaccharide is transferred en bloc to the 

accepting Asn residue via a β-glycosidic bond in target proteins by the OST PglB (Gilbreath 

et al. 2011, Kelly J. et al. 2006, Nothaft H. and Szymanski 2013, Olivier et al. 2006, Young et 

al. 2002). 

 

Figure 2: N- linked protein glycosylation pathway derived from Campylobacter jejuni. 

Starting with the synthesis of UDP-diacetylbacillosamine (Bac) from UDP-N-acetylglucosamine 

(GlcNAc), an oligosaccharide comprising one Bac, five N-acetylgalactosamine (GalNAc) residues 

and one glucose (Glc) moiety is assembled at the inner membrane (IM)-associated undecaprenyl 

pyrophosphate at the cytoplasmic site of the membrane. The heptasaccharide is flipped to the 

periplasmic space by PglK and subsequently linked to the accepting asparagine (Asn) in the target 

protein or released from the carrier as free oligosaccharide (fOS) catalysed by the OST PglB 

(Gilbreath et al. 2011). (© by American Society for Microbiology) 

The key enzyme PglB exhibits significant homology with the catalytic subunit of the 

eukaryotic oligosaccharyltransferase complex (Wacker et al. 2002). In addition, the N-

glycosylation consensus sequence aspartic acid (Asp)/glutamic acid (Glu)-X-Asn-X-Ser/Thr 

(where X is any amino acid except Pro) in C. jejuni is almost identical to the eukaryotic 

pendant (Kowarik et al. 2006, Nita-Lazar et al. 2005). With great interest, PglB has been 

investigated as a potential glycoengineering tool for the E. coli-based production of antibody 

fragments and vaccines (Lizak et al. 2011, Ravenscroft et al. 2016, Wacker et al. 2014). The 

efficient glycosylation of a single-chain antibody fragment in E. coli has been demonstrated 

N-linked protein glycosylation system of C. jejuni. 

Jeremy J. Gilbreath et al. Microbiol. Mol. Biol. Rev. 2011; 
doi:10.1128/MMBR.00035-10
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and an increase in the solubility and proteolytic stability of the N-glycosylated protein 

reported (Lizak et al. 2011). The successful application of this glycosylation strategy has also 

been shown for the development of glycoconjugate vaccines consisting of a carbohydrate 

moiety linked to a carrier protein to prevent infections caused by Staphylococcus aureus (Wacker 

et al. 2014) and representatives of the genus Shigella (Ravenscroft et al. 2016). Using the 

relaxed specificity of PglB for the lipid-linked polysaccharide substrate, the outlined 

glycoengineering technology allows the straightforward production of glycoconjugate 

vaccines in E. coli (Ihssen et al. 2015, Wacker et al. 2014). In a related project, the specificity 

of PglB has been altered employing a structure-guided engineering approach to improve the 

transfer efficiency for heterologous Salmonella- and Staphylococcus-derived polysaccharide 

substrates and tailoring of the OST for enhanced production of customized glycoconjugate 

vaccines (Ihssen et al. 2015). Another recent study has addressed the glycosylation efficiency 

of a pgl-engineered E. coli strain by optimizing the production process using an auto-induction 

method with an engineered variant of 10th human fibronectin type III domain as model 

protein (Ding et al. 2017). These advances emphasize the versatility of E. coli as expression 

strain potentially leading to an increased use of E. coli for the production of glycosylated 

biopharmaceuticals in the future. In addition to the well-investigated N-glycosylation 

pathway derived from C. jejuni, N- linked glycosylations have also been identified in 

Helicobacter pullorum (Jervis et al. 2010), Haemophilus influenza (Grass et al. 2003, St Geme and 

Yeo 2009), and Wolinella succinogenes (Baar et al. 2003). A detailed characterization of surface-

associated proteins revealed the presence of N-glycoproteins in Pseudomonas aeruginosa 

(Khemiri et al. 2013). The proposed N-glycosylation pathway in H. influenzae differs from the 

previously described OST-mediated mechanisms in eukaryotes and C. jejuni (Li H. et al. 

2017). This OST-independent mechanism involves the sequential transfer of sugars directly 

to the target protein in the bacterial cytoplasm (Nothaft H. and Szymanski 2013). H. influenzae 

expresses the high-molecular-weight adhesin HMW1 required for the attachment of the 

bacteria to human epithelial cells and subsequent colonization of the mucosal surface (Grass 

et al. 2003). HMW1 forms a complex with a specific glycosyltransferase in the cytoplasm and 

the modified adhesin is translocated across the outer membrane to the surface of the bacterial 

cell (Grass et al. 2003, St Geme and Yeo 2009). The specific glycosyltransferase adds either 

Glc- or galactose (Gal)-moieties to an Asn residue within the consensus sequence Asn-X-

Ser/Thr previously described as the conventional N-glycosylation motif in eukaryotes (Grass 

et al. 2010, Li H. et al. 2017). A detailed analysis of HMW1 revealed 31 modification sites 

decorated with mono- or di-hexoses indicating the dual ability of the glycosyltransferase to 

catalyse N-linkages between Glc or Gal residues and Asn as well as glycosidic bonds between 

hexoses (Grass et al. 2010, Schaffer and Messner 2017, St Geme and Yeo 2009). 

Prior to the detailed investigation of prokaryotic systems, N- and O-glycosylations were 

categorized based on the glycosidic linkage as well as the assembly of the glycan on a lipid 

carrier in N-glycosylation pathways and the sequential addition of sugar moieties to the target 

protein for O-glycosylations (Brockhausen and Stanley 2015, Clausen and Bennett 1996, Dell 
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et al. 2010). This distinction can still be applied for eukaryotes, however, the identification 

of e.g. OST-independent N-glycosylation of HMW1 in H. influenzae or OST-mediated 

protein O-glycosylation in Gram-negative bacteria results in a more complex differentiation 

of glycosylation pathways in prokaryotes (Iwashkiw et al. 2013, Li H. et al. 2017). 

1.3 O-linked glycosylation 

An important characteristic associated with the majority of O-glycosylations is the lack of a 

defined consensus sequence similar to N-glycosylation sites (Jensen et al. 2010, Nothaft H. 

and Szymanski 2013). It seems that every single Ser and Thr residue in the target protein 

could represent a potential O-glycosylation site linking the sugar moiety via the hydroxyl 

group of the amino acid residue (Brockhausen and Stanley 2015). Several approaches have 

been proposed to generate models predicting eukaryotic O-glycosylation sites in silico based 

on the amino acid sequence information. Examples include NetOGlyc4.0 (Steentoft et al. 

2013), an amino acid composition-based method (Chen Y. et al. 2015), or a particle swarm 

optimization-based tool (Hassan H. et al. 2015a). However, many unanswered questions 

remain regarding the exact mechanisms influencing specificity and kinetics of O-

glycosylations (Clausen and Bennett 1996, Hassan H. et al. 2015a, Jensen et al. 2010). In 

eukaryotes, O-glycosylations are the result of a sequential transfer of monosaccharides to the 

target Thr or Ser. The initial sugar moiety varies between different classes and O-glycans are 

attached via α-linked O-fucose (Fuc), β-linked O-xylose (Xyl), α-linked O-Man, β-linked O-

GlcNAc, α-linked O-GalNAc, α- or β-linked O-Gal, and α- or β-linked O-Glc to the target 

protein (Brockhausen et al. 2009, Dell et al. 2010, Freeze and Haltiwanger 2009, Wopereis et 

al. 2006). Mucin-type glycans carry a GalNAc residue O-glycosidally linked to the acceptor 

Thr or Ser and represent the most abundant form of glycoproteins in mammalians (Clausen 

and Bennett 1996, Hassan H. et al. 2000, Ten Hagen et al. 2009). Mucins are high-molecular 

weight glycoproteins and key components of gel-like secretions in eukaryotes (Brockhausen 

and Stanley 2015). 

While N-glycans share a single core structure, eight different core structures have been 

reported for mucin-type glycans and the main structures 1-4 are shown in Figure 3 

(Brockhausen and Stanley 2015, Guzman-Aranguez and Argueso 2010). Core structures 5-8 

are characterized by their restricted occurrence and are therefore not included (Brockhausen 

et al. 2009). 
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Figure 3: Synthesis pathways of the four main mucin-type O-glycan core structures and sialic 

variants of the T antigen (Brockhausen and Stanley 2015, Dimitroff 2015). Monosaccharides 

are indicated by the following symbols: blue square (N-acetylglucosamine), yellow circle (galactose, 

Gal), purple diamond (sialic acid) and yellow square (N-acetylgalactosamine, GalNAc). Glycosidic 

linkages and glycosyltransferases are indicated. B3GNT6 β1,3-N-acetylglucosaminyltransferase 6, 

C1GALT1 core 1 β1,3-galactosyltransferase 1, GCNT1 β1,6-N-acetylglucosaminyltransferase 1, 

GCNT3 β1,6-N-acetylglucosaminyltransferase 3, ppGalNAc-Ts polypeptide N-

acetylgalactosaminyltransferases, ST3GAL1 Gal: α2,3-sialyltransferase 1, ST6GALNAC1 GalNAc: 

α2,6-sialyltransferase 1, ST6GALNAC3 GalNAc: α2,6-sialyltransferase 3, ST6GALNAC4 GalNAc: 

α2,6-sialyltransferase 4. 

The core structures depicted in Figure 3 are assembled in the Golgi apparatus starting with 

the transfer of GalNAc from a sugar-nucleotide donor to Ser or Thr catalysed by a 

polypeptide N-acetylgalactosaminyltransferase (ppGalNAc-T) (Guzman-Aranguez and 

Argueso 2010, Hassan H. et al. 2000). Multiple types of ppGalNAc-Ts have been isolated 

from different tissues including GalNAc-T2 (Bennett et al. 2012, Clausen and Bennett 1996). 

The soluble form of the glycosyltransferase was used in the work presented here and 

GalNAc-T2 is described in detail in section 1.4. In the Golgi apparatus, the Tn antigen 

GalNAcα1-O-Ser/Thr is further modified (Figure 3). The sialylated form of the Tn antigen 

is generated linking sialic acid to GalNAc catalysed by the GalNAc: α2,6-sialyltransferase 1 

(Brockhausen and Stanley 2015, Dimitroff 2015). The core 1 synthetase β-1,3-

galactosyltransferase 1 (C1GALT1) attaches Gal to the GalNAc residue of the Tn antigen to 

create the core 1 structure observed in most cell types (Brockhausen 1999, Brockhausen and 

Stanley 2015, Guzman-Aranguez and Argueso 2010). The structure of core 2 is generated by 

the subsequent transfer of a GlcNAc residue to the GalNAc moiety catalysed by the 
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branching enzyme core 2 β1,6-N-acetylglucosaminyltransferase 1 (Brockhausen and Stanley 

2015). A variety of related transferases has been described and two representatives are well 

characterized (Brockhausen 1999). Expression of the L-type has been observed in 

leukocytes, leukemia cells, and many cancer cells; the M-type of the enzyme has been 

detected in mucin secreting cell types and some cancer cells (Brockhausen 1999, 

Brockhausen and Stanley 2015, Kuhns et al. 1993). The attachment of a GlcNAc moiety to 

the initially linked GalNAc residue by the core 3 β1,3-N-acetylglucosaminyltransferase 6 

(B3GNT6) results in the assembly of core 3 mostly found in cells derived from the 

gastrointestinal and respiratory tract (Brockhausen 1999, Brockhausen et al. 1985, 

Brockhausen and Stanley 2015). The addition of another GlcNAc residue catalysed by core 

4 β1,6-N-acetylglucosaminyltransferase 3 generates the fourth core structure present in 

colonic tissue and some cancer cell lines (Brockhausen 1999, Brockhausen and Stanley 2015). 

The exact order of the glycosylation pathway is determined by the specificity of the respective 

enzyme and it has been suggested that the glycosyltransferases are arranged in the Golgi 

apparatus to form a kind of assembly line ranging from the cis- to the trans-Golgi 

(Brockhausen 1999). The defect formation of the core structures often lead to severe disease 

symptoms (Cylwik et al. 2013, Freeze et al. 2015). Several examples have been described such 

as hyperphosphatemic familial tumoural calcinosis caused by a defect in ppGalNAc-T3, or 

the Tn syndrome caused by mutations in the chaperone gene C1GALT1C1 which is required 

for the correct folding of C1GALT1 (Farrow et al. 2011, Freeze et al. 2015). The Tn 

syndrome has been reported as a rare haematological disorder and was discovered over sixty 

years ago resulting from the observation of an immediate agglutination of freshly collected 

blood samples in the cold (Dausset et al. 1959, Fu et al. 2016, Ju et al. 2011). At the time the 

T antigen, also known as Thomsen-Friedenreich antigen, TF antigen, or CD176, with the 

core 1 structure Galβ1-3GalNAcα1-O-Ser/Thr (Figure 3), had already been known 

(Friedenreich 1930, Thomsen 1927). Therefore, the antigen GalNAcα1-O-Ser/Thr (Figure 

3) was termed “T antigen nouvelle” or Tn antigen (Dausset et al. 1959, Ju et al. 2011). 

Although the structure of the Tn antigen is quite simple, its pathophysiological function is 

still not fully understood (Ju et al. 2011). High amounts of Tn antigen (Figure 3) have been 

detected in tumour cells including the sialylated forms of the Tn and T antigen (Ju et al. 

2011). The enhanced expression or activity of the relevant sialyltransferase has been 

postulated as possible explanation for the increased amounts of sialyl-Tn antigen in tumour 

cells (Ju et al. 2011). In comparison, healthy adult cells show little or no expression of Tn 

antigen (Fu et al. 2016). The association of truncated O-glycans with cancer and an increased 

understanding of the biological impact highlights the attractiveness of these compounds as 

targets for the development of new therapeutics (Fu et al. 2016, Ju et al. 2013).  

The core structures can be further modified by the addition of carbohydrates such as sialic 

acid and Fuc, O-acetylation, and sulfation (Brockhausen and Stanley 2015, Guzman-

Aranguez and Argueso 2010). Elongated glycan chains frequently contain repetitions of N-

acetyllactosamine type 1 (Galβ1-3GlcNAcβ1-3) and type 2 (Galβ1-4GlcNAcβ1-3) forming 
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the backbone of many mucins (Brockhausen 1999, Brockhausen and Stanley 2015). Complex 

O-GalNAc glycans carry epitopes consisting of Fuc, Gal, GalNAc, GlcNAc, and sialic acid 

including blood group A, B, H, I, or Lewis structures (Brockhausen and Stanley 2015, 

Hounsell et al. 1996). As a result, O-glycans display a vast structural heterogeneity and 

diversity. The complexity of O-glycans is further enhanced by sulfations affecting cell 

adhesion, bacterial binding, and regulation of biosynthetic pathways (Brockhausen 1999). 

Mucins are extremely large (200 kDa – 200 MDa), heavily glycosylated proteins containing 

many repeating glycosylated peptide sequences. Linked oligosaccharides account for around 

50-90 % of the total molecular mucin mass (Brockhausen and Stanley 2015, Guzman-

Aranguez and Argueso 2010, Kesimer and Sheehan 2012). Based on their molecular 

structure, mucins can be divided into secreted or membrane-associated glycoproteins 

(Guzman-Aranguez and Argueso 2010). Secreted large gel-forming mucins form a barrier on 

epithelial surfaces protecting the cell against chemical and physical damage as well as 

intruders (Brockhausen and Stanley 2015, Varki and Gagneux 2015). However, several 

factors complicate the analysis of glycans such as the structural complexity, high molecular 

mass, lack of specific glycosidases to release glycans, and the lack of a defined glycosylation 

site consensus sequence (Jensen et al. 2010). Consequently, the detailed analysis of the O-

glycoproteome has been a challenge (Jensen et al. 2010). 

In prokaryotes, the increasing number and diversity of O-glycosylations include OST-

mediated modifications as well as pathways in which glycosyltransferases sequentially 

transfer sugar moieties onto the target protein (Dell et al. 2010, Iwashkiw et al. 2013). In a 

process similar to the N-glycosylation in C. jejuni, OST-mediated O-glycosylation systems 

involve lipid carrier-mediated en bloc glycosylation and pathways have been identified in 

Neisseria meningitides (Power et al. 2006) and N. gonorrhoeae (Vik et al. 2009), Pseudomonas 

aeruginosa (Castric 1995) and Acinetobacter baumanii (Iwashkiw et al. 2012). Proteins 

glycosylated via the OST pathway in N. meningitides include PilE, a major subunit of pili type 

IV, and the surface-exposed nitrite reductase AniA (Dell et al. 2010, Schulz et al. 2013). Pilin 

proteins are glycosylated by the transfer of a pre-assembled trisaccharide consisting of 

terminal 1-4-linked Gal residues covalently linked to Bac (Hartley et al. 2011, Ku et al. 2009). 

The trisaccharide is assembled in the cytoplasm linked to a lipid carrier, flipped across the 

membrane into the periplasm, and subsequently transferred onto the protein (Li H. et al. 

2017). A closely related O-glycosylation pathway has been described for N. gonorrhoeae capable 

of decorating a wider spectrum of proteins and eleven glycoproteins have been identified in 

the strain (Vik et al. 2009). The mechanisms of OST-mediated O-glycosylations in P. 

aeruginosa and A. baumanii are similar to those described for Neisseria transferring different 

oligosaccharide structure (Castric 1995, Iwashkiw et al. 2012, Iwashkiw et al. 2013). The 

glycan structure of the pilin subunit PilA from P. aeruginosa α-5NβOHC47NFmPse-(2-4)-β-

Xyl-(1-3)-β-FucNAc-(1-3)-β-Ser is rather complex (Castric et al. 2001). N-acetylfucosamine 

(FucNAc) is attached to Ser followed by one Xyl and one 5-N-β-hydroxybutyryl-7-N-formyl-

pseudaminic acid (5NβOHC47NFmPse) moiety (Castric et al. 2001). A general OST-
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mediated pathway has been identified in A. baumanii responsible for the glycosylation of 

various proteins (Li H. et al. 2017). Glycosylation involves the assembly of the branched 

pentasaccharide β-GlcNAc3NAc4OAc-4-(β-GlcNAc-6-)-α-Gal-6-β-Glc-3-β-GalNAc- on 

the lipid carrier consisting of a GalNAc residue linked to a Glc and a Gal moiety. The 

oligosaccharide is completed by the addition of a GlcNAc and the 4-O-acetylated derivative 

of 2,3-diacetamido-2,3-dideoxy-glucuronic acid (β-GlcNAc3NAcA4OAc) moiety to the Gal 

residue (Iwashkiw et al. 2012). Additionally, the assembled pentasaccharide is also part of 

capsular polysaccharides indicating a shared pathway for protein O-glycosylation and capsule 

biosynthesis (Iwashkiw et al. 2012, Li H. et al. 2017). 

OST-independent, stepwise O-glycosylation has been described for flagellins from C. jejuni, 

Campylobacter coli (Thibault et al. 2001), H. pylori (Schirm et al. 2003), and Aeromonas caviae 

(Parker et al. 2012) as essential modifications to maintain motility (Tytgat and Lebeer 2014). 

Flagellins in Campylobacter strains are modified with single residues of pseudaminic acid 

(Pse5Ac7Ac) as well as legionaminic acid and their derivatives at multiple Ser or Thr sites 

(McNally et al. 2007, Thibault et al. 2001). Flagellins derived from H. pylori are decorated 

with Pse5Ac7Ac as single glycan species (Parker et al. 2012, Schirm et al. 2003). 

Members of the autotransporter superfamily represent important virulence factors located 

on the surface of the outer membrane of Gram-negative bacteria mediating processes 

including host cell adhesion and invasion, aggregation, toxicity, and biofilm formation 

(Kajava and Steven 2006, Li H. et al. 2017, Vo et al. 2017). The typical structure of an 

autotransporter comprises a signal peptide, an N-terminal passenger domain, and a C-

terminal translocator domain (Benz and Schmidt 2011). Autotransporter proteins derived 

from pathogenic E. coli strains have been investigated in detail and extensive O-linked 

glycosylations of the passenger domains of AIDA-I, TibA and Ag43 were detected (Benz 

and Schmidt 2001, Cote et al. 2013, Sherlock et al. 2006). The synthesis of ADP-D-β-D-

heptose and ADP-L-β-D-heptose is linked to the lipopolysaccharide pathway and both 

activated sugar donors can be used as substrate by the respective bacterial autotransporter 

heptosyltransferase (Lu Q. et al. 2014). More bacterial glycoproteins have been identified in 

Clostridium difficile (Twine et al. 2009), Listeria monocytogenes (Schirm et al. 2004), and 

Burkholderia cenocepacia (Lithgow et al. 2014). Most of the described glycoproteins are located 

on the surface of microorganisms and are involved in pathogenicity, immunogenicity, cell 

adhesion, thermostability, and further structure-related properties (Schaffer and Messner 

2017, Upreti et al. 2003). In addition, several glycosyltransferase toxins have also been 

identified in pathogenic bacteria (Jank et al. 2015). For example, toxin B derived from C. 

difficile modulates several members of the Rho-GTPase protein family by attaching a Glc 

moiety to a Thr residue (Jank et al. 2015, Just et al. 1995). As a result, the GTPase is 

inactivated and subsequent Rho-dependent signalling pathways are blocked (Jank et al. 2015). 

The prokaryotic glycosylation mechanisms discussed here show a much higher diversity 

compared to their eukaryotic counterparts (Dell et al. 2010). While eukaryotic glycans are 
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predominantly composed of Gal, Glc, GalNAc, GlcNAc, Man, Fuc and sialic acid, 

prokaryotic glycoproteins also contain additional sugars (Brockhausen and Stanley 2015, Dell 

et al. 2010, Nothaft Harald and Szymanski 2010, Stanley et al. 2015). Advances in sequencing 

methods and genome data analysis allows the identification of potentially unknown 

glycosylation pathways, in order to explore the potential of glycosylation in prokaryotic. 

1.4 Strategy to establish a model system for mucin-type O-

glycosylation in vivo  

Improved understanding of N- and O- glycosylations has led to the successful development 

of glycoengineered biopharmaceuticals (Hossler et al. 2009, Van Landuyt et al. 2018). As an 

example, two additional N- glycosylation sites have been introduced into recombinant 

human erythropoietin (rhEPO) employing site-directed mutagenesis methods (Elliott et al. 

2004, Elliott et al. 2003). The human glycoprotein hormone erythropoietin regulates 

erythropoiesis and comprises 166 amino acids including three N- and O-glycosylation sites 

(Garcia et al. 2007, Lai et al. 1986). Compared to rhEPO, the analogue darbepoetin carries 

five N-linked glycans instead of three N- glycosylation sites and an increased half-life as well 

as enhanced activity has been demonstrated (Koury 2003). A similar approach has been 

employed to engineer N- glycosylation sites in other biopharmaceuticals including Follicle 

Stimulating Hormone and antibody fragments (Perlman et al. 2003, Stork et al. 2008). The 

previously discussed lack of specific consensus sequence renders the targeted modification 

of O- glycosylation sites more challenging. Biopharmaceuticals decorated with O-glycans 

such as erythropoietin and the granulocyte-colony stimulating factor (G-CSF) mostly contain 

one of the four core structures outlined in Figure 3 (Brailsford and Danishefsky 2012, 

Oheda et al. 1988, Souza et al. 1986). G-CSF has been approved for the treatment of 

conditions with abnormally low levels of neutrophils in the blood such as patients with post-

chemo- or radiotherapy and bone marrow transplantation (Ribeiro et al. 2007). Both sialyl 

and disialyl T Antigen (Figure 3) have been identified by investigating the glycan attached 

to the single glycosylation site of recombinant G-CSF purified from CHO cells (Oheda et al. 

1988, Souza et al. 1986). Due to differences in splicing two isoforms A and B of the native 

glycoprotein have been reported with 177 and 174 amino acids, respectively (Gascon 2012). 

Owing to its higher stability and better biological activity, the 174 amino acids isoform B 

represents the blueprint for commercial products (Gascon 2012). Two important 

recombinant therapeutics are currently produced and the unglycosylated recombinant human 

G-CSF (rhG-CSF, filgrastim) isolated from E. coli has first been approved in 1991 for the 

treatment of chemotherapy-induced neutropenia (Walsh 2014). Filgrastim contains 175 

amino acids including an additional N-terminal methionine residue (Hassan L. A. et al. 

2015b). Lenograstim, the glycosylated form of rhG-CSF, is expressed in CHO cells and 

comprises 174 amino acids with the carbohydrate chain linked to Thr at position 133 (Hassan 

L. A. et al. 2015b, Keating 2011). Although glycosylation does not seem to affect biological 
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activity, a stabilizing effect has been shown for the glycosylated growth factor (Hassan L. A. 

et al. 2015b). It has also been reported that glycosylated G-CSF is more potent than the 

Unglycosylated filgrastim, both in vitro and in vivo (Keating 2011). As the patent for filgrastim 

has already expired in the EU, eight biosimilar preparations have been approved since 2008 

(Derbyshire 2017, Walsh 2014). In 2015, studies have been performed in order to simulate 

the potential cost savings from the use of filgrastim biosimilars compared to the originator 

product (Sun et al. 2015). Based on the results of this study, it has been concluded that the 

longer the therapy, the greater the savings (Sun et al. 2015). In contrast, the expected savings 

comparing a biosimilar of filgrastim and N-terminal pegylated filgrastim (pegfilgrastim) 

decreased over time (Sun et al. 2015). Recently, two pegfilgrastim biosimilars have been 

approved for the US market (Fulphila®)(Walsh 2018) and European market 

(Ziextenzo®)(Press release Sandoz 27.11.2018). Pegfilgrastim represents the third 

commercially relevant G-CSF formulation. Covalent attachment of polyethylene glycol 

(PEG) has been frequently used for the modification of therapeutic proteins in order to 

increase half-life and efficacy (Gaberc-Porekar et al. 2008, Harris and Chess 2003). However, 

increasing concern has emerged about negative long-term effects of the non-biodegradable 

polymer such as accumulation in the liver and formation of anti-PEG antibodies (Gaberc-

Porekar et al. 2008, Zhang P. et al. 2016). Nevertheless, since the introduction of the first 

PEG-modified biopharmaceutical in 1990 over ten pegylated compounds have been 

approved by the FDA; over twenty candidates are currently in clinical trials and expected to 

expand the market for several years to come (Swierczewska et al. 2015). Unlike filgrastim, 

the clearance of pegfilgrastim is significantly lower and therefore only needs to be injected 

once per chemotherapy cycle instead of daily drug administration (Yang and Kido 2011). 

Similar pharmacokinetic and efficacy properties have been observed for pegfilgrastim and 

lipegfilgrastim, which was introduced in Europe 2013 as glycopegylated, long-acting form of 

filgrastim biosimilar for the treatment of neutropenia in adult patients treated with cytotoxic 

chemotherapy (Gasparic and Leyman 2015). For the production of lipegfilgrastim, purified 

recombinant filgrastim is glycosylated in vitro at the natural Thr 134 site using a truncated 

GalNAc-T2 glycosyltransferase fused with maltose-binding protein (MBP)(Hoggatt et al. 

2015). The Thr134-linked GalNAc moiety is further modified by the transfer of a PEG-sialic 

acid derivative catalysed by a sialyltransferase (Hoggatt et al. 2015). Clinical comparative 

studies between lipegfilgrastim and pegfilgrastim have revealed a longer half-life for 

lipegfilgrastim and a neutrophil recovery time shorter by one and a half days (Hoggatt et al. 

2015). In order to achieve successful in vitro glycosylation, both the activated donor sugar 

UDP-GalNAc and the truncated GalNAc-T2 are required (White et al. 1995). A more cost-

effective and straightforward approach is based on the development of an E. coli host strain 

capable of in vivo mucin-type O-glycosylation (Henderson et al. 2011, Merritt et al. 2013). 

This strategy also illustrates possible future applications of specifically modified E. coli strains 

(Baeshen et al. 2015). 
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In order to develop such a living factory, a mammalian-derived glycosylation pathway 

comprising a GalNAc-T glycosyltransferase and genes required for the biosynthesis of the 

sugar donor UDP-GalNAc need to be introduced into a suitable E. coli strain (Henderson et 

al. 2011, Merritt et al. 2013). UDP-GalNAc, which is not present in E. coli laboratory strains, 

is generated converting UDP-GalNAc in the presence of a UDP-GlcNAc 4-epimerase in the 

strain background (Henderson et al. 2011, Merritt et al. 2013). However, important sugar 

intermediates such as UDP-Glc, UDP-Gal, and UDP-GlcNAc are available as precursors of 

cell wall and lipopolysaccharide biosynthetic pathways in E. coli-derived laboratory strains 

(Barreteau et al. 2008, Boman and Monner 1975, Henderson et al. 2011, Merritt et al. 2013). 

In proof of concept studies, the in vivo O-glycosylation of recombinant target peptides in E. 

coli has been demonstrated expressing a truncated human GalNAc-T2 glycosyltransferase in 

combination with the UDP-GlcNAc 4-epimerase WbpP derived from Pseudomonas aeruginosa 

(Henderson et al. 2011). Glycosylation of a reporter protein created by fusing the glutathione 

S-transferase (GST) and the tandem repeat region of mucin 1 containing eight potential 

glycosylation sites has been demonstrated by Western Blot using horseradish peroxidase-

conjugated Vicia villosa lectin for detection (Henderson et al. 2011). However, the detailed 

analysis of the potential glycosylation sites has not been shown. Additionally, the assay was 

carried out analysing 17 different target proteins isolated by fusing the anti-tumour necrosis 

factor-α Fab-fragment with a selected eight-amino acid O-glycosylation recognition sequence 

and based on lectin reactivity, glycosylation of ten target sites has been determined 

(Henderson et al. 2011). The target fusion protein exhibiting the most intense staining was 

subsequently analysed by liquid chromatography-mass spectrometry (LC-MS) and the shift 

of 203 Da consistent with GalNAc glycosylation demonstrated (Henderson et al. 2011). The 

detected glycosylations were considered as evidence indicating the successful expression of 

glycosyltransferase and epimerase although expression levels of the proteins have not been 

shown (Henderson et al. 2011). Based on these results, a patent has been filed covering the 

co-expression of an eukaryotic GalNAc-T and UDP-GlcNAc 4-epimerase in prokaryotes 

for the glycosylation of recombinant proteins (Gerngross et al. 2015). 

In order to establish an E. coli-based cell factory for the efficient production of O-

glycosylated biopharmaceuticals, a different approach was pursued combining the expression 

of the chaperones sulfhydryl oxidase Erv1p and protein disulfide isomerase PDI (Nguyen et 

al. 2011), human GalNAc-2 glycosyltransferase (Lauber et al. 2015), UDP-GlcNAc 4-

epimerase WbgU derived from Plesiomonas shigelloides and target protein (Figure 4). Successful 

expression of glycosyltransferase, epimerase, and target protein was demonstrated and 

glycosylation of the mucin-derived target protein containing 60 potential glycosylation sites 

was investigated in detail highlighting the potential of the presented strategy (Mueller et al. 

2018). 
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Figure 4: Schematic representation of the mucin-type O-glycosylation system for in vivo 

modification of recombinant proteins. The activated donor sugar UDP-N-acetylgalactosamine 

(UDP-GalNAc) is generated by the epimerization of UDP-N-acetylglucosamine (UDP-GlcNAc) 

catalysed by the UDP-GlcNAc 4-epimerase (WbgU) derived from Plesiomonas shigelloides and 

transferred onto the target protein catalysed by the human polypeptide N-

acetylgalactosaminyltransferase 2 (GalNAc-T2). 

The human glycosyltransferase GalNAc-T2 represents a type II transmembrane protein 

consisting of 571 amino acids (64,729 Da) and requires manganese as cofactor (White et al. 

1995). In addition to the N-terminal transmembrane domain, the enzyme is structurally 

divided into a catalytic domain and a C-terminal ricin-type lectin domain connected via a 

flexible linker (Fritz et al. 2006). The glycosyltransferase has been expressed in various host 

strains without the N-terminal transmembrane domain and therefore this shortened variant 

is termed GalNAc-T2 (Fritz et al. 2006, Lauber et al. 2015). Derived from the crystallized 

structure, two disulfide bonds have been identified in the catalytic domain and three disulfide 

bonds in the lectin domain (Fritz et al. 2006). 

UDP hexose 4-epimerases have been divided into three groups (Ishiyama et al. 2004). Group 

1 epimerases are represented e.g. by GalE isolated from E. coli (Wilson D. B. and Hogness 

1964) and preferably epimerize UDP-Glc/UDP-Gal. Members of the second group, 

exemplified by Gne derived from C. jejuni (Bernatchez et al. 2005) and E. coli O86:B7 (Guo 

et al. 2006), epimerize both UDP-Glc/UDP-Gal and UDP-GlcNAc/GalNAc. Enzymes in 

group 3 primarily convert UDP-GlcNAc/UDP-GalNAc including WbpP from P. aeruginosa 

(Creuzenet et al. 2000) and WbgU from P. shigelloides (Kowal and Wang 2002). Figure 5 

shows representatives of all three groups. Although the highest in vitro activity for UDP-

GlcNAc conversion has been reported for the bifunctional epimerase Gne compared to 

WbpP and WbgU (Bernatchez et al. 2005), WbgU was preferred due to a more stringent 
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substrate specificity. Furthermore, a higher in vitro activity compared to WbpP has been 

reported for WbgU (Creuzenet et al. 2000, Kowal and Wang 2002). 

 

Figure 5: Overview of bacterial 4-epimerases and their functions (Alvarez-Anorve et al. 2005, 

Merritt et al. 2013). The epimerases Gne and GalE interconvert UDP-galactose and UDP-glucose 

enabling the degradation of galactose. UDP-N-acetylglucosamine is synthesized from Glucose-6-

phosphate via various intermediates and an interconversion reaction with UDP-N-

acetylgalactosamine is catalyzed by the epimerases Gne, WbpP, and WbgU. N-acetylglucosamine is 

phosphorylated and taken up into the cell by the transporter protein complex NagE resulting in N-

acetylglucosamine-6-phosphate. NagB deacetylates N-acetylglucosamine-6-phosphate to 

glucosamine-6-phosphate, an intermediate of UDP-N-acetylglucosamine synthesis. Deamination of 

glucosamine-6-phosphate to fructose-6-phosphate by NagA allows an increased carbon flux into 

glycolysis. 

At the start of the project initial work focused on optimizing the previously described 

production process for the expression of tagged GalNAc-T2 (Lauber et al. 2015). 

Subsequently, the recombinant production and isolation of tag-free WbgU was established 

and the enzyme was characterized in vitro. In order to demonstrate mucin-type O-

glycosylation in vivo, a synthetic mucin-derived target protein was designed, expressed, 

isolated, and analysed in detail (Mueller et al. 2018). The project was completed by 

investigating the feasibility of the developed glycosylation system for the soluble expression 

of modified G-CSF. 
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2 Material and Methods 

2.1 Materials 

2.1.1 Chemicals 

2-Mercaptoethanol Carl Roth GmbH & Co. KG, Karlsruhe 

Acetic acid glacial AppliChem GmbH, Darmstadt 

Adenosine 5'-triphosphoric acid disodium salt AppliChem GmbH, Darmstadt 

Agar-Agar (Kobe I) Carl Roth GmbH & Co. KG, Karlsruhe 

Agarose LE Biozym Scientific GmbH, Hessisch 
Oldendorf 

Ampicillin (Amp) sodium salt Carl Roth GmbH & Co. KG, Karlsruhe 

Ammonium persulfate Carl Roth GmbH & Co. KG, Karlsruhe 

ATP Carl Roth GmbH & Co. KG, Karlsruhe 

Betaine monohydrate Carl Roth GmbH & Co. KG, Karlsruhe 

Boric acid Carl Roth GmbH & Co. KG, Karlsruhe 

Bovine serum albumin Carl Roth GmbH & Co. KG, Karlsruhe 

Bromphenol blue Carl Roth GmbH & Co. KG, Karlsruhe 

Butanol Carl Roth GmbH & Co. KG, Karlsruhe 

Casein hydrolysate Carl Roth GmbH & Co. KG, Karlsruhe 

Chloramphenicol (Cam) Carl Roth GmbH & Co. KG, Karlsruhe 

Coomassie® Brilliant Blue G250 Fluka® Analytical, Seelze 

Copper sulfate pentahydrate Sigma-Aldrich GmbH, Schnelldorf 

Deoxynucleoside triphosphate (dNTP) mix GeneOn GmbH, Ludwigshafen 

D-glucose Carl Roth GmbH & Co. KG, Karlsruhe 

Bicinchoninic acid disodium salt hydrate Sigma-Aldrich Chemie GmbH, 
Schnelldorf 

DNA-ladder 1 kb GeneOn GmbH, Ludwigshafen 

DNA-loading dye (6x) GeneOn GmbH, Ludwigshafen 

DNAse I AppliChem GmbH, Darmstadt 

Dithiothreitol (DTT) Carl Roth GmbH & Co. KG, Karlsruhe 

EnPresso® B EnPresso GmbH, Berlin 

Ethanol (EtOH) absolute Carl Roth GmbH & Co. KG, Karlsruhe 

Ethanol denatured Carl Roth GmbH & Co. KG, Karlsruhe, 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH & Co. KG, Karlsruhe 

Filgrastim (Neupogen®) Amgen GmbH, München 

Glycerol Carl Roth GmbH & Co. KG, Karlsruhe 

Glycine Carl Roth GmbH & Co. KG, Karlsruhe 

Imidazole AppliChem GmbH, Darmstadt 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Carl Roth GmbH & Co. KG, Karlsruhe 

L-arabinose Sigma-Aldrich Chemie GmbH, 
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Schnelldorf 

Lysogeny broth (LB) medium Carl Roth GmbH & Co. KG, Karlsruhe 

Lysozyme Carl Roth GmbH & Co. KG, Karlsruhe 

Magnesium sulfate heptahydrate Carl Roth GmbH & Co. KG, Karlsruhe 

Nuclease-free water QIAGEN GmbH, Hilden 

PageRuler™ unstained Thermo Fisher Scientific, USA 

Peptone (Casein) Carl Roth GmbH & Co. KG, Karlsruhe 

Phosphate buffered saline (PBS) Carl Roth GmbH & Co. KG, Karlsruhe 

Potassium sodium tartrate Carl Roth GmbH & Co. KG, Karlsruhe 

Protein prestained marker 10 – 180 kDa BioFroxx GmbH, Einhausen 

Roti®-GelStain Carl Roth GmbH & Co. KG, Karlsruhe 

Sarcosine Sigma-Aldrich Chemie GmbH, 
Schnelldorf 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe 

Skimmed milk powder (MMP) TSI GmbH & Co. KG, Zeven 

SOB- medium Carl Roth GmbH & Co. KG, Karlsruhe 

Sodium chloride Carl Roth GmbH & Co. KG, Karlsruhe 

Sodium carbonate decahydrate Carl Roth GmbH & Co. KG, Karlsruhe 

Sodium hydroxide Carl Roth GmbH & Co. KG, Karlsruhe 

Sorbit Carl Roth GmbH & Co. KG, Karlsruhe 

Sulfuric acid Carl Roth GmbH & Co. KG, Karlsruhe 

N,N,N’,N’-Tetramethylethylenediamine 
(TEMED) 

Carl Roth GmbH & Co. KG, Karlsruhe 

Terrific broth (TB) medium Carl Roth GmbH & Co. KG, Karlsruhe 

Trehalose dihydrate Carl Roth GmbH & Co. KG, Karlsruhe 

Trimethylamine N-oxide (TMAO) Sigma-Aldrich Chemie GmbH, 
Schnelldorf 

Tris(hydroxymethyl)-aminomethane (TRIS) Carl Roth GmbH & Co. KG, Karlsruhe 

Tween® 20 Carl Roth GmbH & Co. KG, Karlsruhe 

UDP-GalNAc Sigma-Aldrich Chemie GmbH, 
Schnelldorf 

UDP-GlcNAc Roche Diagnostics GmbH, Mannheim 

Yeast extract Carl Roth GmbH & Co. KG, Karlsruhe 

 

2.1.2 Enzymes and kits 

EA2 peptide Eurogentec SA Anaspec, BEL 

Glycosyltransferase Activity Kit EA001 R&D Systems Europe Ltd., UK 

Maximo Taq DNA polymerase GeneOn GmbH, Ludwigshafen 

NucleoBond® Xtra Midi/Maxi Macherey-Nagel GmbH & Co. KG, 
Düren 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel GmbH & Co. KG, 
Düren 
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NucleoSpin® Plasmid Macherey-Nagel GmbH & Co. KG, 
Düren 

Phusion® High-Fidelity DNA Polymerase Thermo Fisher Scientific, USA 

rhGalNAc-T2 R&D Systems Europe Ltd., UK 

TGX Stain-Free™ FastCast™ acrylamide kit 12 % Bio-Rad Laboratories Inc., USA 

Tobacco Etch Virus (TEV) protease Protean s.r.o., CZE 

 Promega GmbH, Mannheim 

 Sigma-Aldrich, Schnelldorf 

Trans-Blot® Turbo™ RTA Transfer Kit, PVDF Bio-Rad Laboratories Inc., USA 

ZymoPURE™ Plasmid Midiprep kit Zymo Research Europe GmbH, Freiburg 

All restriction enzymes, T4 ligases and alkaline phosphatases were purchased from Thermo 

Fisher Scientific, USA or New England BioLabs GmbH, Frankfurt. 

2.1.3 Bacterial strains and antibodies 

Bacterial strains and antibodies used in this work are listed in Table 2 and Table 3, 

respectively. 
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Table 2: Bacterial strains 

Strain Genotype Origin 

NovaBlue endA1 hsdR17 (rK12
- mK12

+) supE44 thi-1 recA1 gyrA96 relA1 lac 

F‘[proA+B+ lacIqZΔM15_Tn10] (TetR) 

Novagen, Merck 

Millipore, GER 

SHuffle® T7 

Express 

fhuA2 lacZ_T7 gene1 [Ion] ompT ahpC gal λatt_pNEB3-r1-

cDsbC (SpecR, lacIq) ΔtrxB sulA11 R(mcr-73_miniTn10--TetS)2 

[dcm] R(zgb-210_Tn10--TetS) endA1 Δgor Δ(mcrC-

mrr)114_IS10 

C3029H, New 

England Biolabs, 

GER 

SHuffle® T7 F‘ lac, pro, lacIQ / Δ(ara-leu)7607 araD139 fhuA2 lacZ_T7 gene1 

Δ(phoA)PvuII phoR ahpC* galE (or U) galK λatt_pNEB3-r1-

cDsbC (SpecR, lacIq) ΔtrxB rpsL150(StrR) Δgor Δ(malF)3 

C3026H, New 

England Biolabs, 

GER 

Tuner™ 

(DE3) 

F-, ompT hsdSB (rB
- mB

-) gal dcm lacY1(DE3) Novagen, Merck 

Millipore, GER 

Table 3: Antibodies 

Antibody Origin Antigen Manufacturer 

Anti-CSF3 Mouse, 
polyclonal 

CSF3 (NP_000750.1, 1 a.a. ~ 207 
a.a.) full-length human protein 

Abnova, TWN 

Anti-

GalNT2 

Mouse, 

polyclonal 

GALNT2 (NP_004472, 473 a.a. 

~ 571 a.a.) partial recombinant 

protein with GST tag 

Abnova, TWN 

Anti-

His.H8 

Mouse, 

monoclonal 

6x His synthetic peptide Thermo Fisher Scientific, 

USA 

Anti-mouse 

HRP 

Goat, 

polyclonal 

Mouse IgG (H+L) JacksonImmunoResearch 

Laboratories, Inc., USA 

Anti-Penta 

His 

Mouse, 

monoclonal 

HHHHH QIAGEN GmbH, Hilden 

Anti-WbgU Rabbit, 

polyclonal 

WbgU This work, Pineda 

Antikörper-Service, Berlin 

 

2.1.4 Plasmids and oligonucleotides 

Plasmids and oligonucleotides used in this study are described in Table 4 and Table 5, 

respectively. Genes encoding the UDP-GlcNAc 4-epimerase WbgU, different versions of 
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the N-Acetylgalactosaminyl transferase GalNAc-T2 and the mucin-derivative listed in the 

following table represent codon optimized versions designed for expression in an E. coli host 

background. 

Table 4: Plasmids 

Plasmid Size 
[kbp] 

Features Origin 

pET23a 3.666 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter 

Novagen, Merck 

Millipore, 

Germany 

pET23a_GalNAcT2 5.368 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

(Lauber 2015) 

pET23a_wbgU6xhis 4.627 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, wbgU fused to a 

hexahistidine tag 

This work 

pET23a_ 

wbgUTEV6H 

4.651 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, wbgU fused to a TEV 

cleavage site and hexahistidine tag 

This work 

pET23d(+) 3.663 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter 

Novagen, Merck 

Millipore, GER 

pET23d_galNT2 5.274 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

This work 

pET23d_galNT2_ 

HisDapG-CSF 

5.834 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

and G-CSF fused N-terminally to a 

diaminopeptidase cleavable 

decahistidine tag 

This work 

pET23d_galNT2_ 

T7Muc10_wbgU 

6.790 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2, 

WbgU, and mucin- derivative of 

the Rattus norvegicus apomucin 10 

fused to an Asn-Gly linker, 

thrombin cleavage site and 10x 

His-tag 

This work 

pET23d_galNT2_ 

T7Muc10 

5.709 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

and mucin- derivative of the Rattus 

norvegicus apomucin 10 fused to an 

This work 
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Plasmid Size 
[kbp] 

Features Origin 

Asn-Gly linker, thrombin cleavage 

site and 10x His-tag 

pET23d_galNT2_ 

wbgU 

6.340 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

and WbgU 

This work 

pET23d_ 

HisDapGalNAcT2 

5.418 ColE1 ori, f1 ori, bla (AmpR), T7 

promoter, encoding GalNAc-T2 

fused N-terminally to a 

diaminopeptidase cleavable 

decahistidine tag 

(Lauber 2015) 

pMA-T_galNT2 

_HisDapG-CSF 

4.611 ColE1 ori, bla (AmpR), encoding 

GalNAc-T2 and G-CSF fused N-

terminally to a diaminopeptidase 

cleavable decahistidine tag 

GeneArt® gene 

synthesis, Life 

Technologies 

GmbH, 

Germany 

This work 

pMA-T_galNT2_ 

HisDapG-CSF_wbgU 

5.728 ColE1 ori, bla (AmpR), encoding 

GalNAc-T2, G-CSF fused N-

terminally to a diaminopeptidase 

cleavable decahistidine tag, and 

WbgU 

This work 

pMA-T_muc10 3.571 ColE1 ori, bla (AmpR), encoding 

the mucin-derivative of the Rattus 

norvegicus apomucin 10 fused to an 

Asn-Gly linker, thrombin cleavage 

site and 10x His-tag 

GeneArt® gene 

synthesis, Life 

Technologies 

GmbH, 

Germany 

This work 

pMA-T_T7P_ 

galNT2_HisDapG-

CSF_wbgU 

5.771 ColE1 ori, bla (AmpR), encoding 

GalNAc-T2, G-CSF fused N-

terminally to a diaminopeptidase 

cleavable decahistidine tag, and 

WbgU controlled by a T7 

promoter, no T7 terminator 

This work 

pMA-T_wbgU 3.571 ColE1 ori, bla (AmpR), wbgU GeneArt® gene 

synthesis, Life 
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Plasmid Size 
[kbp] 

Features Origin 

Technologies 

GmbH, 

Germany 

This work 

pMJS9 8.179 Modified pLysBAD, p15A (ori), 

CamR, Ara promoter, encoding 

codon optimized sulfhydryl oxidase 

Erv1p (Saccharomyces cerevisiae) and 

codon optimized protein disulfide-

isomerase PDI (Homo sapiens) 

Provided by 

Prof. Dr. Lloyd 

W. Ruddock, 

University of 

Oulu, FIN 

pMK-RQ_wbgU 3.487 ColE1 ori, KanR, wbgU GeneArt® gene 

synthesis, Life 

Technologies 

GmbH, 

Germany 

This work 

Table 5: Oligonucleotides used for cloning, sequencing and PCR mutagenesis. [P] represents 

5' phosphorylation. 

Oligonucleotide Sequence 5’ → 3’ 

02028_GalNT2seq_fwd AGA GCC GTC TGG AAC TG 

02028_GalNT2seq_rv TTT ACG CAG TTC CAG ACG 

EcoRIMfeIXhoI_fw [P]AAT TCC AAT TGT GAG CGG C 

EcoRIMfeIXhoI_rv [P]TCG AGC CGC TCA CAA TTG G 

EP02pET23aT7promfw2 TAA TAC GAC TCA CTA TAG GGA GAC CA 

EP02pET23aT7termrv CAA AAA ACC CCT CAA GAC CC 

EP02020TEVanneal_fw [P]TCG AGA ACC TGT ATT TTC AGA GCG 

EP02020TEVanneal_rv [P]TCG ACG CTC TGA AAA TAC AGG TTC 

EP02wbgUfw1 TCA GCA CCG GTC ATC AGT AT 

EP02wbgUrv1 ATA CTG ATG ACC GGT GCT GA 

EP02wbgUrv2 CTT CAA CTT TCG GCA GTG C 

GalNT2_fw1 AGT GCT GAC CTT TCT GGA T 
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Oligonucleotide Sequence 5’ → 3’ 

GalNT2_rv2 TTA CCC AGC AGT GCA CCA T 

Muc10_fw1 ACC TAC AAC GGA CAG TAC C 

Muc10_rv1 GAA CCA GGC CAC CGT TAT T 

T7Prom_XbaI_fw 
[P]CTA GTA ATA CGA CTC ACT ATA GGG AGA CCA 

CAA CGG TTT CAC T 

T7Prom_XbaI_rv 
[P]CTA GAG TGA AAC CGT TGT GGT CTC CCT ATA 

GTG AGT CGT ATT A 

wbgU6xhisfw CTC TCT AGA AAT AAT TTT GTT TA 

wbgUsXhoIrv ATT CTC GAG TGA ACC TTT CAG AAA ACG AAC 

 

2.1.5 Instruments and equipment 

Used instruments and equipment are included in Table 6. 

Table 6: Instruments and equipment. 

Equipment Manufacturer 

ÄKTApurifier GE Healthcare Europe GmbH, Freiburg 

ACQUITY UPLC System Waters Corp., USA 

Autoclave VX-150 Systec, Linden 

BIOSTAT® C-DCU Sartorius AG, Goettingen 

Capillary electrophoresis CE-UV 7100 Agilent Technologies Deutschland GmbH, 

Waldbronn 

CD-spectropolarimeter J715 Jasco Deutschland GmbH, Pfungstadt 

Centrifuge 5415R 

    Rotor: F45-24-11 

Eppendorf AG, Hamburg 

Centrifuge 5810R 

    Rotors: A-4-62 and F-34-6-38 

Eppendorf AG, Hamburg 

  

Incubator shaker Innova® 4200           

(orbit 0.75 in) 

New Brunswick Scientific GmbH, 

Nürtingen 

Laminar air flow HeraSafe™ Thermo Fisher Scientific, USA 
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Equipment Manufacturer 

LTQ-Orbitrap XL mass spectrometer Thermo Fisher Scientific, USA 

Mastercycler gradient Eppendorf AG, Hamburg 

Micromat 21 AEG AG, Frankfurt am Main 

MicroPulser™ Electroporator Bio-Rad Laboratories Inc., USA 

Microscope Axio Scope.A1 Carl Zeiss Microscopy GmbH, Jena 

Mini-PROTEAN® Tetra vertical 

electrophoresis system 

Bio-Rad Laboratories Inc., USA 

NanoDrop™ 1000 Thermo Fisher Scientific, USA 

Fusion FX imaging device Vilber Lourmat, Eberhardzell 

SE 215 electrophoresis system Hoefer Inc., USA 

SimpliAmp thermal cycler Thermo Fisher Scientific, USA 

Owl™ Easy-Cast™ electrophoresis system Thermo Fisher Scientific, USA 

PerfectBlue™ Gel System Peqlab Biotechnologie, Erlangen 

Powerpac 300 power supply Bio-Rad Laboratories Inc., USA 

Prominence HPLC system Shimadzu Europa GmbH, Griesheim 

See-saw rocker SSL4 Cole-Parmer Ltd, UK 

SONOPLUS homogenisator 

     Micro tip: MS72 

Bandelin electronic GmbH & Co. KG, 

Berlin 

SPECTRAmax M5e Molecular Devices LLC, USA 

Thermo mixer MKR 23 HLC BioTech, Bovenden 

Trans-Blot® Turbo™ transfer system Bio-Rad Laboratories Inc., USA 

Ultimate 3000 HPLC system Thermo Fisher Scientific, USA 

Vortex-Genie 2 Scientific Industries Inc. USA 

Xevo G2 QTOF mass spectrometer Waters Corp., USA 

 

2.1.6 Software and databases 

Software databases used during the course of this project are listed in Table 7. 
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Table 7: Software. 

Software Manufacturer 

Chromeleon™ chromatography 
data system 

Thermo Fisher Scientific, USA 

EndNote X7.8 Clarivate Analytics, Philadelphia, USA 

Fusion CaptAdvance FX7 16.13a Vilber Lourmat, Eberhardzell, GER 

MassLynx V4.1 Waters Corp., USA 

MassMap® MassMap GmbH & Co. KG, Wolfratshausen 

MODDE v9.0 Sartorius AG, Goettingen 

NanoDrop 1000 3.7.1 Thermo Fisher Scientific, USA 

openLAB CDS ChemStation 

C.01.07 
Agilent Technologies Deutschland GmbH, Waldbronn 

Origin Pro 8 OriginLab, Northampton, USA 

Scaffold™ viewer 4.8.6 Proteome Software Inc., USA 

Signal P 4.1 Server 
Department of Bio and Health Informatics, Technical 

University of Denmark 

SoftMax® Pro 5.4 Molecular Devices LLC, USA 

UNICORN™ 7.1 GE Healthcare Europe GmbH, Freiburg 

Vector NTI Advance® 11.5.4 Thermo Fisher Scientific, USA 

2.2 Molecular biology 

2.2.1 Cell cultivation 

2.2.1.1 Liquid media 

Bacterial strains were grown using LB-, TB, 5010 or EnPresso® B-Medium. The media LB, 

SOC, TB and 5010 were prepared according to manufacturer’s instructions and sterilized at 

121 °C and 2.1 bar for 20 min. Subsequently, autoclaved glycerol and sterile filtered Glc was 

added to TB- and SOC- media to the final concentration given in Table 8, respectively. In 

order to prepare EnPresso® B, the appropriate amount of tablets was dissolved in the 

required volume of sterile demineralized water. Media recipes are described in Table 8. 
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Table 8: Media recipes. 

Media Ingredient Final concentration 

LB (Green and Sambrook 

2012) 
LB powder 25 g/L 

TB TB powder 50.8 g/L 

 Glycerol 4 mL/L after sterilization 

5010 Yeast extract 50 g/L 

 Peptone (Casein) 10 g/L 

 MgSO4 x 7 H2O 0.492 g/L 

EnPresso® B EnPresso® B bag 2 tablets/50 mL 

SOC SOB 26.64 g/L 

 Glucose 20 mmol/L 

 

2.2.1.2 Solid media 

In order to prepare LB-Agar plates, LB-medium was supplemented with 15 g/L Agar-Agar 

and sterilized at 121 °C and 2.1 bar for 20 min. Stock solutions of the required antibiotics 

(see Table 9) were added 1:1000 (v/v) to the autoclaved media cooled to a temperature of 

approximately 60 °C. Subsequently the plates were poured using a laminar flow hood and 

stored at 4 °C. Antibiotic and supplementing stock solutions listed in Table 9 were passed 

through a 0.2 µm filter (Titan3™ PVDF 30 mm, Thermo Fisher Scientific, USA) prior to use. 

Table 9: Media supplements dissolved in demineralized water or ethanol. 

Ingredient Stock concentration 
Standard working 
concentration 

Ampicillin (Amp) 120 mg/mL 120 µg/mL 

Arabinose (Ara) 20 % (w/v) 0.5 % (w/v) 

Chloramphenicol (Cam) 34 mg/mL (in EtOH) 34 µg/mL 

Glc 20 % (w/v) 0.5 % (w/v) 

IPTG 1 mol/L 1 mmol/L 

Kanamycin (Kan) 50 mg/mL 50 µg/mL 
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2.2.2 Plasmid DNA preparation 

Bacterial strains were cultivated in 5 mL and 100 mL LB medium containing 0.5 % (w/v) 

Glc and the appropriate antibiotics 1:1000 (v/v) at 37 °C and 175 rpm overnight for mini 

and midi preparations, respectively. Following alkaline lysis of the bacterial cells (Birnboim 

and Doly 1979) the plasmid DNA was extracted by reversible binding to a silica-based solid 

phase (NucleoSpin® Plasmid and NucleoBond® Xtra Midi EF) and eluted according to the 

manufacturer’s instructions. DNA isolation kits used in this study were purchased from 

Macherey-Nagel, Dueren. 

2.2.3 Determination of DNA concentration 

Nucleic acids absorb ultra-violet (UV) light with a maximum at 260 nm and DNA 

concentrations were measured using a NanoDrop™ 1000 spectrophotometer (Green and 

Sambrook 2012). The concentration was determined by means of the Beer-Lambert law 

A = ε x d x c with A, absorbance, ε, molar extinction coefficient, d, path length and c, 

concentration. For double-stranded DNA the average molar extinction coefficient is 

approximately 50 µg/mL at 260 nm (Green and Sambrook 2012). The absorbance ratios of 

260/280 and 260/230 were used to assess DNA purity with target ratios of 1.8 – 2.0 and 2.0 

– 2.2 indicating the absence of protein contaminations and residual salts, respectively (Green 

and Sambrook 2012). 

2.2.4 Restriction digestion and dephosphorylation of DNA 

Restriction enzymes introduce double strand breaks at specific recognition sites into the 

DNA backbone thus creating either blunt- or sticky-ended DNA fragments (Roberts 2005). 

Restriction enzymes were used to generate compatible ends for the subsequent ligation of 

DNA fragments and to verify isolated plasmid constructs by restriction pattern analysis. 

Restriction enzyme digestions were performed according to Table 10. In exceptional cases, 

the reaction buffer in the sample was 2-fold. 

Table 10: Reaction mixture of restriction enzyme digestions. 

Component Analytical digestion Preparative digestion 

DNA 200 – 400 ng 1 µg 

10x reaction buffer 1 µL 2 µL 

Restriction enzymes 1 µL each 1 µL each 

Ad nuclease-free H2O to 10 µL 20 µL 

 

The reaction volume was 10 times higher than the volume of restriction enzymes to avoid 

enzyme inhibition by glycerol. Samples were incubated at 37 °C for 1 h. In order to prevent 
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recircularization of vectors linearized by a single restriction enzyme, 1 µL calf intestinal 

alkaline phosphatase (CIP), 1 µL 10x reaction buffer, and 8 µL nuclease-free H2O per µg 

plasmid DNA were added to the sample and further incubated at 37 °C for 20 min (Green 

and Sambrook 2012). Dephosphorylated DNA fragments were separated by agarose gel 

electrophoresis followed by gel extraction of the respective DNA fragment from the gel as 

described in 2.2.7. 

2.2.5 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) was used as a standard method to amplify specific 

DNA fragments in vitro using designed complementary DNA oligonucleotides as primers 

(Mullis et al. 1986). 

2.2.5.1 PCR- based site-directed mutagenesis 

If not specified otherwise, components listed in Table 11 were used for standard PCR 

reactions with a final volume of 50 µL. PCR cycle conditions are given in Table 12. 

Table 11: Composition of PCR reactions for site-directed mutagenesis. 

Component Final concentration 

Phusion® HF- buffer 1x 

dNTP mix 0.2 mmol/L each dNTP 

Forward-primer 0.25 µmol/L 

Reverse-primer 0.25 µmol/L 

DNA template 0.2 ng/µL 

Phusion® DNA polymerase 0.02 U/µL 

Ad nuclease-free H2O 50 µL 

Table 12: Standard PCR program for site-directed mutagenesis. 

Step Temperature Time Cycles 

Initial denaturation 98 °C 30 s 1 

Denaturation 98 °C 10 s 

30 Primer annealing X °C 30 s 

Extension 72 °C 30 s/kbp 

Final extension 72 °C 10 min 1 

Storage 8 °C ∞ 1 
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`X´ indicates the annealing temperature (Tm) specifically calculated using the online Tm 

calculator tool from New England BioLabs. The lid temperature was adjusted to 106 °C. 

PCR products were analysed by agarose gel electrophoresis and subsequently extracted from 

the gel as described in 2.2.7. 

2.2.5.2 Colony-PCR 

A single colony was picked from a well-grown agar plate using a sterilized pair of tweezers 

and pipette tip. Some colony material was used to inoculate an agar plate and subsequently 

the pipette tip with the remaining bacteria was placed into 500 µL ultrapure water in a 15 mL 

reaction tube followed by extensive vortexing to prepare bacterial suspensions. The pipetting 

scheme of the reaction components is outlined in Table 13. Aliquots of the respective 

solutions were transferred into a PCR tube. 

Table 13: Composition of the reaction mixture for colony PCR. 

Component Final concentration 

Taq buffer 1x 

dNTP mix 0.2 mmol/L each dNTP 

Forward-primer 0.25 µmol/L 

Reverse-primer 0.25 µmol/L 

Bacterial suspension 2 % (v/v) 

Tween® 20 2 % (v/v) 

Maximo Taq DNA polymerase 0.04 U/µL 

Ad nuclease-free H2O 50 µL 

 

Colony-PCR reactions were carried out using the program listed in Table 14. The respective 

annealing temperature (Tm) indicated by `X´ was calculated using the online Tm calculator 

tool from New England BioLabs. The PCR products were analysed by agarose gel 

electrophoresis (described in section 2.2.6). 

Table 14: Standard Colony-PCR program 

Step Temperature Time Cycles 

Initial denaturation 94 °C 5 min 1 

Denaturation 94 °C 25 s 
30 

Primer annealing X °C 25 s 



2 Material and Methods 35 

Step Temperature Time Cycles 

Extension 72 °C 1 min/kbp 

Final extension 72 °C 5 min 1 

Storage 8 °C ∞ 1 

2.2.6 Agarose gel electrophoresis 

DNA fragments are separated according to their size by agarose gel electrophoresis. Due to 

the negatively charged phosphate backbone, the DNA fragments migrate through the 

agarose mesh when an electric field is applied. Smaller fragments migrate faster than larger 

fragments (Green and Sambrook 2012). DNA fragments derived from restriction digestion 

or PCR reactions were mixed 5:1 (v/v) with 6x DNA-loading dye prior to loading the sample 

into a well of the gel. To estimate the accurate size of the fragments the DNA Ladder 1000 bp 

PLUS (Figure 6) was included as marker using an 8 µL aliquot in a separate sample well. In 

order to prepare the gel, 1 % (w/v) agarose was dissolved in 1x TAE for preparative or in 

1x TBE (see Table 15) for analytical analyses by heating the suspension in a microwave. 

5 µL/100 mL Roti®-GelStain was added to the cooled liquid at a temperature of 

approximately ~50 °C and the gel was poured subsequently. Gel electrophoresis was carried 

out at 110 V for at least 1 h. Separated DNA fragments were visualised employing an UV 

transilluminator at a wave length of 320 nm. 

Table 15: Buffers used for gel electrophoresis. 

Buffer Ingredient Final concentration 

50x TAE TRIS 2 mol/L 

 Acetic acid 1 mol/L 

 EDTA 50 mmol/L 

 pH 7.5 

10x TBE TRIS 0.89 mol/L 

 Boric acid 0.89 mol/L 

 EDTA 24 mmol/L 
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Figure 6: DNA fragment pattern and size range of the DNA Ladder 1000 bp PLUS. (Source: 

https://www.geneon.net/products/dna-ladders/dna-marker-blue-1000-bp-1-kb/) 

2.2.7 Purification of DNA fragments 

In order to extract DNA fragments from agarose gels, the corresponding bands were cut out 

from the gels and purified using the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-

Nagel, Dueren) according to the manufacturer’s instructions. After removing residual 

ethanol by centrifugation, the columns were transferred into 1.5 mL Eppendorf tubes and 

incubated with opened lid at 70 °C for 5 min in a heating block. 15 µL elution buffer was 

directly applied onto the column, the lid closed, and the samples incubated for another 2 min 

prior to final centrifugation. Similar working steps were carried out to isolate PCR products 

from PCR reactions using the same PCR Clean-up Kit. 

2.2.8 Annealing of oligonucleotides 

Short sequences containing tags or additional restriction sites can be easily introduced into 

the DNA of a vector by designing complementary, 5’ phosphorylated oligonucleotides 

forming sticky overhangs after annealing (www.addgene.org). For instance, the cleavage site 

for the Tobacco Etch Virus (TEV) protease was introduced using this technique. 

Components of the annealing reactions and amounts used are listed in Table 16. 

Table 16: Setup of an annealing reaction of phosphorylated oligonucleotides. 

Component Mass/Volume 

Oligonucleotide forward 2 µg 

Oligonucleotide reverse 2 µg 

10x Annealing buffer 5 µL 

nuclease-free H2O ad 50 µL 
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Reaction mixtures were heated to 95 °C for 3 min and cooled down to 25 °C in 5 °C steps 

with 3 min for each interval. An aliquot of 5 µL of the annealing reaction was diluted with 

nuclease-free H2O prior to ligation to ensure a DNA concentration below 10 ng/µL. The 

composition of the annealing buffer is outlined in Table 17. 

Table 17: Annealing buffer composition. 

Buffer Ingredient Final concentration 

10x Annealing Buffer TRIS 100 mmol/L 

 NaCl 500 mmol/L 

 EDTA 10 mmol/L 

 pH 7.5 – 8.0 

 

2.2.9 Ligation 

Ligases catalyse the ATP-driven joining of DNA or RNA fragments by introducing an ester 

linkage between the 5’ phosphate and the 3’ hydroxyl group of the complementary end 

(Weiss et al. 1968). The DNA of the insert and vector fragments was purified according to 

the protocol previously described (2.2.7) and eluted using 10 µL elution buffer. The entire 

eluate was added to the ligation reaction. The pipetting scheme for ligation reactions is listed 

in Table 18. 

Table 18: Standard pipetting scheme for a ligation reaction. 

Component Volume 

Vector DNA 8 µL 

Insert DNA 8 µL 

20 mM ATP 1 µL 

10x T4 ligase buffer 2 µL 

T4 ligase 1 µL 

 

Samples were incubated at 22 °C for 16 h and subsequently stored at 8 °C. 

2.2.10 Transformation of cells 

In order to introduce foreign DNA e.g. recombinant plasmids into a competent cell, different 

transformation methods are available. Competence refers to the ability of the cell to receive 



2 Material and Methods 38 

extracellular DNA. Two standard methods were employed to transform E. coli cells, namely 

chemical transformation and electroporation (Dower et al. 1988, Green and Sambrook 

2012). 

2.2.10.1 Chemical transformation (Green and Sambrook 2012) 

10 µL of ligation mixture or 1 µL of plasmid DNA were incubated with a 50 µL aliquot of 

chemically competent E. coli NovaBlue Singles™ for 30 min on ice. The cells were heat 

shocked for 1 min at 42 °C followed by 2 min incubation on ice. 250 µL pre-warmed SOC- 

Medium was added to the suspension and the samples were incubated in 2 mL reaction tubes 

(Eppendorf AG, Hamburg) at 37 °C and 250 rpm for 1 h. Cells were pelleted by 

centrifugation at 5500 x g, resuspended in 100 µL supernatant and plated on LB-agar plates 

containing the corresponding selective antibiotics. The inoculated media were incubated at 

37 °C overnight. 

2.2.10.2 Preparation of electrocompetent cells and electroporation (Dower et al. 1988) 

In order to prepare electrocompetent cells, 10 mL LB-medium supplemented with 0.5 % 

(w/v) Glc was inoculated with 50 µL of an E. coli cryostock and incubated at 37 °C, 200 rpm 

for 5-8 h. The culture was transferred into 200 mL LB-medium and incubated at 37 °C and 

145 rpm overnight. On the following morning 300 mL LB-medium supplemented with 

0.5 % (w/v) Glc was added to the overnight culture and further incubated to reach an OD600 

between 0.8 and 2.0. Subsequently centrifugation steps at 5 000 x g for 5 min and 4 °C were 

carried out to pellet the cells. After the first centrifugation step, the cell pellet was washed 

with an equal volume of pre-chilled, sterilized and demineralized water. Following further 

centrifugation steps the cell pellet was washed twice with 50 mL pre-chilled and sterile 10 % 

(v/v) glycerol and after the final centrifugation step the cells were resuspended in 11 mL of 

the pre-chilled and sterile 10 % (v/v) glycerol solution. As a control 110 µL of the cell 

suspension was transferred to a 2 mm electroporation cuvette (EP-202, Cell Projects Ltd., 

UK) and tested using a MicroPulser™ electroporator (Bio-Rad Laboratories Inc, USA) with 

a voltage and electric field setting of 2.5 kV and 12.5 kV/cm, respectively, to assess the pulse 

time. Detecting a pulse time shorter than 5 ms, another washing and final resuspension step 

was carried out and a second control performed as already described. The electrical pulse is 

required to create temporary cell membrane pores to allow the uptake of DNA into the cells 

(Green and Sambrook 2012). Once a detected pulse duration of at least 5 ms was reached, 

aliquots of 110 µL cell suspension were prepared and stored at -80 °C until further use. 

For electroporation, a 110-µL aliquot of electrocompetent cells was thawed and carefully 

mixed with plasmid DNA. The mixture was transferred to a 2 mm electroporation cuvette 

and transformed using the MicroPulser™ electroporator as already described. Successful 

electroporation was indicated by a pulse time longer than 4 ms and subsequently, 890 µL 

pre-warmed SOC- medium was added followed by an incubation at 37 °C and 250 rpm for 

45 – 60 min. 100 µL of the bacterial suspension or an appropriate dilution was plated on LB-
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Agar plates containing the corresponding antibiotics and incubated at 37 °C overnight. The 

temperature was lowered to 30 °C to incubate SHuffle® T7 strains used for expression 

experiments. 

2.2.11 DNA sequencing 

Isolated plasmid DNA and sequencing primers were diluted according to the service 

provider’s recommendations and submitted for sequencing to GATC Biotech AG, Konstanz 

or Eurofins Genomics GmbH, Ebersberg. Sequence data was evaluated using Vector NTI 

Advance® 11.5.4 (Thermo Fisher Scientific, USA). 

2.3 Protein expression 

2.3.1 Preparation of E. coli seed stocks 

In order to ensure robust, reproducible expression titres seed stocks were prepared after 

electroporation of 1 µL DNA-Mix (50 ng/µL pET vector and 120 ng/µL pMJS9) into E. coli 

SHuffle® T7 or E. coli SHuffle® T7 Express followed by overnight incubation on LB plates 

containing Amp and Cam at 30 °C. Cell material picked from a single colony was used to 

inoculate 10 mL LB medium in a 50 mL reaction tube supplemented with 0.5 % (w/v) Glc, 

Amp (120 µg/mL) and Cam (34 µg/mL). Cultures were incubated at 175 rpm and 30 °C 

overnight. In general, bacterial material of 2 to 4 colonies was used and all resulting 10 mL 

cultures were incubated in parallel. 4 mL of a chosen culture was mixed with an equal volume 

of pre-chilled (-20 °C) 50 % (v/v) glycerol on ice and 1 mL aliquots were stored at -80 °C. 

2.3.2 Protein expression using EnPresso® B medium 

EnPresso® B medium contains polymeric glucose that cannot be accessed by E. coli. By 

adding glucoamylase, glucose is released as available carbon source for E. coli (Krause et al. 

2010). Thus glucose release and growth are controlled resulting in a process comparable to 

a fed-batch approach. Furthermore, EnPresso® B medium provides minerals, vitamins, trace 

elements and contains inorganic and organic nitrogen sources to support growth and pH 

control (Krause et al. 2010). The protein expression workflow (Figure 7) was adapted from 

protocols previously employed for the functional expression of the human GalNAc-T2 using 

24-DeepWell plates (BioSilta Ltd., Cambridgeshire, UK) (Lauber et al. 2015). In order to 

prepare an expression culture, 10 mL LB medium containing 0.5 % (w/v) Glc, Amp 

(120 µg/mL) and Cam (34 µg/mL) was inoculated with an E. coli seed stock and incubated 

at 30 °C and 175 rpm for 5 to 7 hours. Using 24-DeepWell plates, 2 mL EnPresso® B 

supplemented with Amp (60 µg/mL) and Cam (17 µg/mL) was transferred into each well 

followed by inoculation with pre-culture to a calculated final OD600 of 0.1. Subsequently, 

1 µL Reagent A was added to each well and the plate was incubated at 200 rpm and 30 °C 

after sealing with a sterile breathable sealing film (Axygen™ BF-400-S, Corning Inc., USA). 
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Approximately 15 to 18 h post inoculation, 200 µL of 10x boost (1 booster tablet in 5 mL 

sterile H2O) and 1 µL Reagent A were pipetted into each well. In order to induce the 

expression of the co-chaperones Erv1p and PDI encoded by pMJS9, 50 µL 20 % (w/v) Ara 

was added at a final concentration of 0.5 % (w/v) to each well. After a further incubation for 

30 min, gene expression was induced by adding 2 µL 1 M IPTG to a final concentration of 

1 mM. At 24 h post-induction, cells were harvested by centrifugation at 5500 x g for 5 min. 

Pellets were frozen at -80 °C for at least 2 h and stored at -20 °C. 

 

Figure 7: Workflow of expression experiments using EnPresso® B medium. Seed stocks were 

used to inoculate a 10 mL pre-culture. Following an incubation period between 5 and 7 h at 175 rpm, 

the 24-DeepWell plate was inoculated and further incubated at 200 rpm. Approximately at 15 to 18 h 

post-inoculation, an aliquot of the booster solution was added to each well and the expression of the 

co-chaperones was induced by adding L-arabinose (Ara). After an incubation time of 30 min the T7-

based expression system was induced by adding IPTG to the cultures. Cells were harvested and 

pelleted 24 h post IPTG-induction. The incubation temperature of 30 °C was kept constant 

throughout the experiment. 

2.3.3 Expression of HisDapGalNAc-T2 

Derived from the previously published protocol (Lauber et al. 2015) the described EnPresso® 

B medium-based workflow was employed to compare the soluble expression of the 

glycosyltransferase HisDapGalNAc-T2 fused to an N-terminal polyhistidine-tag using the E. 

coli strains SHuffle® T7 and SHuffle® T7 Express containing pET23d_HisDapGalNAcT2 and 

pMJS9. 

A seed stock of E. coli SHuffle® T7 Express harbouring pET23d_HisDapGalNAcT2 and 

pMJS9 was used to inoculate 100 mL LB medium supplemented with 0.5 % (w/v) Glc, Amp 

(120 µg/mL) and Cam (34 µg/mL) in a 250 mL baffled shaking flask subsequently incubated 

at 170 rpm and 30 °C overnight. On the next morning, the pre-culture was diluted to an 

OD600 of 0.5 adding LB medium supplemented with 0.5 % (w/v) Glc, Amp (120 µg/mL) 

and Cam (34 µg/mL) followed by a further incubation. In the evening, the culture was used 

to inoculate two 500 mL baffled shaking flasks containing either 125 mL or 250 mL 

EnPresso® B medium supplemented with Amp (60 µg/mL), Cam (17 µg/mL) and Reagent 

A (1:2000). The initial OD600 in the inoculated medium was 0.1 and the cultures were 

incubated at 170 rpm and 30 °C. At 16 h post-inoculation 2.5 or 5 booster tablets, 3.1 or 

6.2 mL 20 % (w/v) Ara (to induce chaperone expression), and 62.5 or 125 µL Reagent A 
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were added to the 125 and 250 mL culture volumes, respectively. Induction with 125 or 

250 µL 1 M IPTG was carried out 30 min later to express the glycosyltransferase GalNAc-

T2. The cultures were harvested at 24 h post IPTG induction. 

2.3.4 Expression of WbgUTEV6H 

First expression attempts were carried out using SHuffle® T7 Express harbouring 

pET23a_wbgUTEV6H cultivated in EnPresso® B medium as described in 2.3.2 testing 

various shaking speeds (200, 250, and 300 rpm) without Ara induction. 

To provide sufficient cell material for the establishment of the protein purification protocol, 

two baffled 1 L shaking flasks with 500 mL LB medium supplemented with 0.5 % (w/v) Glc, 

Amp (120 µg/mL) were used. Each flask was inoculated with cell material using a picked 

colony of E. coli SHuffle® T7 Express containing pET23a_wbgUTEV6H and the culture was 

subsequently incubated at 30 °C and 170 rpm overnight. On the following morning the 

cultures were split equally into four 1 L shaking flasks and LB medium supplemented with 

Amp (120 µg/mL) and 0.5 % (w/v) Glc was added to a final volume of 500 mL. At an OD600 

of 1.0 or higher protein expression was induced adding IPTG to a final concentration of 1 

mM. Cultures were harvested at 4 h post induction. 

In order to optimize expression of WbgUTEV6H, two pre-cultures in 250 mL shake flasks 

with either 50 mL LB- or 50 mL TB-medium, each supplemented with 0.5 % (w/v) Glc, 

75 ng/µL Amp and 17 ng/µL Cam, were inoculated with a seed stock of E. coli SHuffle® T7 

Express harbouring pET23a_wbgUTEV6H and pMJS9. The cultures were incubated at 37 

°C and 200 rpm until an OD600 ≥ 1. Seed stocks of E. coli SHuffle® T7 Express containing 

pET23d and pMJS9 were included as negative control and cultivated in parallel in two 50 mL 

reaction tubes with 5 mL LB- and TB-medium, respectively, as described previously. 

Subsequently, 2 mL were transferred into wells of a 24-DeepWell plate whereby one plate 

was used for LB- and a second plate for TB-grown cultures. Expression of the chaperones 

was induced immediately by adding Ara (0, 0.5, or 1 % (w/v) final concentration) to each 

well and 30 min later IPTG was added to final concentrations of either 1, 2, or 3 mM based 

on full factorial experimental design (MODDE v9.0, Sartorius AG, Goettingen) to induce 

expression of the UDP-GlcNAc 4-epimerase. A control was included to assess basal 

expression with 0.5 % (w/v) Ara to induce expression of the chaperones without addition 

of IPTG. Cells were harvested by centrifugation at 4 h post arabinose induction. 

In scale up experiments, a seed stock of E. coli SHuffle® T7 Express harbouring 

pET23a_wbgUTEV6H and pMJS9 was pre-cultured in two shaking flasks each containing 

750 mL TB-medium supplemented with 0.5 % (w/v) Glc, 75 ng/µL Amp and 17 ng/µL 

Cam. Cultures were grown at 30 °C until an OD600 of 2.10 and 3.22 was reached, respectively. 

The bacterial suspensions were used to inoculate 10 L TB-medium containing 0.5 % (w/v) 

Glc, Cam (8.5 ng/µL) and Amp (37.5 ng/µL) in a 20 L BIOSTAT® C-DCU bioreactor 

(Sartorius AG, Goettingen). Temperature, pH, and aeration were set to 30 °C, pH 7, and 6 
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slpm, respectively. The oxygen saturation was kept constant at 60 % via agitation starting 

with a lower limit of 100 rpm. The pH was controlled using 1 M NaOH and 1 M H2SO4 as 

corrective agents. A bolus feed of TB-medium increasing the total volume to 20 L was 

initiated at an OD600 of 1. Subsequently, Ara was added to a final concentration of 0.5 % 

(w/v) and the cells were harvested by centrifugation 6.5 h post-inoculation and stored at -

20 °C. 

2.3.5 Expression of T7Muc10 derivatives 

Seed stocks of E. coli SHuffle® T7 Express containing pET23d_galNT2_T7Muc10 and pMJS9 

or pET23d_galNT2_T7Muc10_wbgU and pMJS9 were generated as described in 2.3.1 and 

subsequently used to inoculate 9.5 mL 5010 medium supplemented with Amp (120 µg/mL) 

and Cam (34 µg/mL). Cultures were incubated at 30 °C and 170 rpm until OD600 was higher 

than 1. The optical density of the suspension was adjusted to 1 by adding medium and 

subsequently chaperone expression was induced reaching a final concentration of 0.5 % 

(w/v) Ara. Cultures were equally split into two samples of 5 mL working volume each. Only 

one of the two cultures was induced and mixed with 5 µL 1 M IPTG, the second culture was 

used as control. After further incubation at 30 °C and 170 rpm for 4 h the cells were 

harvested.  

In order to produce sufficient quantities of mucin to develop a functional purification 

process, a seed stock of E. coli SHuffle® T7 Express harbouring pET23d_galNT2_T7Muc10 

and pMJS9 was grown in a 2 L baffled shaking flask with 1 L 5010 medium containing 

required antibiotics (120 µg/mL Amp and 34 µg/mL Cam) at 30 °C and 160 rpm overnight. 

A portion of the pre-culture was transferred to a 5 L baffled shaking flask and subsequently 

5010 medium containing both antibiotics (60 µg/mL Amp and 17 µg/mL Cam) was added 

to a final volume of 1.25 L and an OD600 of 0.75. The culture was incubated at 30 °C and 

160 rpm until an OD600 of 1 was reached. Cells were induced adding 31.25 mL 20 % (w/v) 

Ara and 1.25 mL 1 M IPTG. Leaving incubation parameters unchanged, the culture was 

harvested 4 h post-induction. 

Expression experiments using EnPresso® B were carried out as described in section 2.3.2. 

2.4 Purification of  proteins 

2.4.1 Preparation of E. coli cell extracts 

Pellets of pooled duplicates obtained from 2 mL EnPresso® B cultivations or 1 g of the 

respective expression culture cell pellet were resuspended in 2 mL extraction buffer 

containing 112 µL lysozyme (10 mg/mL) and 1 µL DNAse I (10 kU/mL) and kept on ice 

for 2 h. The detailed composition of the extraction buffers is listed in Table 19. The 

suspension was sonicated for 2.5 min on ice with 8 cycles at 50 – 68 % amplitude. The 
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presence of still intact cells was assessed under the microscope (x1000 magnification) and 

sonication was repeated until all cells were lysed. Insoluble and soluble fractions were 

separated by centrifugation at 16 000 x g for 5 min for subsequent SDS-PAGE analysis. For 

preparative chromatography, the cell lysate was centrifuged at 4 °C and 18 000 x g for 10 min, 

the supernatant collected, the pH value adjusted to pH 8.0 or 9.0 and the soluble extract was 

subsequently passed through a 0.45 µm filter (Titan3™ PVDF, Life Technologies GmbH, 

Germany). 

Table 19: Extraction buffer composition. 

Buffer Ingredient Final concentration 

Extraction buffer for Ni-NTA 

affinity chromatography 

TRIS 50 mmol/L 

 NaCl 300 mmol/L 

 pH 8.0 

Extraction buffer for anion 

exchange chromatography 

TRIS 50 mmol/L 

 pH 9.0 

 

2.4.2 Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography 

Fusion proteins carrying a polyhistidine tag are quickly and efficiently purified employing Ni-

NTA affinity chromatography (Porath et al. 1975). In order to capture histidine-tagged 

proteins successfully, it is essential to maintain binding conditions after cell disruption to 

exploit the affinity of the Histidine affinity tag (His-tag) towards the divalent Ni- cations 

chelated by NTA coupled to the cross-linked agarose resin. Proteins are either eluted using 

a low pH buffer or by adding imidazole, a structural analogue of the histidine side chain 

(Hochuli 1990, Porath et al. 1975). 

2.4.2.1 Purification of HisDapGalNAc-T2 

The protocol previously described for the purification of HisDapGalNAc-T2 (Lauber 2015) 

was slightly modified using a two buffer system (Table 20). The protein was purified on a 

HisTrap™ FF 1 mL column with an ÄKTApurifier chromatography system (GE Healthcare 

Europe GmbH, Freiburg). Continuously monitoring UV-readings, all steps (loading, washing 

and elution) were initiated manually after the UV-signal was consistently low (<20 mAU) in 

the previous purification step. The flow rate was kept constant with at 1 mL/min. After 

equilibration with equilibration buffer the sample was loaded and the flow through collected 

in 10 mL fractions. The column was washed with 22 % elution buffer (step gradient) and 1 
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or 2 mL fractions were collected during isocratic elution with 55 % elution buffer. A second 

elution step was carried out with 100 % elution buffer and the column was subsequently 

reequilibrated with equilibration buffer. Prior to dismounting of the column, the liquid phase 

was replaced by 20 % EtOH. Collected fractions were stored at 4 °C until SDS-PAGE 

analysis. 

Table 20: Composition of buffers used for Ni-NTA chromatography. 

Buffer Ingredient Final concentration 

Equilibration buffer TRIS 50 mmol/L 

 NaCl 300 mmol/L 

 pH 8.0 

Elution buffer TRIS 50 mmol/L 

 NaCl 300 mmol/L 

 Imidazole 500 mmol/L 

 pH 8.0 

 

2.4.2.2 Purification of WbgUTEV6H and WbgU 

WbgUTEV6H was purified using the procedure described previously for HisDapGalNAc-

T2 (2.4.2.1) with minor alterations. Changes included the use of equilibration buffer 

containing 20 mM imidazole during washing and the elution step was carried out with 28 % 

elution buffer. Additionally, a 5 mL HisPur™ column (Thermo Fisher Scientific, USA) was 

used at 2.5 mL/min flow rate. Fractions were collected during washing (10 mL) and elution 

(5 mL). Purifications were also carried out employing 1 mL and 5 mL HisTrap™ FF columns 

(GE Healthcare Europe GmbH, Freiburg) and washing and elution steps were adapted to 

10 % and 16 % elution buffer, respectively. 

WbgU treated with tobacco etch virus protease (TEV) was purified using the method 

described above collecting the flow-through in 2 mL fractions. Bound protein was eluted 

using 100 % elution buffer. 

2.4.2.3 Purification of proteins using Ni-NTA spin columns 

A Ni-NTA spin column (QIAGEN GmbH, Hilden) was equilibrated using 600 µL 

equilibration buffer and centrifuged at 900 x g for 2 min. The column was subsequently 

loaded with a 500 µL sample after pH adjustment of the solution to pH 8.0 (especially for 

samples received from the AIEX chromatography step) followed by a centrifugation step at 

200 x g for 5 min. All subsequent centrifugations were performed at 900 x g for 2 min. The 

washing steps were carried out with 600 µL equilibration buffer and 600 µL equilibration 
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buffer containing 20 mM imidazole. In order to elute the protein 200 µL elution buffer were 

applied onto the column and after 2 min incubation at room temperature the sample was 

centrifuged as already described. The elution step was repeated and the fractions pooled 

where required. 

2.4.3 T7Muc10 purification using anion exchange chromatography (AIEX) 

T7Muc10 was purified using an indirect AIEX step with a manually controlled ÄKTApurifier 

chromatography system. The columns were equilibrated using AIEX equilibration buffer 

(see Table 21) at a flow rate of 1 mL/min. A sample adjusted to pH 9.0 was loaded onto a 

1 mL Capto™ Adhere column (GE Healthcare Europe GmbH, Freiburg). Alternatively, four 

1 mL columns connected in a serial arrangement were used and 1 mL fractions were 

collected. Initially, the flow rate for injection was set to 1 mL/min, however, the setting was 

lowered to 0.5 mL/min when four serial columns were used. Bound protein was eluted using 

AIEX elution buffer (see Table 21) and prior to dismounting, the columns were 

reequilibrated and stored as previously described for the Ni-NTA columns (2.4.2.1). 

Table 21: Buffers used for AIEX. 

Buffer Ingredient Final concentration 

Equilibration buffer TRIS 50 mmol/L 

 pH 9.0 

Elution buffer TRIS 50 mmol/L 

 NaCl 500 mmol/L 

 pH 9.0 

 

2.4.4 Concentration of protein solutions using ultrafiltration 

To concentrate HisDapGalNAc-T2, WbgUTEV6H, and WbgU in protein solutions 

Vivaspin™ centrifugal concentrators with a molecular weight cut off (MWCO) of 10 kDa 

(GE Healthcare Europe GmbH, Freiburg) were used according to manufacturer’s 

instructions at 4000 x g in a centrifuge equipped with a swinging bucket rotor. 

2.4.5 Determination of protein concentration 

2.4.5.1 UV-absorption 

A rapid method to quantify purified proteins uses the absorbance measured 

spectrophotometrically at 280 nm due to the pronounced UV-light absorption exhibited by 

presence of aromatic amino acids such as tryptophan, tyrosine, and phenylalanine (Aitken 
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and Learmonth 2002). Employing the NanoDrop™ 1000 spectrophotometer using the 

“Other protein (ε + MW)”-mode, the absorption of a 2 µL protein sample was measured. 

The concentration was subsequently calculated by the operating software using the following 

equation: 

(𝜀𝑚𝑜𝑙𝑎𝑟/1000) ∗ 10 = (𝜀𝑝𝑒𝑟𝑐𝑒𝑛𝑡) ∗ (𝑀𝑊𝑝𝑟𝑜𝑡𝑒𝑖𝑛) 

ε represents the extinction coefficient and MW the molecular mass. Parameters listed in 

Table 22 were obtained from the in silico analysis of the amino acid sequence by the Vector 

NTI software program. 

Table 22: Parameters required for the calculation of protein concentrations. 

Protein Molecular mass [kDa] 
Molar extinction coefficient 
[x1000 M-1 cm-1] 

HisDapGalNAc-T2 61.732 88.92 

WbgUTEV6H 41.08 53.29 

 

2.4.5.2 BCA-assay 

The concentration of T7Muc10 was determined using the bicinchoninic acid (BCA)-based 

colorimetric assay (Smith et al. 1985). Cu2+ ions are reduced by the protein enabling a 

coordinated binding of one Cu+ ion and two BCA molecules. The resulting coloured 

complex was spectrophotometrically quantified at 560 nm (Smith et al. 1985, Wiechelman et 

al. 1988). 

Protein samples were 1:2 and 1:4 diluted with phosphate buffered saline (1x PBS). 10 µL of 

the prepared samples were mixed with 90 µL BCA working solution in a 96-well microtiter 

plate (flat bottom, Greiner Bio-One GmbH, Frickenhausen). Samples were prepared in 

duplicate. Defined concentrations of BSA ranging between 0 and 1 mg/mL were used to 

generate a calibration curve for calculating the protein concentration from the measured 

absorption. Subsequently, the covered plate was incubated at 37 °C for 30 min and the 

absorption at 560 nm determined. The components of the reaction solutions are listed in 

Table 23. 

Table 23: Composition of BCA-assay solutions. 

Buffer Ingredient Amount 

100 mL BCA reagent Dicarboxy-2,2’-Bicinchonin-[4,4’] acid 1 g 

(solution A) Na2CO3 x 10 H2O 2 g 

 NaHCO3 0.95 g 
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Buffer Ingredient Amount 

 NaOH 0.40 g 

 Potassium sodium tartrate 0.23 g 

 pH 9.0 

100 mL solution B CuSO4 x 5 H2O 4 g 

BCA working solution Solution A 5 mL 

 Solution B 100 µL 

BSA stock solution BSA 1 mg/mL 

 

2.4.6 Sodium Dodecyl Sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

(Green and Sambrook 2012) 

SDS-PAGE is a standard method to separate proteins according to their mass in an electrical 

field (Laemmli 1970). The anionic detergent sodium dodecyl sulfate masks the charge of the 

proteins and hence the proteins migrate to the anode. Similar to agarose gel electrophoresis, 

bigger molecules are slower than smaller molecules. To estimate the protein mass, 4 to 6 µL 

of a protein standard (10 – 180 kDa prestained marker, BioFroxx GmbH, Einhausen or 

unstained PageRuler™, Thermo Fisher Scientific, USA) was applied (Figure 8). Prior to 

loading 100 µL of the respective protein sample was mixed with 25 µL 5x SDS-treatment 

buffer (Table 24) and incubated at 95 °C for 5 min. SDS gels were prepared using the TGX 

Stain-Free™ FastCast™ acrylamide kit (12 %, Bio-Rad Laboratories Inc., USA) employing the 

casting stand SE 215 (Hoefer Inc., USA). 11 sandwich stacks consisting of one aluminium 

back plate, two spacers (0.75 mm) and one glass plate were assembled separated by a plastic 

plate. The required volume of the gel solutions was adapted to minimize the excess of surplus 

liquid (Table 25). First, the separating gel was poured between the plates in the gel-forming 

mold and overlayed with 200 µL n-Butanol per gel. After polymerization and removal of the 

n-Butanol, the stacking gel was poured onto the surface of the solidified separating gel. A 

comb with ten teeth was inserted to create the pockets. Loaded gels were run in TE 250 gel 

chambers (Hoefer Inc., Holliston, USA) using 1x tank buffer at 200 V for 40 min. 

TGX Stain-Free™ gradient gels (4-20 %) with 15 pockets were purchased from Bio-Rad 

Laboratories Inc., USA and run at 200 V for 40 min using the appropriate electrophoresis 

system. 
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Figure 8: SDS-PAGE band profiles of PageRuler™ Unstained Protein Ladder (A) and 

Prestained Protein Ladder (10 – 180 kDa) (B). (Sources: left panel: https:// 

www.thermofisher.com/order/catalog /product/26614; right panel: https://www.neofroxx.com/ 

pi/bf/PRODUCTINFO_EN_1288_prestained%20Marker%20(2).pdf) 

Table 24: Composition of buffers and SDS-gel solutions. 

Buffer Ingredient Final concentration 

5x SDS-treatment buffer TRIS 375 mmol/L 

 SDS 20 % (w/v) 

 Glycerol 20 % (v/v) 

 Dithiothreitol (DTT) 200 mmol/L 

 Bromphenol blue 0.02 % (w/v) 

 pH 6.8 

10x tank buffer TRIS 250 mmol/L 

 Glycine 1.92 mol/L 

 SDS 1 % (w/v) 

 pH 8.3 

Table 25: Used volumes of TGX Stain-Free™ FastCast™ acrylamide kit solutions to prepare 

11 polyacrylamide gels using the Hoefer™ cast system 

Compound Stacking gel Running gel 

Resolver A - 30 mL 

A B
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Compound Stacking gel Running gel 

Resolver B - 30 mL 

Stacker A 15 mL - 

Stacker B 15 mL - 

TEMED 30 µL 30 µL 

10 % ammonium persulfate (w/v) 150 µL 300 µL 

 

2.4.6.1 Coomassie staining (Fazekas de St Groth et al. 1963) 

Solutions for Coomassie staining are listed in Table 26. SDS gels were incubated in a mixture 

of equal volumes of Coomassie solutions S1 and S2 for 30 min on a see-saw rocker. The gels 

were treated with destaining solution D1 for 30 min and D2 for at least 30 min on the see-

saw rocker. Destained gels were recorded using the Fusion FX documentation device in 

combination with a conversion screen (FC-26.WL, Vilber Lourmat, Eberhardzell). 

Table 26: Composition of solutions used for Coomassie staining. 

Buffer Ingredient Final concentration 

Staining solution S1 Coomassie® Brilliant Blue G250 0.2 % (w/v) 

 EtOH 90 % (v/v) 

Staining solution S2 Acetic acid 20 % (v/v) 

Destaining solution D1 EtOH 40 % (v/v) 

 Acetic acid 7 % (v/v) 

Destaining solution D2 EtOH 5 % (v/v) 

 Acetic acid 7 % (v/v) 

 

2.4.6.2 UV- induced protein staining 

Trihalo compounds, e.g. trichloroethanol, have been shown to bind covalently to tryptophan 

when exposed to UV light. Consequently, the fluorescence of the modified tryptophan 

residue is enhanced (Edwards et al. 2002, Ladner et al. 2004). Exploiting this technology, 

Stain-Free™ gels were exposed to UV-light for 2 min and subsequently evaluated using the 

Fusion FX documentation device (Gurtler et al. 2013). 
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2.4.7 Western Blot 

Western Blot analysis represents a sensitive method to detect specific proteins previously 

separated by SDS-PAGE. Using the semi-dry method, the proteins were transferred from 

the gel onto a polyvinylidene fluoride (PVDF) membrane in an applied electric field (Choli 

et al. 1989). In the present work, the Trans-Blot® Turbo™ ready-to-assemble PVDF transfer 

kit (Bio-Rad Laboratories Inc., USA) was used with the appropriate Trans-Blot® Turbo™ 

transfer system according to manufacturer’s instructions (Gurtler et al. 2013). Buffers used 

for Western Blot analysis are listed in Table 27 and the following steps were carried out on 

a see-saw rocker. After the transfer, the membrane was washed twice in 1x TBS for 1 and 

3 min, respectively, followed by a blocking step with 5 % (w/v) skimmed milk powder MMP 

(german: “Magermilchpulver”)/TBST (Table 27) for at least 1 h at room temperature or 

overnight at 4 °C. Western Blot analysis was carried out using the respective primary 

antibody and blocking buffer (Table 28). The blocked membrane was rinsed at least once in 

1x TBST and subsequently incubated in 5 mL primary antibody solution (Table 28) for 

45 min or overnight followed by three washing steps with 1x TBST for 3, 5 and 7 min, 

respectively. Incubation of the membrane in 5 mL secondary antibody solution (Table 28) 

containing HRP (horse radish peroxidase)-coupled antibody was carried out for 45 min. 

Afterwards, the membrane was washed twice with 1x TBST for 3 and 5 min and once with 

1x TBS for 7 min prior to detection using 600 µL of ECL reagent (300 µL of each solution, 

Clarity™ and Clarity Max™ ECL substrate, Bio-Rad Laboratories Inc., USA). The membrane 

was incubated in the ECL reagent on the see-saw rocker for 2 min and evaluated using the 

Fusion FX system. 

Table 27: Buffers used for immunoblot analysis. 

Buffer Ingredient Final concentration 

10x TBS TRIS 200 mmol/L 

 NaCl 1.5 mol/L 

 pH 7.5 

1x TBST TBS 1x 

 Tween® 20 0.1 % (v/v) 

 pH 7.5 

5 % MMP/TBST TBST 1x 

 Skimmed milk powder 5 % (w/v) 

 pH 7.5 

5 % BSA/TBST TBST 1x 
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Buffer Ingredient Final concentration 

 BSA 5 % (w/v) 

 pH 7.5 

5 % Casein/TBST TBST 1x 

 Casein hydrolysate 5 % (w/v) 

 pH 7.5 

Table 28: Primary and secondary antibodies used in Western Blot analysis 

Primary 
antibody 

Buffer, dilution Secondary 
antibody 

Buffer, dilution 

Anti-CSF3 5 % MMP/TBST, 
1:2 000 

Anti-mouse HRP 5 % MMP/TBST, 
1:4 000 

Anti-GalNT2 5 % MMP/TBST, 

1:2 000 

Anti-mouse HRP 5 % MMP/TBST, 

1:4 000 

Anti-His.H8 5 % MMP/TBST, 

1:3 000 

Anti-mouse HRP 5 % MMP/TBST, 

1:6 000 

Anti-Penta His 5 % BSA/TBST, 

1:1 000 

Anti-mouse HRP 5 % MMP/TBST, 

1:2 000 

Anti-WbgU 

serum 

5 % MMP/TBST, 

1:30 000 

Anti-rabbit HRP 5 % MMP/TBST, 

1:60 000 

 

2.4.8 Dialysis 

Dialysis is a standard but still state-of-the-art method used to desalt or transfer protein 

solutions into different buffer systems by passive diffusion (Bansal and Ajay 2012). A semi 

permeable membrane prevents the diffusion of proteins into the dialysis buffer depended on 

its molecular weight cut off (MWCO). Slide-A-Lyzer™ dialysis cassettes (Life Technologies 

GmbH, Germany) with MWCO 20 kDa and 7 kDa for HisDapGalNAc-T2/WbgUTEV6H 

and T7Muc10, respectively, were used following manufacturer’s instructions. Samples up to 

3 mL were dialysed against 4 – 5 L dialysis buffer over night at 4 °C. For larger sample sizes 

4 – 5 L dialysis buffer were replaced after 4 – 6 h with freshly prepared dialysis buffer. 

2.4.9 Tobacco etch virus protease treatment 

The genome of the tobacco etch virus (TEV) encodes a single polypeptide, which is cleaved 

into functional proteins by virus encoded proteases (Adams et al. 2005, Allison et al. 1986). 
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A comparable proteolytic activity has been shown for the catalytic C-terminal domain 

(27 kDa) and the full-length version of the small nuclear inclusion protein (49 kDa) 

(Dougherty and Dawn Parks 1991). The recombinant TEV-protease used in the present 

work represents a 28 kDa genetically engineered variant of the original protease carrying an 

N-terminal hexahistidine tag (Protean s.r.o., CZE) and catalysing the cleavage between the 

glutamine and Ser residue of the recognition sequence ENLYFQS. 

In order to deplete imidazole from protein solutions containing WbgUTEV6H, the 

respective samples were dialysed into 50 mM TRIS 300 mM NaCl pH 8.0 prior to TEV-

protease treatment. To investigate the performance of TEV-protease from different 

suppliers, 2 µL (Protean & Promega) or 0.5 µL (Sigma) TEV-protease per 100 µg 

WbgUTEV6H was added to the dialysed sample and incubated at 30 °C for 3 h. Subsequent 

digestions were carried out using 2 µL TEV-protease from Protean per 100 µg protein. 

2.4.10 Optimization of the WbgU storage buffer 

In the following approach, the 50 mM TRIS pH 8.0 buffer used for the purification of WbgU 

was optimized for storage of the isolated protein. Several additives were investigated and 2x 

stock solutions prepared (Table 29). An equal volume of tested stock solution was mixed 

with 100 µL WbgU (c= 0.68 mg/mL in 50 mM TRIS pH 8.0) and 200 µL aliquots of the 

resulting solutions were pipetted into 14 wells of a 96-well plate (UV-Star® Microplate, 

Greiner Bio-One GmbH, Frickenhausen). A negative control containing 100 µL 50 mM 

TRIS pH 8.0 instead of purified WbgU was included for each tested additive. The plate was 

covered with (Greiner Bio-One GmbH, Frickenhausen) and incubated at 4 °C. Absorptions 

at 280 nm (A280) and 340 nm (A340) were measured after 0, 11.5, 58.25, 105.25, 183.83, 329.17, 

418.42, 520.34 and 707.67 h. Before each every measurement, the plate was centrifuged at 

130 x g for 2 min and the cover was removed. To evaluate the formation of aggregates, the 

aggregation index (AI) was calculated using the following equation (Bickel et al. 2016): 

 

𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  
𝐴340

𝐴280 − 𝐴340
𝑥 100 

 

The AI indicates the fractions of aggregates in a sample. Therefore, the higher the value, the 

higher the fraction of aggregates in the sample (Bickel et al. 2016). 

Table 29: Final concentrations of the tested additives in protein solutions to prevent protein 

aggregation. 

Amino acid Methylamine Polyhydroxy 
compound 

Reducing agent Salt 

0.5 M 0.5 M Betaine 0.5 M Glucose 1 mM 2- 0.15 M NaCl 
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Amino acid Methylamine Polyhydroxy 
compound 

Reducing agent Salt 

Sarcosine Mercaptoethanol 

 0.5 M Trimethylamine 

N-oxide (TMAO) 

0.5 M Glycerol 3 mM 2-

Mercaptoethanol 

0.3 M NaCl 

  0.5 M Sorbit 1 mM DTT  

  0.5 M Trehalose 3 mM DTT  

 

For the combinatorial screening, 2x stock solutions containing 1 M trehalose, 1 M Glc, 1 M 

TMAO and/or 6 mM 2-mercaptoethanol were prepared and equally mixed with 100 µL 

sample containing WbgU (c= 1.04 mg/mL in 50 mM TRIS pH 8.0) in a well of a 96-well 

plate as previously described. Duplicates were included and different buffer conditions were 

tested in 22 wells containing WbgU and 26 without WbgU (buffer controls). The plate was 

covered with CapMat (Greiner Bio-One GmbH, Frickenhausen) and incubated at 4 °C. 

Measurements were carried out after 0, 24, 90.83, 119, 186.67, 240.75, 293.5, 379.33, 452.25, 

531.42, 577.17, 1126.67, 1196.05, 1273.22, 1420.72 and 1536.64 h as described above. 

2.5 Characterization of  WbgU 

2.5.1 CD spectroscopy 

Circular dichroism (CD) spectroscopy is used as a rapid method to elucidate the folding state 

and thermal stability of proteins (Johnson 1990, Kelly Sharon M. and Price 1997). Purified 

WbgU was dialysed against 20 mM sodium phosphate pH 7.75 (c= 0.6 mg/mL) and filtrated 

using a 0.2 µm centrifugal unit (NanoSep® MF 0.2 mM, Pall) prior to CD-spectropolarimeter 

measurements. The spectra were recorded in 0.1 nm intervals with 50 nm/min scan speed at 

25 °C in the 190-260 nm UV section. Signals obtained from four scans were averaged and 

corrected for the buffer signal. Samples were analysed at 220 nm with a step size of 0.1 °C 

and a thermal ramp of 1 °C per minute to record the thermal transition profile. The transition 

points were determined by using the Boltzmann fit equation 

𝑦 =
A1‐A2

1+𝑒(𝑥−𝑥0)/𝑑𝑥
+ A2. 

2.5.2 In vitro activity determination of WbgU 

In order to assess in vitro activity of WbgU, an analytical method published previously (Kowal 

and Wang 2002) was adapted to determine the conversion of activated substrates. Substrate 

mixtures of 640 µL 20 mM TRIS pH 8.5 containing either 0.15 mM or 1.5 mM UDP-

GlcNAc or UDP-GalNAc were incubated at 37 °C. Following the addition of 3.5 µg WbgU, 

samples (80 µL) were taken at different time points (1, 2, 3, 5, 7, 10 and 15 min) and heat 
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inactivated at 65 °C for 5 min. A control sample was taken prior to WbgU addition. 

Inactivated samples were stored at 4 °C and centrifuged prior to capillary electrophoresis 

(CE) analysis. A 20 mM sodium borate, 64 mM boric acid buffer system at pH 9.0 was used 

to separate the Uridine 5’-disphospho-N-acetylhexosamines (UDP-HexNAc) at 30 kV. The 

Samples were injected into the fused silica capillary (50 µm inside diameter, 65 cm total length 

and 56.5 cm effective separation length) at 30 mbar for 10 s and detected at 254 nm. Recorded 

data was evaluated using the openLAB CDS ChemStation C.01.07 software. The CE 

measurements were performed at the Laboratory for Biomaterials of RWTH Aachen 

University (Prof. Dr. Lothar Elling). 

2.5.3 Glycosyltransferase activity assay 

The glycosyltransferase activity was determined based on the release of inorganic phosphate 

during the transfer of an activated sugar substrate onto an acceptor peptide (Wu 2011) using 

a glycosyltransferase assay kit (EA001, R&D Systems, Wiesbaden). The activity assay has 

been previously established for the recombinant human glycosyltransferase GalNAc-T2 

expressed in NS0-cells (rhGalNAc-T2) and a recombinant N-terminal His-tagged variant 

expressed in E. coli (HisDapGalNAc-T2) using the EA2 peptide as acceptor substrate 

(Lauber 2015, Lauber et al. 2015). This activity assay was modified by replacing UDP-

GalNAc with UDP-GlcNAc and WbgU to assess the activity of GalNAc-T2 as well as the 

functionality of WbgU. 

Different amounts of WbgU (0.5, 1, 2, 3 µg) per reaction were used and a pre-incubation (0, 

20, 30 min) of the reaction mixture containing UDP-GlcNAc, EA2 and WbgU (c= 0.9 

mg/mL in 50 mM TRIS 300 mM NaCl pH 8.0) was added. Assays were performed in 

duplicate at 37 °C using a 96-well microtiter plate (DY990, R&D Systems, Wiesbaden). A 

negative control lacking WbgU was included. 0.25 mM EA2 peptide (Albone et al. 1994) and 

0.5 mM UDP-GlcNAc were used in a 50 µL reaction volume. 50 ng rhGalNAc-T2 was 

subsequently added to each reaction mixture and the samples were incubated at 37 °C for 

1 h. Phosphate detection was carried out employing the malachite green detection method 

following manufacturer’s instructions. The measured absorption at 620 nm was converted 

into the released phosphate quantity and the specific activity was calculated using the 

following equation 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑆 [

𝑂𝐷

µ𝑔
]∗𝐶𝐹[

𝑝𝑚𝑜𝑙

𝑂𝐷
]

𝑡[𝑚𝑖𝑛]
, where S represents the slope of the 

linear regression fit of the measured optical density blotted against the amount of enzyme 

and CF the conversion factor indicated by the y-axis section of the linear regression fit.  

In order to determine the specific activities of both purified and commercially available 

glycosyltransferases in the presence of WbgU, reactions were set up as described in the assay 

manual. The pipetting scheme is outlined in Table 30. Reactions contained 0.25 mM EA2 

acceptor substrate and 0.5 mM UDP-HexNAc. WbgU (c= 200 ng/µL) was added to the 

reactions followed by incubation at 37 °C for 20 min. By addition of rhGalNAc-T2 or 
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HisDapGalNAc-T2 (c= 7.5 ng/µL), the glycosylation reaction was started and the microtiter 

plate incubated at 37 °C for 20 min. The released phosphate amount was determined as 

described above and related to the used quantity of the glycosyltransferase as well as the 

reaction time for the calculation of the specific activity. 
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2.5.4 Mass spectrometry 

Mass spectrometry (MS) represents a standard tool in the field of protein analytics (Domon 

and Aebersold 2006). The analyte is ionized by an ionsource e.g. electrospray ionization (ESI) 

and subsequently accelerated (Domon and Aebersold 2006, Fenn et al. 1989). When the 

analyte hits the detector, the mass is calculated based on the required flight time and the 

charge number (Time-of-flight (ToF) (Domon and Aebersold 2006)). 

2.5.4.1 Liquid chromatography electrospray ionization tandem mass spectrometry (LC-

ESI-MS/MS) 

Tandem mass spectrometry is used to achieve a high resolutions (Domon and Aebersold 

2006). Samples were separated by SDS-PAGE followed by Coomassie staining. 

Corresponding bands were excised and further analysed at the Life Science Center of 

University of Hohenheim. Samples were dissolved and treated with trypsin prior to analysis. 

2.5.4.2 Intact mass analysis 

Post-translational modifications of purified T7Muc10 were analysed in detail at Boehringer 

Ingelheim Pharma GmbH and Co.KG, Biberach, by members of the Department Analytical 

Development Biologics. 

2.5.4.3 HPLC-ESI-LTQ-OT-MS/MS 

Glycosylation patterns were assessed employing an ESI-MS/MS equipped with a linear 

quadrupole trap (LTQ) and an Orbitrap (OT). The ion trap enables an accumulation of 

analytes of a specific mass for subsequent fragmentation thus increasing the resolution and 

quality of the recorded spectra (Domon and Aebersold 2006). Samples used for intact mass 

analysis were treated with endoprotease Asp-N (sequencing grade, Promega Corp., USA) as 

recommended by the manufacturer prior to injection. The measurements were carried out 

by the Department Analytical Development Biologics of Boehringer Ingelheim Pharma 

GmbH and Co.KG. Biberach. 

2.5.5 Size exclusion- high-performance liquid chromatography (SE-HPLC) 

In order to determine the molecular weight distribution of potential T7Muc10 aggregates an 

Ultimate 3000 HPLC system (Thermo Fisher, USA) was coupled to a MAbPac SEC-1 pre-

column (5 µm, 4 mm x 50 mm, Thermo Fisher, USA) and a MAbPac SEC-1G column 

(5 µm, 4 mm x 300 mm, Thermo Fisher, USA). The device was controlled by Chromeleon™ 

software (Thermo Fisher, USA). The flow rate was set to 0.3 mL/min and 1x PBS was used 

as mobile phase. 100 µL protein sample or 5 µL mass reference (Gel Filtration Standard, Bio-

Rad, USA, Table 31) was injected and separated under isocratic conditions within 20 min. 

Eluted protein was detected by UV- absorption at 280 nm. 
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Table 31: Composition of the size exclusion mass reference. 

Component Molecular mass [Da] 

Thyroglobulin 670,000 

Gamma-globulin 158,000 

Ovalbumin 44,000 

Myoglobin 17,000 

Vitamin B12 1,350 

2.6 Statistical evaluation 

Generated data sets were evaluated using Origin Pro 8, OriginLab, USA. One-way ANOVA 

was performed to evaluate the data sets and the significance was judged by Tukey and Levene 

tests (Garson 2012). 
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3 Results 

3.1 Recombinant expression and purification of  GalNAc-T2 

Successful expression of a truncated version of the human glycosyltransferase GalNAc-T2 

comprising amino acids 52-571 (White et al. 1995) fused to an N-terminal, cleavable His-tag 

(HisDapGalNAc-T2, 62 kDa) has previously been demonstrated in the E. coli K12 derivative 

E. coli SHuffle® T7 (Lauber 2015, Lauber et al. 2015). Results have indicated an enhanced 

expression of soluble HisDapGalNAc-T2 in E. coli SHuffle® T7 Express, a strain of the E. 

coli B lineage (unpublished data). Both bacterial strains have been engineered to promote 

cytoplasmic disulfide bond formation by expressing the periplasmic disulfide bond isomerase 

DsbC in the cytoplasm (Lobstein et al. 2012). In order to verify this preliminary result, the 

expression of HisDapGalNAc-T2 in both SHuffle® strains was assessed and the 

glycosyltransferase subsequently purified. Furthermore, the impact of the His-tag on the 

soluble expression of the protein was investigated by expressing GalNAc-T2 lacking the N-

terminal affinity tag. 

3.1.1 HisDapGalNAc-T2 expression in E. coli SHuffle® strains 

The soluble expression of HisDapGalNAc-T2 in both E. coli SHuffle® strains harbouring the 

co-chaperone encoding construct pMJS9 and plasmid pET23d_HisDapGalNAcT2 has been 

demonstrated previously using LB-medium and EnPresso® B medium (Lauber 2015). As a 

result, EnPresso® B medium has been identified as critical parameter to successfully increase 

the amount of soluble HisDapGalNAc-T2 in E. coli SHuffle® T7 (Lauber et al. 2015). In 

order to compare the expression patterns in more detail, E. coli SHuffle® T7 and E. coli 

SHuffle® T7 Express containing pMJS9 in combination with either 

pET23d_HisDapGalNAcT2 or pET23d(+) were grown in EnPresso® B medium, the cells 

were harvested post-induction and subsequently lysed using lysozyme and sonication 

treatment as described in sections 2.3.3 and 2.4.1, respectively. Following SDS-PAGE and 

Western Blot analysis the results showed an enhanced accumulation of insoluble 

HisDapGalNAc-T2 and a slight increase in the amount of soluble enzyme in E. coli SHuffle® 

T7 Express lysate compared to E. coli SHuffle® T7 (Figure 9), thus verifying previous results. 

This finding suggested a higher capacity of E. coli SHuffle® T7 Express to produce soluble 

glycosyltransferase, also indicating sufficient expression of the chaperones encoded by 

pMJS9. Accordingly, this strain seemed to be the most promising candidate to achieve 

successful in vivo glycosylation by combining the expression of the glycosyltransferase 

GalNAc-T2, a glycosylation target protein, the UDP-GlcNAc C4-epimerase WbgU, and the 

chaperones Erv1p and PDI. 
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Figure 9: SDS-PAGE and Western Blot analysis of HisDapGalNAc-T2 expressed in E. coli 

SHuffle® T7 and SHuffle® T7 Express. Cells harbouring pMJS9 and either pET23d (-) or 

pET23d_HisDapGalNAcT2 (+) were cultivated in 2 mL EnPresso® B medium duplicates as 

described in section 2.3.3. The culture was induced with Ara (0.5 % w/v final concentration) and 

subsequently pET23d-based HisDapGalNAc-T2 expression was induced by adding IPTG (1 mM 

final concentration) as described in 2.3.2. Cells were harvested 24 h post-induction. Duplicates were 

pooled and resuspended in 2 mL extraction buffer. Cells were lysed using sonication in the presence 

of 1 mg/mL lysozyme and 5 U/mL DNAse I, and the insoluble and soluble fractions were separated 

by centrifugation. Fractions were treated as described in section 2.4.6 and 10 µL aliquots were used 

for SDS-PAGE separation and Western Blot analysis. Protein bands were visualized by Coomassie 

staining (SDS-PAGE), and chemiluminescence (Western Blot) using Penta His antibodies (see also 

section 2.4.7). The crude extract of a previous expression of HisDapGalNAc-T2 (62 kDa) was 

included as control (Lauber et al. 2015). MW represents the molecular mass standard in kDa. 

In order to isolate a sufficient amount of HisDapGalNAc-T2 the expression was scaled up 

and the preparative purification steps were optimized. The production protocol established 

for SHuffle® T7 Express harbouring pET23d_HisDapGalNAcT2 and pMJS9 cultivated in 

2 mL 24-DeepWell plates was adapted to the working volume of 125 mL or 250 mL 

EnPresso® B medium in 500 mL baffled shaking flasks. Previously optimized parameters 

such as time points for adding booster tablets and inducers were kept unchanged. 

Subsequently, 10 mL aliquots were further processed and assessed by immunoblot analysis. 

The results revealed the presence of soluble HisDapGalNAc-T2 in the sample derived from 

the 125 mL culture and an increased amount of insoluble protein in the samples taken from 

the 250 mL culture (Figure 10). 
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Figure 10: SDS-PAGE and Western Blot analysis of HisDapGalNAc-T2 expression in 

shaking flask. Two 500 mL baffled shaking flasks containing 125 mL or 250 mL EnPresso® B 

medium, respectively, were inoculated to a target OD600 of 0.01 with E. coli SHuffle® T7 Express 

harbouring pMJS9 and pET23d_HisDapGalNAcT2. Cultures were boosted and induced with Ara 

(0.5 % (w/v) final concentration) after 18 hours incubation at 30 °C and 170 rpm. IPTG was added 

30 min after boosting (1 mM final concentration), and the cells were harvested and lysed 24 h post-

induction. 10 µL aliquots of insoluble and soluble fractions derived from 10 mL samples were 

evaluated using SDS-PAGE combined with UV-induced staining and HisDapGalNAc-T2 was 

detected by immunoblot analysis with Anti-GalNT2 antibodies as described in sections 2.4.6 and 

2.4.7. MW represents the molecular mass standard in kDa. 

3.1.2 Purification of HisDapGalNAc-T2 

The purification strategy employed was based on a previously established Ni-NTA affinity 

chromatography protocol (Lauber 2015) using an automated ÄKTA Purifier 

chromatography system. The supernatant of lysed cells containing soluble HisDapGalNAc-

T2 was loaded on a HisTrap™ FF column and eluted with an increasing concentration of 

imidazole. According to the original protocol, the column was washed with 20 mM imidazole 

and bound protein eluted using a linear gradient to 500 mM imidazole (elution buffer) with 

a slope of 10 column volumes (CV) (Figure 11A). Monitoring UV absorption, two peaks at 

22 % and 53 % elution buffer, set by the pump control, were detected during elution (Figure 

11A). HisDapGalNAc-T2 was identified in fractions 12 to 15 by Western Blot analysis 

insoluble HisDap
GalNAc-T2

soluble

MW 125 mL 250 mL 125 mL 250 mL

25

35

48

63

75

100[kDa]

62 kDa

62 kDa

SDS-PAGE

Western Blot
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corresponding to the second 280 nm UV peak at approximately 53 % elution buffer (Figure 

11B, lanes 12 – 15).  

 

Figure 11: Section of the HisDapGalNAc-T2 purification chromatogram using the standard 

linear gradient purification method (A), including SDS-PAGE (B) and Western Blot (C) 

analysis of the collected fractions. The supernatant of 1.42 g lysed cells expressing 

HisDapGalNAc-T2 was loaded onto a 5 mL HisTrap™ FF column and washed with 20 mM 

imidazole until UV absorption at 280 nm was constantly low. A linear 10 CV gradient to 500 mM 

imidazole was applied to elute bound protein. Conc [%B] (green), specified by the pump control, 

represents the ratio of elution buffer containing 500 mM imidazole to washing buffer. UV absorption 

UV [mAU] (blue) and conductivity Cond [mS] (orange) are indicated. The flow rate was kept constant 

at 2.5 mL/min and 5 mL fractions were collected during loading (FT), washing (5 – 7) and elution 

(8 – 16) (A). Insoluble (IS) and soluble fractions (S) of the lysed cells and aliquots the collected 

fractions (A numbered in grey) were analysed by SDS-PAGE using UV-induced protein staining (B) 

and Western blotting with Anti-GalNT2 antibodies as described previously. MW represents the 

molecular mass standard in kDa and PC the control containing HisDapGalNAc-T2 (B). 
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Based on this result, the linear gradient elution was substituted by a step elution approach to 

improve both the separation and resolution of the elution peaks. A second washing step was 

included using 22 % elution buffer followed by the isocratic elution of HisDapGalNAc-T2 

at 55 % elution buffer (Figure 12A). SDS-PAGE analysis of the collected elution fractions 

7 and 8 during the elution step confirmed the presence and high purity of HisDapGalNAc-

T2 (Figure 12B). Using 2.2 g pelleted cells as starting material, approximately 1.2 mg 

HisDapGalNAc-T2 were obtained. 

 

Figure 12: Section of the HisDapGalNAc-T2 purification chromatogram using the optimised 

step elution purification protocol (A) and SDS-PAGE analysis of the collected fractions (B). 

The supernatant of 2.2 g lysed E. coli SHuffle® T7 Express cells producing HisDapGalNAc-T2 was 

loaded onto a 5 mL HisTrap™ FF column and washed with 20 mM imidazole until UV absorption 

was constantly low followed by a second washing step at 22 % B. HisDapGalNAc-T2 was eluted 

using 55 % elution buffer. Conc [%B] (green), specified by the pump control, represents the ratio of 

elution buffer containing 500 mM imidazole to washing buffer. UV absorption UV [mAU] (blue) and 

conductivity Cond [mS] (orange) are shown. The flow rate was kept constant at 2.5 mL/min and 

fractions were collected manually during loading (FT), washing (2 & 3) and elution (7 – 9). Collected 

fractions (A, numbered in grey) were analysed by SDS-PAGE and protein bands visualised using UV-

induced protein staining. MW represents the molecular mass standard in kDa and PC the positive 

control containing HisDapGalNAc-T2 (B). 
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3.1.3 Construction of pET23d_galNT2 

In order to achieve successful in vivo glycosylation in E. coli, the presence of a 

glycosyltransferase, the appropriate sugar substrate and target protein are required (Merritt 

et al. 2013). As a first step towards the construction of an expression plasmid combining the 

genetic information of GalNAc-T2, the UDP-GlcNAc 4-epimerase WbgU, and a His-tagged 

target protein for potential glycosylation, plasmid pET23d_galNT2 encoding the soluble 

form of GalNAc-T2 lacking an N-terminal affinity tag was constructed. The gene fragment 

encoding galNT2 including the ribosomal binding site (RBS) was isolated from 

pET23a_GalNAcT2 (Lauber 2015) using XbaI and SpeI restriction enzymes. XbaI- treated 

and dephosphorylated pET23d(+) and the XbaI/SpeI gene fragment were ligated (Figure 

13) and used to transform E. coli NovaBlue. Colony-PCR of 39 colonies revealed three 

positive colonies harbouring pET23d_galNT2 (Figure 14). The vector constructs were 

subsequently verified by DNA sequencing. 

 

Figure 13: Cloning strategy to create expression plasmid pET23d_galNT2. Construct 

pET23a_GalNAcT2 was treated with XbaI and SpeI to isolate the insert encoding the soluble form 

of the human GalNAc-T2 followed by ligation with XbaI- linearized and alkaline phosphatase treated 

pET23d vector to generate plasmid pET23d_galNT2. The ligation was used to transform E. coli 

NovaBlue. In order to identify pET23_galNT2, primers EP02pET23aT7promfw2 and 

02028_GalNT2seq_rv were used to screen colonies by colony-PCR. AmpR: ampicillin resistance gene, 

colE1 ori: origin of replication, f1 origin: origin of replication of phage f1. 
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Figure 14: Results of the colony-PCR screening 39 E.coli NovaBlue colonies for the presence 

of plasmid pET23a_galNT2. PCR products were separated by agarose gel electrophoresis. The 

expected 1.2 kilo base pairs (kbp) DNA fragment was detected in the lanes 1, 35 and 37. Positive 

clones are indicated by an asterisk. M: DNA-ladder 1 kb. 

3.1.4 Expression of GalNAc-T2 in E. coli SHuffle® T7 Express 

E. coli SHuffle® T7 Express harbouring pMJS9 in combination with either pET23d_galNT2 

or pET23d_HisDapGalNAcT2 was cultivated, induced and harvested as already described 

(see 2.3.3) to assess whether expression levels of the glycosyltransferase were similar in the 

presence or absence of the N-terminal HisDap-tag. Western Blot analysis revealed an 

increase of soluble GalNAc-T2 in the absence of the affinity tag (Figure 15). 

 

Figure 15: SDS-PAGE and Western Blot analysis of HisDapGalNAc-T2 (62 kDa) and 

GalNAc-T2 (60 kDa) expression in E. coli SHuffle® T7 Express. Cells harbouring expression 

plasmids pMJS9 and either pET23d, pET23d_HisDapGalNAcT2, or pET23d_galNT2 were cultivated 

in 2 mL EnPresso® B medium duplicates. Cultures were induced with Ara (0.5 % w/v final 

concentration) prior to induction with IPTG (1 mM final concentration), and harvested 24 h post-
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induction. Duplicates were pooled, cells lysed, and the insoluble and soluble fractions separated. 

10 µL aliquots of each fraction were assessed by SDS-PAGE, and Western Blot analysis using 

Coomassie staining, and Anti-GalNT2 polyclonal antibodies with chemiluminescence detection, 

respectively. Previously purified HisDapGalNAc-T2 was included as control (Lauber et al. 2015). 

MW represents the molecular mass standard in kDa. An arrow indicates the position of the 60 and 

62 kDa proteins. 

3.2 Cloning, expression and isolation of  WbgU 

The UDP-GlcNAc 4-epimerase WbgU derived from P. shigelloides (Kowal and Wang 2002) 

was recombinantly expressed to generate the required sugar substrate UDP-GalNAc for the 

human glycosyltransferase GalNAc-T2. In order to monitor soluble expression of WbgU, a 

polyclonal antibody targeting WbgU was generated in rabbits. In a first step, WbgU was 

translationally fused to a C-terminal His-tag to facilitate purification. Placing the specific 

TEV-protease recognition sequence between wbgU and His-tag, a strategy was devised to 

remove the affinity tag ensuring specificity of the polyclonal antibody serum and avoiding 

cross-reactivity with polyhistidine sequences. As a result, tag-free WbgU was isolated. 

3.2.1 Construction of the expression plasmid pET23a_wbgU6xhis 

The nucleotide sequence of WbgU (Kowal and Wang 2002) was designed by reverse 

translation of the protein sequence [UniProtID: Q7BJX9] and codon optimization to 

promote the subsequent expression in an E. coli strain background. Restriction sites were 

added and the gene was synthesised by GeneArt® gene synthesis (Life Technologies GmbH, 

Germany) with 5’ SacI, XbaI and 3’ NotI, SpeI, NheI, XhoI, AvaI, MfeI and EcoRV sites as 

indicated in Figure 16. A plasmid construct was provided by GeneArt® carrying the 

synthesized fragment, subcloned into the shuttle vector pMA-T. The resulting plasmid pMA-

T_wbgU was used as PCR template with primer pair wbgU6xhisfw and wbgUsXhoIrv to 

change the C-terminal stop codon TAA of wbgU to the Ser coding triplet TCA. The 1.1 kbp 

PCR fragment was treated with XbaI and XhoI restriction enzymes and isolated. By inserting 

the fragment into similarly digested pET23a(+), the His-tag encoded on plasmid pET23a 

was translationally fused to the C-terminus of WbgU (Figure 16). Colonies of the 

transformed E.coli NovaBlue strain were screened by colony PCR, using the primer pair 

EP02wbgUfw1 and EP02pET23aT7termrv. The expected DNA fragment of 1.1 kbp was 

identified in 6 out of 18 tested colonies (Figure 17). Plasmid DNA was isolated from 

bacterial cultures derived from colony 7 and 8, and construct pET23a_wbgU6xhis was verified 

by DNA sequencing. 
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Figure 16: Cloning strategy to generate plasmid pET23a_wbgU6xhis. The stop codon of wbgU 

was replaced by a serine codon and an adjacent XhoI restriction site using PCR methods. The PCR 

fragment and DNA of vector pET23a(+) were treated with XbaI and XhoI restriction enzymes. In 

the following ligation, WbgU and the vector encoded His-tag were translationally fused and placed 

under the control of the T7 vector promoter. Positive clones harbouring pET23a_wbgU6xhis were 

identified by colony-PCR using primers EP02wbgUfw1 and EP02pET23aT7termrv. AmpR: 

ampicillin resistance gene, colE1 ori: origin of replication, f1 origin: origin of replication of phage f1. 

 

Figure 17: Agarose gel electrophoresis of colony-PCR products of 18 screened E.coli 

NovaBlue colonies transformed with the ligation of pET23a_wbgU6xhis. The expected 

1.1 kbp DNA fragment was detected in lanes 3, 5, 7, 8, 13, and 16, indicated by an asterisk. M: DNA-

ladder 1 kb. 

pMA-T_wbgU
3571 bp

AmpR

codon optimized

WbgU

ColE1 origin

Eco RV (1526)

Mfe I (1518)

Nco I (440)

Nhe I (1507)

Not I (1481)

Sac I (399)

Xba I (401)

Xho I (1512)

Spe I (389)

Spe I (1488)

PCR

1091 bp

WbgUXba I (5) XhoI (1084)

XbaI and XhoI

XbaI and XhoI

pET23a(+)
3666 bp

f1 ori

AmpR

T7 promoter

His tag

ColE1 pBR322 ori

T7 terminator

Xba I (3387)

Xho I (3505)

pET23a_wbgU6xhis
4627 bp

AmpR

f1 ori

WbgU6xhis

His-tag

EP02pET23aT7termrv

EP02wbgUfw1

T7 promoter

ColE1 pBR322 ori

T7 terminator

Xba I (3387)

Xho I (4466)
Restriction digestion
and ligation

1 2 3* 4 5* 6 7* 8* 9 10 11 12 13* 14 15 16* 17 18 M bp

250

500
750
1000
1500
2000

1.1 kbp



3 Results 68 

3.2.2 Strategy to generate expression plasmid pET23a_wbgUTEV6H 

The TEV-protease recognition site (ENLYFQSV) was introduced by Annealed Oligo 

Cloning into the XhoI restriction site of pET23a_wbgU6xhis as described in 2.2.8. The 

complementary 5’-phosphorylated oligonucleotides EP02020TEVanneal_fw and 

EP02020TEVanneal_rv were designed to create one 5’ XhoI compatible- and one XhoI- 

cohesive end when annealed. The recipient vector pET23a_wbgU6xhis was digested with 

XhoI, dephosphorylated, and ligated with the annealed oligonucleotides (Figure 18). 

Following transformation, 26 colonies were screened by Colony- PCR using the primers 

EP02pET23aT7Prom_fw2 and EP02020TEVanneal_rv, and six positive colonies were 

identified based on the presence of the expected 1.1 kbp PCR product (Figure 19). A cell 

culture derived from colony 17 was used to isolate plasmid DNA, and construct 

pET23a_wbgUTEV6H was verified by DNA sequencing. 

 

Figure 18: Strategy to create expression plasmid pET23a_wbgUTEV6H. The oligonucleotides 

EP02020TEVanneal_fw and EP02020TEVanneal_rv were annealed, thus generating a short DNA 

fragment encoding the TEV-protease recognition site ENLYFQSV. Annealed oligonucleotides and 

pET23a_wbgU6xhis, previously treated with XhoI and alkaline phosphatase, were ligated. The 3’-XhoI 

and 5’-XhoI compatible overhangs of the annealed oligonucleotides were designed to avoid the 

reconstitution of an additional XhoI restriction site. As a result, an open reading frame encoding for 

WbgU fusion protein with a cleavable C-terminal affinity tag was established. 
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Figure 19: Agarose gel electrophoresis of colony-PCR products of 26 screened colonies 

previously transformed with pET23a_wbgUTEV6H ligation mixture. The expected 1.1 kbp 

(highlighted by an arrow) DNA fragment was detected in lanes 3 (band very faint), 11, 17, 23, 24, and 

26 indicated by an asterisk. M: DNA-ladder 1 kb 

3.2.3 Expression of pET23a_wbgUTEV6H 

A first test expression of WbgUTEV6H was performed using E. coli SHuffle® T7 and E. coli 

SHuffle® T7 Express, harbouring either pET23d_wbgUTEV6H or pET23d(+). Cultures 

were grown in 2 mL EnPresso® B medium at 30 °C employing different shaking speeds of 

200, 250, and 300 rpm to investigate the influence of aeration on soluble protein expression. 

IPTG was added to a final concentration of 1 mM to induce recombinant expression of 

wbgUTEV6H. Insoluble and soluble fractions were assessed by Western Blot analysis as 

previously described in section 2.4.7. Densitometric analysis of the immunoblot signals 

revealed the highest, soluble expression of WbgUTEV6H in E. coli SHuffle® T7 Express at 

200 rpm 24 h post induction (Figure 20). 

 

Figure 20: Western Blot analysis of WbgUTEV6H expression in E. coli SHuffle® strains at 

different shaking speeds. Cells harbouring pET23d(+) (-) or pET23d_wbgUTEV6H (+) were 

grown in 2 mL EnPresso® B medium in duplicates at 30 °C and different shaking speeds of 200, 250, 

and 300 rpm. Addition of booster solution and IPTG induction (1 mM final concentration) was 
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carried out as previously described in section 2.3.4. Cells were harvested 24 h post-induction, 

duplicates were pooled, cells lysed, and the insoluble and soluble fractions separated. 8 µL aliquots 

of each fraction were used for Western Blot analysis with Anti-Penta His antibodies followed by 

chemiluminescence detection. Crude extract of a previous expression of pET23a_wbgU6xhis in E. coli 

Tuner™ using LB- medium supplemented with 0.5 % (w/v) Glc – as described in section 2.3.4 - was 

included as control. The position of the 41 kDa protein is indicated by an arrow. MW represents the 

molecular mass standard in kDa. Dimensionless chemiluminescence signal volumes were calculated 

from the amount of pixels and their intensities in a defined area by the evaluation software “Fusion 

CaptAdvance”. 

These results indicate, that a lower shaking speed, and consequently a lower aeration, 

enhances soluble expression of WbgUTEV6H. Furthermore, SHuffle® T7 Express showed 

a slightly higher expression of soluble protein than SHuffle® T7. Based on the results 

presented in Figure 9 and Figure 20, E. coli SHuffle® T7 Express was identified as the 

preferred expression strain for production of HisDapGalNAc-T2 and WbgUTEV6H. E. coli 

SHuffle® T7 Express was therefore employed for the following expression experiments. 

3.2.4 Establishment of the WbgU production and purification process 

In order to shorten the expression time from 24 h to 4 h, SHuffle® T7 Express harbouring 

pET23d_wbgUTEV6H was grown in LB medium supplemented with 0.5 % (w/v) Glc 

instead of EnPresso® B medium. Furthermore, the culture volume was increased to 500 mL 

in a 1000 mL baffled shaking flask. Incubation, induction and harvest of the bacterial culture, 

cell lysis, and analysis of insoluble and soluble fractions by SDS-PAGE were carried out as 

described in sections 2.3.4, 2.4.1, and 2.4.6. The expected protein band of WbgUTEV6H at 

41 kDa was clearly visible in the insoluble fraction of the cell lysate (Figure 21A, lane IS). A 

very faint protein band at approximately 41 kDa was identified in the soluble fraction 

(Figure 21A, lane S, red arrow). The intensity of the respective protein band decreased even 

further in the flow-through of the chromatography step (Figure 21A, lane Flow-through, 

red arrow). Both protein bands potentially correspond to WbgUTEV6H. For protein 

purification, 18.9 g of the cell pellet was lysed and the soluble fraction was used to load a 

5 mL HisPur™ Ni-NTA column (Figure 21B). The applied isocratic elution step was 

developed from a previous gradient elution procedure, analogous to the optimization of the 

HisDapGalNAc-T2 purification protocol (data not shown). Fractions collected during 

loading (Figure 21A, lane Flow-through), washing (Figure 21A, lane F2 and F3), and elution 

steps (Figure 21A, lanes F8 to F14) were analysed by SDS-PAGE. The potential presence 

of WbgUTEV6H migrating at approximately 40 kDa was clearly visible in the elution 

fractions (Figure 21A, lanes F8 to F14). 
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Figure 21: Purification of WbgUTEV6H expressed in E. coli SHuffle® T7 Express. Protein 

samples were separated electrophoretically on a 12 % SDS gel and bands were visualized by 

Coomassie staining (A). The chromatogram of the corresponding Ni-NTA affinity chromatography 

is shown (B). Cells were grown in four 1000 mL shaking flasks each containing 500 mL LB-medium 

supplemented with 0.5 % (w/v) Glc. Cells were harvested 4 h post-induction with IPTG (final 

concentration of 1 mM). Cells were lysed, and soluble (S) and insoluble (IS) fractions were separated 

by centrifugation as described in 2.4.1. Subsequently, the soluble fraction (60 mL) was used to load a 

5 mL HisPur™ Ni-NTA column. A sample of the flow-through was taken manually (Flow-through). 

Samples were collected using an automatic fraction collector during washing with 20 mM imidazole 

(F2 & F3) and elution with 28 % 500 mM imidazole (F8-F14), as indicated by numbers depicted in 

grey (B). Red and black arrows highlight protein bands which correspond to the molecular mass of 

WbgUTEV6H of 41 kDa. MW represents the molecular mass standard in kDa (A). The 

chromatogram section displays the monitored UV absorption (blue) at 280 nm in mAU during 

loading, washing, and elution steps. Conc [%B] (green), specified by the pump control, represents the 

ratio of elution buffer containing 500 mM imidazole to washing buffer, and Cond [mS] (orange) 

indicates the conductivity (B). 

Fractions F9 to F14 were pooled and dialysed against the equilibration buffer. 33.2 mg of 

total protein were obtained after dialysis. In order to ensure an efficient removal of the 

affinity tag, TEV-protease enzymes purchased from different suppliers were pre-tested using 

100 µg WbgUTEV6H and an incubation at 30 °C (Raran-Kurussi et al. 2013) for 3 h. 

Cleavage efficiency was estimated by Western Blot analysis with Anti-Penta His antibodies 
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(data not shown). In contrast to WbgUTEV6H, processed WbgU - lacking the affinity tag - 

was no longer detected (data not shown). All following TEV-protease treatments were 

carried out as described in the Material and Method section (2.4.9)  

Subsequent to TEV-protease digestion of WbgUTEV6H, a second Ni-NTA 

chromatography was performed to separate tag-free WbgU from the remaining impurities, 

such as host cell proteins, his-tagged TEV-protease, remaining traces of WbgUTEV6H and 

cleaved His- affinity tags (Figure 22A). The working procedure was adjusted by using a 1 mL 

HisTrap™ FF column. Fractions were collected during loading and elution as previously 

described (2.4.2.2). Tag-free WbgU (40 kDa) was visible in the flow-through (Figure 22B, 

lane F1 and F2), and impurities were detected in the elution fraction (Figure 22B, lane F3). 

Fractions F1 and F2 were pooled and concentrated. The total amount of protein determined 

in the resulting 4 mL- sample was 4.6 mg. Purified WbgU was subsequently used for CD- 

spectroscopy (3.3.1) and N-terminal Edman degradation of the first five amino acids to 

confirm the identity of the protein. 

 

Figure 22: UV-chromatogram of the second Ni-NTA chromatography step (A) and 

Coomassie stained SDS gel of the collected fractions (B). 18.6 mg WbgUTEV6H were incubated 

with 3.8 kU TEV-protease for 3 h at 30 °C. Subsequently, the solution was loaded on a 1 mL 

HisTrap™ FF column and processed WbgU (40 kDa) was collected in the flow-through (B, F1 and 

F2). Undigested WbgUTEV6H, host cell proteins, His-tag, and his-tagged TEV-protease (28 kDa) 

were eluted using an isocratic elution step with 500 mM imidazole (B, F3). Conc [%B] (green), 

specified by the pump control, represents the ratio of elution buffer containing 500 mM imidazole 

to equilibration buffer. UV [mAU] (blue) indicates UV absorption, and Cond [mS/cm] (orange) the 

conductivity. Fractions of the flow-through (F1 and F2) and elution (F3) - numbered in grey (A) - 
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were analysed by SDS-PAGE (B). MW represents the molecular mass standard in kDa. Arrows 

highlight WbgU (40 kDa) and TEV-protease (28 kDa). 

3.2.5 Optimization of WbgUTEV6H expression and scale-up 

In a further step, sufficient amounts of WbgU were isolated from E. coli SHuffle® T7 Express 

harbouring pET23d_wbgUTEV6H for additional experiments. In order to provide adequate 

material for detailed analyses, the previously described process was upscaled. Batch 

fermentation conditions were assessed by testing different inducer concentrations of Ara and 

IPTG in both LB- and TB-medium. Furthermore, pMJS9 encoding Erv1p and PDI was 

included to promote correct folding of WbgUTEV6H and to achieve a potential increase of 

soluble protein. Harvested cells were lysed, and the insoluble and soluble fractions were 

evaluated by Western Blot analysis using Anti-Penta His antibodies (data not shown). Results 

indicated an increase of inclusion body formation subsequent to IPTG induction without 

improving the amount of soluble protein in the samples. Based on these results, TB-medium 

supplemented with 0.5 % (w/v) Glc and antibiotics Cam and Amp was employed for soluble 

expression of WbgUTEV6H using 0.5 % (w/v) Ara for induction without addition of IPTG. 

Process procedures were adapted accordingly and a 20 L batch fermentation was carried out. 

A wet weight biomass of 257 g was obtained. 45 mL samples were taken at 7 time points 

during the course of fermentation between inoculation and harvest. Samples were examined 

and levels of soluble WbgUTEV6H assessed by Western Blot analysis (Figure 23). The 

results indicated an increase in soluble WbgUTEV6H throughout the fermentation run until 

harvest of the bacterial culture (Figure 23). 

 

Figure 23: Soluble WbgUTEV6H formation during 20 L batch fermentation. A pre-culture of 

E. coli SHuffle® T7 Express harbouring pET23a_wbgUTEV6H and pMJS9, grown in 1.5 L TB-

medium and 0.5 % Glc, was used to inoculate a 20 L bioreactor containing 10 L TB-medium and 

0.5 % Glc (t0). In a bolus feeding approach, 10 L TB-medium and 0.5 % Glc were added to the 

bacterial culture between minute 100 and 184 of the fermentation run. Chaperone expression was 

induced by adding Ara at a final concentration of 0.5 % 218 minutes post-inoculation. The culture 

was harvested after 410 min and subjected to centrifugation to pellet the biomass as described in 

section 2.3.4. During the fermentation, 7 culture samples of 45 mL were taken (t1 to t7), centrifuged, 

and the cell pellets were lysed. The soluble fractions were assessed by immunoblot analysis using 
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Anti-Penta His antibodies to monitor soluble WbgUTEV6H (41 kDa) expression. Corresponding 

protein bands are indicated by an arrow. MW represents the molecular mass standard in kDa. 

5.0 g of the harvested biomass was lysed as previously reported in section 2.4.1, and 

WbgUTEV6H was purified from the obtained soluble fraction (Figure 24, lane S) using a 

1 mL HisTrap™ FF column. The eluted fractions containing WbgUTEV6H (Figure 24, lanes 

E2 to E6) were pooled followed by a dialysis step to remove imidazole. 8.5 mL dialysed 

protein solution with a concentration of 0.17 mg/mL was treated with TEV-protease 

(Figure 24, lane P+T). Impurities were removed by subsequent Ni-NTA chromatography 

(Figure 24, Ni-NTA 2) and WbgU was detected in the flow-through (Figure 24, lanes F1 

and F2), whereas no signal was visible in the immunoblot assay using Anti-Penta His 

antibodies (Figure 24B, lanes F1 and F2). The pooled flow-through fractions containing 

1 mg of total protein were concentrated and dialysed overnight against 50 mM TRIS 300 

mM NaCl pH 8.0. 

 

Figure 24: Purification of WbgUTEV6H (Ni-NTA 1) and WbgU (Ni-NTA 2) employing 

affinity chromatography (Mueller et al. 2018). Samples were assessed using a 4-20 % SDS gradient 

gel and protein bands were visualized by UV-induced staining (A) and immunoblot analysis (B). 5.0 g 

harvested E. coli SHuffle® T7 Express cells carrying plasmids pET23a_wbgUTEV6H and pMJS9 were 

lysed and insoluble particulate fractions (IS) and soluble fractions (S) were isolated. WbgUTEV6H 

was purified from the soluble fraction using Ni-NTA chromatography (Ni-NTA 1). Fractions of the 

flow-through (10 mL, FT), washing (10 mL, W) and elution steps (2 mL, E1 to E6) were collected. 

Fractions E2 to E6 were pooled (P) and incubated with TEV protease (P+T). The cleaved His-tag, 

TEV protease, remaining host contaminants, and undigested WbgUTEV6H were removed using a 

second affinity chromatography step (Ni-NTA 2, E). Aliquots (10 µl) of the samples and collected 

fractions were separated by SDS-PAGE under reducing conditions followed by UV-induced staining 

(A). The stained SDS gel was subsequently analysed by immunoblotting (B). WbgUTEV6H with an 

estimated mass of 41 kDa (indicated by an arrow) was detected using mouse anti-His.H8 antibodies. 

Tag-free WbgU (40 kDa) was clearly visible in the flow-through (A, F1 and F2). The respective bands 

were no longer detected in the immunoblot assay with anti-His.H8 antibodies (B, F1 and F2), 

indicating the successful removal of the polyhistidine tag. Molecular mass markers (MW) are in kDa. 

3.2.6 Optimization of the WbgU storage buffer 

After establishing reproducible WbgU expression and purification procedures, storage 

conditions were optimized. The observation, that clear solutions of the purified protein in 
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50 mM TRIS 300 mM NaCl at pH 8.0 storage buffer turned turbid and cloudy after a week 

made this step necessary. 

In order to prevent the formation of potential aggregates, different additives (Table 29) were 

tested individually. The resulting samples were analysed and their AI calculated based on the 

measured absorptions at wavelengths 280 nm and 340 nm - as described in section 2.4.10. 

Results are shown in Figure 25, indicating the influence of the additives on the aggregation 

of WbgU. 

 

Figure 25: Effect of different additives on the aggregation of WbgU. 100 µL purified WbgU in 

50 mM TRIS, pH 8.0 was mixed with 100 µL 50 mM TRIS, pH 8.0, containing twice the desired final 

concentration of the corresponding additive in a 96-well plate and incubated for 30 days at 4 °C. The 

aggregation index was calculated from the normalized absorptions at the wavelengths of 280 nm and 

340 nm as described in section 2.4.10. The aggregation index of samples containing salt (NaCl, 

150 mM and 300 mM) and polyhydroxy compounds (0.5 M: Sorbit, Glucose, Glycerol, Trehalose) as 

additives are displayed in diagram A, methylamines (0.5 M: Betaine, TMAO), amino acid (Sarcosine, 

0.5 M), and reducing additives (1 mM and 3 mM: 2-Mercaptoethanol, DTT) are presented in diagram 

B. Sample data without an additive (w/o additive), and 300 mM NaCl as previous used additive is 

included as reference in both diagrams. 

An AI of zero indicates the absence of aggregates in a solution. AI values between 10 and 20 

determined by measuring the initial solutions suggest that aggregates were present in all 

samples. The highest AI value of approximately 117 was detected after 30 days in all samples 

containing 300 Mm NaCl indicating that previously employed storage buffers (50 mM TRIS 

300 mM NaCl at pH 8.0) were indeed suboptimal. The polyhydroxy compounds glucose (AI 

= 55) and trehalose (AI = 60), as well as the methylamine TMAO (AI = 46) and the reducing 

agent DTT (AI = 66), showed a significant reduction of the AI after 30 days compared to 

the two references 50 mM TRIS pH 8.0 (w/o additive; AI = 72) and 50 mM TRIS 300 mM 

NaCl pH 8.0 (300 mM NaCl, AI = 117). Therefore, in a second approach, different 

combinations of the tested substances were assessed in order to achieve further aggregation 

reduction in the samples. 
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Figure 26: Effect of different additive combinations on the aggregation of WbgU. 100 µL 

purified WbgU in 50 mM TRIS, pH 8.0 was mixed with 100 µL 50 mM TRIS, pH 8.0 containing 

twice the desired concentration of the corresponding additives as duplicates in a 96-well plate. 

Samples were incubated for 64 days at 4 °C. The aggregation index was calculated from the 

normalized absorptions measured at the wavelengths of 280 nm and 340 nm, as described in section 

2.4.10, and plotted against the time. Error bars represent the standard deviation. 

Results shown in Figure 26 indicated different additive combinations as potential strategy 

to reduce aggregation of purified WbgU. By combining trehalose and TMAO, the AI 

determined on day 64 was reduced to 22.31 ± 1.10 compared to 102.23 ± 47.03 in samples 

without any additives. Based on these results, 50 mM TRIS, pH 8.0, supplemented with 1 M 

trehalose and 1 M TMAO, was added in equal volume to purified WbgU after dialysis against 

50 mM TRIS, pH 8.0 for long term storage. 

3.2.7 Anti-WbgU 

In order to detect WbgU by immunoblot analysis, three rabbits were immunized with 

purified enzyme to generate polyclonal antibodies targeting the protein. Immunization 

procedures and collection of animal sera were conducted by Pineda Antibody Service, Berlin. 

Purified WbgU for immunization was isolated using the established protocol. Figure 27A 

depicts the chromatogram of the final Ni-NTA step after TEV-protease digestion. Purity of 

the collected fractions was estimated by SDS-PAGE analysis (Figure 27B). In consultation 

with the service provider, fractions F6, F7, and F8 were used for immunization.  
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Figure 27: Final purification step of WbgU for subsequent immunization of rabbits. 4.1 mg 

WbgUTEV6H were incubated with 408 U TEV-protease for 3 h at 30 °C. The solution was loaded 

on a 1 mL HisTrap™ FF column and processed WbgU (40 kDa, indicated by an arrow) was collected 

in the flow-through. Undigested WbgUTEV6H, host cell proteins, His-tag, and his-tagged TEV-

protease were eluted using an isocratic elution step with 500 mM imidazole. Conc [%B] (green), 

specified by the pump control, represents the ratio of elution buffer containing 500 mM imidazole 

to equilibration buffer, UV [mAU] (blue) the UV absorption, and Cond [mS/cm] (orange) indicates 

the conductivity (A). Fractions of the flow-through (F1 to F17) and elution (F19) are numbered in 

grey (A) and were analysed by SDS-PAGE and Coomassie staining (B). MW represents the molecular 

mass standard in kDa. 

Test sera of all three animals obtained 60 days after immunization were used to assess 

specificity and to establish immunoblot procedures. Different sera dilutions were tested with 

5 % BSA/TBST, 5 % MMP/TBST, or 5 % Casein/TBST as blocking buffer. Results are 

shown in Figure 28. Following the protocol described in section 2.4.7, the lowest 

background signals were detected using 5 % MMP/TBST and therefore this blocking agent 

was employed in subsequent immunoblot experiments with Anti-WbgU serum. Results 

indicated the presence of antibodies targeting WbgU in the tested rabbit sera and strong 

signals were detected at both dilutions (Figure 28). However, to improve the specificity of 

the sera, the animals were kept for an additional time period of 30 days before the final sera 

samples were collected. 
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Figure 28: Western Blot assessing Anti-WbgU test sera collected 60 days after immunization 

using different blocking buffers. Cell extracts of E. coli SHuffle® T7 Express harbouring 

pET23a_wbgUTEV6H grown in LB-medium was used in 10 µL aliquots to load four SDS-gels, and 

protein was carried out as described in 2.4.7. Blotted PVDF membranes were cut into stripes and 

incubated with 5 % BSA/TBST (A), 5 % MMP/TBST (B), or 5 % Casein/TBST (C) for two hours. 

Sera were added according to the dilutions indicated (A) and the membranes were further incubated 

for one hour. Subsequent to the washing steps, the strips were incubated for one hour in 5 % 

MMP/TBST with 1:2000 diluted Anti-rabbit antibodies coupled to HRP. Prior to detection by 

chemiluminescence, the strips were reassembled. Protein bands corresponding to WbgUTEV6H 

(41 kDa) are highlighted by an arrow. M indicates prestained protein marker. Pre-immune sera 

samples were obtained from the animals prior to immunization. 

The quality of the final rabbit sera sample collected 90 days post-immunization was assessed 

using material taken from animal 3. Dilutions of serum and secondary antibody were 

increased to 1:30000 and 1:60000, respectively (Figure 29). 
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Figure 29: Evaluation of Anti-WbgU serum. Cell extracts of E. coli SHuffle® T7 Express 

harbouring pET23a_wbgUTEV6H and E. coli SHuffle® T7 Express containing pET23d(+) were 

assessed by Western Blot analysis using rabbit 3-Anti-WbgU serum collected 90 days post-

immunization. Serum dilutions of 1:30000 and blocking agent 5 % MMP/TBST were used. Dilutions 

of the secondary antibodies were adjusted to 1:60000. Purified WbgUTEV6H was included as control 

(A). Untreated WbgUTEV6H and TEV-protease treated protein samples were assessed by Western 

Blot analysis using either rabbit 3-Anti-WbgU serum obtained 90 days post-immunization or Anti 

Penta His antibodies as described in section 2.4.7 (B). The arrows indicate the molecular mass of 

WbgUTEV6H and WbgU. 

A WbgUTEV6H-correlating 41 kDa protein band was detected in the cell extract of E. coli 

SHuffle® T7 Express harbouring pET23a_wbgUTEV6H (Figure 29), whereas no respective 

signal was visible in the control strain containing pET23d(+). Furthermore, the signal at 

41 kDa was still visible for TEV-protease treated WbgUTEV6H, while the corresponding 

band was not detected using Anti Penta His antibodies. The described experimental 

parameters were employed in subsequent Western Blot procedures using rabbit 3-Anti-

WbgU serum. 

3.3 Characterization of  WbgU 

In order to confirm the integrity of the isolated WbgU, the secondary structure and physical 

properties of the protein were assessed by CD spectroscopy. Furthermore, in vitro activity 

was investigated employing CE to monitor the substrate conversion of UDP-GlcNAc and 

UDP-GalNAc. A modified glycosyltransferase assay was used to assess the combination of 
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the glycosyltransferase GalNAc-T2, epimerase WbgU, and a suitable target protein for in vitro 

glycosylation. 

3.3.1 CD spectroscopy 

Prior to measuring the CD spectra, the storage buffer of the purified WbgU protein solution 

was exchanged into 20 mM sodium phosphate, pH 7.75. The CD-scans of WbgU depicted 

in Figure 30A indicate the folding of WbgU, showing characteristic minima of molar 

ellipticity at 208 nm and 222 nm typical for α-helical secondary structures (Kelly Sharon M. 

and Price 1997). Differences in the scans monitored at 20 °C and 37 °C potentially indicate 

a reduction of secondary structures at 37 °C. 

The thermal stability of WbgU was investigated by recording temperature-dependent 

changes in molar ellipticity at 220 nm from 20 to 70 °C (Figure 30B). Fitted data revealed 

the thermal transition point of WbgU at 42.55 ± 0.04 °C in the higher mesophilic zone. The 

thermal transition point increased to 43.07 ± 0.04 °C and 51.29 ± 0.13 °C in the presence of 

UDP-GlcNAc and UDP-GalNAc, respectively. The CD measurements were carried out in 

collaboration with Dr. Sebastian Leptihn at the Institute for Microbiology and Molecular 

Biology at the University of Hohenheim. 

 

Figure 30: CD spectroscopy (A) and thermal stability measurements of WbgU (B) (Mueller 

et al. 2018) . Far UV (195 - 260 nm) spectra of WbgU at 20 °C (black line) and 37 °C (red line) 

indicating the folding status of WbgU in 20 mM sodium phosphate buffer at pH 7.75. CD data were 

reported as molar ellipticity (Θ). Thermal unfolding profiles of WbgU (white squares), WbgU in the 

presence of either UDP-GlcNAc (blue squares) or UDP-GalNAc (yellow squares) were monitored 

at 220 nm. 

A B
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3.3.2 WbgU in vitro activity analysed by capillary electrophoresis (CE) 

In order to verify the expression of functional WbgU, the reversible substrate conversion of 

UDP-GlcNAc and UDP-GalNAc was assessed by CE analysis. High (1.50 mM) and low 

(0.15 mM) concentrations of both UDP-HexNAc sugars were used and analysed separately. 

Following the addition of WbgU, samples were taken at seven different time points and heat 

inactivated. UDP-GlcNAc and UDP-GalNAc were subsequently separated by CE and 

detected at 254 nm. The determined ratios, displayed in Figure 31, indicated an equilibrium 

of 30:70 of UDP-GalNAc:UDP-GlcNAc after 5 min, when 0.15 mM UDP-HexNAc sugar 

substrates were used. After 15 min, 1.5 mM UDP-GlcNAc and 1.5 mM UDP-GalNAc were 

converted to about 30 % and 57 %, respectively. These findings are in accordance with data 

published previously for the His-tagged variant of WbgU (Kowal and Wang 2002), thus 

proving the functionality of the expressed and purified WbgU. 

 

Figure 31: In vitro activity of WbgU analysed by capillary electrophoresis (Mueller et al. 2018). 

Substrate conversion of the sugar substrates UDP-GlcNAc (blue squares) and UDP-GalNAc (yellow 

squares) using 0.15 mM (small squares) and 1.50 mM (big squares) in the presence of 3.5 µg WbgU. 

UDP-GlcNAc and UDP-GalNAc were separated by CE and detected at 254 nm. The mean substrate 

conversion was calculated based on the relative peak area of three independent experiments and 

results are shown including the standard deviation. 

3.3.3 Modified glycosyltransferase assay to demonstrate in vitro activity of WbgU 

The in vitro activity of WbgU was assessed in combination with the glycosyltransferase 

GalNAc-T2 and a glycosylation target peptide. Therefore, the already established 

glycosyltransferase assay previously used to assess the activity of GalNAc-T2 (Lauber et al. 

2015, Wu 2011) was modified by replacing UDP-GalNAc with the 4-epimerase and UDP-

GlcNAc (Figure 32).  
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Figure 32: Schematic representation of the modified in vitro glycosyltransferase assay. The 

original method (Lauber et al. 2015, Wu 2011) was changed by replacing the glycosyltransferase sugar 

substrate UDP-GalNAc (yellow squares) with UDP-GlcNAc (blue squares) and WbgU. The 4-

epimerase catalyzes the interconversion of UDP-GalNAc and UDP-GlcNAc. UDP was released 

during the transfer of GalNAc to the acceptor peptide EA2 (PTTDSTTPAPTTK). A coupled 

phosphatase in the reaction mixture, hydrolysed UDP to UMP and an inorganic phosphate. Released 

phosphate was quantified using malachite green reagents (Wu 2011). 

Peptide EA2 was utilized as glycosylation acceptor protein and the specific activity of 

GalNAc-T2 was calculated as described in 2.5.3. Released UDP was converted to UMP and 

inorganic phosphate by a specific phosphatase in the reaction mixture (Wu 2011). In order 

to test WbgU under glycosyltransferase assay conditions, in vitro activity of the 4-epimerase 

was assessed by CE using assay buffer solutions (data not shown). Results revealed a 

significantly lower activity of WbgU compared to data obtained in 20 mM TRIS pH 8.5. 

Even at lower UDP-HexNAc sugar concentrations (0.15 mM), the previously stated 

equilibrium was not reached after a reaction time of 15 min. Therefore, different amounts of 

WbgU were tested and a pre-incubation period of the reaction mixture with WbgU prior to 

the addition of the glycosyltransferase was included to avoid potential limitations on 

glycosylation reactions due to low C4-epimerase activity (Figure 33). Results confirmed the 

importance of pre-incubation, since the lowest amounts of released phosphate were detected 

in samples without any pre-incubation period. The highest phosphate amount (1204 pmol) 

was measured after a pre-incubation time of 20 min and addition of 1 µg WbgU (Figure 33 

red bar). Hence, these parameters were used for subsequent modified glycosyltransferase 

assays. 
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Figure 33: Optimization of the modified glycosyltransferase assay. UDP-GalNAc was replaced 

with UDP-GlcNAc and WbgU. Different pre-incubation times of the reaction mixture at 37 °C 

containing 0.5 mM UDP-GlcNAc, 0.25 mM EA2, and various amounts of WbgU per reaction were 

investigated. Subsequently, 50 ng of commercial rhGalNAc-T2 were added and the reaction mixture 

was incubated for 1 h at 37 °C. The malachite green detection method was used to quantify released 

inorganic phosphate (Wu 2011) of two technical replicates. Addition of 1 µg WbgU and a pre-

incubation time of 20 min revealed the highest average amount of released phosphate (red bar). 

The in vitro activity of E. coli-derived isolated HisDapGalNAc-T2 in combination with UDP-

GlcNAc and WbgU was assessed employing the modified glycosyltransferase assay. The 

commercially available rhGalNAc-T2, expressed in NS0 cells, was used as control. Both 

glycosyltransferases were assessed in combination with UDP-GalNAc or UDP-GlcNAc as 

substrates in the presence or absence of WbgU (Figure 34). 

The in vitro activity of WbgU was demonstrated based on the release of phosphate in the 

glycosylation reaction indicating the conversion of UDP-GlcNAc to UDP-GalNAc. The 

combination of glycosyltransferase, WbgU and UDP-GalNAc was included as control. In 

the presence of WbgU and sugar substrate UDP-GalNAc, the specific activity of rhGalNAc-

T2 and HisDapGalNAc-T2 increased from 402 pmol*min-1*µg-1 to 507 pmol*min-1*µg-1 and 

from 108 pmol*min-1*µg-1 to 152 pmol*min-1*µg-1, respectively (Figure 34). No activity was 

detected for both glycosyltransferases in the presence of UDP-GlcNAc without WbgU. 

Specific activities with UDP-GalNAc as sugar substrate were roughly comparable to the 

values detected for the combination of WbgU and UDP-GlcNAc. Generally, significantly 

higher activities were detected for rhGalNAc-T2 compared to HisDapGalNAc-T2 (Figure 

34), thus confirming results published previously (Lauber et al. 2015). 
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Figure 34: In vitro activity of WbgU in combination with GalNAc-T2 using a modified 

glycosyltransferase assay (Mueller et al. 2018). The mean specific activities of recombinant human 

GalNAc-T2 (rhGalNAc-T2) commercially produced in NS0 cells and His-tagged GalNAc-T2 

(HisDapGalNAc-T2) expressed in E. coli were determined in four independent experiments as 

duplicates using 0.5 mM UDP-GalNAc and UDP-GlcNAc as activated sugar donors, 0.25 mM EA2 

peptide acceptor substrate and 1 µg WbgU. Samples containing WbgU were incubated for 20 min at 

37 °C prior to glycosyltransferase addition and subsequently incubated for 20 min at 37 °C. Numbers 

indicate the specific activities in pmol*min-1*µg-1. Results are displayed including the standard error; 

n.s. = not significant. 

3.4 Co-expression of  GalNAc-T2, WbgU and T7Muc10 

In order to develop a glycosylation competent E. coli strain, an expression vector encoding 

the glycosyltransferase GalNAc-T2, the epimerase WbgU, and a target protein was created. 

The genes were inserted under the control of an IPTG-inducible T7 promoter. The target 

protein T7Muc10 was designed based on amino acids 127 to 230 of the rat apomucin 

sequence, resulting in a protein that comprises six repeats of the EA2 sequence 

(PTTDSTTPAPTTK) and two repeats of the EAN sequence (PTTDSTTPAPTNK), 

followed by an asparagine – glycine linker, a thrombin cleavage site, and a 10x His-tag. As a 

result of the cloning strategy, the T7 leader sequence encoded on the pET23d(+) vector 

sequence was translationally fused to the N-terminus of T7Muc10 (Figure 35). 

402   382  507

108   107  152
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Figure 35: Primary structure of T7Muc10 (Mueller et al. 2018). The repetitive amino acid 

sequences EA2 and EAN are indicated. Potential glycosylation sites (Ser/Thr) are highlighted in red. 

The N-terminal peptide sequence comprising amino acids 1 to 20 could not be covered by HPLC-

ESI-LTQ-OT-analysis (shown in bold and grey). In silico proteolytic (Asp-N) digestion of truncated 

T7Muc10 results in nine peptides (1-9) with four different sequences. Predicted trypsin cleavage sites 

are indicated with an asterisk. 

3.4.1 Construction of plasmid pET23d_galNT2_T7Muc10_wbgU  

Construct pET23d_galNT2_T7Muc10_wbgU was assembled starting from plasmid 

pET23d_galNT2 as outlined in Figure 36. The genes encoding WbgU and the synthetic 

target protein T7Muc10 were inserted downstream of the galNT2 sequence, to ensure strong 

expression of the glycosyltransferase. 
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Figure 36: Construction strategy of expression plasmid pET23d_galNT2_T7Muc10_wbgU. 

The restriction enzymes SacI and NotI were used to insert the codon optimized wbgU gene derived 

from pMA-T_wbgU into pET23d_galNT2 to create plasmid pET23d_galNT2_wbgU. BamHI and 

EcoRI restriction sites were added to the designed muc10 sequence derived from the rat apomucin 

employing PCR techniques. The resulting DNA fragment was inserted into pET23d_galNT2_wbgU 

using BamHI and EcoRI sites. The final construct pET23d_galNT2_T7Muc10_wbgU encoding the 

three required proteins for in vivo O-glycosylation in E. coli was generated. 

The following two cloning steps were carried out by Synbio Tech Inc. The first step involved 

the insertion of the DNA-fragment encoding wbgU, derived from plasmid pMA-T_wbgU, 

into the recipient vector pET23d_galNT2 using SacI and NotI restriction enzymes. Plasmid 

pMA-T_wbgU was used as template to introduce BamHI and EcoRI restriction sites at the 3’ 

and 5’ end of the muc10 DNA-fragment by PCR amplification, respectively. In a second step, 

the resulting DNA-fragment was inserted into plasmid pET23d_galNT2_wbgU using BamHI 

and EcoRI restriction enzymes and construct pET23d_galNT2_T7Muc10_wbgU was isolated 

(Figure 36). 
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3.4.2 Construction of control plasmid pET23d_galNT2_T7Muc10  

Plasmid pET23d_galNT2_T7Muc10 was designed to encode galNT2 and T7Muc10 as control 

expression construct to subsequently assess in vivo glycosylation of T7Muc10. In E. coli strains 

harbouring this plasmid, no glycosylation of the target protein is expected due to the lack of 

UDP-GalNAc in the host cell background. Plasmid DNA of 

pET23d_galNT2_T7Muc10_wbgU was treated with EcoRI and XhoI restriction enzymes and 

wbgU removed. The resulting gap was closed using a compatible and annealed pair of 

oligonucleotides encoding an MfeI restriction site, and pET23d_galNT2_T7Muc10 was 

created (Figure 37). The construct was verified by restriction digestion and sequence analysis 

confirming the introduced MfeI restriction site (Figure 38). 

 

Figure 37: Strategy to create control plasmid pET23d_galNT2_T7Muc10. Oligonucleotides 

EcoRIMfeIXhoI_fw and EcoRIMfeIXhoI_rv containing a MfeI restriction site were annealed. EcoRI 

and XhoI digested target vector pET23d_galNT2_T7Muc10_wbgU was ligated with the annealed 

oligonucleotides and wbgU deleted. 
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Figure 38: MfeI restriction analysis to verify the deletion of wbgU. 

pET23d_galNT2_T7Muc10_wbgU (+) and pET23d_galNT2_T7Muc10 (-) were treated with MfeI and 

analysed by agarose gel electrophoresis. No MfeI restriction site was present in plasmid 

pET23d_galNT2_T7Muc10_wbgU and the undigested DNA was identified (MfeI, lane +). The 

expected band of about 5700 bp was detected with MfeI-linearized pET23d_galNT2_T7Muc10 vector 

DNA (MfeI, lane +). M: DNA-ladder 1 kb. 

3.4.3 Expression of T7Muc10 

A test expression employing E. coli SHuffle® T7 Express harbouring plasmid pMJS9 in 

combination with either plasmid pET23d_galNT2_T7Muc10_wbgU, 

pET23d_galNT2_T7Muc10, or pET23d was carried out using 5010 medium. Additionally, 

the impact of IPTG on protein expression was investigated by adding IPTG to bacterial 

cultures (2.3.5) followed by an incubation period of 4 h at 30 °C. Harvested and lysed cells 

were assessed for the presence of soluble and insoluble T7Muc10. Results presented in 

Figure 39 indicated increased amounts of T7Muc10 in soluble fractions derived from 

induced samples suggesting a positive impact of IPTG on soluble target protein levels 

(Figure 39B). The calculated molecular mass of T7Muc10 was 16.5 kDa. However, the 

apparent mass of approximately 33 kDa detected by Western Blot analysis was almost twice 

as high indicating a potential dimerization of the protein. When T7Muc10, GalNAc-T2, and 

WbgU were co-expressed, a small shift of the protein band was detected implying a slightly 

increased molecular mass of T7Muc10. An additional very faint band was detected between 

33 and 48 kDa (Figure 39B). These effects were not visible in the absence of WbgU. 
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Figure 39: SDS-PAGE (A) and Western Blot (B) analysis of the T7Muc10 test expression. 

Seed stocks of E. coli SHuffle® T7 Express harbouring the co-chaperone plasmid pMJS9 in 

combination with either plasmid pET23d_galNT2_T7Muc10_wbgU, pET23d_galNT2_T7Muc10, or 

pET23d(+) were grown in 10 mL 5010 medium at 30 °C and diluted to OD600 = 1 for induction. 

Cells were induced with 0.25 % (w/v) Ara and subsequently subdivided into two 5 mL cultures. One 

fraction was induced with 1 mM IPTG; no IPTG was added to the second sample. Expression was 

terminated 4 h post IPTG induction, and the cells were harvested and lysed. Samples of insoluble 

and soluble fractions were separated on a 4 to 20 % gradient gel, and visualized using UV-induced 

staining (A). Protein bands corresponding to T7Muc10 (estimated molecular mass 16.5 kDa) were 

detected at 33 kDa (indicated by an arrow) in immunoblot assays using Anti-His.H8 primary 

antibodies (B). In the presence of WbgU, an additional band between 35 and 48 kDa was visible in 

the soluble fraction. Molecular mass markers (MW) are in kDa. 

The functional expression of the glycosyltransferase GalNAc-T2 in E. coli has been reported 

and the importance of pre-/co-expression of chaperones using EnPresso® B medium 

demonstrated (Lauber et al. 2015). Therefore, the combined expression of co-chaperones, 

glycosyltransferase, epimerase, and T7Muc10 was assessed using EnPresso® B medium as 

described in section 2.3.5. After harvest and lysis of the cells, insoluble and soluble fractions 
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were separated and analysed by SDS-PAGE (Figure 40A) and immunoblot analysis (Figure 

40B to 4D). Based on densitometric evaluations, approximately 33 % of the expressed 

GalNAc-T2 (Figure 40B green arrows, 60 kDa) and 65 % of the WbgU (Figure 40C blue 

arrows, 40 kDa) were detected in the soluble fractions and 67 % and 35 %, respectively, in 

the insoluble fractions. The molecular mass of T7Muc10 was again detected at 32 kDa 

(Figure 40D red arrows) emphasizing the suggested dimerization phenomenon. In the 

presence of WbgU, the apparent molecular mass of T7Muc10 increased significantly (Figure 

40D orange arrows). The detected shift in molecular mass potentially indicates protein 

modification by glycosylation. 

 

Figure 40: Co-expression of GalNAc-T2, WbgU and T7Muc10 (Mueller et al. 2018). E. coli 

SHuffle® T7 Express harbouring plasmid pMJS9 in combination with either construct 

pET23d_galNT2_T7Muc10, pET23d_galNT2_T7Muc10_wbgU or the vector control pET23d was 

cultured in 2 mL EnPresso® B medium at 30 °C. Cells were harvested 24 hours post IPTG induction 

and lysed. Insoluble and soluble fractions were separated and analysed using Coomassie stained SDS-

Gel (A) and Immunoblot analysis with Anti-GalNAc-T2 (B), Anti-WbgU rabbit serum (C) and Anti-

His.H8 (D). Purified GalNAc-T2 (HisDapGalNT2, 60 kDa) (B), WbgU (40 kDa) (C) and T7Muc10 

(16.5 kDa) (D) were included as controls. Molecular mass markers (MW) are in kDa. The presence 

(+) or absence (-) of galNT2, T7Muc10 and wbgU in the respective expression sample is indicated. 

Protein bands representing GalNAc-T2 are highlighted by green, WbgU by blue and T7Muc10 by 

red and orange arrows. 
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3.5 Purification of  T7Muc10 

In order to enable the purification of T7Muc10 using Ni-NTA affinity chromatography, a 

C-terminal His-tag was translationally fused to allow efficient purification of potentially 

glycosylated T7Muc10 for further analysis. A similar buffer system as described in sections 

2.4.2.1 and 2.4.2.2 for the purification of HisDapGalNAc-T2 and WbgUTEV6H, 

respectively, was initially employed to develop a purification protocol. Expression of 

T7Muc10 was carried out using a 5 L baffled shaking flask containing 1.25 L 5010 medium 

to provide sufficient amounts of purified protein, the E. coli SHuffle® T7 Express harbouring 

pMJS9 carrying the genes encoding the co-chaperones Erv1p and PDI, co-expressing 

expressing GalNAc-T2 as well as T7Muc10 was employed as production host. 4.2 g cells 

were harvested 4 h post IPTG and arabinose induction. 

3.5.1 Investigation of the Ni-NTA affinity chromatography for T7Muc10 

purification 

Cells were lysed and the soluble fraction purified using a Ni-NTA spin column as outlined 

in section 2.4.2.3. Aliquots of the collected fractions were assessed by SDS-PAGE and 

protein bands corresponding to T7Muc10 were visible in both elution fractions (Figure 41, 

lanes E1 and E2, red arrow). 

 

Figure 41: SDS-PAGE analysis of collected fractions during T7Muc10 purification using Ni-

NTA spin columns. 141 mg cells were lysed and the soluble fraction (S) loaded onto an equilibrated 

Ni-NTA spin column and the flow-through collected (FT). The column was subsequently washed 

with equilibration buffer (Wash1) followed by a second and third washing step with equilibration 

buffer containing 20 mM imidazole (Wash2 & Wash3). Bound protein was eluted using equilibration 

buffer supplemented with 500 mM imidazole (E1 & E2). 10 µL of each collected fraction was 

separated by SDS-PAGE and bands were visualized by Coomassie staining. Molecular mass markers 

(MW) are in kDa. T7Muc10 is indicated by a red arrow. 

The purification process was subsequently transferred to an ÄKTA Purifier device 

employing the identical process parameters as previously described for WbgUTEV6H 
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purification (2.4.2.2) with the following exception. A 20 CV linear gradient was used instead 

of an isocratic elution step. The experimental procedure involved the lysis of another portion 

of the pelleted cells and subsequent loading of the supernatant onto a 1 mL HisTrap™ FF 

column. The column was washed with 20 mM imidazole, followed by linear gradient elution 

(Figure 42A). Fractions collected during elution were analysed by SDS-PAGE and a high 

amount of impurities was detected in samples containing T7Muc10 (Figure 42B, lanes 7 to 

10). Results also suggest that the success of the affinity chromatography is potentially 

influenced by the Ni-NTA column material employed, since the resin of the spin column 

(Figure 41) was provided by a different manufacturer. Although successful, the use of small-

scale spin columns, to recover a workable amount of T7Muc10 from the supernatant of lysed 

cells was not feasible. Hence, an indirect ion exchange chromatography step was established 

to pre-purify T7Muc10 from the supernatant. 

 

Figure 42: Boxed area indicated in the T7Muc10 Ni-NTA purification chromatogram using 

a linear gradient purification method (A) and SDS-PAGE analysis of the collected fractions 

(B). The supernatant of 1 g lysed cells expressing T7Muc10 and GalNAc-T2 was loaded onto a 1 mL 

HisTrap™ FF column, and washed with 20 mM imidazole until UV absorption was constantly low. 

A linear 20 CV gradient to 500 mM imidazole was applied to elute bound protein. Conc [%B] (green), 

specified by the pump control, represents the ratio of elution buffer containing 500 mM imidazole 

to washing buffer, UV absorption UV [mAU] (blue), and Cond [mS/cm] (orange) indicates the 

conductivity. The flow rate was set to 1 mL/min. Fractions depicted in grey numbers (A) were 

collected during loading (FT), washing (2), and elution (6 to 10). The soluble fraction (S) and the 

collected fractions were analysed by SDS-PAGE and visualised using Coomassie staining. Previously 
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purified T7Muc10 was included as control (indicated by the red arrow). Molecular mass markers 

(MW) are in kDa. 

3.5.2 Establishment of an indirect anion exchange chromatography (AIEX) step 

The calculated isoelectric point (pI) of 10.1 indicates ion exchange chromatography as tool 

for the purification of T7Muc10. First, the use of a cation exchange chromatography step 

was considered. Theoretically, T7Muc10 binds to the column resin, however, the approach 

was subsequently abandoned to avoid elution buffers with high salt content. Therefore, a 

weak ion exchanger was tested in an anion exchange chromatography (AIEX) step at pH 

9.0. Under these conditions, T7Muc10 does not bind to the resin and can be recovered in 

the flow-through fraction. Other impurities with a lower pI than 9.0 bind to the column and 

are separated from the protein of interest. This concept was pursued by lysing another 

portion of the pelleted cells, the supernatant was adjusted to pH 9.0, and subsequently loaded 

on a 1 mL Capto™Adhere column. Bound protein was eluted using equilibration buffer 

containing 1 M NaCl (Figure 43A).  
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Figure 43: Enlarged view of the boxed area depicting the AIEX purification chromatogram 

of T7Muc10 (A), including subsequent SDS-PAGE analysis (B), and Western Blot analysis 

(C) of the collected fractions. The supernatant of 0.5 g lysed cells, expressing T7Muc10 and 

GalNAc-T2, (S) was applied onto a 1 mL Capto™Adhere column. Conc [%B] (green), specified by 

the pump control, represents the ratio of elution buffer, containing 1 M NaCl to elute bound protein, 

to equilibration buffer, UV [mAU] (blue) indicates the UV absorption, and Cond [mS/cm] (orange) 

the conductivity. The flow rate was kept constant at 1 mL/min. 1 mL fractions depicted as grey 

numbers (A) were collected during loading (1 to 10) and elution (14). 10 µL aliquots of each fraction 

were analysed by SDS-PAGE using Coomassie staining (B) and Western Blot analysis with Anti-

Penta His antibodies (C). T7Muc10 is indicated by red arrows. Molecular mass markers (MW) are in 

kDa. 
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The Western Blot analysis of the flow-through fractions collected revealed a band pattern of 

T7Muc10 reminiscent of a Gaussian distribution of T7Muc10 (Figure 43C, lanes 2 to 6). 

Results indicated the maximal T7Muc10 signal intensity in the fourth fraction (Figure 43C, 

lane 4), whereas the corresponding UV absorption signal in the chromatogram was already 

decreasing (Figure 43A). This finding suggests an interaction of T7Muc10 with the resin 

resulting in a delayed elution during loading. In order to exploit this phenomenon, four 1 mL 

Capto™Adhere columns were connected in series and the flow rate was reduced. In the 

resulting chromatogram, a shoulder in the decreasing signal of the UV absorption monitored 

during the loading step was visible (Figure 44A, red arrow). SDS-PAGE analysis of the 

collected fractions allowed the assignment of this shoulder to T7Muc10 (Figure 44B, lane 5 

to 8). By increasing the column height and decreasing the flow-rate, the majority of host cell 

proteins were separated from T7Muc10. Fractions 6 to 8, containing approximately 100 µg 

of protein, were pooled for a subsequent polishing step. 

 

Figure 44: Detailed view of the boxed area of the T7Muc10 AIEX chromatogram employing 

four columns connected in series (A) and SDS-PAGE analysis of the collected fractions (B). 

The supernatant of 0.5 g lysed cells expressing T7Muc10 and GalNAc-T2 (S) was loaded onto the 

serially connected 1 mL Capto™Adhere columns. Conc [%B] (green), specified by the pump control, 

represents the ratio of elution buffer, containing 1 M NaCl to elute bound protein, to equilibration 
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buffer, UV [mAU] (blue) indicates the UV absorption, and Cond [mS/cm] (orange) the conductivity. 

For equilibration and elution, the flow rate was kept at 1 mL/min and decreased to 0.5 mL/min 

during loading. 1 mL Fractions (depicted in A as grey numbers) were collected during loading (1 to 

8) and elution (10). Samples were analysed by SDS-PAGE using Coomassie staining (B). Molecular 

mass markers (MW) are in kDa. The red arrow indicates a shoulder in the decreasing UV signal 

attributed to T7Muc10. 

3.5.3 Using Ni-NTA spin columns as polishing step 

Fractions 4 and 5 collected during AIEX still contained a small amount of impurities. Ni-

NTA spin columns were used as previously described (2.4.2.3) to remove unwanted proteins 

from the solutions. Both fractions (4 and 5) were pooled and the pH adjusted to 8.0. The 

sample was loaded onto the Ni-NTA column followed by washing steps and bound protein 

was eluted twice with 500 mM imidazole. Analysis of the collected fractions indicated a 

depletion of the impurities in the elution fractions containing T7Muc10 (Figure 45A and 

44B, lanes E1 and E2). 

 

Figure 45: SDS-PAGE (A) and Western Blot (B) analysis of the fractions collected during the 

Ni-NTA polishing step (Mueller et al. 2018). 500 µL of the pooled fractions 4 and 5 of the 

previous AIEX (Pool) was loaded onto a Ni-NTA spin column and the flow-through collected (FT). 

The column was washed with equilibration buffer (W1) and washing buffer (W2). T7Muc10 was 

eluted using elution buffer twice (E1 and E2). Samples were analysed by SDS-PAGE using 

Coomassie staining (A) and Western blotting using Anti-Penta His antibodies (B). Molecular mass 

markers (MW) are in kDa. 

3.5.4 Purification of potentially glycosylated T7Muc10 

Putative glycosylated T7Muc10 was isolated using the previously established purification 

protocol employing the optimized AIEX procedure and Ni-NTA spin columns. Two 24-

DeepWell plates containing EnPresso® B medium were inoculated with E. coli SHuffle® T7 

Express harbouring plasmids pMJS9 and pET23d_galNT2_T7Muc10_wbgU. The supernatant 

of the lysed cells was pre-purified using the improved AIEX method already described. 

Similar to the purification of unglycosylated T7Muc10 (Figure 44, red arrow), a shoulder 

was visible in the decreasing UV absorption signal during loading (Figure 46A, red arrow). 

In contrast to results obtained for unglycosylated T7Muc10 (Figure 44), protein bands 
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ranging from 32 to 48 kDa were detected in the SDS-PAGE of the collected fractions 

(Figure 46B lanes 4 and 5). Based on the Western Blot analysis results, these protein bands 

at 32 and 48 kDa corresponded to T7Muc10 (Figure 46C). However, the majority of 

putative glycosylated T7Muc10 was detected in fraction 2 and 3, not in the fractions 4 and 5 

representing the shoulder indicated by a red arrow (Figure 46C).  

 

Figure 46: Enlarged view of the boxed area of the AIEX chromatogram (A) including SDS-

PAGE (B, fractions 1-7) and Western Blot analysis (C, fractions 2-7) of the fractions collected 

during pre-purification of potentially glycosylated T7Muc10. The supernatant of 0.5 g lysed E. 

coli SHuffle® T7 Express cells expressing T7Muc10, GalNAc-T2, and WbgU (S) was loaded onto 

four 1 mL Capto™Adhere columns connected in series. Conc [%B] (green), specified by the pump 

control, represents the ratio of elution buffer, containing 1 M NaCl to equilibration buffer, UV 

[mAU] (blue) indicates the UV absorption, and Cond [mS/cm] (orange) the conductivity. For 

equilibration and elution, the flow rate was kept at 1 mL/min and decreased to 0.5 mL/min during 

loading. 1 mL fractions, numbered in grey (A), were collected during loading (1 – 7) and analysed by 
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SDS-PAGE using Coomassie staining (B) and Western blotting with Anti-His.H8 antibodies (C). 

Molecular mass markers (MW) are in kDa; purified T7Muc10 was included as control. The arrow 

indicates the mass of Unglycosylated T7Muc10. 

Employing the established Ni-NTA spin column purification procedure, potentially 

glycosylated T7Muc10 was purified using fraction 4. Results displayed in Figure 47 show 

the depletion of remaining impurities and clearly indicate the presence of different isoforms 

of T7Muc10 ranging from 35 to 60 kDa. 

 

Figure 47: SDS-PAGE (A) and Western Blot (B) analysis of fractions collected during the Ni-

NTA polishing step of potentially glycosylated T7Muc10 (Mueller et al. 2018). 500 µL of 

fraction 4 from the previous AIEX (F4) was loaded onto a Ni-NTA spin column and the flow-

through collected (FT). The column was washed with equilibration buffer (W1) and washing buffer 

(W2). T7Muc10 was eluted using elution buffer twice (E1 and E2). 10 µL aliquots of each sample 

were analysed by SDS-PAGE using Coomassie staining (A) and Western blotting with Anti-His.H8 

antibodies (B). Molecular mass markers (MW) are in kDa. 

3.6 Analysis of  isolated T7Muc10 

Glycosylation modifications of purified T7Muc10 proteins were assessed in detail using 

different mass spectrometric methods. The aspect of potential dimerization of T7Muc10 was 

investigated using high performance liquid chromatography (HPLC) employing size 

exclusion chromatography (SEC). 

3.6.1 Analysis of T7Muc10 by mass spectrometry 

In order to verify the presence of T7Muc10 as well as a potential GalNAc modification, 

bands migrating at 33 kDa (Figure 45) and 33 to 60 kDa (Figure 47) were cut from 

Coomassie-stained SDS gels, and subsequently submitted for analysis by liquid 

chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) at the 

Life Science Center of University of Hohenheim. Prior to analysis, the solubilized samples 

were treated with trypsin. Peptides identified during the analysis of material derived from the 

33 kDa band were assigned to T7Muc10 (data not shown). Examination of protein isolated 
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from the 33 to 60 kDa band revealed modifications of T7Muc10-derived peptides consistent 

with a transfer of GalNAc residues, indicating the presence of glycosylated T7Muc10 in the 

purified sample (Table 32). 

Table 32: Detected glycosylated and fragmented peptides of T7Muc10 using ESI-MS/MS 

(Mueller et al. 2018). In order to distinguish the six repeats of EA2 peptide sequence repeats 

(PTTDSTTPAPTTK) present in T7Muc10, adjacent EA2 motifs within the detected fragments are 

underlined. Identified modified threonines carrying GalNAc residues are indicated in lower case 

letters in bold. 

Fragment sequence Peptide identification 

probability [%] 

Observed 

m/z 

Actual peptide 

mass [Da] 

Position of the 

modified 

threonine within 

the EA2 peptide 

PTTDSTTPAPTtK 97 760.87 1519.73 12 

PTTDSTtPAPTTK 97 760.87 1519.73 7 

STTPAPTtKPT 100 652.83 1303.65 12 

STTPAPTTKPTtD 100 760.87 1519.73 3 

STTPAPtTKPTTD 100 760.87 1519.72 11 

 

For intact mass detection, samples containing purified unglycosylated or potentially 

glycosylated T7Muc10 were analysed. Ultra- performance liquid chromatography coupled 

with electrospray ionization - quadrupole time-of-flight mass spectrometry (UPLC-ESI-

QTOF-MS) was used to determine the average mass of T7Muc10 at 14,230 Da with a mass 

deviation of 68.06 ppm. This finding was unexpected, since a mass of 16,531 Da was 

calculated from the amino acid sequence (Figure 48A). However, the identified mass 

corresponded to a truncated version of T7Muc10 (AS 21 to 159). Additionally, N-terminal 

Edman degradation revealed the lack 20 N-terminal amino acids verifying the presence of 

truncated T7Muc10. Results of the potentially glycosylated protein by LC-MS analysis 

suggested different glycosylation levels, ranging from zero to 24 carbohydrate moieties linked 

to different Thr or Ser residues of the 57 putative O-glycosylation sites identified in truncated 

T7Muc10 (Figure 48B). The detected mass difference of 203.2 Da is consistent with the 

presence of GalNAc. Consequently, attachment of 24 sugar moieties increased the average 

molecular mass by approximately 4877 Da. 
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Figure 48: UPLC-ESI-ToF-MS analysis of intact unglycosylated (A) and glycosylated 

T7Muc10 (B) (Mueller et al. 2018). UPLC-ESI-ToF mass spectrometry was employed to analyse 

protein samples previously purified, dialysed and filtered. Charge deconvolution of MS spectra was 

realized by using the MaxEnt 1 algorithm. MS spectra of intact N-terminally truncated T7Muc10 (AS 

21 -159) (A) and glycosylated T7Muc10 (B) are shown. The average molecular mass (Da) of respective 

proteoforms is indicated. The mass increment of 203.2 Da corresponds to an O-linked β-N-

acetylgalactosamine. 

Both unglycosylated and glycosylated T7Muc10 were treated with the endoprotease Asp-N 

to allow a more detailed analysis. Protease digestion of T7Muc10 resulted in a mixture 

comprising N-terminal and C-terminal fragments as well as five EA2 and two EAN peptides. 

(Figure 35). Samples were analysed by HPLC-ESI-LTQ-OT-MS and MS/MS revealing 

different glycosylation levels of EA2- and EAN-peptides, ranging from zero to four attached 

GalNAc moieties (Table 33). Interestingly, glycosylated peptides with the same mass were 

identified at different retention times. This finding indicated the presence of different 

patterns of varying glycosylation sites with GalNAc moieties attached at EA2 and EAN 

tandem repetitions. (Table 33). 

Table 33. HPLC-ESI-LTQ-OT-MS analysis of glycosylated T7Muc10 (Mueller et al. 2018). 

40 µg of glycosylated T7Muc10 was treated with 0.5 µg endoprotease Asp-N at 37 °C overnight. 

Subsequently, proteolytic peptides were identified via HPLC-ESI-LTQ-OT-MS analysis. Each 

attached GalNAc moiety increased the theoretical monoisotopic mass by 203.07937 u. Deconvoluted 

m/z is presented for single protonated or doubled protonated peptides. Relative quantification of 

peptides was conducted using the MassMap® software. Extracted ion chromatograms (XIC) of MS 

signals were generated using a mass tolerance of 5 ppm. Relative peptide abundances of glycosylated 
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and non-glycosylated peptides were calculated from the integration of the respective peptide peaks. 

The C-terminal peptide was not detected (n.d.). 

Peptide 

descript-

tion 

Peptide sequence Retention 

time [min] 

m/z 

measured 
[M+H]

+

theor
 

Charge 
state 

Δm 

[ppm] 

GalNAc 

moieties 

Relative 

abundance 

[%] 

1 YTMAPTT 16.93 784.355   784.355 +1 -0.98 0   88.21 

  18.54 987.434   987.434 +1  0.61 1   11.80 

2/3/4/7

/8 

DSTTPAPTTKPTT 11.65 1317.653 1317.653 +1  0.62 0 27.64 

  10.68 1520.733 1520.733 +1 -0.40 1 40.35 

    9.14 1723.812 1723.812 +1  0.31 2 25.10 

  10.83 1723.812 1723.812 +1 -0.32 2   4.34 

  10.47 1926.891 1926.891 +1 -0.18 3   2.22 

  10.03 1065.489 2129.971 +2 -0.37 4   0.36 

5/6 DSTTPAPTNKPTT 10.42 1330.649 1330.649 +1  0.23 0   21.00 

    9.82 1533.728 1533.728 +1  0.39 1 36.34 

    8.38 1736.807 1736.807 +1  0.13 2   27.71 

    9.98 1736.807 1736.807 +1 -0.07 2   12.00 

    8.00 1939.887 1939.887 +1 -0.01 3 2.45 

    9.93 1939.887 1939.887 +1 -0.96 3   0.43 

    9.47 1071.987 2142.966 +2 -0.14 4 0.07   

9 DSTTPAPTTKNN

NNNNNNGGLVP

RGSGGGSGHHH

HHHHHHH 

n.d. 

 

4339.9583 

 

- 0 0 

The detected peptides were subjected to MS/MS fragmentation to obtain detailed data 

indicating possible locations of the GalNAc moieties. GalNAc modifications were detected 

linked to threonines T2, T3, T6, T7, T11, and T12 of the EA2- and EAN-peptides 

(Appendix 1). Additionally, a modified Ser at position 5 of the tandem EA2 sequence 

adjacent to the asparagine-glycine linker was identified (Appendix 1). 

3.6.2 HPLC-SEC Analysis 

Samples containing purified unglycosylated or glycosylated T7Muc10 were separated on an 

analytical SEC column. A protein standard was used to estimate the molecular mass of 

detected peaks in the monitored UV absorption (Figure 49A). Separation of the sample 

containing unglycosylated T7Muc10 revealed three UV absorption peaks (25.4 kDa, 

13.1 kDa, and 2.2 kDa), which were allocated to calculated masses of the truncated dimer 
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(28.6 kDa), the truncated monomer (14.3 kDa) and the N-terminal segment (2.3 kDa) 

(Figure 49B). Analysing the SEC chromatogram of the glycosylated T7Muc10 sample 

presented in Figure 49C, one UV absorption peak was assigned to the truncated and 

glycosylated monomer (19.3 kDa), whereas the second detected peak of 52 kDa did not 

clearly correlate to a multimeric variant of T7Muc10. In both samples, a peak corresponding 

to a protein with a molecular mass higher than 600 kDa was detected. 

 

Figure 49: SE-HPLC chromatograms of the mass reference (A), unglycosylated T7Muc10 

(B), and glycosylated T7Muc10(C). Purified protein samples were dialysed against 1x PBS pH 7.2, 

filtered and 20 µg unglycosylated or glycosylated T7Muc10 were loaded onto the SEC column. Prior 

to every run, the mass reference was measured and retention times determined (A). The flow was set 

to 0.3 mL/min and used to calculate the mass of monitored UV-absorbance [mAU] peaks of 

unglycosylated (B) and glycosylated (C) T7Muc10. 

3.7 Recombinant expression of  G-CSF 

The commercially relevant biopharmaceutical G-CSF carries one O-glycosylation site and 

represents a well-known target protein of the human GalNAc-T2 glycosyltransferase 

(Henderson et al. 2011, Hoggatt et al. 2015, Lauber et al. 2015). Unglycosylated G-CSF has 

been successfully produced as inclusion bodies employing E. coli-based expression platforms. 
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In the following experiments, the potential for soluble expression of G-CSF was investigated 

using the E. coli system previously established for successful production of HisDapGalNAc-

T2 (Lauber et al. 2015). 

Expression plasmid pET23d_HisDapG-CSF was constructed to express the G-CSF fusion 

protein HisDapG-CSF N-terminally fused to a polyhistidine tag followed by a 

diaminopeptidase sequence under the control of the IPTG-inducible T7 promoter (Figure 

50). Shuttle vector pMA_G-CSF carrying the nucleotide sequence of matured G-CSF (CSF3, 

Genbank accession NP_757373; aa31 – aa204) was kindly provided by Dr. R. Handrick 

(University of Applied Sciences Biberach, (Boubeva et al. 2012)). Both donor plasmid 

pMA_G-CSF and target vector pET23d_HisDapGalNAcT2 were treated with restriction 

enzymes NdeI and XhoI. The resulting G-CSF and pET23d-derived DNA fragments were 

isolated (Figure 50), ligated, and used to transform E. coli NovaBlue. Plasmid DNA isolated 

from six clones was assessed by restriction digestion analysis and five clones containing 

pET23d_HisDapG-CSF were identified. Two of the isolated constructs were subsequently 

verified by sequencing analysis. 

 

Figure 50: Cloning strategy to create expression plasmid pET23d_HisDapG-CSF. Target 

construct pET23d_HisDapGalNAcT2 and donor plasmid pMA-G-CSF were treated with restriction 

enzymes NdeI and XhoI to isolate the vector backbone and the G-CSF-encoding insert (Genbank 

accession NP_757373; aa31 – aa204), respectively. Both DNA fragments were ligated to create 
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pET23d_HisDapG-CSF. AmpR: ampicillin resistance gene, ColE1 ori: origin of replication, f1 origin: 

origin of replication of phage f1. 

Expression experiments were carried out employing the previously described E. coli SHuffle® 

T7 Express strain harbouring pMJS9 encoding the chaperones Erv1p and PDI under the 

control of an Ara-inducible promoter and plasmid pET23d_HisDapG-CSF. Bacterial cultures 

were grown in EnPresso® B medium, induced cells harvested and lysed as previously 

described (2.3.2 and 2.4.1). SDS-PAGE (Figure 51A) and Western Blot analysis (Figure 

51B) indicated the presence of HisDapG-CSF as monomer (21 kDa) and dimer (42 kDa) in 

both insoluble and soluble fractions. Based on densitometric analysis, 67 % of the monomer 

and 94 % of the potential dimer of HisDapG-CSF were detected in the insoluble fraction. 

Accordingly, 33 % of the monomer and 6 % of the potential dimer were detected in the 

soluble fraction. Furthermore, a band identified at approximately 63 kDa potentially 

indicated the presence of a trimer. 

 

Figure 51: SDS-PAGE (A) and Western Blot (B) analysis of HisDapG-CSF expression using 

the established E. coli-based system. Seed stocks of E. coli SHuffle® T7 Express harbouring the 

co-chaperone plasmid pMJS9 in combination with either plasmid pET23d(+) or pET23d_HisDapG-

CSF were grown in 2 mL EnPresso® B medium at 30 °C and induced as described in 2.3.2. Cells 

were harvested 24 hours post-IPTG induction and lysed. Insoluble and soluble fractions were 

separated and analysed employing SDS-PAGE with UV-induced staining (A), and immunoblot 

analysis with Anti-His.H8 antibodies (B). HisDapG-CSF (21 kDa) and its potential dimer (42 kDa) 

are indicated by arrows. Purified WbgUTEV6H was included as control. Molecular mass markers 

(MW) are in kDa. 

3.8 In vivo O-glycosylation of  HisDapG-CSF 

3.8.1 Construction of expression plasmid pMA-T_T7P_galNT2_HisDapG-

CSF_wbgU 

The lack of a unique restriction site between the stop codon of galNT2 and the RBS of 

T7Muc10 in expression plasmid pET23d_GalNT2_T7Muc10_wbgU rendered the exchange of 
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the DNA fragments encoding T7Muc10 with G-CSF very difficult. Therefore, the gene 

cassette comprising galNT2 and HisDapG-CSF was newly synthesized including BamHI and 

NheI restriction sites between the two genes. In addition, an NcoI site in the coding sequence 

of the glycosyltransferase was eliminated by altering the nucleotide triplet ACC to ACG thus 

introducing a silent mutation. The resulting gene fragment was provided by GeneArt® gene 

synthesis (Life Technologies GmbH, Germany) subcloned in plasmid pMA-

T_galNT2_HisDapG-CSF (Figure 52A). Subsequently, restriction enzymes XbaI and EcoRI 

were used to insert the synthesized gene cassette galNT2_ HisDapG-CSF into plasmid 

pET23d(+) under the control of the T7 promoter (Figure 52B). In order to enable the 

separation of two XbaI/EcoRI fragments of equal size, the donor vector was linearized first 

using ScaI. Ligated DNA was used to transform E. coli NovaBlue and all six tested clones 

harboured the desired plasmid pET23d_galNT2_HisDapG-CSF (Figure 52C) as judged by 

restriction analysis of isolated plasmid DNA. One of the constructs was subsequently verified 

by sequencing analysis. Plasmid pMK-RQ_wbgU (Figure 52D) was generated as a derivative 

of construct pMA-T_wbgU (Figure 16) by replacing the XbaI restriction site with a unique 

EcoRI site employing PCR-based mutagenesis techniques. This work was carried out by 

GeneArt® gene synthesis (Life Technologies GmbH, Germany). In order to achieve the 

assembly of galNT2, HisDapG-CSF, and wbgU in one construct, restriction enzymes EcoRI 

and XbaI were used to isolate the WbgU-encoding fragment derived from plasmid pMK-

RQ_wbgU. Ligations of this DNA fragment and EcoRI/XbaI-linearized target vector 

pET23d_galNT2_HisDapG-CSF were performed and used to transform E. coli NovaBlue. 

However, no transformants harbouring the desired plasmid pET23d_galNT2_HisDapG-

CSF_wbgU were identified (Figure 52E). Alternatively, restriction enzymes EcoRI and MfeI 

were used to obtain the wbgU-encoding fragment derived from plasmid pMK-RQ_wbgU. 

Plasmid pMA-T_galNT2_HisDapG-CSF was digested using EcoRI and the resulting vector 

fragment was ligated with the isolated insert to create construct pMA-T_galNT2_HisDapG-

CSF_wbgU (Figure 52F). Colonies of E. coli NovaBlue-transformants were isolated and 18 

clones tested by colony PCR - using primers gcsf_fw1 and EP02wbgUrv2 – and isolated 

plasmid DNA was assessed by restriction analysis. Three clones harbouring pMA-

T_galNT2_HisDapG-CSF_wbgU were identified and two of the isolated constructs were 

verified by sequencing analysis. Restriction enzymes XbaI and XhoI were used to treat 

plasmid pMA-T_galNT2_HisDapG-CSF_wbgU in order to isolate the DNA fragment 

carrying galNT2_HisDapG-CSF_wbgU. The gene cassette fragment and the XbaI/XhoI-

linearized plasmid pET23d(+) were ligated. Again, no clones harbouring the desired 

expression plasmid pET23d_galNT2_HisDapG-CSF_wbgU were identified. Two important 

difference comparing the vector sequences of pET23d(+) and pMA-T include the presence 

of T7 regulatory elements and the f1 origin on plasmid pET23d(+). The f1 origin was not 

important for the following experiments. However, the insertion of the T7 promoter region 

into plasmid pMA-T_galNT2_HisDapG-CSF_wbgU was pursued as alternative strategy. 

Therefore, two complementary, 5’-phosphorylated oligonucleotides were designed with 
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cohesive XbaI- compatible overhangs when annealed (Figure 52G). The oligonucleotides 

encoded the T7 promoter including the nucleotide sequence located between T7 promoter 

and XbaI site on plasmid pET23d(+). XbaI-linearized pMA-T_galNT2_HisDapG-CSF_wbgU 

and the annealed oligonucleotides were ligated and used to transform E. coli NovaBlue. 

Sixteen colonies were assessed by colony PCR using primers EP02pet23aT7promfw2 and 

02028 GalNT2seq_rv. Two clones harbouring plasmid pMA-T_T7P_galNT2_HisDapG-

CSF_wbgU (Figure 52H) were identified and sequence of the construct was subsequently 

verified by sequencing analysis.

 

Figure 52: Cloning strategy to isolate a construct expressing GalNAc-T2, WbgU, and 

HisDapG-CSF under the control of the T7 promoter. The DNA fragment carrying galNT2 and 

HisDapG-CSF derived from plasmid pMA-T_galNT2_HisDapG-CSF (A) was inserted into expression 

plasmid pET23d(+) (B) using the restriction enzymes ScaI, XbaI, and EcoRI in order to create 

expression plasmid pET23d_galNT2_HisDapG-CSF (C). The gene fragment encoding WbgU was 

obtained from plasmid pMK-RQ_wbgU (D) using restriction enzymes EcoRI and XhoI and 

subsequently inserted into plasmid pET23d_galNT2_HisDapG-CSF to create the final expression 

plasmid pET23d_galNT2_HisDapG-CSF_wbgU (E). However, no clones transformed with the 

ligation mixture were obtained. In a second approach, the DNA fragment carrying wbgU was isolated 

from plasmid pMK-RQ_wbgU (D) using EcoRI and MfeI and inserted into EcoRI-linearized pMA-
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T_galNT2_HisDapG-CSF (A) to generate pMA-T_galNT2_HisDapG-CSF_wbgU (F). The attempt to 

create pET23d_galNT2_HisDapG-CSF_wbgU (E) using the restriction enzymes XbaI and XhoI, 

plasmid pMA-T_galNT2_HisDapG-CSF_wbgU (F) as donor vector, and plasmid pET23d(+) (B) as 

target vector failed. A different strategy was employed and the complementary oligonucleotides 

T7Prom_XbaI_fw and T7Prom_XbaI_rv encoding the T7 promoter (T7P) were annealed (G). The 

5’-XhoI and 3’-XhoI compatible overhangs of the annealed oligonucleotides were designed to avoid 

the reconstitution of an additional XbaI restriction site. Plasmid pMA-T_galNT2_HisDapG-

CSF_wbgU (F) linearized by XbaI and the annealed oligonucleotides (G) were combined in order to 

generate the expression plasmid pMA-T_T7P_galNT2_HisDapG-CSF_wbgU (F). AmpR: ampicillin 

resistance gene, KanR: kanamycin resistance gene ColE1 origin: origin of replication, f1 origin: origin of 

replication of phage f1. 

3.8.2 Co-expression of GalNAc-T2, HisDapG-CSF, and WbgU 

In order to produce glycosylated HisDapG-CSF co-expression experiments were carried out 

as previously described (3.4.3) using E. coli SHuffle® T7 Express strains harbouring construct 

pMA-T_T7P_galNT2_HisDapG-CSF_wbgU with or without the presence of plasmid pMJS9. 

Therefore, the effect of pre- and co-expression of both chaperones Erv1p and PDI encoded 

by pMJS9 was investigated. Insoluble and soluble fractions were analysed by SDS-PAGE 

(Figure 53A) and immunoblot analysis (Figure 53B to D). In the presence of pMJS9, 

GalNAc-T2 (60 kDa) was identified in the soluble fraction, whereas no signal was detected 

in the insoluble fraction. By contrast, without pre- and co-expression of the chaperones, 

GalNAc-T2 was detected in the insoluble fraction and no corresponding band was visible in 

the soluble fraction (Figure 53B, green arrows). Estimated by densitometric analysis, 

approximately 34 % and 49 % of WbgU were detected in the soluble fractions in the 

presence and absence of the chaperones, respectively (Figure 53C, blue arrows). Analysing 

immunoblots using Anti-CSF3 antibodies, three bands at approximately 20, 30, and 36 kDa 

were detected; the lowest band roughly corresponding to the monomeric (21 kDa) and the 

highest band to the dimeric (42 kDa) forms of HisDapG-CSF, respectively (42 kDa) (Figure 

53D, red and orange arrows). Densitometric analysis revealed 64 % and 37 % soluble 

monomers and dimers, respectively, in the presence of pMJS9. By contrast, 14 % and 17 % 

monomeric and dimeric forms, respectively, were detected in the soluble fraction in the 

absence of expressed chaperones. The total amount of HisDapG-CSF monomers was 

estimated at about 14 - 15 % in comparison to 85 - 86 % of the dimeric form.  
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Figure 53: Co-expression of GalNAc-T2, HisDapG-CSF, and WbgU. E. coli SHuffle® T7 

Express strains harbouring expression plasmid pMA-T_T7P_galNT2_HisDapG-CSF_wbgU with or 

without plasmid pMJS9 were employed. Bacteria were cultured in 2 mL EnPresso® B medium at 

30 °C as described in section 2.3.2. Cells were harvested 24 hours post IPTG induction and lysed. 

Insoluble and soluble fractions were separated and analysed using SDS-PAGE analysis. Bands were 

visualized by UV-induced staining (A). Immunoblot analysis was performed with Anti-GalNAc-T2 

antibodies (B), Anti-WbgU rabbit serum (C), and Anti-CSF3 antibodies (D). Purified GalNAc-T2 

(HisDapGalNT2, 60 kDa) (B), WbgUTEV6H (41 kDa) (C) and commercially available filgrastim 

(19 kDa) (D) were included as controls. Molecular mass markers (MW) are in kDa. The presence (+) 

or absence (-) of pMJS9 encoding the chaperones Erv1p and PDI in the respective expression sample 

is indicated. Protein bands representing GalNAc-T2 are highlighted by green, WbgU by blue and 

HisDapG-CSF by red (monomer) and orange (putative dimer) arrows. 

The third band, migrating at approximately 30 kDa, did not correspond to the monomeric 

or dimeric forms of HisDapG-CSF. In order to examine the typical protein band pattern of 

HisDapG-CSF, aliquots of the fractions shown in Figure 54 were re-assessed in immunoblot 

assays including samples obtained from previous expression experiments employing E. coli 

SHuffle® T7 Express harbouring pET23d(+) and pMJS9 as control (3.4.3, Figure 40). 

Following SDS-PAGE analysis (Figure 54A), immunoblot assays were performed using 

Anti-CSF3 (Figure 54B) and Anti-His.H8 antibodies (Figure 54C). 
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Figure 54: Assessment of detected HisDapG-CSF bands. Samples obtained during previous 

experiments employing E. coli SHuffle® T7 Express strains harbouring construct pMA-

T_T7P_galNT2_HisDapG-CSF_wbgU with or without plasmid pMJS9 were used (Figure 53). As 

control, fractions derived from E. coli SHuffle® T7 Express harbouring plasmids pET23d(+) and 

pMJS9 (Figure 40) included. Results of the SDS-PAGE analysis using UV-induced staining are 

presented (A). Western blotting was performed using Anti-CSF3 (B) and Anti-His.H8 antibodies (C). 

Filgrastim (19 kDa, PK1) and purified HisDapGalNAc-T2 (61 kDa, PK2) were included as control. 

The monomeric (21 kDa), dimeric (42 kDa), and trimeric (63 kDa) forms of HisDapG-CSF are 

highlighted by red, orange, and white arrows, respectively. Molecular mass markers (MW) are in kDa. 

The presence (+) or absence (-) of pMJS9 encoding the chaperones Erv1p and PDI and HisDapG-

CSF in the respective expression sample is indicated. 

Bands correlating to the monomeric and dimeric forms of HisDapG-CSF migrating at 

21 kDa and 42 kDa, respectively, were detected by both antibodies (Figure 54B and C, red 

and orange arrows). However, the 30 kDa-band was also visible in fractions of the control 

strain indicating that this signal was not related to HisDapG-CSF. Although different primary 

antibodies were used, the 30 kDa band was visible in both immunoblot assays suggesting a 

potential binding of the secondary antibody to a protein present in the host cell background. 

Additionally, weak signals at 63 kDa corresponding to a putative trimer of HisDapG-CSF 

were detected with both antibodies on immunoblots (Figure 54B and C, white arrows). 

Interestingly, this putative trimeric form of HisDapG-CSF was only detected in the insoluble 

fractions by Anti-CSF3 antibodies and only in the soluble fractions, when Anti-His.H8 

antibodies were used. 
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3.8.3 Purification and identification of glycosylated HisDapG-CSF 

In order to isolate putative glycosylated HisDapG-CSF, the soluble fraction derived from 

the previous expression experiment employing E. coli SHuffle® T7 Express harbouring both 

plasmids pMJS9 and pMA-T_T7P_galNT2_HisDapG-CSF_wbgU (Figure 53 and Figure 54) 

was purified by affinity chromatography as described in section 2.4.2.3. Changes to the 

protocol included the use of 100 µL and 50 µL elution buffer for the first and second elution 

step, respectively. The monomer of HisDapG-CSF (21 kDa, red arrows) was identified in 

the elution fractions by SDS-PAGE (Figure 55A, E1 and E2) and immunoblot analysis using 

two different primary antibodies (Figure 55B, E1 and E2). Comparing the results of both 

immunoblots, a slight difference in the molecular mass was visible between the protein bands 

detected Anti-CSF3 antibodies and Anti-His.H8. Furthermore, putative dimeric forms of 

HisDapG-CSF were poorly recognized by Anti-His.H8 antibodies. Although the putative 

trimeric (white arrows) and tetrameric (purple arrows) forms of HisDapG-CSF were 

identified in the elution fractions by SDS-PAGE (Figure 55A, E1 and E2), no corresponding 

signals were visible on immunoblots with both antibodies. However, the trimeric form was 

detected in the flow-through by Western Blot analysis with Anti-CSF3 indicating a limited 

accessibility of the His-tag through oligomerization. 

 

Figure 55: UV-induced stained SDS gel (A) and Western Blot analysis (B) of fractions 

collected during HisDapG-CSF purification. 700 µL of the soluble fraction isolated during the 

previously described expression experiment employing E. coli SHuffle® T7 Express harbouring 

plasmids pMA-T_T7P_galNT2_HisDapG-CSF_wbgU and pMJS9 (Figure 53) was adjusted to pH 8.0 

(S) and loaded onto a Ni-NTA spin column as described in 2.4.2.3. The flow-through (FT) was 
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collected and the column washed twice (W1 and W2). 100 µL (E1) and 50 µL (E2) elution buffer 

were applied to elute bound HisDapG-CSF. 10 µL aliquots of each collected fraction (except 5 µL 

for E2) was loaded on a 4-20 % SDS gradient gel and bands visualized using UV-induction staining 

(A). Following protein transfer, the PVDF membrane was cut in half through the marker lane and 

treated with Anti-CSF3 antibodies (B, left part) and Anti-His.H8 (B, right part). Filgrastim (19 kDa, 

PK1) and purified HisDapGalNAc-T2 (61 kDa, PK2) were included as control. The monomeric 

(21 kDa), dimeric (42 kDa), trimeric (63 kDa), and tetrameric (84 kDa) forms of HisDapG-CSF are 

highlighted by red, orange, white, and purple arrows, respectively. Molecular mass markers (MW) are 

in kDa. 

Samples of both elution fractions were subsequently submitted for LC-ESI-MS/MS analysis 

at the Life Science Center of University of Hohenheim to investigate identity and potential 

glycosylation modifications of HisDapG-CSF. By analysing six visible protein bands at 21, 

23, 25, 37, 40, and 60 kDa detected in the first elution fraction (Figure 56A, E1) from a 

Coomassie-stained SDS-gel, HisDapG-CSF was identified in the 21 kDa and 37 kDa 

samples with 57 % and 23 % sequence coverage, respectively (Figure 56B and C). Based on 

the entry data of human G-CSF available in the UniProt database, Thr at position 151 was 

expected to be modified during a glycosylation event by the transfer of a GalNAc moiety. A 

single GalNAc modification was detected at Ser160 whereas Thr151 remained unmodified 

(Figure 56B). Detected peptide fragments of the sample containing the dimeric form were 

not glycosylated, however the region comprising the potential glycosylation sites Ser160 and 

Thr151 was not covered (Figure 56C). Thus it is evident, that HisDapG-CSF is present as 

soluble and glycosylated monomer using the engineered E. coli strain. 

 

Figure 56: ESI-MS/MS analysis of protein bands of putative glycosylated HisDapG-CSF. 

The Coomassie-stained SDS-gel with eluted fractions collected during the previous HisDapG-CSF 

affinity chromatography purification (Figure 55) is presented (A). Protein bands highlighted by a red 

arrow corresponding to 21, 23, 25, 37, 40, and 60 kDa were cut from the gel (A) and analysed by ESI-

MS/MS (B and C). HisDapG-CSF was identified in the 21 kDa (B) and the 37 kDa sample (C). The 

detected modification is highlighted in red and the expected modified Thr residue is marked by a 

black arrow. Detected oxidized methionine residues are highlighted in green. The molecular mass 

marker is given in kDa. 
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4 Discussion 

The main focus of the project described here was the development of an E. coli-based 

expression system capable of O-glycosylation of recombinantly expressed proteins. Bacterial-

based production platforms provide important advantages compared to yeasts, insect, and 

mammalian cells (Sorensen H. P. and Mortensen 2005, Waegeman and Soetaert 2011). 

During the early development of biopharmaceuticals in the 1980s, E. coli represented the 

prevalent expression strain (Sanchez-Garcia et al. 2016). As previously outlined, the use of 

E. coli as universal cell factory is limited by its inability to carry out post-translational 

modifications (Kamionka 2011), however, these disadvantages are counterbalanced by 

advantages including high growth rates, cost-efficient nutritional requirements relatively easy 

scale up, high product yields, and intensified production processes (Baeshen et al. 2015, Choi 

et al. 2006, Huang et al. 2012). High titres have been achieved for a variety of products. Chen 

et al. have demonstrated the high-level accumulation of an anti-CD18 recombinant antibody 

fragment F(ab’)2 precursor in the periplasm of an engineered E. coli strain reaching titres up 

to 2 g/L (Chen C. et al. 2004). Moreover, titres higher than 10 g/L have been reported for 

different antibody fragment types expressed both in the periplasm or as insoluble forms in 

the cytoplasm (Liddell 2009). Although the ratio of marketed protein drugs manufactured in 

mammalian cells is continuously increasing, approximately 24 % of biopharmaceutical 

products are still based on E. coli (Walsh 2018). The overall number of product approvals 

has been almost doubled in the recent 3.5 year period compared to the previous 5 year 

periods since 1995 (Walsh 2018). The fast growing number of drug candidates, ongoing 

demand, and overall success of the biopharmaceutical sector emphasize the importance of 

further developing E. coli-derived expression strains for the production of glycosylated 

biopharmaceuticals. 

This work represents the continuation of a previous project and describes the development 

of a glycosylation-competent E. coli strain capable to perform the initial mucin-type O-

glycosylation step in vivo. In the preceding project, the soluble form of GalNAc-T2 has been 

successfully expressed and in vitro activity was demonstrated (Lauber et al. 2015). Hence, the 

key objectives of the present work were to prove in vivo activity of the expressed 

glycosyltransferase in E. coli and to establish a strategy to provide the activated sugar substrate 

in the host background. 

Recognizing preferably UDP-HexNAc as substrate, WbgU derived from the pathogen P. 

shigelloides has been investigated and belongs to group 3 of the classified UDP-hexose 4-

epimerases (Bhatt et al. 2011, Kowal and Wang 2002). Associated with diarrheal diseases, the 

Gram-negative P. shigelloides has been isolated from a wide range of organisms (Kowal and 

Wang 2002). Studying antigenic variability and lipopolysaccharide biosynthesis of serotype 

O17, wbgU has been identified in the O-antigen biosynthetic gene cluster of the pathogenic 
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bacterium (Kowal and Wang 2002). The gene has been recombinantly expressed in E .coli 

and the fusion protein carrying an N-terminal hexahistidine-tag was isolated and investigated 

in detail (Bhatt et al. 2011, Kowal and Wang 2002). Based on its well-characterized properties, 

WbgU was chosen and included into the previously described expression system (Lauber et 

al. 2015) in order to ensure the synthesis of the activated sugar substrate UDP-GalNAc in 

the E. coli strain background. A codon optimized variant of the gene encoding WbgU was 

synthesized and inserted into a pET-vector-based expression cassette translationally fusing a 

cleavable C-terminal His-tag. The protein was expressed, purified, and the activity was 

demonstrated both in vitro and in vivo using tag-free enzyme. The glycocompetence of the E. 

coli strain simultaneously expressing the chaperones Erv1p and PDI encoded by pMJS9, as 

well as pET-derived GalNAc-T2, WbgU, and one of the target proteins was demonstrated. 

Two different protein targets were used during the course of this study. The synthetic 

T7Muc10 was designed based on the apomucin Muc10 of Rattus norvegicus (GenBank: 

AAA20966.1, UniProtID: Q62605) (Mueller et al. 2018). An N-terminally His-tagged version 

of G-CSF was employed as target protein in final expression experiments. The stepwise 

development of this E. coli expression strain presented earlier is assessed in the following 

sections, starting with the investigation of GalNAc-T2 expression and purification. 

4.1 The GalNAc-T2-WbgU-T7Muc10 Model System 

4.1.1 Optimization of GalNAc-T2 Expression and Purification 

Preliminary results of expression experiments carried out during the course of a previous 

project have suggested an increase of soluble HisDapGalNAc-T2 using E. coli SHuffle® T7 

Express instead of SHuffle® T7 as production host. In order to investigate enhanced soluble 

protein expression in the E. coli B- compared to the E. coli K12-derived expression strains 

harbouring pMJS9, respectively, previous results were confirmed by analysing the 

HisDapGalNAc-T2-corresponding immunoblot signals detected in soluble fractions of 

induced cells. Compared to E. coli SHuffle® T7 the overall amount of soluble 

HisDapGalNAc-T2 was slightly higher in E. coli SHuffle® T7 Express (3.1.1, Figure 9). This 

finding is in accordance with previously published observations investigating the activities of 

three candidate enzymes containing up to 18 cysteine residues expressed in different strains 

which suggest, that E. coli B-derived SHuffle® strains are preferable to the K12-equivalent 

(Lobstein et al. 2012). The same authors have also shown that the presence of DsbC in the 

cytoplasm of the expression strain resulted in an increased activity for two of the three 

investigated enzymes (Lobstein et al. 2012). Sequencing of E. coli SHuffle® T7 and SHuffle® 

T7 Express has revealed two major genetic differences (Anton et al. 2016). Unexpectedly, 

three copies of the genetic information for DsbC have been found integrated in the genome 

of E. coli SHuffle® T7, whereas a duplicate insertion has been detected in the SHuffle® T7 

Express strain (Anton et al. 2016). Secondly, a novel triplet codon contraction mutation in 

the peroxiredoxin AhpC, the suppressor of trxB and gor has been identified in SHuffle® T7 
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Express instead of a triplet codon expansion described for AhpC* in K12-derived strains 

(Anton et al. 2016). The mutation in AhpC* has been shown to restore growth of E. coli K12 

strains carrying genetic deletions of trxB and gor (Ritz et al. 2001). Using E. coli BL12 as 

preferred host strain for protein expression, enhanced protein yields have been postulated 

compared to representatives of the E. coli K12 lineage (Waegeman et al. 2013). Results of a 

study comparing K12-mutants and BL21 wildtype have revealed the significant effect of the 

proteases Lon and OmpT on protein concentration, as the degradation of recombinantly 

expressed green fluorescent protein (GFP) in the lon- and ompT-deficient K12-mutant was 

reduced and the average GFP yield was comparable to BL21 wildtype (Waegeman et al. 

2013). As a more promising strain, E. coli SHuffle® T7 Express was used for subsequent 

experiments. 

Expression of HisDapGalNAc-T2 using E. coli SHuffle® T7 performed at 2 L scale 

employing bench top fermenters has recently been published (Lauber et al. 2015, Schwab et 

al. 2016). In order to optimize soluble protein yields, different cultivation parameters such as 

flask size, agitation speed, and filling volume were assessed as described in section 3.1.1. 

Investigations employing microwell fermentations of recombinant E. coli strains expressing 

firefly luciferase as model system with different shaking speeds and culture volumes per well 

have highlighted the impact of oxygen transfer on soluble protein expression (Islam et al. 

2007). Oxygen transfer has been demonstrated as important parameter for the successful 

upscaling of optimized conditions initially established in microwell plates to laboratory and 

pilot scale stirred bioreactors (Islam et al. 2008). Results of shaking flask experiments seemed 

to indicate a correlative effect revealing soluble expression of HisDapGalNAc-T2 in 

fractions derived from flasks with a lower filling volume (Figure 10). Therefore, subsequent 

shake flask expression experiments were carried out in baffled shaking flasks and 25 % filling 

volume as outlined in 2.3.3. Additional data employing statistical design of experiments will 

be required to establish a clear correlation of oxygen limitation and soluble HisDapGalNAc-

T2 expression (Islam et al. 2007), emphasized by the finding that parameters such as 

temperature conditions also influence expression levels of soluble GalNAc-T2 in SHuffle® 

T7 strains (data not shown). Expression experiments described in this study were performed 

at 30 °C, a temperature generally believed to enhance the yields of a wide range of soluble 

proteins due to the activity of chaperones such as GroEL/GroES, DnaK/J and ClpB in E. 

coli (Ferrer et al. 2003, Mogk et al. 2002, Sorensen H. P. and Mortensen 2005). Additionally, 

the established Ni-NTA affinity chromatography protocol was optimized to increase protein 

purity and concentration in the eluate. Replacement of the linear gradient elution with one 

washing step followed by an isocratic (constant composition of mobile phase) elution step 

was roughly based on a model developed by Shuichi Yamamoto and Takashi Ishihara to 

optimize ion-exchange chromatography processes (Ishihara and Yamamoto 2005). As a 

result, impurities previously detected in fractions collected during in the linear gradient 

elution (3.1.2, Figure 11) were removed in the additional washing step and depleted in the 

eluted fractions of HisDapGalNAc-T2 (3.1.2, Figure 12). In order to estimate the increase 
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of protein purity and concentration in more detail, additional studies would be required. As 

an example, analysis by reversed-phase chromatography will provide better information on 

the quality of the eluate. 

The use of metal-chelate affinity chromatography allows straightforward protein purification 

and the method has been previously employed to analyse the His-tagged variant of the 

GalNAc-T2 glycosyltransferase, HisDapGalNAc-T2 (Lauber et al. 2015). However, 

investigating recombinant expression of 20 human-derived proteins N- or C-terminally fused 

to various His-tag variants in E. coli, a negative effect on protein solubility has been reported 

(Woestenenk et al. 2004). Exemplarily, this finding has been supported by analysing the 

soluble and functional expression of uridine phosphorylase from Aeropyrum pernix K1 and 

(+)-γ-lactamase and (-)-γ-lactamase from Bradyrhizobium japonicum USDA6 in E. coli 

suggesting an improved solubility of proteins with removed affinity tag (Zhu et al. 2013). In 

order to ensure a sufficient amount of soluble glycosyltransferase in the E. coli host, a vector 

carrying the genetic sequence of a tag-free version of HisDapGalNAc-T2 was constructed 

(Figure 13). Results comparing the soluble expression of HisDapGalNAc-T2 and GalNAc-

T2 indicated an enhanced soluble protein content in the absence of the N-terminal His-tag 

(3.1.4, Figure 15). This finding further supports previous reports suggesting the negative 

effect of the His-tag on soluble expression (Woestenenk et al. 2004, Zhu et al. 2013). 

Consequently, the gene encoding the tag-free glycosyltransferase galNT2 was subsequently 

used in the gene cassette expressed in the glycosylation-competent E. coli strains (Figure 36 

and Figure 52). 

4.1.2 Expression and isolation of WbgU 

The UDP-GlcNAc 4-epimerase WbgU derived from Plesiomonas shigelloides (Kowal and Wang 

2002) catalyses the interconversion of UDP-GlcNAc and UDP-GalNAc, thus providing the 

required activated sugar donor for the GalNAc-T2 glycosyltransferase in the E. coli-based 

expression system (Henderson et al. 2011, Merritt et al. 2013). In order to assess the activity 

of WbgU in combination with HisDapGalNAc-T2 and to purify sufficient amounts of 

protein for polyclonal antibody generation, the 4-epimerase was expressed fused to a 

removable His-tag (Figure 18). The decision whether to use the C- or N-terminus as fusion 

site was made based on the three dimensional structure of WbgU (Bhatt et al. 2011). 

Expression of soluble WbgUTEV6H was demonstrated in SHuffle® T7 Express employing 

different media including LB- (3.2.4, Figure 21), TB- (3.2.5, Figure 23), and EnPresso® B 

medium (3.2.3, Figure 20). An increased amount of insoluble protein was detected following 

IPTG induction (3.2.5), a finding that is in accordance with published results indicating a 

decreased amount of soluble protein when IPTG concentration is increased (Hu et al. 2015). 

No detailed analysis of insoluble and soluble protein has been performed for His-tagged 

WbgU previously expressed and isolated using E. coli BL21(DE3) grown in LB- medium at 

30 °C (Kowal and Wang 2002). However, an average of 60 mg of isolated WbgU per 1 L 

culture has been reported (Kowal and Wang 2002), thus achieving better results per L 
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harvested broth in this study. It is important to point out that the purification procedure 

included additional steps such as tag removal and dialysis (3.2.4), potentially increasing the 

risk of protein loss. The efficient tag removal using the TEV-protease (Yeliseev et al. 2007) 

represented an important step in the purification of WbgU. Although NaCl has been shown 

to inhibit the TEV-protease at increasing concentrations (Yeliseev et al. 2007), an efficient 

cleavage was observed in the presence of 300 mM NaCl (3.2.4). The increase of the sodium 

salt represents an important method to prevent unspecific hydrophobic interactions of 

untagged proteins with affinity resins (Bornhorst and Falke 2000). The generation of tag-free 

WbgU with minor impurities was essential, because the material was used to immunize 

rabbits. Especially the presence of His-tagged WbgU in the samples might initiate the 

formation of antibodies targeting the affinity tag causing possible cross-reactivity with other 

His-tagged proteins. Collected serum samples were tested demonstrating that WbgU was 

detected with high sensitivity and the serum was subsequently used to visualize WbgU 

employing Western Blot analysis (3.2.7, Figure 29). A complete reduction of the low 

background might be achieved by isolation of the WbgU-specific antibodies. The collected 

serum represents the first agent to selectively detect native WbgU in cell extracts and purified 

samples. 

In order to address problems encountered due to protein aggregation during purification 

procedures, the storage buffer of WbgU was optimized for long-term storage based on the 

aggregation index determined in samples kept at 4 °C over several weeks. Compounds listed 

in Table 29 (2.4.10) including trehalose, sorbitol, glycerol, glycine, TMAO, denaturing agents 

such as SDS and urea, and weakly acting agents represented by dimethyl sulfoxide and 

magnesium chloride are known to stabilize or destabilize soluble proteins (Timasheff 1995). 

Different additives showed an impact on WbgU aggregation. An increased aggregation of 

WbgU was observed in samples containing NaCl, a finding that has also been reported for 

human G-CSF (Chi et al. 2003) and the human tissue factor pathway inhibitor (hTFPI) (Chen 

B. L. et al. 1999a). In contrast, the recombinant factor VIII SQ and keratinocyte growth 

factor were stabilised by increasing the ionic strength (Fatouros et al. 1997, Zhang M. Z. et 

al. 1995). Due to the complexity of protein-salt interactions, it is difficult to predict whether 

NaCl promotes or prevents aggregation. The pioneering work of Franz Hofmeister describes 

the different effects of mono-, di-, and trivalent salts on precipitation of chicken egg white 

(Hofmeister 1888). Salts increasing the protein’s solubility cause a so-called salting-in effect 

and compounds decreasing the solubility resulting in precipitation display a salting-out effect 

(Arakawa and Timasheff 1984). The increasing effect of a certain salt on protein solubility is 

reverse proportional to the surface tension of the salt solution and a high surface tension 

correlates with a strong salting-out effect (Melander and Horvath 1977, Traube 1909). It is 

assumed, that highly charged anions distract water molecules from the aqueous solvation 

shell of the protein thus increasing the hydrophobic effect between protein molecules and 

consequently aggregation (Hyde et al. 2017). For a long time, the terms “chaotrop” and 

“kosmotrop” were equated with salting-in and salting-out, respectively, however this does 
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not apply to some chaotropic cations such as ammonium, which cause salting-out effects 

(Okur et al. 2017). Studies on the stability of hTFPI showed a salting-in effect at low 

concentrations and a salting-out effect at high concentrations for NaCl (Chen B. L. et al. 

1999a). The authors refute the Debye-Hückel effect for the salting-in phenomenon, in which 

small counterions stabilize the protein (Chen B. L. et al. 1999a). Additionally, reversible 

aggregation of a monoclonal antibody induced by NaCl at low pH has been reported (Bickel 

et al. 2016). In case of WbgU, no salting-in effect was observed by reducing the NaCl 

concentration in TRIS buffer from 300 mM to 150 mM at pH 8.0 (3.2.6, Figure 25A). In 

addition to ionic stabilizers, osmolytes are also known to stabilize proteins (Arakawa and 

Timasheff 1985, Ohtake et al. 2011, Simpson 2010). The stabilization effect is based on the 

exclusion of molecules larger than water from the vicinity of the protein surface (Ohtake et 

al. 2011). The excluded volume increases when the protein is unfolded, therefore the native 

folded state is thermodynamically preferred in the presence of the stabilizer (Simpson 2010). 

Osmolytes are osmotically active substances including polyhydroxy compounds, 

carbohydrates, amino acids and methylamines (Simpson 2010, Timasheff 1995). The 

polyhydroxy compounds sorbit, glucose, glycerol, and also trehalose reduced aggregation 

over 20 days, an effect also observed for the methylamine TMAO and the amino acid 

sarcosine (N-methylglycine). TMAO exhibits amphiphilic properties and interacts with both, 

water and protein molecules (Ma et al. 2014, Yancey and Siebenaller 2015). The previously 

outlined exclusion phenomenon as well as the ability to form hydrogen bonds with water 

molecules account for the stabilization effect (Ma et al. 2014). A different effect has been 

described for TMAO interacting with the protein backbone, which is highly unfavourable 

(Wang A. and Bolen 1997, Zou et al. 2002). In order to assess the different modes of action 

on protein stabilization, combinations of carbohydrates with TMAO were investigated for a 

potential cumulative stabilizing effect. All combinations containing TMAO showed a 

significantly stabilizing influence, with TMAO and trehalose showing the strongest effect 

(3.2.6, Figure 26). Trehalose is commonly used for formulations of biopharmaceuticals 

(Ohtake and Wang 2011), however using a combination of trehalose and TMAO might allow 

further improvements. The described experiments were carried out to specifically address 

protein aggregation observed under suboptimal storage conditions and the problem was 

sufficiently resolved enabling long-term storage of purified protein samples by adding 

trehalose and TMAO (3.2.6). To investigate effects of the compounds on WbgU in detail, 

additional experiments including replicates and HPLC analysis will be required. 

4.1.3 Characterization of WbgU 

Purified WbgU was analysed by CD spectroscopy to assess the folding state and thermal 

stability. Evaluation of the far UV spectrum of WbgU revealed a reduction of the secondary 

structures at 37 °C compared to 20 °C (3.3.1, Figure 30). Considering that the highest 

activity of WbgU has been observed at 37 °C (Kowal and Wang 2002), this result might 

indicate a relation between flexibility and activity with the more flexible structure enhancing 
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the activity of the enzyme. A similar molar ellipticity profile has been detected for the 

homologous UDP-GlcNAc 4-epimerase WbpP derived from Pseudomonas aeruginosa serotype 

O:6 (Demendi et al. 2005) indicating the correct folding of the isolated WbgU. Investigating 

the thermal stability of WbgU, a thermal transition point at 42.6 °C was detected in the 

absence of activated sugar substrates (3.3.1, Figure 30) in relatively close proximity to the 

temperature reported for the maximal activity of the enzyme (Kowal and Wang 2002). 

Previously performed growth experiments revealed an enhanced growth of P. shigelloides at 

44 °C compared to 37 °C (Huq et al. 1991). An activity of 20 % has been detected for WbgU 

at temperatures as high as 50 °C (Kowal and Wang 2002) suggesting that the low activity 

appears to be sufficient to support the growth of the bacterial strain at 44 °C. Additionally, 

increased thermal transition points of WbgU were detected at 43.1 °C and 51.3 °C in the 

presence of activated sugar substrates UDP-GlcNAc and UDP-GalNAc, respectively (3.3.1, 

Figure 30). Another example demonstrating enzyme activity at high temperatures is 

represented by the group 2 4-epimerase AglW derived from the mesophilic archaeon 

Methanococcus maripaludis and enzyme stability has been observed over a temperature range 

between 30 °C and 50 °C (Sharma et al. 2018). A comparable thermal transition point at 

44 °C has been reported for a representative of group 1, the UDP-Gal 4-epimerase (GalE) 

derived from E. coli and inactivation of the enzyme has been observed at temperatures above 

40 °C resulting partly from dimer dissociation (Nayar and Bhattacharyya 1997, Pey et al. 

2014). Similarly, an enzyme stabilizing effect has been shown in the presence of the cofactor 

NAD+ and the substrate UDP-Glc (Pey et al. 2014). The authors postulated a correlation of 

the stabilizing effect by NAD+ and UDP-Glc with the corresponding substrate affinity of 

GalE (Pey et al. 2014). However, the potential stabilizing effect on WbgU detected in samples 

containing either UDP-GalNAc or UDP-GlcNAc was significantly different (3.3.1, Figure 

30), although equal KM-values of 137 ± 17 and 131 ± 10 µM for UDP-GalNAc and UDP-

GlcNAc, respectively, have been determined (Kowal and Wang 2002). 

Substrate conversion catalysed by purified WbgU was tested at different concentrations of 

the donor sugars UDP-GlcNAc or UDP-GalNAc (2.5.2) and an equilibrium of 30 % UDP-

GalNAc and 70 % GlcNAc was determined (3.3.2, Figure 31). The activated sugars were 

separated employing capillary electrophoresis representing a well-established method (Wahl 

et al. 2016) that has been successfully used for the characterization of various epimerases 

(Bernatchez et al. 2005, Creuzenet et al. 2000, Demendi et al. 2005, Kowal and Wang 2002). 

The findings regarding tag-free WbgU were in accordance with previously published 

equilibrium ratios reported for His-tagged WbgU (Kowal and Wang 2002) and WbpP 

(Creuzenet et al. 2000). Assessing in vitro activity of WbgU in a glycosyltransferase assay, 

reduced activity was detected in the buffer optimized for glycosyltransferases (3.3.3) 

containing 10 mM calcium chloride, 10 mM manganese chloride and a pH value of 7.5. 

Hence, the assay conditions were adapted to avoid a potential limitation of GalNAc-T2 

activity caused by a low WbgU conversion rate. A pre-incubation period with optimized 

amounts of purified WbgU was included into the new protocol as outlined in section 2.5.3. 
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The activity of HisDapGalNAc-T2 isolated from E. coli SHuffle® T7 Express was determined 

in combination with purified WbgU and compared to commercially available rhGalNAc-T2 

derived from eukaryotic NS0 cells. In general, the observed activity of HisDapGalNAc-T2 

was significantly lower than that of rhGalNAc-T2, thus confirming results published earlier 

(Lauber et al. 2015). The missing ability of GalNAc-T2 to transfer UDP-GlcNAc to an 

acceptor site (Wandall et al. 1997) was confirmed and the activities of both 

glycosyltransferases were detected in combination with UDP-GlcNAc and WbgU (3.3.3, 

Figure 34). The results demonstrate the successful adjustment of glycosyltransferase assay 

conditions. Notably, the activity of the glycosyltransferases in combination with UDP-

GalNAc tended to be higher in the presence of WbgU indicating a potential inhibition of 

GalNAc-T2 by UDP-GalNAc. Concentrations of 100 mM GalNAc have been shown to 

inhibit GalNAc-T2 activity (Gerken et al. 2013). The UDP-GalNAc concentration in the 

established assay system is far lower and further reduced by glycosylation reactions catalysed 

by GalNAc-T2. However, a potential inhibition caused by temporary binding of free UDP-

GalNAc to the lectin domain of GalNAc-T2 cannot be excluded. The exact determination 

of activated sugar ratios in the assay is rather difficult due to the ongoing epimerization 

reaction. Thus the ratio of UDP-GlcNAc:UDP-GalNAc is unknown after the addition of 

WbgU to the reaction mixture of the glycosyltransferase assay. However, the results reported 

in the present work clearly demonstrate the activity of WbgU in vitro and the gene encoding 

the 4-epimerase was subsequently inserted into the gene cassette expressed in the 

glycosylation competent E. coli strains (Figure 36 and Figure 52). 

4.1.4 Co-expression of GalNAc-T2, WbgU, and T7Muc10 and purification of 

T7Muc10 

The short synthetic peptide EA2 derived from the submandibular gland apomucin of Rattus 

norvegicus (Muc10) (Albone et al. 1994) has been used in different assays as acceptor substrate 

for GalNAC-T2 (Fritz et al. 2006, Gomez et al. 2014, Lauber et al. 2015, Pratt et al. 2004). 

The sequence contains seven potential glycosylation target sites including Thr at position 2, 

3, 6, 7, 11 and 12, and a Ser located at position 5 (Pratt et al. 2004). Based on the Muc10 

amino acid sequence, a synthetic model protein was designed comprising several tandem 

repetitions of EA2 and EAN motives to assess potential glycosylation in recombinant E. coli 

in vivo. As homologue of EA2, the EAN sequence contains an Asn instead of a Thr residue 

at position 12 (Mueller et al. 2018). The EAN motif also forms part of the native Muc10 

sequence (Mueller et al. 2018). The synthetic protein T7Muc10 was N-terminally fused to a 

short sequence derived from the T7 major capsid protein potentially increasing solubility. A 

C-terminal fusion was introduced connecting a His-tag via an Asn-linker and a thrombin 

cleavage site enabling purification of the protein from crude extracts by affinity 

chromatography (Figure 35). Results obtained from expression experiments using the 

nutrient rich 5010 medium revealed a higher apparent molecular mass of T7Muc10 detected 

at 33 kDa instead of the expected 16.5 kDa indicating a potential dimerization. Additionally, 
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several bands migrating higher than the predicted putative size of T7Muc10 were detected 

by Western Blot analysis using anti-His-tag antibodies (3.4.3, Figure 39). Only T7Muc10 was 

detected in the immunoblot, since GalNAc-T2 and WbgU were both expressed without His-

tag. The bands visible at about 35 and 48 kDa (Figure 39) represented the first indication of 

potentially modified target protein. Shifts in molecular mass caused by glycosylations have 

been observed investigating bovine SERPINA3 at different glycosylation stages by Western 

Blot analysis using anti-bovSERPINA3-7 polyclonal antibodies (Pere-Brissaud et al. 2015). 

Expression experiments were repeated using EnPresso® B medium demonstrating the 

soluble expression of the enzymes GalNAc-T2 and WbgU as well as T7Muc10 (3.4.3, Figure 

40). An investigation assessing the influence of operon organization on expression levels has 

demonstrated the influence of the `transcription distance´, defined as the distance from the 

start of a gene to the end of the operon, on gene expression (Lim et al. 2011). Gene 

expression has been analysed using synthetic operons comprising differently arranged cyan, 

yellow, and mCherry fluorescent proteins (Lim et al. 2011). Results have indicated the 

proportional correlation of transcription distance and gene expression with higher expression 

levels for the gene at position 1 compared to the gene at position 2 (Lim et al. 2011). 

However, the amount of insoluble and soluble GalNAc-T2 decreased when WbgU was co-

expressed although galNT2 was located at the first position of the expression cassette. 

Instead, an increased metabolic burden might account for the decreased expression (Mahalik 

et al. 2014). T7Muc10 was consistently identified at 33 kDa indicating dimerization. In 

animals and humans, mucus is formed by secreted homooligomers linked via inter-molecular 

disulfide bonds between cysteine-rich domains at their N- and C-terminus (McGuckin et al. 

2011). Investigating porcine submaxillary mucin (PSM), it has been demonstrated that N-

glycosylation occurs prior to the dimerization via disulfide bond formation between the C-

terminal domains (Perez-Vilar et al. 1998, Perez-Vilar and Hill 1998a, b). Further 

modifications include O-glycosylation and N-terminal disulfide bond-mediated 

multimerization resulting in highly glycosylated, multimeric mucins (Perez-Vilar et al. 1998, 

Perez-Vilar and Hill 1998a, b). Additionally, non-covalent dimerization potentially involving 

hydrophobic interactions of domains containing cysteines has been reported for the colonic 

human MUC2 mucin (Ambort et al. 2011). Similarly, higher molecular weight aggregates 

have been identified for MUC5AC and MUC5B using SDS-PAGE in the presence or 

absence of reducing agents (Backstrom et al. 2013). No cysteine residues are present in the 

sequence of the synthetic T7Muc10 target protein and therefore different interactions seem 

to contribute to the formation of the potential dimer. The development of the purification 

procedure proved challenging due to low recovery rates and high impurity of T7Muc10 using 

Ni-NTA affinity chromatography in combination with an ÄKTA purifier system (3.5.1, 

Figure 42). Throughout the purification process, the potential dimer of T7Muc10 was 

detected (3.5, Figure 41-Figure 47). Urea concentrations up to 6 M used in purification 

experiments did not affect the potential dimerization (data not shown). Analysis of samples 

containing purified T7Muc10 under native conditions using SE-HPLC further indicated the 
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presence of dimers and multimers (3.6.2, Figure 49). The formation of dimers and multimers 

may hamper the accessibility of the affinity tag and consequently inhibit the interaction with 

the affinity resin. In order to recover proteins from E. coli homogenate, ion-exchange or 

hydrophobic interaction chromatography (HIC) separating proteins based on charge or 

hydrophobic properties, respectively, are commonly used instead of affinity chromatography 

(Wingfield 2015). In silico analysis of the T7Muc10 protein revealed a high pI at pH 10.1 and 

a low ratio of non-polar amino acids (9 %), thus ion-exchange was preferred to HIC. 

According to prevailing pH conditions of the buffer, proteins are either positively or 

negatively charged (Bauer and Schnapp 2007). In a direct purification approach, the protein 

binds to functional groups attached to the column matrix replacing weakly bound 

counterions and the protein is subsequently eluted with increasing salt concentrations (Bauer 

and Schnapp 2007). The method was successfully used in flow-through mode to remove 

host cell-derived impurities and purified T7Muc10 was further analysed (3.5.2, Figure 44). 

4.1.5 Glycosylation of T7Muc10 

Detecting a signal at approximately 55 kDa, an increase in the apparent molecular mass of 

T7Muc10 was observed when GalNAc-T2 and WbgU were co-expressed (3.4.3, Figure 40). 

In contrast to N-glycosylation modifications, O-glycosylation sites are not characterized by 

specific consensus sequences and are therefore difficult to predict from the primary structure 

although research on developing software tools with improved prediction accuracy is 

ongoing (Brockhausen and Stanley 2015, Chen Y. et al. 2015, Hassan H. et al. 2015a, 

Steentoft et al. 2013). A significant enrichment of Pro next to a modified Ser or Thr has been 

reported indicating a structural influence on O-glycosylation (Hansen J. E. et al. 1995, Thanka 

Christlet and Veluraja 2001, Wilson I. B. et al. 1991). The protein sequence of T7Muc10 

contains 60 potential glycosylation sites. Assuming that every single site is linked to a GalNAc 

residue and considering that a mass increment by 203 Da results from each glycosylation 

event, the hypothetical calculated value of fully glycosylated target protein equals 28 kDa. As 

a result of potential dimerization, a protein band with an apparent molecular mass of 56 kDa 

would be expected. The observed shift in molecular mass by 22 kDa ofT7Muc10 detected at 

55 kDa is consistent with the presence of multiple glycosylated proteins. A clear difference 

was visible analysing Western Blots comparing the molecular mass of potentially glycosylated 

and unglycosylated T7Muc10 (3.4.3, Figure 40). Samples were analysed by LC-ESI-MS/MS 

and glycosylation confirmed (3.6.1, Table 32). The molecular mass shift detected for 

T7Muc10 was visible in samples co-expressing GalNAc-T2 and WbgU in both soluble and 

insoluble fractions. In this study, glycosylation of soluble protein was investigated in detail, 

a further analysis of potentially glycosylated insoluble T7Muc10 will involve additional 

experiments including the development of a suitable purification procedure and subsequent 

analysis of the samples by mass spectrometry. Purified, soluble T7Muc10, both 

unglycosylated as well as glycosylated, were investigated in detail using UPLC-ESI-QToF-

MS. The detected mass of T7Muc10 indicated a lack of the first 20 N-terminal amino acids 
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(3.6.1, Figure 48) subsequently confirmed by Edman degradation. Whether the N-terminal 

region was lost during protein expression or in the purification process remains to be 

elucidated. In silico analysis of the primary sequence employing SignalP 4.1 did not reveal 

proteolytic cleavage sites for signal sequences in the respective N-terminal region. Although 

all Thr and Ser residues in the sequence of the truncated T7Muc10 were identified as putative 

O-glycosylation sites by the online prediction tool NetOGlyc 4.0 (Steentoft et al. 2013), only 

42 % were found to be modified (Figure 48). In comparison to the detected mass of 

unglycosylated, truncated T7Muc10 of 14,230 Da, the mass of glycosylated protein increased 

and different proteoforms were identified (Figure 48). Employing the synthetic EA2 peptide 

in an in vitro glycosyltransferase assay, an increase in mass by 46 % has been observed (Lauber 

et al. 2015). The glycosylation process in the Golgi apparatus of eukaryotic cells resembles 

an assembly line of different ppGalNAc-Ts with different peptide acceptor specificities to 

achieve full glycosylation (Brockhausen and Stanley 2015). Accordingly, the GalNAc-T 

family has been grouped into early, intermediate, and late glycosyltransferases (Pratt et al. 

2004). Based on a library screening approach using differently glycosylated variants of the 

EA2 peptide as substrate, GalNac-T2 has been initially assigned as an early transferase, which 

prefers unglycosylated and monoglycosylated substrates supported by findings suggesting 

inhibition of glycosyltransferase activity by neighbouring glycosylated residues (Pratt et al. 

2004). A recent profiling study using random glycopeptide substrates has confirmed the 

preference of GalNAc-T2 for unglycosylated “naked” peptide substrates (Revoredo et al. 

2016). The presented data does not indicate a strict preference for unglycosylated T7Muc10 

by GalNAc-T2 due to the presence of a wide range of glycosylation variants carrying one to 

24 GalNAc residues (3.6.1, Figure 48). Furthermore, EA2 and EAN sequences carried up 

to four GalNAc moieties indicating a glycosylation efficiency higher than 50 % (3.6.1, Table 

33) and MS2 data of samples containing glycosylated T7Muc10 treated with Asp-N suggested 

the presence of neighbouring glycosylations (Appendix 1). As most of the protein consisted 

of repetitive motifs, the assignment of detected peptide fragments based on the protein 

sequence was challenging. However, the identification and designation of adjacent EA2 and 

EAN sequences was possible, and enabled the localisation of modified Thr and Ser residues 

within the motifs. The activity of GalNAc-T2 using EA2 as target peptide has been 

extensively studied by Pratt et al. (2004) employing a biotinylated glycopeptide library 

comprising 42 EA2-derived peptides carrying one to four GalNAc moieties at various 

positions (Pratt et al. 2004). Activity of GalNAc-T2 has been detected with peptides 

containing unmodified Thr residues at position 6 and 7, and the analysis of two peptides by 

mass spectrometry revealed a modification at position 7 (Pratt et al. 2004). The preference 

for Thr7 as glycosylation site has been further supported by studies investigating the crystal 

structure of GalNAc-T2 (Fritz et al. 2006). Furthermore, the missing ability of GalNAc-T2 

to glycosylate Thr and Ser residues positioned at the N- or C-terminus has been postulated 

based on experimental data using MUC5AC peptide as substrate (Tetaert et al. 2001). The 

evaluation of the MS2 data set revealed modified Thr at positions 2, 3, 6, 7, 11, and 12 as 
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well as at positions 2, 6, 7, and 11 of the tandem EA2 and EAN sequence motifs, respectively. 

Additionally, a modified Ser was identified in the EA2 motif adjacent to the C-terminal 

asparagine-glycine linker. A detailed investigation of different target proteins fused to the 

linker will help to improve the understanding of a potential influence of the linker region on 

the recognition of the Ser residue as O-glycosylation site by GalNAc-T2. Results also indicate 

a difference in glycosylations when using a short EA2 peptide in a chemically defined in vitro 

environment compared to the larger artificial T7Muc10 protein derivative expressed in a 

bacterial cell background. 

4.2 Recombinant expression of  (modified) G-CSF  

Expressed mainly by macrophages, G-CSF is one of at least five well-characterized colony-

stimulating factors (Hill et al. 1993, Nagata and Fukunaga 1991). The hematopoietic cytokine 

regulates proliferation and differentiation of granulocyte precursor and can stimulate the 

activity of mature neutrophils (Hill et al. 1993, Nagata and Fukunaga 1991, Vanz et al. 2008). 

G-CSF is effective for the treatment of neutropenia, a condition characterized by an 

abnormally low concentration of neutrophils in the blood, e.g. caused by viral and bacterial 

infections and chemotherapy (Cox et al. 2004, Nagata and Fukunaga 1991). Due to 

alternative splicing of the G-CSF gene transcript, two isoforms of G-CSF exist with isoform 

A containing 177 amino acids and isoform B comprising 174 amino acids (Kim et al. 2013). 

Isoform B exhibits a greater biological activity and is therefore the preferred recombinantly 

expressed isoform (Kim et al. 2013). In general, recombinant human G-CSF derived from 

E. coli is insolubly expressed as inclusion bodies and refolded during the purification process 

to reconstitute biological activity (Boubeva et al. 2012, Kim et al. 2013, Vanz et al. 2008). As 

a consequence of the bacterial expression system, the resulting G-CSF protein is 

unglycosylated and contains an additional N-terminal methionine residue (Kim et al. 2013). 

Using the previously established expression system consisting of the E. coli T7 SHuffle® 

Express strain harbouring pMJS9 and cultivated in EnPresso® B medium (Lauber et al. 

2015), N-terminal His-tagged G-CSF was expressed in soluble form (Figure 51, Figure 53, 

and Figure 55). Western Blot data further indicated the presence of dimers in the soluble 

and insoluble fractions (Figure 53 and Figure 55). The presence of two intra-molecular 

disulfide bonds and the tendency to aggregate challenge the recombinant expression of G-

CSF using E. coli (Do et al. 2014, Lu H. S. et al. 1989). Soluble expression of G-CSF C-

terminally fused to a decahistidine-tag has been reported at 8 µg/L using E. coli HB2151 

(Buchanan et al. 2012). Employing directed evolution, the wildtype G-CSF has been mutated 

at four positions resulting in an enhanced soluble protein titer of 8 mg/L (Buchanan et al. 

2012). In another study, seven different N-terminal tags have been assessed regarding their 

influence on soluble expression of G-CSF using E. coli BL21(DE3) cells (Do et al. 2014). N-

terminal tags such as maltose-binding protein (MBP), N-utilization substance protein A, 

PDI, and the b’a’ domain of PDI (PDIb’a’) haven been shown to increase soluble expression 

of G-CSF (Do et al. 2014). By lowering the expression temperature from 30 °C to 18 °C, 
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thioredoxin- and glutathione S-transferase-tags have also shown a positive influence on 

soluble expression levels (Do et al. 2014). In contrast, soluble expression of G-CSF N-

terminally fused to a hexahistidine-tag has not been achieved, though an expression 

temperature of 18 °C has been investigated (Do et al. 2014). The soluble expression of N-

terminally His-tagged G-CSF (HisDapG-CSF) has not been reported before, highlighting the 

versatility of the established expression system to produce difficult-to-express proteins 

containing disulfide bonds (Figure 54). 

In order to produce glycosylated HisDapG-CSF, different strategies were pursued to 

introduce the gene encoding the fusion protein into the established glycosylation system. 

However, all attempts to include HisDapG-CSF into the pET23d-based expression cassette 

did not result in the desired construct. Success was achieved by using the strategy to assemble 

the expression cassette on a cloning plasmid carrying the same antibiotic resistance and origin 

of replication as pET23d. By introducing the T7 promoter sequence, the cloning plasmid 

was converted into a T7-based expression plasmid (3.8.1, Figure 52). Although the gene 

cassette was not encoded on a well-characterized expression plasmid, the soluble expression 

of GalNAc-T2 was shown to be strongly dependent on the presence and co-expression of 

pMJS9 encoding the essential co-chaperones PDI and Erv1p (3.8.1, Figure 53). This result 

correlates with the findings reported for HisDapGalNAc-T2 using the pET23d-based 

expression system (Lauber et al. 2015). Furthermore, Western blotting results indicated a 

reduction of insoluble HisDapG-CSF monomer when pMJS9 was co-expressed 

demonstrating the importance of these chaperones for the recombinant expression of 

disulfide bond-containing proteins (3.8.1, Figure 54). The eukaryotic disulfide isomerase 

PDI is localised in the endoplasmic reticulum and carries out various functions such as 

formation, breaking, and rearranging of disulfide bonds (Hatahet and Ruddock 2009, 

Lobstein et al. 2012). Erv1p derived from S. cerevisiae represents a FAD-dependent sulfhydryl 

oxidase located in the intermembrane mitochondrial space and catalyses the formation of 

disulfide bonds (Fass 2008). The enhanced soluble protein expression by co-expressing 

pMJS9 has been demonstrated for human sialyltransferases ST3Gal1 and ST6Gal1 (Ortiz-

Soto and Seibel 2016), alkaline phosphatase, phytase, and the tissue plasminogen activator 

(Nguyen et al. 2011). The evaluation of Western Blot signals of homogenates derived from 

cells expressing HisDapG-CSF indicated the presence of monomeric, dimeric and trimeric 

variants using Anti-His.H8 and Anti-CSF3 antibodies (3.8.1, Figure 54 and Figure 55) 

though the putative trimeric form in soluble fractions was well-recognized by Anti-CSF3 and 

not by Anti-His.H8 antibodies. Protein bands corresponding to the monomeric as well as 

the dimeric forms were identified at 21 kDa and 37 kDa, respectively, whereas the trimer was 

not detected in purified samples containing HisDapG-CSF (3.8.1, Figure 56). Soluble 

expression of an optimized His-tagged variant of G-CSF, engineered by directed evolution, 

has been predominately identified as dimer using SDS-PAGE under non-reducing 

conditions (Buchanan et al. 2012). Expressing G-CSF fusion proteins carrying large tags such 

as MBP and PDIb’a’ in soluble form, only small amounts of dimer have been detected after 
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cleavage of the fusion tags in purified samples (Do et al. 2014). Activation of the G-CSF 

receptor (G-CSFR) is dependent on the formation of a G-CSF/G-CSFR complex 

comprising monomeric G-CSF bound to the receptor (Layton and Hall 2006, Layton et al. 

1999). Subsequently, two G-CSF/G-CSFR complexes combine to form a 2:2 dimer and the 

receptor is activated (Layton and Hall 2006, Layton et al. 1999). A reduced activity has been 

reported for the G-CSF dimer compared to the monomer, thus the dimeric variant is 

considered to be of little interest (Fidler et al. 2011). However, compared to G-CSF, an 

enhanced in vivo activity has been reported for G-CSF C-terminally fused to the Fc domain 

of IgG1 (G-CSF/IgG-Fc) employing a mouse model (Cox et al. 2014, Cox et al. 2004). The 

fusion protein has been expressed and secreted as disulfide-linked homodimers by COS cells 

(Cox et al. 2014, Cox et al. 2004). Recently, the soluble expression of dimeric G-CSF/IgG-

Fc N-terminally fused to MBP and C-terminally to the Fc domain of IgG1 has been shown 

using E. coli SHuffle® T7 Express (Do et al. 2017). In another recent study, three different 

peptide linkers connecting two G-CSF molecules have been investigated for enhanced 

biological activity and the dimer linked via the helix-forming peptide linker Lα has been 

identified as potential drug candidate (Arai et al. 2001, Mickiene et al. 2017). 

Preliminary results indicate the presence of soluble mono-O-glycosylated HisDapG-CSF 

when GalNAc-T2 and WbgU were co-expressed (3.8.3, Figure 56). A peptide containing a 

modification at Ser residue 160 (Ser160) consistent with the presence of GalNAc was 

detected using ESI-MS/MS. This finding was unexpected due to the well-characterized O-

glycosylation site at Thr residue 151 (Thr151; human G-CSF: residue 133) (DeFrees et al. 

2006), which remained unmodified. The altered glycosylation site, shifted by 9 amino acid 

positions, may be the result of a change in the secondary structure of the protein potentially 

induced by the fused affinity tag. Investigating untagged or C-terminal His-tagged G-CSF 

may increase the understanding of a potential impact of the N-terminal His-tag on the 

glycosylation site. The presence of additional glycosylation sites cannot be excluded due to 

low sequence coverage of the analysed HisDapG-CSF samples. Furthermore, the results of 

the HisDapG-CSF dimer analysis did not cover the sequence containing the potential 

glycosylation sites Thr151 and Ser160. In order to analyse the glycosylation in detail, the 

development of an efficient purification procedure for the isolation of HisDapG-CSF will 

be required.  

4.3 Future perspectives for strain improvement 

HisDapG-CSF production can be subdivided into an upstream process including vector 

design and cultivation, and a downstream part involving purification. Potential improvement 

of the vector construct includes the replacement of the pMA-T-based vector by transferring 

the gene cassette (Figure 52) to the established pET23d expression plasmid. Alternatively, 

inserting the T7 terminator sequence at the end of the pMA-T vector-encoded gene cassette 

may also prove useful for vector optimization. No further open reading frames were detected 
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downstream of the gene cassette and therefore the introduction of a termination sequence 

was initially considered of little importance. However, a potential enhancing effect of the 

termination sequence on the expression level seems worthwhile to assess. Furthermore, 

altering the galNAc-T2 position within the expression cassette may potentially result in 

increased amounts of expressed GalNAc-T2 and an improved glycosylation efficiency. It has 

been shown, that the translation efficiency depends on the distance between the start codon 

of a gene and the end of the operon in E. coli (Lim et al. 2011). In addition to the genetic 

tuning of the expression vector, the transfer of the process from well plates to shake flask or 

bioreactor scale represents an important strategy to increase the yield of glycosylated product 

e.g. by adapting cultivation parameters previously established for HisDapGalNAc-T2 

expression. In order to optimize bioreactor-specific cultivation conditions, the ambr® 15f 

micro bioreactor system has been reported as successful approach (Zoro 2016). By 

comparing fed-batch growth of two different E. coli strains and production yields of two 

industrially relevant proteins, the process scalability from 15 mL micro bioreactors to a 1 L 

fermenter has been demonstrated (Velez‐Suberbie et al. 2018). A strategy to optimize 

processes using shake flasks has been reported employing the respiration activity monitoring 

system (RAMOS), a device that allows online measurement of the carbon and oxygen 

transfer rates of up to 8 shake flasks in parallel (Anderlei et al. 2004). The monitoring system 

helps to detect  oxygen limitation during cultivation and the device could be used to assess 

soluble expression of HisDapGalNAc-T2 or HisDapG-CSF in more detail (Hansen S. et al. 

2012). Culture condition optimization and upscaling of glycosylated HisDapG-CSF-

producing cells may help to generate sufficient amounts of glycosylated target protein to 

subsequently develop an efficient purification protocol based on Ni-NTA affinity 

chromatography. A detailed assessment of the isolated HisDapG-CSF samples will provide 

more information on the glycosylation modifications using mass spectrometry methods 

previously employed to analyse T7Muc10. 

In vitro modification of the GalNAc moiety attached to the natural glycosylation site of a 

synthetic peptide comprising amino acid 126-139 of the G-CSF sequence has been reported 

(DeFrees et al. 2006). In this glycopegylation approach, the sialic acid-PEG conjugated 

(CMP-SiaPEG-20K) has successfully been transferred to the GalNAc residue catalysed by 

the GalNAc: α2,6-sialyltransferase ST6GalNAc-I (DeFrees et al. 2006). It has been shown 

that pegylation prolongs plasma half-life (Hoggatt et al. 2015, Kontermann 2011). Adopting 

a similar approach, filgrastim has been O-glycosylated in vitro using MBP-tagged GalNAc-T2 

followed by the attachment of a pegylated sialic acid derivative catalysed by a sialyltransferase 

thus generating lipegfilgrastim (Hoggatt et al. 2015). An important disadvantage of the 

described approach is represented by the use of the expensive substrate UDP-GalNAc. The 

results presented in this study potentially provide an improvement by replacing the costly 

sugar substrate with the more affordable sugar donor UDP-GlcNAc and WbgU. Purified in 

vivo glycosylated (HisDap)G-CSF may be used directly for the subsequent pegylation step 

potentially allowing the exchange of an in vitro synthesis step by an in vivo approach. The 
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putative glycosylation of T7Muc10 detected in Western Blot analysis (Figure 40) needs to 

be confirmed. Recombinant G-CSF is produced in E. coli as inclusion bodies and the 

potential in vivo modification of aggregated protein might be of interest. 

The GalNAc-T2 glycosyltransferase has been isolated from various cells and tissues 

including human placenta, kidney, and liver (Sorensen T. et al. 1995, White et al. 1995). The 

enzyme is anchored via an N-terminal transmembrane domain in the membrane of the Golgi 

apparatus (Bennett et al. 2012, Fritz et al. 2006). In order to use the glycosyltransferase in 

biotechnological approaches, the soluble form defined from amino acid 52 or 75 to 571 

including the catalytic domain and the ricin-like lectin domain has been used in vitro (Fritz et 

al. 2006, Gerken et al. 2013, Lauber et al. 2015, White et al. 1995). By comparing the activity 

of a truncated variant lacking the lectin domain (GalNAc-T2ΔLD) with full-length GalNAc-

T2 using 5 different peptide substrates in vitro, a reduced activity has been observed for 

GalNAc-T2ΔLD (Fritz et al. 2006). However, the assessed peptide substrates EA2 and 

Muc5Ac have not been affected (Fritz et al. 2006). Due to the presence of three disulfide 

bonds in the lectin domain, the soluble expression of GalNAc-T2ΔLD in E. coli may be 

enhanced in comparison to the full-length protein as the probability of mispairing disulfide 

bonds decreases. Results of preliminary experiments (unpublished results) carried out in our 

laboratory indicated soluble expression of truncated GalNAc-T2ΔLD comprising amino 

acids 52 to 440 N-terminally fused to a decahistidine-tag by adopting an expression system 

previously reported (Lauber et al. 2015) employing DeepWell plates. Additional experiments 

will be necessary to reproduce these results and the development of scale-up procedures, 

enzyme purification protocols, and activity assays using G-CSF as peptide substrate will be 

required to substantiate these findings. Inserting galN2ΔLD instead of galNT2 into the 

T7Muc10 expression cassette will allow the assessment of in vivo activity of GalNAc-T2ΔLD. 

Further mammalian-derived glycosyltransferases may be added to the glycosylation system 

described in this study to allow the stepwise transfer of sugar moieties, potentially generating 

core-like structures such as core 1 or core 3 (Figure 3). G-CSF obtained from recombinant 

CHO cells carries the core 1-based glycans sialyl and disialyl T antigens (Oheda et al. 1988, 

Souza et al. 1986). Insertion of the gene encoding C1GALT1 into the expression cassette 

(Figure 36) potentially represents an important step towards establishing an O-glycosylation 

competent E. coli strain for the production of biopharmaceuticals decorated with complex 

glycans. Additionally, core 1 structures have been identified in many secreted glycoproteins 

(Ju et al. 2011). The soluble 40 kDa variant of C1GALT1 lacking the transmembrane domain 

has been solubly expressed using Lec1-CHO, CHO-K1, and human 293T cells (Ju et al. 

2002). Although N-terminally His-tagged truncated C1GALT1 isolated from E. coli is 

commercially available (ProSpec-Tany TechnoGene Ltd.), details regarding the production 

process have not been reported yet. In vitro and in vivo studies have demonstrated, that the 

molecular chaperone Cosmc localized in the endoplasmic reticulum of mammalian cells is 

required for the activity of C1GALT1 (Aryal et al. 2010, Ju and Cummings 2002). 

Consequently, co-expression of Cosmc will be required to ensure production of active 



4 Discussion 128 

C1GALT1 in E. coli. Using a pET22b-based expression system in E. coli BL21(DE3), 

inclusion bodies of Cosmc have been successfully isolated and the protein refolded (Hanes 

et al. 2017). In this study, soluble expression of Cosmc has been elucidated by testing co-

expression of bacterial chaperones, a SHuffle® strain, periplasmic localization, fusion 

proteins, and low temperature, however low yields of soluble protein have been achieved 

(Hanes et al. 2017). Recently, two UDP-Gal:GalNAc-diphosphate-lipid β1,3-

galactosyltransferases (WbwC) derived from the pathogenic E. coli serotypes O104 and O5 

have been identified catalysing the same reaction as previously described for C1GALT1 

(Wang S. et al. 2014). It has been shown that WbwC is involved in the synthesis of the 

repeating unit of the O antigen consisting of (-4-D-Galα1-4Neu5,7,9Ac3α2-3-D-Galβ1-3-D-

GalNAcβ1-)n (Wang S. et al. 2014).The glycan is assembled on an undecaprenol-phosphate 

precursor and the repeating unit is subsequently transferred to the periplasm (Wang S. et al. 

2014). WbwC enzymes derived from serotypes O104 and O5 C-terminally fused to a His-

tag have been expressed in E. coli BL21 in soluble form and activities were demonstrated 

employing a galactosyltransferase assay using different non-protein substrates (Wang S. et al. 

2014). The recombinant expression of WbwC potentially represents a more promising 

approach compared to the challenging co-expression of C1GALT1 and Cosmc to generate 

glycan core structures. However, investigations of WbwC activity using assays with 

glycoprotein substrates will be required. 

Glucose is the preferred carbon source for E .coli, although the organism is also able to utilize 

alternative carbon sources such as GlcNAc and glucosamine (GlcN) (Alvarez-Anorve et al. 

2005, Bren et al. 2016). Proteins involved in the metabolism of GlcNAc are part of the nag 

operon in E. coli K12 (Peri et al. 1990, Plumbridge J. A. 1989). The nag operon consists of 

five proteins comprising an N-acetylglucosamine-6-phosphate (GlcNAc-6P) deacetylase 

(NagA), a glucosamine-6-phosphate (GlcN-6P) deaminase (NagB), a transcription factor 

(NagC), and a transporter protein (NagE) (Alvarez-Anorve et al. 2005, Plumbridge J. A. 

1989). NagD represents an UMP phosphatase involved in the pyrimidine overflow pathway 

(Reaves et al. 2013). Extracellular GlcNAc is transported across the cytoplasmic membrane 

by the phosphoenolpyruvate-dependent sugar phosphotransferase system including the 

GlcNAc-specific EIICBA component (NagE) releasing phosphorylated GlcNAc-6P into the 

cytoplasm (Alvarez-Anorve et al. 2005). Subsequently, GlcNAc-6P is converted to fructose-

6-phosphate catalysed by NagA and NagB (Figure 5) (Alvarez-Anorve et al. 2005). The 

structural genes are arranged in divergent nagE and nagBACD operons (Alvarez-Anorve et 

al. 2016, Peri et al. 1990). Aiming to obtain high intracellular sugar levels, the NagB catalysed 

conversion is highly undesirable enhancing carbon flow into the glycolytic pathway. 

Accordingly, an increase of intracellular GlcN-6P by 30 % has been reported in an E. coli 

strain carrying a deletion of the nagB gene (Alvarez-Anorve et al. 2016). Supplementing 

GlcNAc to the cultivation medium, the availability of intracellular UDP-GlcNAc and UDP-

GalNAc may be improved for glycosylation reactions if WbgU is co-expressed in a NagB-

deficient E. coli strain. 
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Transcription of the nag operon is negatively regulated by the binding of the repressor protein 

NagC to the overlapping divergent promoters of nagE and nagB (Plumbridge J. 1995, 

Plumbridge J. and Kolb 1995). Furthermore, the expression of glmU and glmS, both involved 

in the synthesis of UDP-GlcNAc, is upregulated in the presence of NagC (Plumbridge J. 

1995). In the presence of GlcNAc-6P, NagC is inactivated resulting in the upregulation of 

the nag operon and downregulation of glmU/glmS expression (Plumbridge J. 1990, 1991). 

When the nagB promoter is active, the transcription of nagB and nagA is induced, however 

the expression level of nagC remains low (Plumbridge J. 1996). In order to maintain 

constitutive expression of nagC, two promoters are located in the coding sequence of nagA 

upstream of nagC (Plumbridge J. 1991, 1996). The induction of the nag operon by GlcNAc 

and the deletion of the gene encoding NagB offer the opportunity to replace chromosomal 

nagB with galNT2 and wbgU while retaining all regulatory elements. As a result, the expression 

of GalNAc-T2 and WbgU will be specifically induced by the addition of GlcNAc to the 

expression medium and the acetylated amino sugar is utilized for peptidoglycan synthesis 

(Zerbini et al. 2017) as well as glycosylation. The introduction of a gene cassette comprising 

galNT2 and wbgU will include about 3 kbp and require precise genome editing techniques. 

The development of CRISPR (clustered regularly interspaced palindromic repeat)-Cas9 has 

enabled efficient modification and regulation of genomic sequences (Doudna and 

Charpentier 2014). Different strategies have been employed to engineer the genome of E. 

coli and an increase in genome editing efficiency has been reported combining the λRed 

recombinases (bet, gam, exo) and RecA, an important protein required for DNA repair and 

recombination (Zhao et al. 2016). As an example, up to 9 genes or 8 kbp DNA sequences 

encoding the biosynthetic pathway of β-carotene have been integrated into the genome of a 

MG1655-derived E. coli strain (Li Y. et al. 2015). The use of these state-of-the-art techniques 

to modify and optimize the genome of the host strain could potentially provide a powerful 

E. coli-based expression system as alternative to well-established mammalian-based 

production platforms for the production of complex biopharmaceuticals. 
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5 Summary 

Glycosylation represents an important modification influencing the quality of recombinant 

expressed biopharmaceuticals by modulating the stability and activity of commercially 

relevant therapeutics. As a result, the importance of E. coli as a manufacturing platform has 

continuously decreased due to the lack of post-translational modifications during protein 

expression. The presented E. coli-based expression system was established to achieve mucin-

type O-glycosylation in vivo combining the expression of the human glycosyltransferase 

GalNAc-T2 and the uridine 5’diphospho-N-acetylglucosamine (UDP-GlcNAc) 4-epimerase 

derived from Plesiomonas shigelloides (WbgU). T7Muc10, a synthetic protein with multiple 

glycosylation sites, and the granulocyte-colony stimulating factor G-CSF, a pharmaceutically 

relevant product, were included as potential target proteins. 

In the first part of the project, the expression and purification of WbgU was successfully 

established. The pET23a-based expression vector was created carrying the genetic 

information of the enzyme translationally fused to a C-terminal His-tag including the tobacco 

etch virus-derived TEV-protease cleavage site. This construct enabled the purification of the 

expressed protein with subsequent proteolytic removal of the affinity tag. The folding state 

and thermal stability of the purified protein were investigated and in vitro activity of WbgU 

was analysed in detail. Furthermore, the combined in vitro activity of WbgU and GalNAc-T2 

was assessed using a modified malachite green reagents-based glycosyltransferase assay. For 

the first time, tag-free WbgU was used to immunize rabbits and the obtained sera enabled 

the detection of native WbgU in cell homogenates by immunoblot analysis.  

In the second part, the assembly of the glycosylation gene cassette comprising GalNAc-T2 

and WbgU as well as one of the target protein-encoding genes was demonstrated. Successful 

expression of soluble protein was shown for the glycosyltransferase, 4-epimerase, and target 

protein. The subsequent glycosylation of T7Muc10 and N-terminally modified G-CSF 

(HisDapG-CSF) was demonstrated. A purification procedure was established for T7Muc10 

and both the unglycosylated and glycosylated variants were investigated in detail employing 

different mass spectrometry methods. An N-terminal truncated variant of T7Muc10 was 

identified and glycosylations including a maximum of 24 N-acetylgalactosamine (GalNAc) 

moieties were detected on a single T7Muc10 protein. The synthetically designed T7Muc10 

consists of tandem repeats of EA2 and EAN. Up to four GalNAc residues were detected 

analysing glycosylations of the EA2 and EAN motifs containing seven and six putative 

glycosylation sites, respectively. Furthermore, serine residues were identified as glycosylation 

sites by investigating glycosylated T7Muc10 and HisDapG-CSF suggesting a potential 

influence of affinity tags and linker sequences on the recognition of O-glycosylation sites. 
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