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Summary 

This thesis focuses on the analysis of the protein N-linked glycosylation pathway of bacteria 

and evaluates the potential of glycoengineered Escherichia coli strains for various 

applications.  

N-Linked glycosylation is a post-translational modification wherein a pre-assembled 

oligosaccharide is covalently attached onto an asparagine side chain within a polypeptide. 

This protein modification occurs in eukaryotes, archaea, and in some bacteria. Chapter one 

reviews the main steps of the glycosylation pathway and highlights the basic principles 

shared among prokaryotes and eukaryotes. Examination of the structural diversity of N-

glycans and analysis of oligosaccharyltransferases, the central enzymes of the pathway, 

suggests a possible evolutionary route of N-glycosylation.  

Although a number of proteobacteria carry the genetic information to perform N-linked 

glycosylation, only the protein glycosylation (pgl) pathway of Campylobacter jejuni has been 

studied to date. Chapter two unveils that the pgl gene cluster of Campylobacter lari encodes 

for a functional glycosylation machinery that can be reconstituted in E. coli. The 

oligosaccharyltransferase of C. lari conserves a predominant specificity for the primary 

sequence D/E-X-1-N-X+1-S/T (where X-1 and X+1 can be any amino acid but proline). At the 

same time, this enzyme exhibits a relaxed specificity towards the acceptor site and modifies 

asparagine residues at the sequences DANSG and NNNST. These data show that a negatively 

charged amino acid at the -2 position to the asparagine is not required for catalysis by 

bacterial oligosaccharyltransferases, and that asparagine turn motifs might not be strictly 

required for this protein modification.  

The final N-glycan structures are responsible for important biological processes. However, a 

major challenge in glycobiology research comes from the microheterogeneity of natural and 

recombinant glycoproteins, from which pure glycoforms are difficult to isolate for functional 

studies and biomedical applications. Chapter three presents a general, two-step strategy for 

producing homogenous glycoproteins carrying eukaryotic N-glycans in which (i) GlcNAc-

linked glycoproteins are generated in a glycoengineered E. coli strain and (ii) the glycans are 

further elaborated in vitro via enzymatic transglycosylation. The combination of 

glycoengineered E. coli expression system and in vitro chemoenzymatic glycan elaboration 

allows assembly of homogeneous glycoforms of a heterologous protein representing the 

mammalian core pentasaccharide Man3GlcNAc2, the high-mannose type N-glycan 

Man9GlcNAc2, and the bi-antennary complex type N-glycan.  
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N-glycosylation appears to be a virulence factor in C. jejuni. Thus, the ability to control this 

protein modification could enable the development of novel approaches to contain foodborne 

campylobacteriosis. Chapter four introduces a chemical genetics strategy to identify 

inhibitors of bacterial N-glycosylation. This approach requires the development of an assay to 

measure glycosylation of a protein expressed in E. coli cells carrying the glycosylation 

machinery of C. jejuni. The chapter describes an ELISA-based method that monitors the 

activity of several enzymes of the glycosylation pathway.  
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Riassunto 

Questa tesi si concentra sull'analisi del processo di N-glicosilazione batterica e valuta il 

potenziale applicativo di ceppi "glico-ingegnerizzati" di Escherichia coli. 

La N-glicosilazione è una modificazione post-traduzionale che consiste nella formazione di 

un legame covalente tra un oligosaccaride e la catena laterale di un'asparagina contenuta in un 

polipeptide. Questa modificazione proteica interessa eucarioti, archaea e alcuni batteri. Il 

primo capitolo passa in rassegna le tappe principali del processo della glicosilazione 

evidenziando i principi di base comuni a procarioti ed eucarioti. L'esame della diversità 

strutturale degli N-glicani e l'analisi delle oligosaccariltrasferasi, gli enzimi principali di 

questo processo, rivelano un possibile percorso evolutivo della N-glicosilazione.  

Sebbene un certo numero di proteobatteri presenti l'informazione genetica per eseguire la N-

glicosilazione, ad oggi l’unico sistema di glicosilazione proteica (pgl) studiato è  quello di 

Campylobacter jejuni . Il secondo capitolo descrive che il gruppo di geni pgl di 

Campylobacter lari codifica un sistema di glicosilazione che può essere ricostituito in E. coli. 

L'oligosaccariltrasferasi di C. lari mantiene una predominante specificità per la sequenza 

D/E-X-1-N-X+1-S/T (dove X-1 e X+1 possono essere qualsiasi amminoacido tranne la prolina). 

Al tempo stesso, questo enzima presenta una specificità meno stringente verso il sito 

accettore, modificando residui di asparagina delle sequenze DANSG e NNNST. Questi dati 

indicano che un amino acido carico negativamente in posizione -2 rispetto all'asparagina non 

è indispensabile per la catalisi da parte delle oligosaccariltrasferasi batteriche, e che il motivo 

Asx-turn potrebbe non essere strettamente necessario per questa modificazione proteica.  

Le strutture finali degli oligosaccaridi legati alle proteine influenzano importanti processi 

biologici. Tuttavia, una delle maggiori difficoltà nel campo della glicobiologia deriva dalla 

microeterogeneità delle glicoproteine naturali e ricombinanti, da cui singole glicoforme sono 

difficili da isolare per studi funzionali e applicazioni biomediche. Il terzo capitolo presenta 

una strategia generale divisa in due fasi per la produzione di formulazioni omogenee di 

glicoproteine con oligosaccaridi di tipo eucariotico. Questo approccio prevede che (i) 

glicoproteine con un legame asparagina-GlcNAc siano prodotte in un ceppo di E. coli 

geneticamente modificato per la glicosilazione, e che (ii) gli zuccheri siano ulteriormente 

elaborati in vitro tramite transglicosilazione enzimatica. La combinazione di un sistema di 

espressione da ceppi ingegnerizzati di E. coli con l'elaborazione chemoenzimatica in vitro 

permette la sintesi di glicoforme omogenee di una proteina eterologa che presenta il nucleo 

pentasaccaride dei mammiferi (Man3GlcNAc2), il tipo ad alto mannosio (Man9GlcNAc2) e lo 

zucchero complesso di tipo bi-antenna. 
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La N-glicosilazione sembra essere un fattore di virulenza in C. jejuni. La capacità di 

controllare questa modificazione proteica potrebbe quindi permettere lo sviluppo di nuovi 

approcci per contenere la campilobatteriosi alimentare. Il quarto capitolo introduce una 

strategia per identificare inibitori della N-glicosilazione batterica. Questo approccio richiede 

lo sviluppo di un saggio per quantificare la glicosilazione di una proteina espressa in cellule 

di E. coli che esprimono il sistema di glicosilazione di C. jejuni. Il capitolo descrive un 

metodo ELISA capace di monitorare l'attività di numerosi enzimi coinvolti nel processo di 

glicosilazione.  
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Introduction to N-linked protein glycosylation 
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  Chapter 1 

Glycosylation is a post-translational modification 

The genetic information of an organism is stored as gene units in the genome, and it is 

decoded in a directional fashion - it is first transcribed into messenger RNA, and then 

translated into proteins. Yet, the number of genes alone does not account for the biological 

complexity of an organism. Nature has designed a sophisticated set of mechanisms to 

organize and control biological networks. For instance, genes can be differentially expressed 

in time and space. The pool of coding RNAs can be expanded by alternative splicing, edited 

by insertion and deletion of nucleotides, or reduced by the action of microRNAs. Translation 

can be influenced by secondary structures of both coding RNA and nascent polypeptide 

chain. However, a fundamental and extensive way of fine-tuning biological systems comes 

from the various processing events that many polypeptides experience following their 

synthesis. Post-translational modifications define a diverse array of molecules covalently 

attached to proteins, and range from the widespread, such as glycosylation, phosphorylation, 

ubiquitinylation, and acetylation, to less frequent ones.  The advantage of this strategy resides 

in the convenience of controlling protein properties by equipping basic scaffolds with 

different signaling tags, instead of building a vast array of protein variants.  

Glycosylation plays important physiological roles. In the early secretory pathway of 

eukaryotes, the composition of the N-glycan sitting on newly synthesized proteins 

orchestrates the folding steps of glycoproteins, eventually directing misfolded polypeptides to 

degradation (Aebi et al., 2009, Clerc et al., 2009). Glycosylation is relevant to the modulation 

of the immune system and to the control of immune cell homeostasis and inflammation 

(Kaneko et al., 2006, Anthony et al., 2008, van Kooyk et al., 2008, Dube et al., 2005). Some 

mutualistic relationships between hosts and their resident intestinal bacterial species are 

founded on glycosylation (Fletcher et al., 2009, Szymanski et al., 2002). Glycans can also 

sterically shield a polypeptide from cleavage or antigenic recognition (Reitter et al., 1998). 

The importance of glycosylation is supported by its incidence: more than half of all the 

eukaryotic proteins are glycosylated (Apweiler et al., 1999). Polypeptides that undergo this 

modification are typically secreted or localized in oxidizing compartments topologically 

oriented towards outside, i. e. endoplasmic reticulum (ER), Golgi, periplasm, and vacuoles. 

Mammalian genomes dedicate 1-2% of their capability to create an endogenous portfolio of 

enzymes required for glycosylation (Lowe et al., 2003). In addition, acetyltransferases and 

sulfotransferases residing in the secretory pathway frequently attach acetyl and sulfate groups 

to selected saccharides. As a result, highly complex structures are assembled on proteins, 

accounting for up to 90% of molecular weight of the glycoconjugates (Dwek, 1996).  
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  Chapter 1 

Glycans found on proteins are classified into N-glycans, O-glycans, C-glycans, and 

proteoglycans (Varki, 2009). In addition, proteins can be modified with a complex 

glycosylphosphatidylinositol molecule at the polypeptide carboxyl terminus of specific 

sequences: this derivatization confers new properties by anchoring proteins to membranes. N-

Glycoproteins carry oligosaccharide chains linked to the -amino group of asparagines via an 

N-glycosidic bond. Various types of O-glycans extend from the hydroxyamino acids 

threonine, serine, hydroxylysine, and hydroxyproline. The covalent attachment of GlcNAc to 

serine or threonine (O-GlcNAc) is peculiar, because this single-sugar modification occurs to 

cytosolic, nuclear and mitochondrial proteins and the O-GlcNAc is cycled on a shorter time 

scale than protein turnover (Hart, 1997, Love et al., 2005). Addition of mannose to 

tryptophan residues through a carbon-carbon bond produces C-glycoproteins (Doucey et al., 

1998). Proteoglycans consist of a core protein decorated with one or more long linear 

carbohydrate polymers, which are negatively charged under physiological conditions due to 

the occurrence of sulfate and uronic acid groups (Esko et al., 2001). Proteoglycans are 

present in the extracellular matrix, where they assist morphogenesis by creating fields of 

growth factors (Bishop et al., 2007).  

 

 
N-Linked glycosylation is a homologous process defined by three steps 

Asparagine (N)-linked glycosylation specifies the covalent attachment of a pre-assembled 

oligosaccharide onto an asparagine side chain within a polypeptide. This protein modification 

occurs in almost all eukaryotes and archaea (Spiro, 2002, Magidovich et al., 2009). By 

contrast, N-glycosylation is rather rare in bacteria and appears to be confined to - and -

proteobacteria (Szymanski et al., 2005, Langdon et al., 2009). 

Although N-glycosylation presents a number of variations among different organisms, three 

fundamental steps can be defined in all systems. 

1. A glycan is assembled onto a polyisoprenyl-pyrophosphate anchor through the 

stepwise transfer of monosaccharides by various glycosyltransferases. This lipid-

linked oligosaccharide (LLO) is then re-oriented from the cytosolic to the luminal side 

of the ER membrane (or of the inner membrane), where it serves as donor for 

glycosylation. 

2. A protein with the consensus sequence for glycosylation (N-X-S/T) is translocated to 

the ER lumen (or to the periplasm), where it serves as acceptor. 
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  Chapter 1 

ALG genes (Parodi et al., 1984, Samuelson et al., 2005). For example, Trypanosoma 

produces Man9GlcNAc2-PP-Dol, while some Leishmania species synthesize Man6GlcNAc2-

PP-Dol (de la Canal et al., 1987, Parodi et al., 1984). Glycosyltransferases operating in the 

cytosol use nucleotide-activated monosaccharides (UDP-GlcNAc and GDP-Man) as donors, 

while ER resident glycosyltransferases use dolichyl-activated monosaccharides (dolichyl-P-

Man and dolichyl-P-Glc) (Burda et al., 1999a). 

Although archaeal N-glycosylation is poorly characterized, a greater variability in the lipid-

bound oligosaccharide structure is observed in this group compared to eukaryotes. In fact, 

archaea employ a large pool of monosaccharides including, for instance, N-

acetylmannosamine (ManNAc), galactose (Gal), galactouronic acid (GalA), glucuronic acid 

(GlcA), iduronic acid (IdoA), N-acetylgalactosamine (GalNAc), and rhamnose (Rha). 

Moreover, glycans are often modified by methylation, by sulfation, and by addition of amino 

acids. Biosynthesis of the LLO appears to take place at the cytosolic side of the inner 

membrane in archaea by using nucleotide-activated monosaccharides (Eichler et al., 2005). 

Oligosaccharides are generally assembled on dolichyl-pyrophosphate as in eukaryotes, but 

dolichyl-phosphate seems to be employed as carrier as well (Kuntz et al., 1997, Lechner et 

al., 1989). Translocation of the LLO across the plasma membrane has not been studied. Some 

archaeal N-glycans have been characterized. Methanococcus voltae builds a trisaccharide 

composed of ManNAc6Thr-1,4-GlcNAc3NAcA-1,3-GlcNAc linked to asparagine 

(Voisine et al., 2007). Methanococcus maripaludis N-glycans are made of Sug-1,4-

ManNAc3NAcA6Thr-1,4-GlcNAc3NAcA-1,3-GalNAc-Asn, where Sug is 2-acetamido-

2,4-dideoxy-5-O-methyl-erythro-hexos-5-ulo-1,5-pyranose (Kelly et al., 2009). Interestingly, 

two structurally different N-linked oligosaccharides are found in Halobacterium salinarum 

(Lechner et al., 1989). Haloferax volcanii attaches to proteins a pentasaccharide including 

two hexoses, two hexuronic acids and an additional 190 Da saccharide (Abu-Qarn et al., 

2008, Abu-Qarn et al., 2007b, Yurist-Doutsch et al., 2008). Remarkably, whereas all the 

oligosaccharides characterized to date present N-acetyl-hexosamine at the reducing end, in 

Haloferax volcanii the monosaccharide linking the glycan to the asparagine side chain is a 

hexose.  

Among bacteria, the protein glycosylation (pgl) machinery of Campylobacter jejuni is the 

only one characterized (Linton et al., 2005; Kelly et al., 2006). The oligosaccharide of C. 

jejuni is made of GalNAc-1,4-GalNAc-1,4-(Glc-1,3)-GalNAc-1,4-GalNAc-1,4-
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  Chapter 1 

via condensation of three acetyl-CoA molecules, followed by reduction by the 

hydroxymethyl-glutaryl-CoA reductase (HMGR) (Qureshi et al., 1981). The alternative 

methylerythritol phosphate (MEP) pathway requires condensation of pyruvate and 

glyceraldehyde 3-phosphate, followed by reduction catalyzed by the deoxyxylulose 

reductoisomerase (DXR) (Rohmer, 1999). The MEP pathway is present in most bacteria and 

in the plastids of phototrophic organisms (plants, algae). In the second synthetic phase, 

isoprenoid units are sequentially combined by addition of the allylic moiety to the double 

bond of another IPP molecule. These polymerization steps occur under the catalysis of a 

family of prenyltransferases (Ogura et al., 1998). In bacteria, the UppS prenyltransferase adds 

IPP to pharnesyl diphosphate to produce undecaprenyl-pyrophosphate (Und-PP) (Fujihashi et 

al., 2001). UppP presumably dephosphorylates Und-PP to generate the attachment point for 

assembly of the LLO (El Ghachi et al., 2004). The final steps of the de novo biosynthesis of 

dolichol in eukaryotes involve dephosphorylation of the -unsaturated pyrophosphate 

derivative to the monophosphate, and then to the non-phosphorylated form, followed by 

saturation of the -unit (Schenk et al., 2001). Lastly, a CTP-dependent dolichol kinase 

generates dolichyl-P.  

The lipid carrier is also regenerated after its release from the polyprenyl-PP-glycans both in 

bacteria and in eukarotes. In Escherichia coli, the three membrane proteins YbjJ, YeiU and 

PgpB account for the dephosphorylation of undecaprenyl-pyrophosphate to the 

monophosphate form at the periplasmic side (El Ghachi et al., 2005, Touze et al., 2008, Tatar 

et al., 2007). A protein showing phosphatase activity with a luminal-oriented active site has 

been identified in yeast and in mammalian cells (Rush et al., 2002, Fernandez et al., 2001). 

Recycling of the lipid anchor might occur via direct translocation of lipid in its 

phosphorylated form, or via an energy-independent flip-flop of the free form. Absence of 

dolichol kinase activity during recycling of dolichyl-P in sealed microsomes suggests that 

dolichyl-P translocates to the cytoplasmic side of the ER membrane (Rush et al., 2008). 

Similarly, analysis of polyprenol levels in E. coli membranes failed to detect undecaprenol 

(Barreteau et al., 2009). However, re-orientation of a phosphorylated lipid across a membrane 

would require the activity of a yet unidentified flippase. Irrespective of the correctness of the 

two hypotheses, the level of lipid carrier represents an important rate-controlling factor in the 

biosynthesis of glycolipid intermediates and the cyclic design becomes an efficient way to 

regulate the extent of glycosylation. Indeed, it has been shown that inactivation of the 
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pyrophosphatase activity located in the ER lumen accounts for as much as 80% in reduction 

of N-glycosylation in yeast (van Berkel et al., 1999). 

High hydrophobicity of polyisoprenoids destines these molecules to a membrane localization, 

where they may serve as a structural scaffold to organize the biosynthesis of the LLO. In fact, 

some glycosyltransferases seem to interact with polyisoprenoids by means of transmembrane 

binding motifs called polyisoprenoid recognition sequences (PIRSs) (Zhou et al., 2003). 

PIRS domains were first identified in the yeast glycosyltransferases Dpm1p, Alg7p, and 

Alg1p, and then described in other enzymes involved in glycosylation such as Alg2p, 

ribophorin I, NeuE, and KpsM (Albright et al., 1989, Jackson et al., 1993, Troy, 1992). The 

conserved sequence responsible for dolichol recognition is located at the C-terminal 

transmembrane domain of Dpm1p but deletion or mutagenesis of this sequence does not alter 

the activity of the enzyme towards dolichyl phosphate (Zimmerman et al., 1993). Using a 

combined approach of NMR and molecular modeling, Zhou and Troy found that 

undecaprenyl-P and dolichyl-P fold into a coiled, helical structure, and that one polyisoprenyl 

molecule can bind up to five PIRS domains (Zhou et al., 2003). Therefore, they have 

suggested that polyisoprenyl may be used as a molecular docking station for enzymes 

involved in the biosynthesis of the LLO. Formation of supermolecular complexes at the site 

of LLO biogenesis is also supported by the observation that Alg1p, Alg2p, and Alg11p 

mannosyltransferases are able to form intermolecular interactions in yeast (Gao et al., 2004). 

Similarly, additional PIRS motifs located on oligosaccharyltransferase subunits may assist 

recognition of the glycan donor during transfer to the acceptor protein (Zhou et al., 2003). 

In addition to a regulative function and a role as structural scaffold for glycosyltransferases, 

polyisoprenoids might be involved in the mechanism of translocation of the LLO across the 

membrane. Re-orientation of the LLO to the luminal side of the ER membrane in eukaryotes 

and to the periplasmic side of the plasma membrane in prokaryotes is necessary for N-

glycosylation. However, the glycan attached to the lipid anchor is highly hydrophilic, and its 

translocation is unlikely to occur spontaneously. Different models have been introduced to 

explain movements of LLO across membranes. Undecaprenyl and dolichyl derivatives appear 

to alter the membrane structure and induce the formation of non bi-layer organization of 

phospholipids in artificial membrane vesicles (Valtersson et al., 1985, McCloskey et al., 

1980). PIRS peptides reverse a membrane from non-lamellar phase back to a lamellar 

structure (Zhou et al., 2005). These observations have led to the hypothesis that a 

combination of polyisoprenyl- and PIRS-induced alterations of the bilayer structure may 

result in the opening of hydrophilic pores in the membrane. These channel-like structures 
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would in turn facilitate translocation of glycolipids. The concept that discontinuities in 

membranes may lead to rearrangements of glycolipids is also supported by the observation 

that transmembrane peptides mimicking -helices of membrane proteins induce flip-flop of 

phospholipids in model membranes (Kol et al., 2001, Kol et al., 2003).  

Specific proteins may ferry glycosyl-polyisoprenoids across membranes. Such "flippases" 

would eliminate the energy barrier required for translocation, possibly by shielding the 

oligosaccharide from the hydrophobic interior of the bilayers during translocation (Pomorski 

et al., 2006, Schenk et al., 2001). Flippases have been identified in bacteria and in 

eukaryotes, but discrepancies between genetic and biochemical data generate disagreement 

on the identity and on the function of these proteins. It has been suggested that the Rft1 

protein specifically translocates dolichyl-PP-GlcNAc2Man3 in eukaryotes (Helenius et al., 

2002b). RFT1 has been first identified in S. cerevisiae, but orthologs are found in almost all 

eukaryotes (Ng et al., 2000, Helenius et al., 2002a). Rft1p is an integral membrane protein 

with 12 predicted transmembrane domains. Mutation of RFT1 leads to disorders in 

glycosylation in humans (Haeuptle et al., 2008). Depletion of RFT1 in yeast results in a 

significant accumulation of the Man5GlcNAc2 precursor and in reduction of N-glycosylation 

(Helenius et al., 2002b). However, translocation of dolichyl-PP-GlcNAc2Man5 does not 

correlate to the presence of Rft1p when tested in vitro in artificial vesicles and in microsomes 

(Frank et al., 2008, Sanyal et al., 2009, Sanyal et al., 2008, Rush et al., 2009). These 

contrasting results may be due to the possibility that some structural aspects of the 

organization of the ER are lost when cells are disrupted, and are difficult to recreate in vitro. 

Alternatively, translocation might require the collective action of more proteins, with Rft1p 

being the key component. Studies on the process of LLO flipping in bacteria offer important 

information. The biosynthesis of the LLO for N-glycosylation is initiated by PglC, a UDP-

Bac:Undecaprenyl-P Bac-1-P transferase inserted into the plasma membrane via a single -

helix (Glover et al., 2006). Translocation of the LLO across the inner membrane exploits an 

ATP-dependent mechanism by means of PglK (Alaimo et al., 2006).  In contrast, in the O-

antigen and enterobacterial common antigen (ECA) pathways, the integral membrane protein 

WecA adds GlcNAc-P to undecaprenyl-P to start the biosynthesis of the LLO (Lehrer et al., 

2007). In this case, translocation of LLO is supported by the energy-independent Wzx 

proteins (Marolda et al., 2004). The two flipping systems are functionally interchangeable. 

However, whereas PglK exhibits a relaxed specificity towards the LLO, Wzx activity 

depends on the presence of WecA (Marolda et al., 2004, Alaimo et al., 2006).  This 
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observation can be explained either by implying that Wzx proteins recognize and translocate 

LLOs having GlcNAc at the reducing end, or by assuming that energy-independent 

translocation requires structural interactions among Wzx and WecA. Similarly, in the 

eukaryotic system, Rft1p might interact with the glycosyltransferase Alg7p, which is a 

membrane protein. Such collaboration could also help to govern the directionality of the 

translocation process. In fact, an ATP-dependent mechanism seems indispensable for N-

glycosylation when the asymmetric distribution of LLO species is managed only by the 

flippase. Vice versa, an ATP-independent mechanism becomes sufficient when other 

functions cooperate with the flipping process to make it functionally unidirectional. The 

glycosyltransferase that primes the LLO (WecA and Alg7p) might be one of these functions. 

Additionally, the glycosyltransferases located at the luminal side of the ER membrane 

promptly modify the Man5GlcNAc2 glycan, thus reducing the concentration of dolichyl-PP-

Man5GlcNAc2 in the ER lumen. O-Antigen and ECA polymerases might also contribute to 

the directionality of the process in bacteria. 

 

 

A short consensus sequence defines the acceptor site 

The acceptor substrate of N-glycosylation is an asparagine residue present within the 

consensus sequence N-X-S/T (Marshall, 1974). In this regard, N-glycosylation differs from 

other covalent post-translational modifications as O-glycosylation, which requires a large and 

not yet fully characterized recognition domain (Gooley et al., 1994).   

The observation that the tripeptide recognition sequence is sufficient for glycosylation in 

vitro has facilitated the biochemical characterization of the peptide substrate. 

- The first position invariably requires asparagine. Glutamine seems not to be tolerated 

(Welply et al., 1983). 

- The second position can be occupied by any amino acid but proline (Imperiali et al., 

1991). Absence of glycosylation of N-P-T/S sequences suggests that local secondary 

structure is an important determinant for glycosylation.  

- The third position requires threonine or serine (Bause et al., 1995, Breuer et al., 

2001). Sequence analysis of glycoproteins reveals a preference for N-X-T sites over 

N-X-S (Gavel et al., 1990, Chen et al., 2007). Cysteine is also accepted, although 

with low preference (Imperiali et al., 1995).  

While these requirements are met in the vast majority of glycoproteins, alternative sequons 

are rarely modified (Vance et al., 1997, Haniu et al., 1998, Titani et al., 1986, Valliere-
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asparagine (Kowarik et al., 2006b). This suggests that bacterial OST has a more stringent 

specificity for the acceptor site than the eukaryotic counterpart. The amino acids at the -1 and 

+1 position of the sequon D/E-X-1-N-X+1-S/T influence the glycosylation of pentapeptides 

(Chen et al., 2007). Proline is tolerated neither at the -1 nor at the +1 position (Chen et al., 

2007, Kowarik et al., 2006b). The role of an acidic amino acid in the -2 position has not been 

characterized. 

Only 70% of the potential glycosylation sites found in eukaryotic proteins are modified 

(Petrescu et al., 2004). The frequency of glycosylation varies among different sequons, and is 

largely influenced by the type of amino acid in the +1 position, as well as by neighboring 

residues. If the oligosaccharyltransferase recognizes Asx-turn motifs, the frequency of 

modification might be bound to the ability of each sequon to form an Asx-turn (Imperiali et 

al., 1995, Imperiali et al., 2005). Therefore, it is likely that the local secondary and tertiary 

structure at the glycosylation site impairs glycosylation. Studies on eukaryotic and bacterial 

glycosylation have been instrumental to define the connection between protein folding and N-

glycosylation. Proteins destined for glycosylation are translocated in the ER lumen in 

eukaryotes, and in the periplasmic space in prokaryotes (Nita-Lazar et al., 2005, Wacker et 

al., 2002). Polypeptides presenting a signal sequence at the N-terminus are transported 

through a channel that is formed by a conserved, heterotrimeric membrane-protein complex, 

the Sec61 or SecYEG complex (Hegde et al., 2006) (Rapoport, 2007). N-Glycosylation is 

temporally coupled to translation and translocation in eukaryotes. Coordination of the three 

processes involves spatial localization of the OST adjacent to the protein translocation 

channel (Harada et al., 2009). Photocrosslinking of a cryptic peptide Q-K*-T (K*=N-(5-

azido-2-nitrobenzoyl)-lysine) to the active site of the OST occurs when sequons are located at 

least 69 residues from the peptidyl site of the ribosome (Nilsson et al., 2003). Since in 

eukaryotes glycosylation occurs on translocating polypeptides, OST acts on proteins which 

have not yet experienced folding and do not display a rigid secondary or tertiary structure 

(Ruiz-Canada et al., 2009). In agreement with this notion, sequons found on terminally 

folded proteins are not substrates for glycosylation, whereas the same sequons are 

glycosylated after alteration of the protein structure (Pless et al., 1977, Kowarik et al., 

2006a). In contrast, in bacteria N-glycosylation appears to be temporally disconnected from 

translocation (Kowarik et al., 2006a). As a result, bacterial OST deals with terminally folded 

polypeptides. However, in analogy to the eukaryotic process, bacterial OST modifies sequons 

found within flexible elements (Kowarik et al., 2006a). Crystallographic studies on two 
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  Chapter 1 

additional domains arranged in -strands. sPglB and sStt3 display the short sequence 

WWDYG in the central core domain. The WWDYG motif might be critical for functionality, 

since it is conserved among OSTs and mutations within it affect activity (Yan et al., 2002a, 

Wacker et al., 2002, Igura et al., 2008). A structure-based multiple sequence alignment of the 

sStt3 and sPglB has led to the identification of additional residues within the core region 

which might be important for OST activity (Igura et al., 2008, Maita et al., 2009). 

 

 

Figure 9 | Complexity of the oligosaccharyltransferase. The x axis represents the number 
of proteins per OST; the y axis describes the number of STT3 isoforms found in each 
organism. 
 

Similarly to prokaryotes, some protists express STT3 proteins which are self sufficient for 

oligosaccharide transfer. Remarkably, multiple copies of the STT3 gene are found in the 

genome of Leishmania major and Trypanosoma brucei (Berriman et al., 2005, Ivens et al., 

2005). Two of the three paralogous genes are expressed in the bloodstream and procyclic life 

stages of T. brucei (TbSTT3A and TbSTT3B) (Izquierdo et al., 2009). 

In contrast, in other eukaryotes as fungi, animals and plants, the OST works as a multiprotein 

complex made of up to eight polypeptides:  Stt3p, Ost1p, Ost2p, Ost4p, Ost5p, Wbp1p, 

Swp1p, and, alternatively, Ost3p or Ost6p (Fig. 9) (Kelleher et al., 2006, Lennarz, 2007, 

Dempski et al., 2002, Spirig et al., 1997). OST subunits are anchored to the ER membrane by 

at least one transmembrane segment.  Five subunits (Stt3p, Ost1p, Ost2p, Wbp1p, and 

Swp1p) are essential for viability of yeast (Knauer et al., 1999). Three sub-complexes, 

comprising Ost1p-Ost5p, Swp1p-Wbp1p-Ost2p, and Stt3p-Ost4p-Ost3p (or Ost6p) have been 

identified (Karaoglu et al., 1997, Yan et al., 2002b, Spirig et al., 1997). The Stt3 protein 
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  Chapter 1 

shows sequence homology to the C. jejuni PglB and the P. furiosus STT3, and bears the 

catalytic site for oligosaccharide transfer (Spirig et al., 1997, Wacker et al., 2002, Igura et al., 

2008). Stt3p has been labeled using photo-activatable probes inserted within translocating 

polypeptides, indicating that it engages contacts to the acceptor protein (Nilsson et al., 2003, 

Yan et al., 2002b).  As the prokaryotic homologs, Stt3p presents an N-terminal hydrophobic 

domain with 11 predicted transmembrane -helices, followed by a C-terminal hydrophilic 

domain that is located in the ER lumen (Zufferey et al., 1995, Kim et al., 2005). Vertebrate, 

plant, and insect genomes bear two STT3 genes (STT3-A and STT3-B) (Kelleher et al., 2003). 

The two Stt3p isoforms are contemporarily expressed in mammalian cells and operate 

sequentially in glycosylation (Ruiz-Canada et al., 2009): Stt3Ap appears to contact first 

nascent polypeptides, whereas Stt3Bp acts later to modify sites which are not yet folded. 

Structural analysis using cryo-electron microscopy has given an approximate picture of the S. 

cerevisiae OST complex, at a 12 Å resolution (Li et al., 2008). This structure reveals a long 

and continuous groove at the ER luminal side, approximately in parallel to the ER membrane, 

formed by Stt3p, Ost1p, and Wbp1p. This structural arrangement might function as a tunnel 

through which nascent polypeptides thread during glycosylation (Li et al., 2008). 

 

 

OST composition and LLO structure suggest an evolutionary view of N-glycosylation  

The discovery of a glycosylation pathway in the bacterium C. jejuni and its transplantation 

into the glycosylation-incompetent bacterium Escherichia coli have conclusively 

demonstrated that one protein can transfer oligosaccharides to proteins on its own (Wacker et 

al., 2002, Feldman et al., 2005). Absence of accessory OST proteins in P. furiosus suggests 

that a single protein mediates glycosylation in archaeal cells. By contrast, two different 

situations are found in eukaryotes. Protists manage glycosylation by means of multiple 

single-subunit OSTs, whereas fungi, vertebrates, and plants carry multimeric OSTs, 

apparently built as extensions of the Stt3 backbone. Similar to the C. jejuni/E. coli synthetic 

system, complementation of ost mutant S. cerevisiae strains with STT3 genes from protozoan 

organisms has led to a genetic system suitable for the characterization of Stt3 proteins and 

their interactions with auxiliary OST polypeptides. In this way, it has been shown that 

expression of Toxoplasma gondii and Trypanosoma cruzi STT3 in yeast suppresses the defect 

caused by a stt3 deletion (Shams-Eldin et al., 2005, Castro et al., 2006). Moreover, it has 

been found that some of the L. major Stt3 proteins support glycosylation in ost mutants yeast 
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strains without interacting with orphan OST subunits (Nasab et al., 2008). Therefore, it is 

reasonable to speculate that ancient glycosylation machineries presented single-subunit OSTs 

similar to the prokaryotic type, and that eukaryotic OST evolved in alternative but, at least in 

some cases, functionally equivalent ways. 

N-Glycosylation seems ubiquitous in archaea, whereas it is found only in  and -

proteobacteria (Langdon et al., 2009, Magidovich et al., 2009). Thus, N-glycosylation likely 

originates from an archaeal progenitor, and bacteria possibly acquired the N-glycosylation 

functions by horizontal transfer of archaeal genes. Evident functional similarities between the 

lipid cycles that assist peptidoglycan biosynthesis in bacteria and N-glycosylation in archaea 

and eukaryotes support this hypothesis (Bugg et al., 1994). Afterwards, (some) bacterial 

OSTs might have eventually evolved to narrow the acceptor site specificity to the 

pentapeptide D/E-X-1-N-X+1-S/T (Fig. 10), thus exerting a more stringent control on 

glycosylation sites (Kowarik et al., 2006b, Abu-Qarn et al., 2007a).  

In some eukaryotes, several proteins might have been gradually added to the Stt3p catalytic 

core: first Ost1p, Wbp1p and Ost2p, then Ost3/6p, Ost4p, Sw1p and Ost5p (Kelleher et al., 

2006). Each subunit appears to tune protein- or site-specific glycosylation. Ost1p acts as a 

chaperon to promote glycosylation of selected protein clients (Wilson et al., 2005, Wilson et 

al., 2007, Wilson et al., 2008). Ost3/6p bind specific polypeptides, both non-covalently and 

via transient disulfide bonds, and are likely to slow down the early stages of protein folding, 

thereby maintaining the polypeptide chain in a glycosylation-competent conformation 

(Schulz et al., 2009). Multiple interactions among OST and translocon subunits might also 

increase the number of N-glycans per protein, by providing better accessibility of 

translocating sequons to the catalytic site of the OST (Chavan et al., 2005). Therefore, 

multimeric OST results in a system wherein the glycosylation ability of the core Stt3p is 

extended by the action of auxiliary OST subunits (Fig. 10). Moreover, although single-

subunit OST exhibits some specificity for the oligosaccharide donor (Kelleher et al., 2007, 

Izquierdo et al., 2009, Manthri et al., 2008), preferential utilization of specific structures 

appears far more stringent in organisms featuring multi-subunit OSTs (Karaoglu et al., 2001). 

A substrate activation mechanism describes yeast OST specificity for the triglucosylated 

Glc3Man9GlcANc2 structure (Karaoglu et al., 2001). This model implies a single binding site 

for acceptor-peptide substrate and two donor binding sites: binding of a molecule of donor 

substrate to a regulatory pocket is a pre-requisite for loading of both donor and acceptor 
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2009). Since these studies have been performed in vivo or using solubilized membrane 

fractions (Kelleher et al., 2007), an in vitro analysis with purified STT3 proteins seems 

indispensable to draw a conclusive picture of the properties of eukaryotic single-subunit 

OSTs. It also remains to be shown whether eukaryotic single-subunit OSTs interact with the 

translocon and perform co-translocational glycosylation, or if they are able to glycosylate 

sequons within folded polypeptides as bacterial OST (Kowarik et al., 2006a). 

The biosynthetic route of the eukaryotic LLO also supports the hypothesis that N-

glycosylation originated from a prokaryotic progenitor. In fact, LLO biosynthesis is 

functionally divided into two branches. The first part resembles that one of archaea and 

bacteria, since it occurs at the cytosolic side and glycosyltransferases build the Man5GlcNAc2 

glycan by using nucleotide activated monosaccharides. After translocation of LLO to the ER 

lumen, a different class of glycosyltransferases completes the glycan structure by utilizing 

dolichyl-activated monosaccharides. Notably, glycosyltransferases using dolichyl-P-

monosaccharides as donor substrates seem to share a common ancestor (Oriol et al., 2002). 

Moreover, this group of glycosyltransferases clusters in the same family of enzymes that 

build glycosylphosphatidylinositol (GPI) membrane anchors, structures also found in archaea 

and in the Gram positive bacterium Mycobacterium tuberculosis (Kobayashi et al., 1997, 

Berg et al., 2007). Therefore, luminal mannosylating and glucosylating enzymes of the LLO 

biosynthetic pathway might have evolved from an ancestor gene belonging to the GPI 

biosynthetic machinery. 

 

 

Mature N-glycans are heterogeneous 

After transfer to proteins, N-glycans do not appear to be further modified in bacteria and 

archaea, whereas they are extensively processed by a variety of hydrolases and 

glycosyltransferases in eukaryotes. Modifications are organism, tissue, and protein 

dependent. Expression, activity, and localization of modifying enzymes, as well as presence 

of transporters specific for nucleotide-activated monosaccharides, govern N-glycan 

remodeling, thus resulting in a heterogeneity of structures (Comelli et al., 2006). Remodeling 

of the glycan takes place along the secretory pathway: typically, terminal monosaccharides 

are cleaved in the ER and in the cis-Golgi, and the glycan is then elaborated by the action of 

medial- and trans-Golgi resident glycosyltransferases.  

Mature glycan structures have a basic common pentasaccharide consisting of GlcNAc2Man3, 

and can be classified into three types (Fig. 11) (Varki, 2009).  
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  Chapter 1 

al., 2009). This general effect of the glycan might be the most ancient function of N-

glycosylation. Indeed, even in organisms where N-glycosylation is rather primitive and not 

essential for viability (archaea and bacteria), impairment of the glycosylation machinery does 

weaken some cellular functions, resulting in the inability to properly structure flagella, or in 

the loss of host colonization (Szymanski et al., 2002, Vandyke et al., 2009). These 

phenotypes suggest a general role of N-glycans in protein stabilization, rather than a specific 

function of the glycan on the acceptor protein.  

In eukaryotes, the stem structure of N-glycans maintains the important role in protein 

stability. In addition, N-glycans acquire sophisticated functions, which are exerted while 

proteins transit along the secretory pathway or after exiting the cell. The topological division 

of the N-glycosylation pathway into ER and Golgi marks a functional difference of 

oligosaccharides produced in the two organelles. In the ER, conserved glucosyltransferases 

and glucosidases, in combination with lectins, create a system able to assist folding of newly 

synthesized proteins (Helenius et al., 2004, Molinari, 2007, Helenius, 1994). Similarly, a 

group of mannosyltransferases collaborate with complex molecular machinery in sorting out 

and degrading misfolded polypeptides (Hirsch et al., 2009, Banerjee et al., 2007). Therefore, 

oligosaccharide structures are rather homogeneous in the first part of the secretory pathway, 

where glycans are crucial in intracellular processes as protein folding and homeostasis. By 

contrast, the repertoire of glycan structures of glycoproteins which are destined to the cell 

surface or meant to be secreted is considerably expanded during transit along the Golgi 

compartment. Golgi glycosyltransferases are different from those operating in the ER as they 

belong to the family of type II membrane proteins and use nucleotide-activated 

monosaccharides as donors. Since these glycosyltransferases are constitutively active 

enzymes, the extent of N-glycan remodeling is strongly dependent on the availability of 

nucleotide sugar donor substrate and thus very sensitive to metabolism (Dennis et al., 2009). 

This "explosion of diversity" (Dennis et al., 2009) might have evolved in plants and animals 

to sustain novel tasks in development, immune response, and cell-to-cell communication 

(Lowe et al., 2003). For instance, elaboration of the glycan chain of proteins exposed to the 

cell surface works in combination with a set of lectins to form a lattice that controls 

dimerization of receptors or binding to ligands (Dennis et al., 2009). N-Glycan structures on 

IgGs and their receptors fine tune their reciprocal affinity (Nimmerjahn et al., 2008). This 

also explains why genetic defects in Golgi glycosylation lead to mild phenotypes in cell 

cultures, whereas they can preclude viability when tested in an organism (Ioffe et al., 1994).  
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It is reasonable to speculate that N-glycosylation first occurred because oligosaccharides 

stabilize proteins, and then evolved in eukaryotes as a convenient way to elaborate distinct 

signals on proteins. The importance of this modification is highlighted by the observation that 

specific families of proteins feature a density of N-X-S/T sites different than expected by 

chance, supporting the existence of evolutionary trends in N-glycan multiplicity in specific 

sets of proteins among different organisms (Rao et al., 2010, Dennis et al., 2009). 

Furthermore, analysis of mutations in a set of human genes encoding proteins transiting 

trough the secretory pathway illustrates that mutations resulting in a gain-of-glycosylation 

phenotype are over-represented (Vogt et al., 2005). While it is difficult to evaluate how new 

N-glycosylations are biologically advantageous - some glycosylations might become relevant 

under particular selective pressure, these observations suggests that occurrence of N-

glycosylation is a dynamic process. 
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Research aims of this thesis 

The identification of an N-glycosylation pathway in the bacterium Campylobacter jejuni and 

its transfer into Escherichia coli has provided a genetically tractable model system to 

characterize the steps of bacterial N-linked glycosylation.   

This thesis exploits and extends the synthetic E. coli glycosylation system to: 

1. Mine the diversity of natural bacterial oligosaccharyltransferases, with a particular 

focus on the role of the acidic amino acid invariantly present in the consensus 

sequence D/E-X-1-N-X+1-S/T of C. jejuni glycoproteins. 

2. Establish a method for producing tailored glycoproteins with homogenous eukaryotic 

N-glycosylation.  

3. Develop a strategy to find inhibitors of the key components of the glycosylation 

machinery of C. jejuni. 
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Abstract 

A number of proteobacteria carry the genetic information to perform N-linked glycosylation, 

but only the protein glycosylation (pgl) pathway of Campylobacter jejuni has been studied to 

date. Here, we report that the pgl gene cluster of Campylobacter lari encodes for a functional 

glycosylation machinery that can be reconstituted in Escherichia coli. We determined that the 

N-glycan produced in this system consisted of a linear hexasaccharide. We found that the 

oligosaccharyltransferase of C. lari conserved a predominant specificity for the primary 

sequence D/E-X-1-N-X+1-S/T (where X-1 and X+1 can be any amino acid but proline). At the 

same time, we observed that this enzyme exhibited a relaxed specificity towards the acceptor 

site, and modified asparagine residues of a protein at the sequences DANSG and NNNST. 

Moreover, C. lari pgl glycosylated a native protein of E. coli, demonstrating that the pgl 

machineries are general glycosylation systems with different efficiencies. Bacterial N-

glycosylation appears as a useful tool to establish a molecular description of how single-

subunit oligosaccharyltransferases perform selection of glycosyl acceptor sites. 

 

Introduction 

N-Linked glycosylation is a ubiquitous protein modification that involves the decoration of 

selected asparagine residues within the sequences N-X+1-S/T (X+1≠P) with an 

oligosaccharide. This process is organized in a topologically equivalent way in eukaryotes 

and in prokaryotes (Yurist-Doutsch et al., 2008), and involves assembly of the glycan donor 

on a lipid anchor at the cytoplasmic side of the ER or of the plasma membrane, reorientation 

to the opposite face of the membrane, and subsequent attachment to the acceptor protein 

(Burda et al., 1999). The defining event of N-glycosylation is the formation of the N-

glycosidic bond between the oligosaccharide and the asparagine side chain of the acceptor 

protein. This reaction is catalyzed by the oligosaccharyltransferase (OST), a single subunit 

enzyme in bacteria, archaea and protozoa, but consisting of a multimeric complex in other 

eukaryotes (Kelleher et al., 2006). The Stt3 protein represents the central component of the 

OST complex, and it is believed to be the catalytic subunit (Feldman et al., 2005, Igura et al., 

2008). However, limited structure/function information on the Stt3 protein limits our 

understanding of how the poorly reactive amido group of the asparagine side chain is 

activated to form the N-glycosidic bond to the oligosaccharide (Igura et al., 2008, Maita et 

al., 2009). 

An OST identifies consensus acceptor sequences in polypeptides and modifies only some of 

the potential sites. Amino acids around the consensus sequence impact the probability that the 
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site will be glycosylated (Petrescu et al., 2004).  According to the current model, different 

strategies evolved to extend the substrate range of N-linked glycosylation. Campylobacter 

jejuni PglB transfers a heptasaccharide to the acceptor protein, stringently within the sequon 

D/E-X-1-N-X+1-S/T (X-1, X+1 ≠P) (Kowarik et al., 2006b). In protozoa (also possessing a 

single subunit OST), substrate diversity was extended through duplication of the STT3 loci 

with subsequent diversification of OST specificity. In fact, Leishmania major and 

Trypanosoma brucei bear different oligosaccharyltransferase isoforms with distinct donor 

and acceptor specificities (Nasab et al., 2008, Izquierdo et al., 2009). That is, protozoa are 

able to assemble different glycans on distinct sequons, thus increasing the complexity of their 

glycoproteome. In other eukaryotes, the core Stt3p is supplemented with a variable number of 

additional functions that assist and refine the glycosylation process (Kelleher et al., 2006). 

Along this line, Ribophorin I and Ost3/6p are connected to the glycosylation status of 

membrane proteins and the site occupancy of specific sequons, respectively (Wilson et al., 

2007, Schulz et al., 2009). These auxiliary OST subunits are believed to preserve distinct 

protein substrates in an accessible, unfolded state, leading to an increased number of sites 

accessible to the Stt3p. Here, we attempted to mine the diversity of natural bacterial 

oligosaccharyltransferases in order to extend our understanding of bacterial N-glycosylation. 

In particular, we investigated the role of the acidic amino acid invariantly present in the 

consensus sequence of C. jejuni glycoproteins, and analyzed if this requirement was 

conserved by N-glycosylation machineries of other bacterial species. We found that the pgl 

locus of Campylobacter lari encodes for a functional glycosylation system, able to synthesize 

a linear hexasaccharide and to couple it to proteins. We observed that ClPglB modified 

variants of the C. jejuni glycoprotein AcrA that lack the canonical consensus sequence D/E-

X-1-N-X+1-S/T. We proved that ClPglB transfers the glycan to the sites that lack an acidic 

residue at the -2 position of the AcrA protein, albeit with low efficiency. This data suggested 

that the negatively charged amino acid of the glycosylation site was not absolutely required 

for catalysis by bacterial oligosaccharyltransferase, and it raised the question whether the 

amino acid at the -2 position was involved in the recognition of the acceptor site. 

Furthermore, we observed that the non-consensus sequence DANSGT was glycosylated by 

ClPglB. 
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Experimental procedure 

Construction of plasmids 

All the strains and plasmids used in this study are listed in Supplementary Table I. 

Oligonucleotides are listed in Supplementary Table II. Unless otherwise stated, E. coli 

DH5 was chosen as host for cloning. Restriction enzymes were purchased from NEB or 

Fermentas. T4 DNA ligase was from NEB. Plasmid pFLA29 was constructed by annealing of 

oligos 1&2, and subsequent ligation into pACYC184, previously cut with BfmI and 

Bpu1102I. Cloning of the C. lari pgl cluster was performed by three overlapping polymerase 

chain reaction (PCR) fragments and homologous recombination in yeast (Oldenburg et al., 

1997). The three DNA fragments were amplified using oligonucleotide pairs 3&4, 5&6, and 

7&8, and genomic DNA (gDNA) from C. lari RM2100 as template. Integration of the PCR 

fragments into the SmaI linearized YEp352 vector was achieved by homologous 

recombination in SS328 yeast strain during transformation. Transformants were selected on 

synthetic minimal medium lacking uracil, and recombined plasmids were isolated from yeast 

cells (Sherman, 2002). After re-transformation in E. coli, plasmids were confirmed by 

restriction digestion. A 12 kb fragment was released from YEp352(pgl4) by digestion with 

PacI and Bpu1102I, and ligated into the corresponding sites of pFLA29, thus producing 

pACYC(pgl4). Plasmid pFLA26 was constructed by subcloning the PsiI/SpeI AcrA fragment 

from pMIK43 into pFLA19. The pglB ORFs were amplified by PCR using the following 

combinations: primers 21&22 and Campylobacter coli gDNA; primers 23&24 and C. lari 

gDNA. Fragments containing the CcpglB were cut with XbaI/HindIII and ligated into 

pMLBAD, previously cut with the same enzymes.  Fragments containing the ClpglB were cut 

with EcoRI and PstI, and ligated into pMLBAD, previously cut with the same enzymes.  All 

pglB ORFs are in frame with an HA tag at the C-terminus. The potD gene of E. coli MC1067 

was amplified with primers 25&26, digested with VspI and EcoRI, and cloned into pEC415 

previously cut with NdeI and EcoRI. All point mutations were inserted by site directed 

mutagenesis with the QuickChange Kit from Stratagene. All constructs were confirmed by 

restriction analysis and sequencing of relevant fragments (Synergene AG, Switzerland). 

Protein expression, purification, and analysis 

E. coli SCM3 or SCM6 harboring pACYC(pgl) or pACYC(pgl4), and a plasmid coding for 

an acceptor protein were grown overnight from single colonies at 37°C in volumes of 10 ml 

of LB medium. Ampicillin (100 mg/l), trimethoprim (100 mg/l) and chloramphenicol (25 

mg/l) were added to the medium, as needed. Preparation of periplasmic extracts was carried 
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out by lysozyme treatment, consisting of an incubation in 30 mM Tris-HCl pH 8.5, 20% 

(w/v) sucrose, 1 mM EDTA, 1 mg/ml lysozyme (Sigma), for one hour on ice. Spheroblasts 

were removed by centrifugation. For protein purification, cultures were scaled up to 0.5 l. For 

AcrA purification, periplasmic extracts were supplemented with imidazole to reach a final 

concentration of 10 mM, sterile-filtered (0.22 m), and purified by nickel affinity 

chromatography using Ni-NTA agarose (Qiagen). For the separation of glycosylated proteins, 

periplasmic extracts were dialyzed twice against phosphate buffered saline (PBS) pH 7.4, and 

loaded onto an SBA-agarose (Vector laboratories Inc., CA, USA) column. After washing 

with PBS, bound proteins were eluted with PBS containing 0.5 M galactose. SDS–PAGE was 

performed according to Lämmli; immunodetection was performed with polyclonal anti-AcrA 

serum (Wacker et al., 2002), polyclonal hR6 serum (Amber and Aebi, in preparation), 

polyclonal anti-PotD serum (Furuchi et al., 1991), and monoclonal anti-His antibody 

(Qiagen). For removal of the GalNAc residues from the N-glycan, 3 g of glycoproteins were 

incubated for three hours (unless differently specified) with 40 units of exo--N-acetyl-

galacosaminidase (NEB) in presence of 4 g of BSA in 50 mM Tris buffer pH 7.5. 

 

MS analysis 

For the characterization of the N-glycan of C. lari, 50 g of glycoproteins were incubated 

with proteinase K (Sigma), overnight at 37°C, at a 1:50 (w/w) enzyme:substrate ratio. 

Digestion products were passed through carbon column (ENVI-Carb SPE, Supelco), washed 

with 0.1% formic acid (FA) and eluted with 25% acetonitrile (ACN), 0.1% FA. Eluent were 

permethylated and spotted on the plate with DHB matrix (10 mg/ml in 50% ACN, 0.1% FA). 

MALDI-MS and MS/MS were acquired in positive ion reflectron mode by MALDI-

TOF/TOF MS with 4800 MALDI TOF/TOF Analyzer instrument (Applied Biosystems, CA, 

USA). For glycopeptide identification, 0.1 mg of glycoproteins were incubated with trypsin 

(Promega), overnight at 37°C. After heat inactivation, tryptic digestion products were further 

treated with exo--N-acetyl-galacosaminidase from 8 hours to overnight. Sep-Pak C18 was 

used to desalt and to remove enzymes. Peptides were eluted with 70% ACN, 0.1% FA and 

analyzed with an LTQ-FT-ICR-MS instrument (Thermo Scientific, MA, USA). Samples 

were injected into an Eksigent-nano-HPLC system (Eksigent Technologies, CA, USA) by an 

autosampler and separated on a self-made reverse-phase tip column (75 μm × 80 mm) packed 

with C18 material (AQ, 3 μm, 200A, Bischoff GmbH, Germany). The column was 

equilibrated with solvent A (A: 3% ACN; 0.2% FA, in water). Peptides were eluted using the 
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following gradient: 0-50 min, 0-60% B; 50-53 min, 60-97% B; 53-60 min, 97% B (B: 80% 

ACN, 0.2% FA, in water) at a flow rate of 0.2 μL/min. High accuracy mass spectra were 

acquired at an LTQ-ICR-FT in the mass range of 300-2000 m/z and a target value of 5x105 

ions. Up to four data dependent MS/MS spectra of the most intense ions with charge state 2+ 

or higher were recorded in parallel at the ion trap using collision induced dissociation. 

 

Results 

C. lari pgl glycosylates proteins with a linear hexasaccharide 

The C. jejuni pgl cluster is the first and the only bacterial glycosylation system characterized 

to date. However, in the last few years genome sequencing unveiled a broad distribution of 

pgl loci among - and -proteobacteria (Szymanski et al., 2005). Some of the pgl loci share a 

genetic organization analogous to the one of C. jejuni, while others present insertions of a 

variable number of ORFs between the pgl genes. Interestingly, Helicobacter canadensis and 

Helicobacter pullorum carry two pglB paralogs in distinct locations of the chromosome 

(Langdon et al., 2009). While pglB homologs exhibit a variable degree of similarity in their 

sequences and there is not yet conclusive evidence that they encode for functional 

oligosaccharyltransferases, they all display the conserved motif WWDXG and are predicted 

to arrange in a comparable topology (Supplementary Table III). Moreover, analysis of the 

pgl loci revealed the presence of functions involved in bacillosamine biosynthesis, suggesting 

that this monosaccharide might constitute a common trait of bacterial N-glycosylation.  

We studied the C. lari glycosylation system, since we identified significant elements of 

difference among an overall similarity to the C. jejuni pathway. The pgl cluster extends for 

about 12 kb on the C. lari chromosome and contains 10 ORFs (Fig. 1A). The gene (pglI) 

encoding for the glucosyltransferase that attaches the branching glucose to the C. jejuni 

glycan was not found, whereas the other functions of the C. jejuni pgl locus were identified 

based on sequence similarity of the ORFs. ClPglB shares 56% identity to CjPglB. We 

isolated the C. lari pgl locus and expressed it in combination with the C. jejuni AcrA protein 

in E. coli cells. Immunoblot analysis indicated glycosylation of AcrA (Fig. 1B). Purified 

glycoproteins were detected using serum specific for the C. jejuni N-glycan (hR6) (Fig. 1C). 

We have previously showed that this serum recognizes a linear stretch of GalNAc residues 

(Schwarz et al., 2010). Treatment of glycosylated AcrA with an exo--N-acetyl-

galactosaminidase (-GalNAc-ase) resulted in a mobility shift after SDS-PAGE, and in 

gradual reduction of reactivity to hR6 over time.  
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biosynthesis of activated monosaccharides (red), glycosyltransferases (blue), flippase (cyan), 
and oligosaccharyltransferase (green). (B) Periplasmic extracts from E. coli bearing the C. 
jejuni pgl cluster (lane 1), the plasmid pACYC184 (lane 2), or the C. lari pgl cluster (lane 3), 
and co-expressing AcrA were analyzed by SDS-PAGE and immunoblot, and probed with 
anti-AcrA serum (top) or hR6 (bottom). (C) Exo--GalNAc-ase digestion of the C. lari N-
glycan. Nickel-purified AcrA from E. coli cell bearing the C. lari pgl locus was incubated 
with the glycosidase. Aliquots taken at different time points were analyzed by SDS-PAGE, 
followed by Coomassie staining (top) or immunoblot with hR6 (bottom). Arrows at the right 
side of the gel frame indicate bovine serum albumin and -GalNAc-ase. (D) Glycosylated 
AcrA was digested with proteinase K, permethylated and subjected to MALDI-MS analysis. 
Top panel: AcrA carrying the C. jejuni glycan. Bottom: AcrA carrying the C. lari glycan. The 
two main peaks display a difference in mass of 204 Da, matching with a permethylated 
hexose. Minor peaks correspond to under-methylated glycans. (E) MALDI-MS/MS spectrum 
of the precursor ion at m/z=2009, from AcrA carrying the C. lari glycan. The fragment ions 
originating from the sequential loss of monosaccharide residues are indicated in the spectrum. 
 

 

This suggested that the C. lari glycan contained a linear chain of GalNAc residues, linked in 

 conformation. To determine the structure of the N-glycan of C. lari, AcrA was purified 

from E. coli cells carrying either the C. jejuni or the C. lari pgl cluster, incubated with 

proteinase K, permethylated and subjected to MS analysis (Fig. 1D). Comparison of the two 

spectra revealed a difference in mass of 204 Da, matching with a permethylated hexose. The 

MS/MS spectrum of the ion at m/z=2008.97 determined fragmentation behavior compatible 

with a linear Bac(HexNAc)5 (Fig. 1E). Altogether, this data proved that the C. lari N-glycan 

consisted of GalNAc--GalNAc--GalNAc--GalNAc--GalNAc-1,3-Bac. 

 

C. jejuni and C. lari pgl exhibits different acceptor specificities 

We aimed to dissect the C. lari PglB specificity towards the acceptor protein, and attempted a 

direct comparison to its C. jejuni counterpart. AcrA presents five N-X-S/T sequences (Fig. 

2A, and Supplementary Fig. 1); two of them exhibit an acidic amino acid at the -2 position 

to the asparagine, and are glycosylated by CjPglB (Kowarik et al., 2006b). Expression of 

AcrA in E. coli bearing the C. jejuni or the C. lari pgl cluster led to a comparable pattern, as 

judged by immunoblot, corresponding to AcrA glycosylated at two sites (Fig. 2B, lanes 5 and 

6). Synthesis of glycosylation incompetent AcrA N2,4L in the presence of the C. jejuni pgl 

resulted in an unmodified acceptor (Fig. 2B, lane 3), but expression of AcrA N2,4L in 

combination with the C. lari pgl gave a pattern indicative of glycosylation (Fig. 2B, lane 4). 

The slowest migrating protein, barely visible in the anti-AcrA immunoblot, produced a signal 

with hR6, implying double glycosylation. This suggested that the activity ClPglB did not 
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strictly depend on the 5-mer consensus sequence as defined in C. jejuni, but it exhibited a 

different or broader substrate specificity. Moreover, the hR6 serum specifically reacted with 

an additional periplasmic protein of E. coli cells bearing the C. lari pgl cluster (Fig. 2B, 

indicated with a star). In order to identify this protein, we separated glycosylated proteins 

from periplasmic extracts by SBA lectin affinity chromatography (Supplementary Fig. 2A), 

and analyzed the resulting specimens by mass spectrometry. We identified the spermidine-

putrescine binding protein PotD of E. coli, previously reported not to be a substrate of the C. 

jejuni pgl machinery (Kowarik et al., 2006b). Immunoblot analysis confirmed that 

endogenous PotD was modified by the C. lari machinery (Fig. 2B). Lastly, we confirmed that 

the PotD protein was modified at the sites DDN26NT and ESN62ET by expression of 

histidine-tagged PotD variants presenting point mutations in these sites (Supplementary Fig. 

2B). Altogether, these data suggested that C. lari and C. jejuni pgl possess different, yet 

overlapping acceptor specificities. 
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inactivation of the N4 site led to the modification of an alternative site. At this point, we 

speculated that mutation of N4 directed glycosylation of the adjacent site N5.  

We further constructed a series of AcrA variants presenting multiple point mutations. These 

proteins were expressed in E. coli carrying the C. lari pgl locus, purified via nickel affinity 

chromatography, and analyzed by SDS-PAGE. To convincingly demonstrate glycosylation, 

we incubated the AcrA preparations with -GalNAc-ase. Purified fractions from cells 

expressing the triple mutants N117L/N123L/N273L (N1,2,4L) and N123L/N145L/N273L 

(N2,3,4L) AcrAs were resolved as a major protein with a mass of about 37 kDa, and two larger 

proteins, as visualized by Coomassie staining (Fig. 4B, lanes 1 and 3). These proteins were 

sensitive to glycosidase treatment, suggesting glycosylation (lanes 2 and 4). The hR6 

immunoblot supported this observation. Concomitant mutation of the N123, N273 and N274 

sites (N2,4,5L) resulted in a single hR6-reactive protein (Fig. 4B, lane 5). hR6 reactivity 

disappeared after glycosidase treatment (lane 6). This led us to conclude that N5 was 

glycosylated by ClPglB. Surprisingly, simultaneous mutation of four (N1,2,4,5L) or all five 

(N1,2,3,4,5L) asparagine residues within the N-X-S/T sites gave a phenotype equivalent to the 

triple mutant N2,4,5L (Fig. 4B, lanes 7-10). After careful inspection of the AcrA sequence, we 

reasoned that the site 257DANSGT262 might represent an alternative, suboptimal glycosylation 

site. Indeed, inactivation of this site by mutation of the asparagine residue (N6) prevented 

glycosylation by ClPglB (Fig. 4B, lane 11).  
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precursor ion at m/z=999.8 corresponds to the glycopeptide 
AVFDNQN(Bac)STLLPGAFATITSEGFIQK. (D) LC-ESI-MS/MS analysis of AcrA 
N123L/D271A. Spectrum from fragmentation of the doubly charged ion at m/z=985.5 
matches with the glycopeptide LYFIDSVIDAN(Bac)SGTVK. 
 

In order to conclusively prove that the N5 and N6 sites were glycosylated, we performed mass 

spectrometric analysis. To overcome the issue of limiting ionization efficiency of 

glycopeptides, we took advantage of the newly generated data on the C. lari N-glycan and 

developed a procedure to produce useful N-glycopeptides. We incubated nickel-affinity 

purified AcrA variants with trypsin and then, after heat inactivation of the protease, added -

GalNAc-ase. In this way, we produced a mixture of peptides and corresponding 

bacillosamine-tagged glycopeptides that was subjected to LC-ESI-MS analysis. The 

fragmentation spectrum of the triply charged precursor ion at m/z=923.8 matched with the 

unmodified peptide AVFDNQN5STLLPGAFATITSEGFIQK (Supplementary Fig 3A), 

while the fragmentation profile of the triply charged precursor ion at m/z=999.8 was 

consistent with the presence of bacillosamine at N5 of the same peptide (Fig. 4C).  

Similarly, the MS/MS profile of the doubly charged precursor ion at m/z=871.5 matched with 

the peptide LYFIDSVIDAN6SGTVK (Supplementary Fig 3B), and ions generated by the 

fragmentation of the species at m/z=985.5 (doubly charged) were in agreement with 

bacillosamine-tagged N6 of the same peptide (Fig. 4D). Consequently, glycosylation at the 

sites DNQNST, DNLNST and DANSGT illustrated that precise positioning of the D/E and 

the S/T residues was not essential. 

 

A D/E residue at -2 position is not absolutely required for ClPglB glycosylation 

Next, we examined the glycosylation profile of AcrA N2L presenting a D to A substitution in 

the 271DNN4N5ST276 site (Fig. 5A). Remarkably, ClPglB transferred a glycan to the 

ANN4N5ST site, implying that aspartic acid is not essential for catalysis (lanes 1-2 and 7-8). 

MS/MS analysis of the precursor ion at the mass corresponding to the glycosylated peptide 

(m/z=2940) did not allow us to clearly assign the glycan at N4 or at N5 (Fig. 5B). However, 

the ion at m/z=618 of the MS/MS spectrum favored localization of the modification at N5.  

We extended the study to glycosylation at the DNN4N5AT and DNN4N5SA sites. We 

observed a gradual increase in the glycosylation efficiency, with the ANN4N5ST site being 

modified the least (Fig. 5A, lane 1) and DNN4N5SA the most (Fig. 5A, lane 5). This 

indicated that the aspartic acid had an active role in recruiting the substrate to PglB. Although 

we did not determine the position of the glycan in the DNN4N5AT site, we reasoned that this 
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Discussion 

During N-linked protein glycosylation, only a subset of potential acceptor sites is chosen for 

glycosylation. In yeast and higher eukaryotes, site selection might be aided by the concerted 

activity of the OST subunits, which present specific polypeptides to the Stt3 protein. A 

similar advantage has been achieved in some protozoa by duplication of the STT3 gene: OST 

isoforms featuring various degrees of similarity direct glycosylation of distinct subsets of 

polypeptides. A limited number of proteobacteria possesses a protein N-glycosylation system, 

probably acquired by horizontal transfer from archaea. Although duplication of the gene 

encoding for the oligosaccharyltransferase has been observed in rare cases, most bacteria 

carry a single copy of pglB in the genome. In this respect, N-glycosylating bacteria are likely 

to mimic an early evolutionary stage. Therefore, bacterial systems appear as ideal candidates 

to establish an accurate molecular description of how a single-subunit 

oligosaccharyltransferase performs site selection. This will in turn shed light on the catalytic 

mechanism of N-glycosylation. Lastly, access to bacterial glycosylation systems represents 

an important means to explore and exploit the diversity of this glycosylation.   

CjPglB modifies asparagine residues within the sequence D/E-X-1-N-X+1-S/T (where X-1 and 

X+1 are any amino acid but proline), when located in flexible, exposed structural elements 

(Kowarik et al., 2006b, Kowarik et al., 2006a). The requirement of an acidic group at the -2 

position to the asparagine seems not to be a peculiarity of CjPglB, but a rather conserved 

aspect of Campylobacter OSTs. However, glycosylation of AcrA at the NNNST site by 

ClPglB illustrates that the acidic amino acid is dispensable for catalysis in vivo, and 

corroborates the hypothesis that formation of the N-glycosidic bond proceeds via a reaction 

scheme conserved in bacteria and in eukaryotes. Similar conclusions have been drawn from 

the observation that tripeptides of sequence NLT are modified in vitro by membrane fractions 

containing CjPglB, in the presence of synthetic lipid-linked oligosaccharides (Glover et al., 

2005). Both in vivo and in vitro, the presence of the aspartic acid at the -2 position greatly 

enhances the efficiency of the reaction. Although it is tempting to invoke involvement of the 

negatively charged amino acid in the recruitment of acceptor substrate to PglB, the exact role 

of the -2 position remains elusive. In fact, peptides with the semi-consensus sequence 

DFNVX (X= cysteine, homoserine, or diaminopropionic acid) are neither substrates of 

CjPglB, nor behave as inhibitors in vitro  (Chen et al., 2007). Similarly, DFQRT peptides do 

not seem to reduce glycosylation of AcrA in vitro (data not shown). This evidence supports a 

more complex role for the -2 position. It might be that the aspartic acid, which is a poor -
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helix former (Pace et al., 1998), enhances the flexibility required by PglB. Thus, the D121A 

mutation on AcrA might preclude glycosylation at the N2 by a double effect - reduction of 

flexibility plus a drop in recognition by PglB. In contrast, the N4/N5 sites are predicted to fold 

in a flexible conformation (Kowarik et al., 2006b), and their local structure might be 

unaffected by mutation of D271. However, while this hypothesis supports site occupancy of 

AcrA, it does not explain why IgG1-CH2 is not glycosylated. 

Although we cannot formally exclude the possibility that heterologous expression of pgl 

genes in E. coli might affect their specificities, or that Pgl protein levels might differ, 

selective modification of the PotD protein by ClPglB demonstrates that bacterial 

glycosylation machineries feature different glycosylation phenotypes. Moreover, 

glycosylation of a native E. coli protein excludes the presence of particular conformations or 

domains within the acceptor proteins that co-evolved with pgl systems and are thus tuned to 

accept N-glycans. Instead, this finding confirms that pgl machineries are general 

glycosylation systems. 

Glycosylation of the sequence DANSG is exceptional. The vast majority of all N-glycans is 

found within the sequence N-X+1-S/T (where X+1 can be any amino acid but proline) 

(Marshall, 1974). Atypical N-glycosylation sites bearing the NXC sequence have been 

reported for eukaryotic proteins including CD69 (Vance et al., 1997), immunoglobulin  

chain (Kehry et al., 1979), human leptin receptor (Haniu et al., 1998), and von Willebrand 

factor (Titani et al., 1986). Structural studies have indicated that the amide of the asparagine 

networks to the hydroxyl group of the +2 position to form an Asx-turn (Imperiali et al., 

1995), and that the side chain of the amino acid at the +1 postion is displaced out of this 

conformation. However, glycosylation of the DANSG sequon shows that the Asx-turn motif 

might not be strictly required for protein modification. Recently, it has been described that 

the asparagine of the non-canonical SWNSG sequon of the CH1 domain of human IgG1 is 

partially glycosylated (Valliere-Douglass et al., 2009). This finding is in striking accord with 

our results. Both observations demonstrate that bacterial and eukaryotic OSTs share a similar 

basis in recognition for glycosyl acceptor sites. Moreover, occurrence of this particular 

glycosylation in bacteria implies that this activity is intrinsic in the PglB/STT3 protein, and it 

is not sustained by accessorial OST subunits. Further investigation will be needed to unravel 

the biological significance of this relaxed glycosylation, whether this has to be regarded as a 

limitation in the fidelity of OST, or rather as a strategy to extend the number of N-

glycosylations.  
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Supplementary Table I | Strains and plasmids used in this study 

Strain/Plasmid Description Source/Reference 

Escherichia coli 
DH5 

F' F80dlacZ M15 Delta(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK-
mK+)phoA supE44 lambda- thi-1 

Invitrogen 

Escherichia coli 
SCM3 

S874 waaL (Perez et al., 2008) 

Escherichia coli 
SCM6 

S874 wec waaL C. Marolda and M. 
Valvano, unpublished 

Saccharomyces 
cerevisiae SS328 

MAT ade2-101 his3200 lys2-801 ura3-52 (Vijayraghavan et al., 
1989) 

pMLBAD Cloning vector, arabinose inducible, TmpR (Lefebre et al., 2002) 

pACYC184 Cloning vector, CmR TetR NEB 

pBR322 Cloning vector, AmpR TetR NEB 

pACYC(pgl) pACYC184, containing the C. jejuni pgl cluster (Wacker et al., 2002) 

pACYC(pglMut) as pACYC(pgl), but point mutations in the pglB gene (Wacker et al., 2002) 

pACYC(pgl4) pACYC184, containing the C. lari pgl cluster, CamR This work 

YEp352 E. coli/yeast episomal shuttle vector with multiple restriction sites for cloning (Hill et al., 1986) 

YEp352(pgl4) YEp352, containing the C. lari pgl cluster This work 

pWA2 pBR322, expression of ssPelB-AcrA-His6 (Feldman et al., 2005) 

pMH2 pBR322, expression of ssPelB-AcrA N123L-His6 (Feldman et al., 2005) 

pMH3 pBR322, expression of ssPelB-AcrA N273L-His6 (Feldman et al., 2005) 

pMH4 pBR322, expression of ssPelB-AcrA N123L N273L-His6 (Feldman et al., 2005) 

pMIK34 pEC415, expression of ssPelB-AcrA N273Q-His6 (Kowarik et al., 2006) 

pMIK43 pEC415, expression of ssPelB-AcrA D121A-His6 (Kowarik et al., 2006) 

pMIK65 pEC415, expression of PotD-His6 This work 

pMIK70 pMLBAD, expressing Campylobacter coli PglB-HA This work 

pMIK71 pMLBAD, expressing Campylobacter lari PglB-HA This work 

pMAF10 pMLBAD, expressing Campylobacter jejuni PglB-HA (Feldman et al., 2005) 

pFLA19 pBR322, expression of ssPelB-AcrA N273Q-His6 (Schwarz et al., 2010) 

pFLA26 pBR322, expression of ssPelB-AcrA D121A N273Q-His6 This work 

pFLA29 pACYC184, containing a multiple cloning site This work 

pFLA38 pBR322, expression of ssPelB-AcrA N145L-His6 This work 

pFLA39 pBR322, expression of ssPelB-AcrA N274L-His6 This work 

pFLA40 pBR322, expression of ssPelB-AcrA N117L-His6 This work 

pFLA49 pBR322, expression of ssPelB-AcrA N123L N273L N274L-His6 This work 

pFLA50 pBR322, expression of ssPelB-AcrA N117L N123L N273L-His6 This work 

pFLA51 pBR322, expression of ssPelB-AcrA N123L N145L N273L-His6 This work 

pFLA53 pBR322, expression of ssPelB-AcrA N117L N123L N273L N274L-His6 This work 

pFLA54 pBR322, expression of ssPelB-AcrA N117L N123L N145L N273L N274L-His6 This work 

pFLA55 pBR322, expression of ssPelB-AcrA N123L D271A-His6 This work 

pFLA56 pBR322, expression of ssPelB-AcrA N123L S275A-His6 This work 

pFLA57 pBR322, expression of ssPelB-AcrA N123L T276A-His6 This work 

pFLA58 pBR322, expression of ssPelB-AcrA N123L N272D-His6 This work 

pFLA65 pBR322, expression of ssPelB-AcrA N117L N123L N145L N260Q N273L N274L-
His6 

This work 

pFLA63 pEC415, expression of ssPelB-CH2 Q92E-His6 This work 

pFLA68 pBR322, expression of ssPelBB-AcrA N123L N260Q D271A-His6 This work 

pFLA74 pEC415, expression of PotD N26Q-His6 This work 

pFLA75 pEC415, expression of PotD N62Q-His6 This work 

pCH2 pEC415, expression of ssPelB-CH2-His6 (Schwarz et al., 2010) 
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Supplementary Table II | Oligonucleotides used in this study 
 

# Name Sequence 
1 linker_FOR TGT AGT TAA TTA ACG ATG ATA AAA ATC TAG CGC TGA GGC AGT GCT GAG C 
2 linker_REV GCT CAG CAC TGC CTC AGC GCT AGA TTT TTA TCA TCG TTA ATT AAC 
3 cont1_rec_FP ACG AAT TCG AGC TCG GTA CCC TTT GTG CTA TGG CAG GGC TTC 
4 cont1_RP GCA CAG CAG TAT TGC AAG CTA GG 
5 cont2_FP TGA ATG CAC CAC TCC AAG 
6 cont2_RP AAT GCA ACC CTC AGC ATC AC 
7 cont3_new_FP TAG TTG GTG GAG CTG ATG 
8 cont3_rec_RP AGG TCG ACT CTA GAG GAT CCC CCA GCT TTA CCA CCT TCT G 
9 AcrA-C_FP CAA AGC CGT ATT TGC CAA CAA TAA CTC 
10 AcrA-C_RP GAG TTA TTG TTG GCA AAT ACG GCT TTG 
11 AcrA-D-FP GAT AAC AAT AAC GCA ACA CTT TTA CC 
12 AcrA-D_RP GGT AAA AGT GTT GCG TTA TTG TTA TC 
13 AcrA-E_FP CAA TAA CTC AGC ACT TTT ACC GGG 
14 AcrA-E_RP CCC GGT AAA AGT GCT GAG TTA TTG 
15 AcrA-F_FP GCC GTA TTT GAT GAC AAT AAC TCA ACA C 
16 AcrA-F_RP GTG TTG AGT TAT TGT CAT CAA ATA CGG C 
17 CH2-Q295E_RP CGG GAG GAG GAG TAC AAC AGC ACG TAC 
18 CH2-Q295E_RP GTA CGT GCT GTT GTA CTC CTC CTC CCG 
19 N259Q_QC_FP GGT TAT CGA TGC TCA AAG TGG AAC AGT AAA AGC C 
20 N295Q_QC_RP GGC TTT TAC TGT TCC ACT TTG AGC ATC GAT AAC C 
21 fwpglbCc ATCTAGACATATGTTAAAAAAAGAATACTTTAAAAACCCAAC 
22 revpglbCc AAAAGCTTAAGCGTAATCTGGAACATCGTATGGGTAAATTTTGAGTTTAAAAACTTTTGCATCTCTA

GC 
23 fwpglbCl GAATTCATATGAAACTACAACAAAATTTCACGGATAATAATTC 
24 revpglbCl ACTGCAGTTAAGCGTAATCTGGAACATCGTATGGGTATCTTTTTAGCCTATAAATTTTTGCTCTTGTA

TC 
25 VspI-PotD AATTAATGAAAAAATGGTCACGCCACCTGCTCG 
26 EcoRI-His6-PotDr GAATTCTTATCAGTGGTGGTGGTGGTGGTGACGTCCTGCTTTCAGCTTCTGATAATACTC 
27 PotD_N26Q_FP CACGCCGATGACCAGAACACGCTGTATTTC 
28 PotD_N26Q_RP GAAATACAGCGTGTTCTGGTCATCGGCGTG 
29 PotD_N62Q_FP CGACTTACGAGTCGCAGGAAACCATGTACG 
30 PotD_N62Q_RP CGTACATGGTTTCCTGCGACTCGTAAGTCG 
31 Asn1U CCTTGCTAGCCAGTTCGAAAGTTGC 
32 Asn1L GCAACTTTCGAACTGGCTAGCAAGG 
33 Asn2U GAGCTTTAGATCTAAGAAAATCCTTGC 
34 Asn2L GCAAGGATTTTCTTAGATCTAAAGCTC 
35 Asn3U GCTTTTGAATTCAGAAATGTAGC 
36 Asn3L GCTACATTTCTGAATTCAAAAGC 
37 Asn4U GGTAAAAGTGTTGACAGCAGGTTATCAAATACG 
38 Asn4L CGTATTTGATAACCTGCTGTCAACACTTTTACC 
39 Asn4-2U GGTAAAAGTGTTGACAGATTGTTATCAAATACG 
40 Asn4-2L CGTATTTGATAACAATCTGTCAACACTTTTACC 
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Supplementary Table III | Sequence analysis of close homologs of the C. jejuni PglB.  

Species 
Size 
(aa) 

Identity to 
CjPglB 

(%) 

WWDYG 
motif 

Predicted TM 
helices 

(TMHMM) 

Predicted TM helices 
(SOSUI) 

Activity 

Campylobacter jejuni 
NTC1168 

713 100 WWDYG 11 11 
(Wacker et al., 

2002) 

Campylobacter coli RM2228 714 79 WWDYG 11 10 This work 

Campylobacter upsaliensis 
RM3195 

785 56 WWDYG 11 13 n.d. 

Campylobacter lari RM2100 712 56 WWDYG 13 10 This work 

Campylobacter curvus 
525.92 

708 47 WWDYG 9 11 n.d. 

Campylobacter concisus 
13826 

699 46 WWDYG 11 10 n.d. 

Campylobacter fetus subsp. 
fetus 82-40 

758 45 WWDYG 11 13 n.d. 

Campylobacter hominis 729 45 WWDYG 11 11 n.d. 

Campylobacter curvus 713 39 WWDYG 11 11 n.d. 

Sulfurimonas denitrificans 699 41 WWDYG 11 10 n.d. 

Campylobacterales 
bacterium GD 1 

695 41 WWDYG 9 11 n.d. 

Wolinella succinogenes 707 37 WWDYG 11 10 n.d. 

Sulfurovum sp. NBC37-1 706 37 WWDYG 13 10 n.d. 

Caminibacter mediatlanticus 
TB-2 

701 37 WWDYG 11 11 n.d. 

Nitratiruptor sp. SB155-2 709 34 WWDYG 11 9 n.d. 

Helicobacter pullorum MIT 
98-5489 

667 31 WWDYG 13 10 n.d. 

Desulfovibrio desulfuricans 
G20 

722 19 WWDWG 9 12 n.d. 
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Abstract  

We describe a novel method for producing homogeneous eukaryotic N-glycoproteins. The 

method involves the engineering and functional transfer of the C. jejuni glycosylation 

machinery in E. coli to express glycosylated proteins with the key GlcNAc-Asn linkage. The 

bacterial glycans were then trimmed and remodeled in vitro by enzymatic transglycosylation 

to fulfill a eukaryotic N-glycosylation. It provides a potentially general platform for 

producing eukaryotic N-glycoproteins. 

 

Results and discussion 

N-linked glycosylation of proteins is one of the most prevalent posttranslational 

modifications in eukaryotes. The attached N-glycans are responsible for a number of 

important biological recognition processes such as intracellular sorting, cell adhesion, host-

pathogen interaction, and immune response (Dwek, 1996, Helenius et al., 2001). Compelling 

evidence has shown that subtle changes in N-glycans confer significantly different functions 

to glycoproteins. However, a major challenge in defining the roles of glycans in biological 

processes comes from the remarkable structural microheterogeneity of natural and 

recombinant glycoproteins. The urgent need for homogeneous materials for functional studies 

and biomedical applications has stimulated great interest in exploring new methods for 

making homogeneous glycoproteins. Major advances include: total or semi-chemical 

synthesis with native chemical ligation; site-directed chemo-selective glycosylation of 

proteins; engineering of glycosylation pathways in yeast Pichia pastoris; and convergent 

chemoenzymatic synthesis using enzymes for sugar chain elongation (Gamblin et al., 2009, 

Rich et al., 2009, Bennett et al., 2007). While N-glycosylation was once considered to be 

restricted to eukaryotes, recent discovery of a protein N-glycosylation machinery in 

Campylobacter jejuni (Szymanski et al., 1999, Young et al., 2002)  and its successful 

functional transfer into Escherichia coli have raised an exciting opportunity to produce 

recombinant N-glycoproteins in bacteria (Wacker et al., 2002, Kowarik et al., 2006a). 

Nevertheless, the attached N-glycan, a unique heptasaccharide GalNAc-α1,4-GalNAc-α1,4-

[Glc-β1,3-]GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-Bac-β1,N-Asn (Young et al., 2002), is 

completely different from the eukaryotic N-glycans found in humans and other mammals. 

Moreover, the bacterial N-glycan is immunogenic, which limits its potential biomedical 

applications, and the sugar chain is linked to the asparagine (N) by an unusual deoxysugar, 

bacillosamine. We report here a new method for producing homogeneous glycoproteins 

carrying natural eukaryotic N-glycans, which combines bacterial glycoprotein expression 
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This will yield a glycoprotein in which the glycan is attached to the Asn side chain through a 

rare deoxysugar, bacillosamine (Bac). To introduce a GlcNAc-Asn linkage to replace the 

bacterial Bac-Asn linkage, we altered the N-glycosylation pathway so as to produce a 

(GalNAc)5GlcNAc-PP-undecaprenyl. This was based on the finding that lipid-linked 

oligosaccharide (LLO) with a GlcNAc residue at the reducing end can serve as a substrate for 

PglK and PglB (Feldman et al., 2005, Wacker et al., 2006, Alaimo et al., 2006). We modified 

the pgl locus to delete the genes coding for the biosynthesis (pglDEF) and transfer (pglC) of 

bacillosamine, as well as the gene adding the glucose branch (pglI) (Supplementary 

Methods). The resulting glycosylation operon, named pgl2, was then transferred into E. coli. 

In the absence of PglC, the synthesis of the lipid-anchored glycan is expected to be initiated 

by the transfer of a GlcNAc 1-P to the lipid-P under the catalysis of WecA. The wecA gene is 

located in the wec cluster of the E. coli genome and links GlcNAc 1-P to undecaprenyl-P 

during the biosynthesis of both O-antigen lipopolysaccharide and enterobacterial common 

antigen (ECA) (Lehrer et al., 2007).  

To examine the feasibility of the glycoengineered bacterial system to produce GlcNAc-Asn 

linked glycoproteins, we expressed AcrA, a glycoprotein from C. jejuni, in E. coli SCM3 

strain that carries the pgl2 cluster. AcrA contains two consensus sequences for glycosylation 

at positions N123 and N273 (Supplementary Fig. 1) (Kowarik et al., 2006b). The expression 

of AcrA in E. coli SCM3 gave a major glycoprotein that was detected by anti-sera against the 

AcrA protein (Fig. 2A) and the C. jejuni N-glycan (Fig. 2B), respectively. We observed 

efficient secretion of AcrA to the periplasm in the SCM3 strain, when compared to other E. 

coli strains (Supplementary Fig. 2). Fully glycosylated AcrA was separated from the other 

minor glycoforms via hydroxyapatite chromatography. ESI-MS analysis of the doubly 

glycosylated AcrA revealed three species (41668, 41872, and 42079 Da, respectively), 

suggesting that it was a mixture of AcrA glycoforms containing the (GalNAc)5GlcNAc and 

(GalNAc)6GlcNAc N-glycans (Fig. 2C). These results imply that in the absence of PglI, the 

GalNAc transferase PglH has a more relaxed flexibility to extend the GalNAc sugar chain in 

this system, in contrast to the original C. jejuni expression that gives a single 

(GalNAc)2[Glc](GalNAc)3Bac glycoform (Young et al., 2002, Troutman et al., 2009).  
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anti-glycan serum (bottom); (H) Purified F8 was incubated with (lanes 2) or without (lanes 1) 
exo-α-N-acetyl-galactosaminidase. The resulting protein was analyzed by Coomassie-stained 
SDS-PAGE (top), and immunoblot using anti-glycan serum (bottom). Numbers on the left of 
the gel frame show the electrophoretic mobility of the molecular weight marker (kDa). 
 
 
The successful expression of the glycosylated AcrA with a desired GlcNAc-Asn linkage also 

suggests that the engineered lipid-linked oligosaccharide (LLO) serves as an efficient 

substrate for PglK and PglB. As expected, deletion of wecA completely abolished the 

glycosylation of AcrA (Supplementary Fig. 3). Treatment of the glycosylated AcrA with the 

exo-α-N-acetylgalactosaminidase resulted in stepwise removal of the GalNAc residues to 

give a pure AcrA glycoform that carries only two GlcNAc residues (ESI-MS: calculated, M = 

39633 Da; found, M = 39640 Da) (Fig. 2D). Therefore, the expression of a heterologous 

glycoprotein in the engineered E. coli system, followed by purification and exo-α-N-

acetylgalactosaminidase digestion, permits access to GlcNAc-tagged proteins, ready to serve 

as an acceptor substrate for further enzymatic sugar chain elongation. 

Next, we examined the transglycosylation of the GlcNAc-containing AcrA by the endo-β-N-

acetylglucosaminidase from Arthrobacter protophormiae (Endo-A), using Man3GlcNAc 

oxazoline as the model donor substrate (Li et al., 2006). We have previously reported that 

Endo-A is able to perform glycosylation remodeling of ribonuclease B and human IgG1-Fc 

using N-glycan oxazolines as the donor substrates (Li et al., 2006, Wei et al., 2008), but it 

was not clear whether this approach could be generally expanded to other proteins having 

more than one glycosylation site. We found that Endo-A could simultaneously transfer two 

synthetic N-glycans to form the doubly glycosylated AcrA (Fig. 1). When an excess 

Man3GlcNAc-oxazoline was used, the transglycosylation went to completion, giving the 

homogeneous AcrA glycoform carrying two N-glycans. The obtained glycoprotein was 

subjected to MS analysis. Deconvolution of the ESI-MS spectrum of the doubly glycosylated 

product gave a single species with a mass of 41036 Da, which is consistent with the AcrA 

glycoprotein carrying two Man3GlcNAc2 glycans (calculated, M = 41011 Da) (Fig. 2E). For 

further confirmation, the N-glycans in the product were released by PNGase F treatment. 

MALDI-TOF MS analysis indicated that the released N-glycans were the pentasaccharide 

Man3GlcNAc2 [calculated for Man3GlcNAc2, M=910.30; found (m/z), 933.5 (M+Na) and 

949.6 (M+K)] (Fig. 2F). These results suggest that Endo-A could successfully 

transglycosylate the GlcNAc-containing AcrA to form the doubly glycosylated AcrA 

carrying the eukaryotic core N-glycans. Similarly, an AcrA variant (AcrAN273Q), which 

contains a single glycosylation site at N123, was also expressed in the engineered E. coli 
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SCM3 system and the glycan was successfully remodeled to the core N-pentasaccharide 

Man3GlcNAc2 (Supplementary Fig. 4A). The identity of the initial glycoprotein 

(GalNAc)5,6GlcNAc-AcrAN273Q, the trimmed intermediate GlcNAc-AcrAN273Q, and the final 

remodeled product Man3GlcNAc2-AcrAN273Q was confirmed by ESI-MS analysis 

(Supplementary Fig. 4B-E). The purity of various glycoforms of AcrA and AcrAN273Q, 

including those before and after glycan remodeling was confirmed by the SDS-PAGE 

analysis (Supplementary Fig. 5).  

The usefulness of the new method for incorporating natural mammalian N-glycans at a 

specific site of the E. coli expressed protein was exemplified by the synthesis of the 

AcrAN273Q glycoforms carrying a natural high-mannose type glycan (Man9GlcNAc2) and a bi-

antennary complex type N-glycan (Supplementary Fig. 6A). This was made possible by the 

novel glycosynthases that can use activated sugar oxazolines for transglycosylation, but lack 

product hydrolysis activity (Umekawa et al., 2008, Huang et al., 2009). For example, the 

Endo-AN171A mutant can efficiently transfer high mannose type N-glycan oxazolines without 

product hydrolysis (Huang et al., 2009), while the Endo-MN175A mutant can transfer both 

high-mannose and complex type N-glycan oxazolines (Umekawa et al., 2008). Thus, 

transglycosylation of GlcNAc-AcrAN273Q with the Man9GlcNAc-oxazoline under the 

catalysis of glycosynthase EndoAN171A gave the AcrAN273Q glycoform carrying a natural high-

mannose type N-glycan (Supplementary Fig. 6b). Similarly, the enzymatic reaction between 

GlcNAc-AcrAN273Q and the sugar oxazoline corresponding to the bi-antennary complex type 

N-glycan (CT-oxazoline) under the catalysis of Endo-MN175A resulted in the formation of the 

complex type AcrAN273Q glycoform (Supplementary Fig. 6C). In comparison, the reaction 

catalyzed by Endo-MN175A was found to be relatively slow, partly because of the relatively 

low specific activity of the Endo-M mutant. These results attest to the potential of the 

combined method to produce glycoproteins carrying natural, full-size eukaryotic N-glycans.  

With the successful introduction of natural eukaryotic N-glycans into the bacterial protein 

AcrA, we asked whether the method could be extended to the production of eukaryotic N-

glycoproteins. Previous studies have demonstrated that the C. jejuni oligosaccharyltransferase 

PglB requires an extended consensus sequon D/E-Z-N-X-S/T, where X and Z can be any 

amino acid but proline, for efficient N-glycosylation (Kowarik et al., 2006b). We have 

previously shown that PglB could glycosylate, in vitro, the eukaryotic protein ribonuclease A, 

when the original glycosylation sequon is extended to the bacterial type, and cholera toxin, 

when the glycosylation sequon is introduced at a relatively flexible region (Kowarik et al., 

2006a, Kowarik et al., 2006b). Here we selected two eukaryotic proteins, the CH2 domain of 
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human IgG-Fc and the single chain antibody F8, to test the in vivo glycosylation in the 

glycoengineered E. coli system. Glycosylation of the CH2 domain of human IgG-Fc at the 

conserved N297 glycosylation site is critical for the antibody’s effector functions and the 

anti-inflammatory activity of IgG-Fc (Jefferis, 2005, Anthony et al., 2008). We cloned the 

CH2 ORF downstream to a pelB signal sequence that targets the protein to the periplasm. 

Then, we altered the original glycosylation region QYNST (aa 295-299) into a potential 

bacterial glycosylation site DFNST (Supplementary Fig. 7). Expression of the engineered 

CH2 domain (CH2-GI) in E. coli SCM3 carrying the pgl2 machinery resulted in production 

of glycosylated and non-glycosylated CH2 domains (Fig. 2G). The glycosylated CH2 domain 

was about 1 kDa larger in size than the non-glycosylated CH2 and was recognized by the 

anti-glycan serum. Treatment of the glycoprotein with exo-α-N-acetyl-galactosaminidase 

abolished recognition by the anti-glycan serum, releasing the GlcNAc-tagged CH2 domain. 

However, it was found that only less than 5% of the CH2 domain was glycosylated under 

these conditions. We also tested the glycosylation of another eukaryotic protein, a single 

chain antibody F8, in the E. coli system. F8 is a clinical stage human monoclonal antibody 

specific to the alternatively spliced extra-domain A (EDA) of fibronectin, a marker of tumor 

angiogenesis (Villa et al., 2008). Glycosylation may provide an efficient means to fine-tune a 

protein’s property such as its half-life in vivo (Holliger et al., 2005). Thus, we engineered a 

portable glycosylation sequence at the C-terminus of the F8 single-chain antibody 

(Supplementary Fig. 8). Expression of the F8 protein in the glycoengineered E. coli cells 

resulted in glycosylated F8 (Fig. 2H). MS analysis of purified glycosylated F8 revealed the 

presence of two major peaks corresponding to the glycoforms HexNAc6 and HexNAc7 

(Supplementary Fig. 9), as in the case of AcrA. Exo-α-N-acetyl-galactosaminidase removed 

the GalNAc residues from the N-glycan and abolished reactivity to the anti-glycan serum. In 

contrast to the low glycosylation of CH2 domain, the glycosylation of the F8 protein in the 

engineered system was much more efficient, reaching approximately 40%. Several factors, 

such as the local conformations of the glycosylation site, may affect the glycosylation 

efficiency of a given eukaryotic protein.  

In summary, we describe a potentially general platform for producing homogeneous 

glycoproteins carrying eukaryotic N-glycans. This method combines the convenience of 

protein expression in E. coli with the remarkable flexibility of in vitro chemoenzymatic 

glycan remodeling. We provided proof of concept data showing that this method can be 

extended to the production of eukaryotic N-glycoproteins. Future studies will be directed to 

optimizing the engineered E. coli expression system to enhance the efficiency of 
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glycosylation of biomedically important eukaryotic proteins. In addition, mutagenesis and 

directed evolution of PglB, as well as mining the diversity of bacterial 

oligosaccharyltransferases, might provide variants of PglB that are able to glycosylate 

proteins at the short consensus sequence N-X-S/T found in natural human glycoproteins. 
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Supplementary Materials and Methods 

Materials 

Exo--N-acetylgalactosaminidase, PNGase F and reaction buffers were purchased from New 

England Biolabs. All restriction enzymes were purchased from New England Biolabs, unless 

otherwise mentioned. Dowex 50WX2-400 and Dowex 1X2-100 ion-exchange resin were 

purchased from Sigma-Aldrich. HPLC grade acetonitrile was purchased from Fisher 

Scientific. 

 

Bacterial strains, plasmids and growth conditions 

Strains and plasmids are listed in Table S1. E. coli strains were grown on LB or TB medium 

at 37°C. Trimethoprim at 100 mg/l, chloramphenicol at 25 mg/l and ampicillin at 100 mg/l 

were added to the media for selection as needed. E. coli DH5 was used as host for cloning. 

Construction of plasmids - Plasmid pACYCpglI::kan was digested with SapI and the 15 kb 

fragment was re-circularized to generate pACYC(pgl1). Two overlapping fragments were 

amplified by polymerase chain reaction (PCR) using primer pairs pglI 1-S2 (5’-

CTATCATATCTCTTGCGCCCTCAG-3’)/pglI 6-S1 

(ACTCGAGTAGCTGAGGTACCATAGAATCAACGCTCCTGCTTTGATATTACTC) and 

pglI11-S5 

(CTATGGTACCTCAGCTACTCGAGTTAAAAGTTGGCACTATAACAGAAAG)/pglI 

12-S5 (TAGGACGCGTTGAAAATGTCAAGG) and plasmid pACYC(pgl) as template. In a 

second PCR, the full-length product was amplified using the external primers, then digested 

with BbvCI and MluI and cloned into pACYC(pgl1), previously cut with BbvCI and MluI. 

Plasmid pMLBAD(pgl2) was constructed cloning the 4 kb fragment generated by EheI 

digestion of pMLBAD into pACYC(pgl2) cut with SmaI/BstZ17I. Plasmid pFLA19 was 

constructed cloning the 0.9 kb fragment released by PsiI/XhoI (Fermentas) double digestion 

of pMIK34 into pWA2, previously cut with the same restriction enzymes. Plasmid pCH2 was 

constructed by cloning of the PCR fragment amplified with primers 5'-

AAAAAATGCATCCGTGCCCAGCACCTGAAC-3' and 5'-

TTTTTGTCGACTCAGTGGTGGTGGTGGTGGTGGCTAGCGGAGATGGTTTTCTCGA

TGGGGGC-3', using as template the sequence for the Ig κ-chain from (Sequence 9 from 

Patent WO2009030500). The PCR product was digested with NsiI and SalI and ligated into 

the plasmid pEC(AcrA-per) digested with the same enzymes. The resulting plasmid codes for 

the CH2 domain having a PelB leader sequence upstream and a hexa-histidine tag 
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downstream to to the CH2 sequence. Plasmid pCH2-GI was constructed by QuickChange 

Mutagenesis (Stratagene) of pCH2 with the oligonucleotides CH2_GI_FP (5'-

GCCGCGGGAGGAGGACTTCAACAGTACGTACCGTGTGG-3’) and CH2_GI_RP (5'-

CCACACGGTACGTACTGTTGAAGTCCTCCTCCCGCGGC3’). Plasmid pGD5 was 

constructed by cloning of the PCR fragment amplified with primers 5'- 

ATAAGCTAGCGCGGAGGTGCAGCTGTTGGAG-3' and 5'- 

AATAGTCGACCTAAGCTCCTCCAGAACGATTAAAATCTCCTCCTCCTGCGGCCGC

CAGATCCTCTTCTG-3', using pHEN1(ScFv F8) as template. The PCR product was 

digested with NdeI ans SalI and ligated into the plasmid pEC(ACRA-per) digested with the 

same enzymes. The resulting plasmid was digested with NotI and re-circularized. Oligos 

were purchased from Microsynth AG. All plasmid constructs were analyzed by restriction 

digest and the sequencing of relevant segments (Synergene Biotech GmbH). 

 

Protein expression in E. coli, purification and analysis 

E. coli SCM3 cells bearing pACYC(pgl2) or pMLBAD(pgl2), and a plasmid coding for an 

acceptor protein were grown to an OD of 0.5. For induction, arabinose was added to 0.2% 

(w/v) and cultures were grown for 4 hours. Cells were harvested by centrifugation. 

Preparation of periplasmic extracts was carried by lysozyme treatment, consisting of a single 

incubation in 30 mM Tris-HCl pH 8.5, 20% (w/v) sucrose, 1 mM EDTA, 1 mg/ml lysozyme 

(Sigma). A final centrifugation step yielded periplasmic proteins in the supernatant. For 

purification of AcrA and CH2-GI, the extracts were supplemented with imidazole to reach a 

final concentration of 10 mM, sterile-filtered, loaded on a HisTrap HP column (GE 

Healthcare) at 1 ml/min, washed with 50 column volumes of buffer A (300 mM NaCl, 30 

mM Tris-HCl pH 8) containing 20 mM imidazole, and eluted into 4 ml of buffer A 

containing 0.25 M imidazole. Eluates were passed over a PD-10 column (Sephadex G-25, 

Pharmacia) that had been equilibrated with 20 mM sodium phosphate buffer pH 7.5. 

Different AcrA glycoforms were separated via hydroxylapatite column chromatography (Bio-

Gel HTP, Bio-Rad).  Briefly, proteins were loaded in a hydroxylapatite column previously 

equilibrated with 20 mM sodium phosphate buffer pH 7.5; elution was carried out using a 

stepwise molarity gradient (30, 40 50, 70 and 100 mM) of sodium phosphate buffer pH 7.5. 

ScFv antibody F8 was purified from periplasmic extracts by affinity chromatography using 

protein A Sepharose (GE Healthcare), as described elsewhere (Villa et al., 2008). Proteins 

were analyzed by SDS–PAGE (performed according to Lämmli). Immunodetection was 
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performed with sera anti-AcrA (Wacker et al., 2002), anti-glycan (Amber S. and Aebi M., in 

preparation) and anti-histidine monoclonal antibodies (Tetra-His Antibody, Qiagen). Anti-

rabbit IgG-HRP (Santa Cruz) and anti-mouse IgG-HRP (Santa Cruz) were used as secondary 

antibodies. Detection was carried out with ECL Western Blot Detection Reagents (GE 

Healthcare). 

 

Reverse-phase High-Performance Liquid Chromatography (RP-HPLC) 

Analytical RP-HPLC was performed on Waters 626 HPLC instrument with a Symmetry 300 

C18 column (4.6x250 mm) at 40 oC. The products were eluted with a linear gradient of 0-

90% acetonitrile containing 0.1% TFA at a flow rate of 1 mL/min over 30 minutes. Samples 

were detected at double wavelengths (214 and 280 nm).  

 

Mass Spectrometric analysis 

ESI-MS was measured on Waters micromass ZQ single quadrupole electrospray ionization 

mass spectrometer. The deconvolution was performed on MassLynx software by using 

MaxEnt approach. MALDI-TOF was measured on a Bruker AutoFlex II MALDI-TOF mass 

spectrometer.   

 

Enzymatic removal of GalNAc residues from the recombinant glycoproteins 

GalNAc5(6)-GlcNAc-AcrAN273Q and (GalNAc5(6)-GlcNAc)2-AcrA by exo--N-

acetylgalactosaminidase. A solution of the respective recombinant glycoprotein (100 g) in 

reaction buffer (1x G7 reaction buffer, 50 mM phosphate buffer, total volume 75 L, pH 8.1) 

containing BSA (5 g) and exo--N-acetylgalactosaminidase (100-200 U) was incubated at 

37oC. Aliquots were taken at 5-hour intervals and de-glycosylation was monitored by ESI-

MS after C-18 HPLC desalting. Sequential removal of the -GalNAc residues were observed 

by ESI-MS monitoring. After adding additional portions (50 U each) of the exo-

galactosaminidase at intervals, the complete removal of the GalNAc residues was achieved 

within 20 hours, giving the GlcNAc-AcrAs. After completion of the enzymatic de-

glycosylation, the product GlcNAc-AcrAN273Q or GlcNAc2-AcrA was purified via Nickel 

affinity chromatography. 

GlcNAc-AcrAN273Q: Analytical RP-HPLC, tR 19.9 min; ESI-MS, calculated MW = 

39444, found 39443 (deconvolution data). 
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[GlcNAc]2-AcrA: Analytical RP-HPLC, tR 19.9 min; ESI-MS, calculated MW = 39633, 

found 39640 (deconvolution data). 

 

Enzymatic transglycosylation with GlcNAc-containing AcrAs 

A solution of GlcNAc-AcrAN273Q (200 g) and Man3GlcNAc oxazoline (50 g) in a 

phosphate buffer (50 mM, pH 7.0, 60 L) was incubated with Endo A (1 g) at 30oC. After 1 

hour, another portion of Man3GlcNAc oxazoline (25 g) was added, and the solution was 

incubated for another hour, when ESI-MS indicated the completion of the transglycosylation. 

The glycosylated AcrAN273Q was purified via nickel affinity chromatography. Doubly 

transglycosylation with [GlcNAc]2-AcrA was performed in the same manner, except for the 

use of double amount of the Man3GlcNAc oxazoline and a longer incubation time. The 

doubly glycosylated AcrA was purified on a nickel affinity column. Synthesis of the 

Man9GlcNAc2-AcrAN273Q was achieved by reaction of GlcNAc-AcrAN273Q with 

Man9GlcNAc-oxazoline under the catalysis of the glycosynthase EndoM-N175A. The 

transglycosylation between GlcNAc-AcrAN273Q and the complex type sugar oxazoline 

[(GalGlcNAcMan)2ManGlcNAc-oxazoline] was performed under the catalyzed with EndoM-

N175A. While the EndoM-N175A-catalyzed reaction of Man9-oxazoline with GlcNAc-

AcrAN273Q proceeded to completion to give the Man9GlcNAc2-AcrAN273Q, the EndoM-

N175A-catalyzed reaction between the complex type oxazoline and GlcNAc-AcrAN273Q was 

relatively slow, giving about 55% conversion. The glycoprotein product 

(GalGlcNAcMan)2ManGlcNAc2- AcrAN273Q was co-purified with the starting material 

GlcNAc-AcrAN273Q and verified with ESI-MS.  

Man3GlcNAc2-AcrAN273Q: ESI-MS, calculated, M = 40133; found, M = 40135 

(deconvolution data).  

[(Man3GlcNAc2)]2-AcrA: ESI-MS, calculated, M = 41011; found, M = 41036 (deconvolution 

data). 

Man9GlcNAc2-AcrAN273Q: ESI-MS, calculated, M = 41106; found 41116 (deconvolution 

data).  

(GalGlcNAcMan)2ManGlcNAc2-AcrAN273Q: ESI-MS, calculated, M = 40864; found, M = 

40873 (deconvolution data).  
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Glycan analysis of glycosylated AcrAs 

 Man3GlcNAc2-AcrAN273Q or (Man3GlcNAc2)2-AcrA (30g) in a Tris-HCl buffer (20 mM, 

pH 8.0, 20 L) was incubated with PNGase (10 U) at 37oC for 16 hours. The released 

glycans were separated from proteins by ultra-filtration using a centrifugal filter 

(MICROCON Ultracel YM-10, MWCO 10 kDa). The filtrate containing the glycans was de-

ionized by passage through Dowex 50WX2-400 (H+ form) and Dowex 1X2-100 (OH- form) 

ion-exchange resins. The solution was then lyophilized. The residue was dissolved in water 

(5 L) and the solution was subject to MALDI-TOF-MS analysis, using 2,5-dihydroxybezoic 

acid (DHB) as the matrix. MALDI-TOF-MS of the glycans released from the AcrAN273Q: 

calculated for Man3GlcNAc2, M=910.30; found, 933.60 [M+Na]+, 949.60 [M+K]+. MALDI-

TOF-MS of the glycans released from the doubly glycosylated AcrA: calculated for 

Man3GlcNAc2, M = 910.30; found, 933.50 [M+Na]+, 949.60 [M+K]+.  
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Supplementary Table I | Strains and plasmids 
 

Name Description Reference/Source 

DH5 F' 80dlacZM15 (lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK
-mK

+) 
phoA supE44 - thi-1 

Invitrogen 

SCM3 S874 waaL (Perez et al., 2008) 

SCM7 S874 wec (Alaimo et al., 2006) 

pWA2 pBR322, expressing PelB-AcrA-His6 (Feldman et al., 2005) 

pEC(AcrA-per) pEC415, expressing PelB-AcrA-His6 (Kowarik et al., 2006) 

pMIK34 pEC(AcrA-per), expressing PelB-AcrAN273Q-His6 (Kowarik et al., 2006) 

pACYC184 Expression vector, p15A ori, tetR cmR NEB 

pMLBAD Expression vector, pMLBAD ori, TmpR (Lefebre et al., 2002) 

pACYC(pgl) Campylobacter jejuni pgl cluster in pACYC184 plasmid (Wacker et al., 2002) 

pACYCpglI::kan pACYC(pgl) with a kanamycin cassette inserted in the pglI gene (Linton et al., 2005) 

pACYC(pgl1) Circularized 15 kb fragment derived from SapI digestion of pACYCpglI::kan This work 

pACYC(pgl2) pACYC184 containing the pgl cluster pglI pglC-pglF This work 

pMLBAD (pgl2) pMLBAD containing the pgl cluster pglI pglC-pglF This work 

pFLA19 pBR322, expressing PelB-AcrAN273Q-His6 This work 

pCH2 pEC415, expressing PelB-CH2-His6 This work 

pCH2-GI pEC415, expressing PelB-CH2 Q92D Y93F-His6 This work 

pHEN1(F8) pHEN1, expressing F8 (Villa et al., 2008) 

pGD5 pEC415, expressing PelB-F8-glycoTAG This work 
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Abstract 

Campylobacter jejuni is accredited as the principal cause of bacterial gastroenteritis in 

humans. This bacterium proliferates in the intestinal tract of chickens and is transferred to 

humans through the consumption of contaminated food. The general N-glycosylation system 

of C. jejuni plays a key role both in colonization of chickens and in invasion of the human 

epithelial cells. Here, we present a strategy to identify inhibitors of the N-glycosylation 

pathway of C. jejuni. We describe a novel ELISA-based assay for the quantification of 

protein glycosylation, and we have applied the strategy to screen a library of small molecule 

compounds to find inhibitors of glycosylation.  

 

Introduction 

Campylobacter jejuni is a Gram negative bacterium that develops naturally as a harmless 

commensal in the intestinal tract of poultry and other livestock (Young et al., 2007, Moore et 

al., 2005). Consumption of contaminated meat leads to transmission of C. jejuni to humans, 

where it causes gastroenteritis. Although the pathology often resolves with a mild, self-

limiting diarrhea, the number of reported infections makes C. jejuni the leading cause of 

bacterial gastroenteritis in humans worldwide (van Putten et al., 2009).  

C. jejuni contains a protein N-glycosylation system that is not essential for viability, but it is 

required for colonization of chickens and invasion of human epithelial cells (Karlyshev et al., 

2004, Szymanski et al., 1999, Hendrixson et al., 2004, Szymanski et al., 2002). The basis of 

the involvement of N-glycosylation in infection is not well understood. Whereas 

glycosylation changes the immunoreactivity of at least some proteins (Szymanski et al., 

1999), the periplasmic location of the majority of the predicted acceptor polypeptides 

suggests that N-glycosylation might not be exclusively involved in evasion of the immune 

response. Moreover, the N-glycan forms a rigid structure and is itself highly immunogenic 

(Slynko et al., 2009, Amber, 2008). The characterization of the genetic locus (pgl) encoding 

the N-linked protein modification has led to a model for the bacterial glycosylation pathway 

(Linton et al., 2005, Kelly et al., 2006, Glover et al., 2005). Biosynthesis of the lipid-linked 

oligosaccharide occurs on the cytoplasmic side of the periplasmic membrane (Fig. 1). UDP-

Bac is synthesized from UDP-GlcNAc by the consecutive action of the dehydratase PglF, the 

aminotransferase PglE, and the acetyltransferase PglD (Schoenhofen et al., 2006, 

Vijayakumar et al., 2006, Glover et al., 2005, Olivier et al., 2006). Bac-phosphate is 

transferred onto the lipid carrier, undecaprenyl-phosphate, by PglC (Glover et al., 2006). 

UDP-GalNAc is produced by epimerization of UDP-GlcNAc mediated by the UDP-N-
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glycosylation, and we demonstrate that this method can be used to monitor the activity of 

several enzymes in the pathway. Finally, we have applied the strategy to screen a library of 

16,000 small molecules to find inhibitors of glycosylation. Unfortunately, no inhibitors were 

identified in this commercial compound library. 

 

 

Materials and methods 

Chemicals 

The compound library (Maybridge HitFinder) consisted of 16,000 compounds arrayed in 96-

well plates as single compounds preformatted as dry films. All compounds fit Lipinski 

guidelines for drug-likeness (Lipinski et al., 2001). The quality of all compounds was assured 

by the vendor as greater than 90% pure. Compounds were dissolved in 100% DMSO at a 

final concentration of 8 mM, and then further diluted to a 500 M concentration in 85% 

DMSO. Solubility of each compound in DMSO was checked manually. Liquid handling was 

performed by an Aquarius robotic station (Tecan, Switzerland). Compounds were stored at 

2°C and 20% humidity. The library was screened at a 10 M final concentration of each 

compound (1.7% DMSO).  

 

Construction of plasmids 

E. coli DH5was chosen as the host for cloning. Plasmids are listed in Table I. Restriction 

enzymes were purchased from Fermentas. T4 DNA ligase was from NEB. Oligos were 

purchased from Microsynth (Switzerland). Plasmid pFLA2 was constructed by annealing of 

oligos 5'- TCG AGG GTC TTA ATG ATA TTT TTG AAG CTC AAA AAA TTG AAT 

GGC ATG AAC-3' and 5'- TCG AGT TCA TGC CAT TCA ATT TTT TGA GCT TCA 

AAA ATA TCA TTA AGA CCC-3', and subsequent ligation into pEC(AcrA-per), previously 

cut with XhoI. Plasmid pFLA3 was constructed by cloning the fragment containing acrA 

gene released by BamHI digestion of pFLA2 into pMLBAD, previously cut with the same 

enzymes. A DNA fragment containing the birA gene was amplified by PCR with primers 5'- 

ACT CCG GAA TTC ATG AAG GAT AAC ACC GTG CCA-3' and 5'- ACT CCG GTC 

GAC TTA CTC GAG TTT TTC TGC ACT ACG CAG GGA-3', using the plasmid pBirAcm 

as template. The DNA fragment was digested with SalI and EcoRI and cloned into pEXT21, 

previously cut with the same enzymes. All constructs were confirmed by restriction analysis 

and sequencing of relevant fragments (Synergene AG, Switzerland). 
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Protein expression and immunoblot analysis 

E. coli SCM6 cells harboring pACYC(pgl) (or any other vector of the series) and a plasmid 

coding for an acceptor protein were grown at 37°C in LB medium. Ampicillin (100 mg/l), 

spectinomycin (80 mg/l), trimethoprim (100 mg/l), and chloramphenicol (10 mg/l) were 

added to the medium, as needed. 0.1 mM IPTG was added for expression of birA. Preparation 

of periplasmic extracts was carried out by lysozyme treatment, consisting of an incubation in 

30 mM Tris-HCl pH 8.5, 20% (w/v) sucrose, 1 mM EDTA, 1 mg/ml lysozyme (Sigma), for 

one hour on ice. Spheroblasts were removed by centrifugation. AcrA was purified as 

previously described (Feldman et al., 2005). Proteins were denatured by incubation in 

reducing SDS buffer [0.065 M Tris-HCl pH 6.8, 2% SDS (w/v), 5% -mercaptoethanol (v/v), 

10% glycerin (v/v), 0.05% bromophenol blue (w/v)] at 95°C for 5 minutes. Proteins were 

separated by SDS-PAGE and electroblotted to nitrocellulose membranes. Immunodetection 

was performed with polyclonal anti-AcrA serum (Wacker et al., 2002), polyclonal hR6 serum 

(Amber and Aebi, in preparation), and HRP-conjugated streptavidin (Vector Lab Inc., CA, 

USA). For the gel-shift assay, light loading buffer (2X solution: 125 mM Tris, pH 6.8, 2% 

SDS, 300 mM β-mercaptoethanol) was added to periplasmic extracts. 8 l aliquots were 

incubated with 12 l of 1 mg/ml streptavidin solution (Pierce, IL, USA) at 23°C for 1 hour 

and analyzed by SDS-PAGE. Proteins were detected by immunoblotting with anti-AcrA 

serum (Wacker et al., 2002). 

 

Protein expression (screening) 

Analysis of glycosylation was carried out in E. coli SCM6. Liquid handling was performed 

by a STARlet robotic station (Hamilton, Switzerland). E. coli cells were grown in 1 ml LB 

medium in 2.2 ml deepwell plates (Sarstedt, Germany). IPTG (0.1 mM), apectinomycin (80 

mg/l), trimethoprim (100 mg/l), and chloramphenicol (10 mg/l) were added to the medium. 

Plates were sealed with breathable films (Chemie Brunschwig, Switzerland) and incubated at 

37°C, 300 rpm in an ISF-1-W shaker (Kühner, Switzerland). When cultures reached 0.5 

OD600/ml, 0.005% (w/v) arabinose was added, and the plates were further incubated for 3 

hours. For periplasmic preparations, cold (4°C) lysozyme solution was added to reach a final 

concentration of 30 mM Tris-HCl pH 8.5, 20% (w/v) sucrose, 1 mM EDTA, 1 mg/ml 

lysozyme (Sigma). After careful mixing, 200 l of periplasmic preparations were distributed 

in streptavidin-coated plates. 
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ELISA 

96-well polystyrene microtiter plates (Corning, USA) were coated overnight at 4°C by 

incubation with 100 l phosphate buffered saline (PBS) pH 7.4 containing 10 µg/ml 

streptavidin (IBA, Germany). After removal of coating solution, wells were blocked by 

incubation with 2% (w/v) bovine serum albumine in PBS for one hour at room temperature, 

and then washed 4 times with PBS containing 0.1% Tween (PBS-T) by a Skan plate washer 

(Molecular Devices, USA). For quantification of AcrA glycosylation, periplasmic extracts 

corresponding to 0.2 OD600 were incubated for two hours at room temperature. For the 

screening procedure, 200 l of periplasmic preparations were incubated on plates overnight. 

After washing 6 times with PBS-T, 200 l AcrA serum (diluted 1:40,000 in PBS containing 

0.2% (w/v) BSA) or hR6 serum (diluted 1:20,000 in PBS containing 0.2% (w/v) BSA) serum 

was added and incubated for one hour at room temperature. After washing 6 times with PBS-

T, 200 l of secondary antibody (0.2 g/ml horseradish peroxidase-labeled anti-rabbit 

antibodies in PBS containing 0.2% (w/v) BSA) was added and incubated for 1 hour at room 

temperature, followed by other 6 washing steps with PBS-T. For quantification of AcrA 

glycosylation, 150 l of ABTS solution [1 mM 2,2'-azino-bis-3-ethylbenzthiazoline-6-

sulphonic acid in 70 mM citrate-phosphate buffer, 0.03% (v/v) H20] was added to each well. 

Color development was measured at 420 nm with a SpectraMax Plus photometer (Molecular 

Devices, USA). For screening, 150 l of TMB solution [1 mM 3,3’,5,5’-tetramethylbenzidine 

in 50 mM citrate-phosphate buffer pH 5.0, 0.006% (v/v) H202] was added to each well. Color 

development was measured at 655 nm for 3 minutes with a SpectraMax Plus photometer 

(Molecular Devices, USA). 

 

 

 

 

 

 

 

 

 

 

100



  Chapter 4 

Table I. Plasmid used in this study. 

Plasmid Description Source/Reference 

pFLA2 Expression of ssPelB-AcrA-His6-AviTag, AmpR This work 

pEC(AcrA-per) Expression of ssPelB-AcrA-His6, AmpR (Kowarik et al., 2006) 

pMLBAD Expression vector, TmpR (Lefebre et al., 2002) 

pEXT21 Expression vector, SpR (Dykxhoorn et al., 1996) 

pFLA3 Expression of ssPelB-AcrA-His6-AviTag, TmpR This work 

pBirAcm Expression of biotin ligase BirA, CmR Avidity (USA) 

pFLA5 Expression of biotin ligase BirA, SpR This work 

pWA2 Expression of ssPelB-AcrA-His6, AmpR (Feldman et al., 2005) 

pACYC(pgl) C. jejuni pgl gene cluster in pACYC184, CmR  (Wacker et al., 2002) 

pACYC(pglMut) C. jejuni pgl cluster, with mutations in pglB (Wacker et al., 2002) 

pACYC(pgl) pglA C. jejuni pgl cluster, with insertion in pglA (Linton et al., 2005) 

pACYC(pgl) pglB C. jejuni pgl cluster, with insertion in pglB (Linton et al., 2005) 

pACYC(pgl) pglC C. jejuni pgl cluster, with insertion in pglC (Linton et al., 2005) 

pACYC(pgl) pglD C. jejuni pgl cluster, with insertion in pglD (Linton et al., 2005) 

pACYC(pgl) pglE C. jejuni pgl cluster, with insertion in pglE (Linton et al., 2005) 

pACYC(pgl) pglF C. jejuni pgl cluster, with insertion in pglF (Linton et al., 2005) 

pACYC(pgl) pglH C. jejuni pgl cluster, with insertion in pglH (Linton et al., 2005) 

pACYC(pgl) pglI C. jejuni pgl cluster, with insertion in pglI (Linton et al., 2005) 

pACYC(pgl) pglJ C. jejuni pgl cluster, with insertion in pglJ (Linton et al., 2005) 

pACYC(pgl) pglK C. jejuni pgl cluster, with insertion in pglK (Linton et al., 2005) 

pACYC(pgl) gne C. jejuni pgl cluster, with insertion in gne (Linton et al., 2005) 

 

 

Results  

Design of a screening system 

The pgl pathway of C. jejuni includes 12 genes. Given that all but pglI and pglG are essential 

for glycosylation in C. jejuni and colonization of chickens (Kelly et al., 2006), we sought to 

develop a simple screening platform able to monitor the activity of all the glycosylation 

functions. The strategy involves a cellular system that produces glycoproteins and a method 

that allows quantification of glycosylation.  

For glycoprotein production, we exploited the ability of the pgl machinery to function in E. 

coli, because this bacterium is easier to culture than C. jejuni. Since some E. coli proteins can 
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interact with the pgl pathway, E. coli SCM6 was used as host. This strain features a complete 

deletion of the gene clusters encoding the biosynthesis of colanic acid (wza), O-antigen 

(wba), and enterobacterial common antigen (wec). As a result, N-glycosylation in this strain 

is expected to be exclusively dependent on the activity of the Pgl proteins. 

 

Establishment of a method for quantification of glycosylation 

N-Glycoproteins of C. jejuni have been studied by various analytical techniques. 

Immunoblot, lectin blot, and mass spectrometry analyses have been used to detect and 

confirm the existence of this protein modification in bacteria (Szymanski et al., 1999, Wacker 

et al., 2002). More recently, nuclear magnetic resonance has been used to define N-glycan 

structures on proteins in intact cells (Kelly et al., 2006). Whereas these techniques can 

provide quantitative data, they are not suitable for screening purposes due to complex sample 

preparation or manipulation steps. 

As a medium-throughput alternative, we developed an ELISA assay to quantitatively monitor 

glycosylation of a protein present in the periplasm. The AcrA protein of C. jejuni was 

expressed in E. coli SCM6 carrying the pgl cluster. In order to selectively enrich for AcrA, 

we biotinylated AcrA in vivo and incubated periplasmic extracts on streptavidin-coated 

plates. We engineered a 15 amino acid long tag (Avitag) at the C-terminus of AcrA and co-

expressed the biotin ligase birA. BirA recognizes the Avitag sequence and adds a biotin 

molecule to a lysine residue. Expression of AcrA-Avitag in the presence of birA and the pgl 

cluster led to a pattern indicative of glycosylation at two sites (Fig. 2A, lane 1). Expression in 

combination with a glycosylation pathway featuring an inactive oligosaccharyltransferase 

(pglMut) resulted in non-glycosylated AcrA (Fig. 2A, lane 2). Both glycosylated and 

unglycosylated proteins were recognized by streptavidin, indicating that biotinylation of 

AcrA efficiently occurs prior to its translocation to the periplasm. By contrast, histidine-

tagged AcrA was not recognized by streptavidin (Fig. 2A, lanes 3-4).  
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We incubated biotinylated AcrA on streptavidin-coated plates to carry out an AcrA titration 

curve (Fig. 2C). Lastly, we incubated periplasmic extracts on streptavidin-coated plates, and 

examined glycosylation of AcrA by ELISA (Fig. 2C). The sera specific for the protein 

(AcrA) and the glycan (hR6) detected glycosylated AcrA in periplasmic extracts from cells 

expressing AcrA in combination with the pgl cluster. The hR6 signals dropped to background 

levels in extracts from cells carrying the glycosylation-deficient gene cluster (pglMut). Thus, 

this method permitted quantitative analysis of AcrA glycosylation from periplasmic extracts. 

 

Analysis of glycosylation in pgl gene mutant backgrounds 

In order to test if the method can detect a deficiency at each step of the glycosylation 

pathway, we examined AcrA expressed in E. coli in combination with insertional knockout 

mutants in each gene of the pgl cluster. First, we monitored AcrA glycosylation by 

immunoblot (Fig. 3A). It has been shown that PglB transfers incomplete glycans to AcrA in 

E. coli (Linton et al., 2005). In the current system, deletion of pglA, pglB, pglC, pglJ, pglK, or 

gne resulted in unglycosylated AcrA. Analysis of AcrA from a pglH background produced a 

pattern indicative of glycosylation (lane 7). Deletion of the genes involved in bacillosamine 

biosynthesis (pglDEF) and addition of the glucose branch (pglI) did not dramatically alter 

glycosylation (lanes 4-6 and 10).  

Next, we quantified glycosylation by ELISA. Deletion of pglA, pglB, pglC, pglJ, pglK, or gne 

resulted in hR6 signals in the background range (Fig. 3B). The level of glycosylation was 

comparable to wild-type in the pglD background, whereas it was reduced of one third in 

pglE and pglF. We speculated that the observed reduction of glycosylation by 50% in a 

pglI background was due to the polyclonal feature of the hR6 serum. Altogether, these 

results showed that the ELISA-based assay was able to detect defects in the majority of the 

steps of the glycosylation pathway.  
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diminish human infection and disease. Incorporation of antibiotics into feed might decrease 

the levels of colonization by C. jejuni, but will likely generate resistant strains in the long 

term. Products that include pathogen-free microbiota from adult chickens have been used 

with mixed success to prevent colonization of young chicks by C. jejuni (Wagner, 2006). 

Vaccination programs that aim to break the tolerance towards C. jejuni by providing killed 

cells are complicated by mimicry of some lipooligosaccharide structures to human 

gangliosides (Yu et al., 2006). Vaccine formulations that use Salmonella to deliver some C. 

jejuni protein antigens have led to non-protective immune responses (Sizemore et al., 2006). 

An analogous strategy has exploited the similarities of the N-glycosylation and the O-antigen 

pathways to display C. jejuni glycans on the lipid A core of attenuated Salmonella strains 

(Ilg, 2009, Ilg et al., 2009). Incorporation of such tailored Salmonella into feed aims to mount 

a protective IgA response towards the N-glycan. This approach holds considerable potential 

because the N-glycan is absolutely conserved in all pathogenic C. jejuni isolates and seems to 

be very immunogenic (Szymanski et al., 2003, Karlyshev et al., 2005, Amber, 2008). 

Small-molecule inhibitors that interfere with virulence-related traits without affecting 

essential cellular functions represent an important avenue to control bacterial infections 

(Hung et al., 2005, Cegelski et al., 2009). The advantage of such antimicrobials is that they 

reduce colonization without creating strong selective pressure and without destroying gut 

microflora. In C. jejuni, the N-glycosylation pathway is an excellent target since it is required 

for colonization of chickens, but it is dispensable for growth (Szymanski et al., 2002, 

Karlyshev et al., 2004, Hendrixson et al., 2004). Given that the minimal structural 

requirement for chick colonization is the N-linked hexasaccharide GalNAc-1,4-GalNAc-

1,4-GalNAc-1,4-GalNAc-1,4-GalNAc-1,3-Bac (Kelly et al., 2006), interference with 

biosynthesis of the hexasaccharide, its translocation, or transfer to proteins should result in 

loss of chicken colonization. Therefore, we aimed to develop a platform to find inhibitors of 

the pgl pathway. 

We constructed a screening strain by transforming E. coli SCM6 with genetic information for 

the entire glycosylation pathway of C. jejuni, the acceptor protein acrA, and the biotin ligase 

birA. We found that BirA could efficiently modify AcrA in the cytoplasm, and that 

biotinylated AcrA was glycosylated by PglB in the periplasm. We used sera specific for the 

protein AcrA and the C. jejuni N-glycan to quantify glycosylation of AcrA in streptavidin-

coated microtiter plates. Then, we examined the ability of the system to detect glycosylation 

in a series of mutants of the glycosylation pathway. hR6 reactivity was greatly reduced in a 
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pglH mutant background, suggesting that this serum recognized a stretch of three GalNAc 

residues. We observed levels of glycosylation similar to wild type in a pglD background, 

and 60% glycosylation in pglE and pglF.  Notably, the closest E. coli homologs of pglD, 

pglE, and pglF (wecD, rffA, and rffG, respectively) are absent from the chromosome of E. 

coli SCM6. Therefore, although we cannot formally exclude the possibility that other 

enzymes interact with the pgl pathway, these results indicate that the glycosyltransferase 

PglC is not absolutely specific for UPD-Bac as it has been suggested (Glover et al., 2006), 

but can also accept intermediates of the bacillosamine pathway. In contrast, the 50% 

reduction in glycosylation observed for the pglI mutant background could be due to the 

polyclonal characteristic of the hR6 serum. In summary, this system is able to detect defects 

in the epimerase Gne, the glycosyltransferases PglC, PglA, PglJ, and PglH, the flippase PglK, 

and the oligosaccharyltransferase PglB. 

Using this system, we performed a medium-throughput screen of a library containing 16,000 

compounds, but we failed to identify a potent inhibitor of the glycosylation pathway. The Z 

factor, which gives an indication of the performance of the assay, indicated that the assay was 

overall robust, especially in light of the complexity of a cell-based assay. However, the 

quality of the screening could have been improved by testing compounds in duplicate. 

The method described here might find application also in the analysis of small libraries of 

variants of Pgl proteins. Moreover, it could be adapted to achieve quantitative measurement 

of in vitro glycosylation reactions.  
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The key objective of this research was to exploit the glycoengineered E. coli system to extend 

the knowledge of the basic processes of N-linked protein glycosylation and to design new 

tools for research and industrial applications. 

The characterization of the pgl system of C. lari reveals the existence of differences in N-

glycan structures and acceptor sites among bacteria. Analysis of the broad context of bacterial 

N-glycosylation will enlighten the function(s) of N-glycans and will ultimately shed light on 

the evolution of this protein modification across prokaryotes. N-Glycosylation pathways are 

mainly found in epsilon proteobacteria (Szymanski et al., 2005). Given that there is no direct 

correlation between glycosylation and pathogenicity in this group of bacteria, it is unlikely 

that bacterial N-glycosylation is directly involved in virulence. However, N-glycosylation 

confers a selective advantage to C. jejuni in the ability to colonize its natural niche (that is, 

the chicken gut). The conservation of this protein modification among C. jejuni isolates also 

supports a key role in the physiology of this bacterium. In this context, it is noteworthy that 

bacterial glycoproteins present a longer consensus sequence compared to eukaryotes and that 

E. coli proteins are rarely glycosylated, as demonstrated by the case of the PotD protein. This 

may mean that the pgl systems evolved to limit glycosylation to sites featuring specific 

signatures, which are seldom found on proteins of other bacteria. Since glycosylation occurs 

after protein folding in bacteria (Kowarik et al., 2006), N-glycans do not contribute to quality 

control of folding as in eukaryotes. Glycosylation may influence the stability of glycoproteins 

by introducing hydrophilic molecules at favorable positions. A similar effect on proteins has 

been suggested for the O-glycans of Bacteroides fragilis (Fletcher et al., 2009). Interestingly, 

some bacterial oligosaccharyltransferases (including that of C. jejuni) appear to also generate 

free oligosaccharides by hydrolysis of lipid-linked oligosaccharides (Nothaft et al., 2009). 

Whereas it will be important to elucidate the exact function of these free oligosaccharides (do 

they exhibit a physiological role? Are they due to a bystander effect of the 

oligosaccharyltransferase activity?), this observation adds a further proof of the complexity of 

bacterial glycomes.  

Exploring the diversity of bacterial glycosylation will also help to unravel two ill defined 

processes (the translocation of lipid-linked oligosaccharides across membranes and the 

transfer of oligosaccharides to proteins) by offering a pool of active enzymes with different 

specificities suitable for structure/function analysis.  

The synthetic E. coli system offers a platform for production of therapeutics and development 

of tools for research. The combination of glycoprotein expression from glycoengineered E. 

coli and chemoenzymatic remodeling provides a robust and innovative route for producing 
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homogeneous N-linked glycoproteins with structurally-defined eukaryotic glycans. The 

method offers immediate applicability in the glycoengineering of antibody fragments to fine 

tune properties such as solubility, clearance rate and proteolytic cleavage. The flexibility of 

the system can be exploited to produce a series of homogeneous glycoforms for structural 

studies. Moreover, the observation that endo-glycosidases are able to transfer non-natural 

oligosaccharides to proteins further extends the range of applications. A current limitation of 

the method resides in the efficiency of glycosylation, which varies for different proteins. 

Deletion of the genes encoding glycosyltransferases of the enterobacterial common antigen in 

E. coli SCM3 might increase protein glycosylation by channeling undecaprenol in the 

synthesis of the pgl2 glycan. A further improvement might come from engineering of the 

enzymes involved in the biosynthesis of the precursor UDP-GlcNAc and of the 

undecaprenyl-phosphate. Moreover, evolution of oligosaccharyltransferases might provide 

PglB variants able to recognize the short N-X+1-S/T consensus sequence: in fact, bacterial 

oligosaccharyltransferases do not strictly require an acidic amino acid at the -2 position to the 

asparagine, as shown by C. lari PglB. Systematic protein engineering might eventually 

generate a modular system wherein bacterial oligosaccharyltransferases transfer distinct 

glycans to different acceptor sites, mimicking the situation found in protozoa. Additionally, 

molecular breeding of bacterial and protozoan oligosaccharyltransferases might give enzymes 

able to transfer eukaryotic glycans built on the undecaprenol anchor.   

Glycoengineered E. coli cells offer a way to identify inhibitors of the pgl pathway useful for 

fighting campylobacteriosis and for accurate biochemical characterization of the pgl 

enzymes. The cell-based method used for the screening of a commercial compound library 

did not lead to the identification of any potent inhibitor. The quantification method could be 

adapted to monitor the oligosaccharyltransferase activity in vitro in presence of biotinylated 

acceptor proteins and crude lipid-linked oligosaccharide extracts. Alternatively, DNA-

encoded libraries might be used to find small molecule binders of PglB. Moreover, recent 

access to structural data on PglB might enable virtual screening of large collections of 

chemicals. 

Bacteria offer an excellent playground for studying the complexity of N-glycosylation. While 

it is fair to state that we are still in the discovery phase of bacterial glycosylation, and that 

much effort needs to be invested to this respect, engineering of novel glycosylation systems is 

an exciting challenge that has just started.  
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