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The greatest challenge to any thinker is stating the problem in a 

way that will allow a solution. 

Bertrand Russell 

British author, mathematician, & philosopher (1872 - 1970) 

 

  



4 
 

Acknowledgments. 

 

I would like to thank my supervisors Fred Allain and Markus Aebi. The patience that they 

showed in teaching me all the peculiarities of the wet-lab job, spectrometer operating and the 

computer techniques is far above the human limits. I am thankful for the time that Fred and 

Markus spent for my education and scientific maturation. All the fruitful discussions, 

experimental guidance and help in the thesis preparation were of great importance. 

I would like to thank my friend and colleague Michael Kowarik who initiated the topic of 

the structural research of the bacterial glycosylation, taught me everything I needed to advance 

the topic and whipped me on towards the end of my thesis. I am also thankful to him for 

introducing me to Zurich, to Swiss people and Swiss mountains, not the Swiss music, though. 

Mario Schubert deserves a special gratitude for an extremely deep knowledge of the topic 

and the easiness with which he is ready to share it. He is great teacher of NMR spectroscopy. I 

really appreciate the experience, that I received working with him and for the help that he 

provided in difficult times. 

A special thanks to Shin Numao, my collaborator who is the great biochemist, establisher of 

the in vitro glycosylation technique. Thank you, Shin, for the yields of glycosylated protein. 

I am really thankful to all the great thinkers that I was happy to talk with. Martin Waelti, 

Reto Buser, Ярослав Николаев, Александр Соболь, Александр Игнатов, Дмитрий 

Иванов, Christian Bollinger, Mario Feldman, Christine Neupert, Dominic Mills and 

Benjamin Schulz were my library of thoughts, the forum, the database and the theater. It was 

very nice to discuss with you, guys, whatever seemed to be important. 

I would also like to thank all the present and former colleagues: Alexander Frey, Antoine 

Clery, Christian Lizak, Christophe Maris, Clemens Dürr, Cristina Alaimo, Cyril 

Dominguez, Dominik Theller, Farnoush Parsaienassab, Flavio Schwarz, Florian 

Oberstrass, Harald Nothaft, Ina Catrein, Judith Thomas, Julien Boudet, Karin Ilg, Lenka 

Skrisovska, Markus Künzler, Markus Blatter, Neel Bhavesh, Olivier Duss, Paola Nicole 

Deprez, Patrick Mossi, Richard Stefl, Saskia Karg, Seonghun Kim, Simone Clerc, Tariq 



5 
 

Afroz, Zuzana Cienikova and all other members of the Institute of Molecular Biology and 

Biophysics and of the Institute of Microbiology for the existence of science. 

I would also like to acknowledge Prof. Thomas Peters for the excellent book on the NMR of 

Glycoconjugates and for being co-examiner of my thesis. It is my great pleasure and honor to 

have an examination with you. 

Many thanks for the support to Alain Wasserfallen, Jacques Laville, Monika Marti and 

Markus Hildbrand, Kassiem Muhammad Jacobs and Silvia Weber. 

And also to all the people who were supporting me in my studies. Маша Анциферова, 

Азад Мамедов, Оксана Овчинникова, Денис и Саша Ериловы and Taija Koskenkorva 

are great friends, that fulfill my free time up to 1000%. 

I would like also thank the whole team of Last.fm service for the great feelings. 

And finally I would like to thank those people, who love me anyway, whether I have a degree 

of not. Those are my brother Юрий, my Mom and Dad. 

And thanks to my wife Kristina. 

  



6 
 

 

Table of Content 

ACKNOWLEDGMENTS. 4 

SUMMARY. 9 

ZUSAMMENFASSUNG. 11 

ABBREVIATIONS AND SYMBOLS USED IN TEXT. 13 

INTRODUCTION. 14 

POSTTRANSLATIONAL MODIFICATIONS OF PROTEINS. 14 

PROTEIN N-LINKED GLYCOSYLATION. 15 

CAMPYLOBACTER JEJUNI N-GLYCOSYLATION SYSTEM. 19 

EVOLUTIONAL, BIOLOGICAL AND BIOTECHNOLOGICAL SIGNIFICANCE OF THE  N-LINKED GLYCOSYLATION SYSTEM. 22 

STRUCTURAL RESEARCH OF THE GLYCOSYLATION. 23 

GLYCOCONJUGATE STRUCTURAL RESEARCH IS A CHALLENGE. 23 

NMR SPECTROSCOPY OF GLYCANS AND GLYCOPROTEINS. 25 

AIM AND OUTLINE OF THIS THESIS. 34 

RESULTS. 36 

SELECTION OF AN APPROPRIATE MODEL PROTEIN. 36 

IDENTIFICATION OF POTENTIAL GLYCOPROTEINS IN C.JEJUNI GENOME. 36 

IN VIVO GLYCOSYLATION OF LIP IN E. COLI. 37 

EXPRESSION, PURIFICATION AND CHARACHTERIZATION OF LIPCCMINI. 40 

IN VITRO GLYCOSYLATION OF LIPCCMINI. 42 

NMR SPECTROSCOPY. 43 

PROTEIN NMR SPECTROSCOPY OF LIPCCMINI AND GLYCOLIPCCMINI. 44 



7 
 

BACKBONE DYNAMICS. 46 

GLYCAN SPECIFIC NMR MEASUREMENTS. 47 

STRUCTURE CALCULATION. 49 

PROTEIN STRUCTURE CALCULATION. RIGID LIPOYL DOMAIN AND FLEXIBLE LOOP. 49 

STRUCTURE OF THE GLYCAN. 52 

THE NMR STRUCTURE DETERMINATION STATISTICS. 55 

DISCUSSION. 56 

FLEXIBILITY OF THE GLYCOSYLATION SITE IS SUFFICIENT FOR EFFICIENT GLYCOSYLATION. 56 

THE STRUCTURE OF ARTIFICIALLY CREATED GLYCOPROTEIN. 58 

IN VIVO GLYCOSYLATION. 58 

IN VITRO GLYCOSYLATION IS A NOVEL TOOL FOR STRUCTURAL RESEARCH ON GLYCOSYLATION. 59 

THE GLYCAN STRUCTURE. 61 

GLYCAN MODEL QUALITY. 63 

INFLUENCE OF THE GLYCAN ON THE STRUCTURE OF THE PROTEIN. 65 

SUMMARY AND OUTLOOK. 66 

MATERIALS AND METHODS. 67 

DATABASE SEARCH FOR POTENTIAL GLYCOPROTEINS IN C. JEJUNI. 67 

BACTERIAL STRAINS AND PLASMIDS. 68 

CONSTRUCTING THE PLASMID FOR EXPRESSION OF LIPCCMINI. 68 

PROTEIN EXPRESSION & PURIFICATION. 69 

CIRCULAR DICHROISM SPECTROSCOPY. 70 

IN VIVO GLYCOSYLATION. 70 

LLO EXTRACTION. 71 

IN VITRO GLYCOSYLATION. 72 

NMR DATA ACQUISITION AND PROCESSING. 72 

STRUCTURE CALCULATION AND REFINEMENT. 73 

APPENDIX. 75 



8 
 

TABLE OF POTENTIAL C. JEJUNI GLYCOPROTEINS. 75 

DATABASE SEARCH SCRIPTS. 76 

PROSITE_SCAN_SCRIPT_1.PL -  REFORMATTING THE SCANPROSITE SEARCH RESULTS. 76 

SIGNALP_PARSING_SCRIPT_1.PL – TO CONVERT THE SIGNALP RESULTS INTO TEXT FILE. 78 

DATA_COMPARE_SCRIPT_1.PL – THE IDENTIFICATION OF THE HITS IN THE SIGNALP PREDICTION RESULTS. 79 

THE MS-MS OF A GLYCAN ATTACHED TO THE PROTEIN BY IN VITRO GLYCOSYLATION. 82 

NMR ACQUISITION PARAMETERS. 83 

RESONANCE ASSIGNMENT TABLES. 85 

THE CHARTS OF NUMBER OF NOE CONTACTS IDENTIFIED AUTOMATICALY BY ATNOSCANDID. 89 

THE NATURAL ABUNDANCE 
13

C-HSQC OF GLYCOLIPCCMINI. 90 

DISTANCE GEOMETRY CALCULATION OF THE GLYCOPROTEIN. 91 

GLYCAN CONSTRAINTS. 96 

THE ALGORITHM FOR MANUAL CALCULATION OF DIHEDRAL ANGLES FROM THE CARTESIAN COORDINATES. 98 

REFERENCES: 100 

CURRICULUM VITAE. 111 

 

  



9 
 

Summary. 

N-linked protein glycosylation is the most abundant posttranslational modification found in 

eukaryotes, archaea and bacteria. The N-glycosylation pathway is highly conserved and 

topologically similar between different kingdoms of life. The central point of the pathway is the 

transfer of an oligosaccharide from the lipid anchor to the selected asparagine residue in the 

acceptor protein performed by the oligosaccharyltransferase complex (OST). The main catalytic 

subunit of eukaryotic OST is the Stt3p protein. Orthologs of Stt3p were also identified in certain 

archaea and proteobacteria. OST recognizes the glycosylation motif N-X-S/T (X is any amino 

acid residue except proline) in eukaryotes and D/E-X-N-X-S/T in bacteria.  

OST from proteobacteria Campylobacter jejuni is a monomeric membrane protein, PglB, that is 

functional in the periplasmic space. The bactoprenol pyrophosphate linked oligosaccharide 

GalNAc5Glc1Bac1 is the natural substrate for bacterial OST. The essential proteins for the C. 

jejuni pathway are encoded in the single locus pgl that can be functionally transferred to 

Escherichia coli. The glycosylation of folded proteins by the bacterial glycosylation system has 

been demonstrated both in vivo and in vitro. The presence of a glycosylation motif is not 

sufficient for an efficient glycosylation in both bacterial and eukaryotic N-linked glycosylation 

pathways. This encouraged us to gain more insights into other requirements. 

In the present work the structure of a bacterial acceptor protein in both the glycosylated and the 

unmodified form was studied by NMR spectroscopy. In addition dynamic properties of the 

acceptor site were analyzed qualitatively. The truncated recombinant C. jejuni protein, AcrA, was 

used as a model protein. It consists of a well folded lipoyl domain and a flexible loop harbouring 

the single glycosylation site. The high glycosylation efficiency of the model protein indicates that 

local flexibility of an acceptor motif is sufficient for the recognition and utilization by the 

bacterial OST. Taking into account the intrinsic flexibility of a nascent polypeptide chain that is 

presented to the eukaryotic OST complex we hypothesize that the flexibility of an acceptor site is 

a universal property of the N-glycosylation machinery. 

We developed a novel method for the determination of the structure of the glycan and the 

glycoprotein by NMR spectroscopy. Using the in vitro glycosylation technique we produced pure 
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homogeneously glycosylated protein. Uniform 15N/13C labeling was applied to the protein, 

whereas the glycan was not labeled. Filtering and editing NMR techniques allowed us to identify 

and distinguish protein-protein, glycan-glycan or protein-glycan NOE signals. From those 

distance constraints were derived and the structure of the intact glycoprotein was calculated. The 

glycosylation site of the protein is flexible and does not form a specific conformation. The 

mobility of this region does not change significantly after glycosylation. The increased 

correlation time of the glycan in the glycoprotein resulted in an improved NOE build-up, 

therefore significantly more distance constraints were observed for the glycan compared to 

studies of isolated oligosaccharides in solution. This allowed us to calculate a well-defined 

structure of the glycan attached to the protein. The method provided unprecedented robustness 

and its application can be potentially expanded for structural research of other glycans and 

glycoproteins. 
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Zusammenfassung. 

N-Glykosilierung ist die häufigste posttranslationale Modifizierung von Proteinen und kommt in 

Eukaryoten, Archebakterien und Bakterien vor. Das N-Glykosilierungssystem ist hochkonserviert 

und topologisch sehr ähnlich in den verschiedenen Lebensformen. Die zentrale Rolle spielt die 

Übertragung des Oligosaccharides vom Lipidanker zu den ausgewählten Asparagin des 

Akzeptorproteins durch den Oligosaccharyltransferase (OST) Komplex. Die katalytische 

Untereinheit der eukaryotischen OST ist das  Stt3p Protein. Orthologe von Stt3p wurden auch in 

einigen Archaebakterien und Proteobakterien gefunden. OST erkennt die 

Glycosylierungssequenz N-X-S/T (X – jede Aminosäure auser Prolin) in Eukaryoten and D/E-X-

N-X-S/T in Bacterien.  

Die Oligosaccharyltransferase des Proteobacteriums Campylobacter jejuni ist das monomeres 

Membranprotein PglB welches im Periplasma aktiv ist. Das natürliche Substrat ist das 

Bactoprenolpyrophosphat verlinkte Oligosaccharid GalNAc5Glc1Bac1. Die essentiellen Proteine 

der C. jejuni  N-Glykosilierung sind in einem einzigen Lokus (pgl) kodiert welcher in 

Escherichia coli transferiert werden kann. Die Glykosilierung von gefalteten Proteinen durch das 

bakterielle System wurden in vivo und in vitro gezeigt. Das Vorhandensein einer 

Glykosilierungssequenz reicht nicht fuer eine effiziente Glykosylierung aus, weder in Bakterien 

noch in  Eukaryoten.  Das hat uns dazu veranlasst mehr Einblicke in andere Voraussetzungen zu 

gewinnen. 

In der vorliegenden Arbeit wurde die Struktur eines bakteriellen Akzeptorproteines sowohl in der 

glykosylierten als auch in der unmodifizierten Form mittels NMR Spektroskopie bestimmt. 

Zusätzlich wurden dynamische Eigenschaften der Glykosilierungstelle qualitativ untersucht. Eine 

verkürzte Version des C. jejuni Proteins AcrA wurde als Modellsystem benutzt. Es besteht aus 

einer wohlgefalteten Lipoyl-Domäne und einer flexiblen Loop welcher die Glykosilierungstelle 

beherbergt. Die Tatsache, dass sich das Modellprotein sehr effizient glykosylieren liess, deutet 

darauf hin, dass Flexibilität der Glykosilierungsstelle ausreichend für eine erfolgreiche 

Modifikation ist.  Im Zusammenhang mit der intrinsischen Flexibilität einer nascenten 

Polypeptidkette welche der eukaryotischen Oligosaccharyltransferase presentiert wird, 
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spekulieren wir, dass Flexibilität einer Glykosilierungsstelle eine generelle Vorraussetzung für N-

glycosylierung ist. 

Es wurde eine neue Methode zur Strukturbestimmung von Glykanen und Glykoproteinen mittels 

NMR Spektroskopie entwickelt. Unter Verwendung von in vitro Glycosylierung wurde reines, 

homogen glykosyliertes Protein erhalten. Das Protein wurde vollständig 15N/13C markiert 

während das Glykan unmarkiert eingesetzt wurde. Gefilterte- und editierte NOESY NMR-

Techniken erlaubten uns Protein-Protein, Glykan-Glykan und Protein-Glykan NOE Signale zu 

identifizieren und zu unterscheiden. Aus diesen wurden Abstandslimite abgeleited und die 

Struktur des intakten Glykoproteins berechnet. Die Glykosilierungstelle ist flexibel und liegt in 

keiner speziellen Konformation vor. Die Dynamik dieser Region verändert sich nicht signifikant 

nach der Glykosilierung. Die erhöhte Korrelationszeit des Glykans im Glykoprotein führt zu 

einem verbesserten NOE “build-up” und signifikant mehr NOE Signale und damit verbundene 

Distanzen wurden im Vergleich zu Studien von isolierten Oligossacchariden in Lösung erhalten. 

Deshalb konnte eine gut definierte Struktur des mit dem Protein kovalent verbundenen Glykans  

erhalten werden. 
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Abbreviations and symbols used in text. 

φ Glycosidic linkage angle measured between the O-C1-O* plane and C1-O*-C4 
plane. For 1-4 linkage. The positive direction is counterclockwise looking from the 
C1 atom towards O*. 

ψ Glycosidic linkage angle measured between C1-O*-C4 plane and O*-C4-C3 plane 
for 1-4 linkage. The positive direction is counterclockwise looking from the O* atom 
towards C4. 

CHO Chinese Hamster Ovary 

LLO Lipid linked oligosaccharide 

LPS Lipopolysaccharide 

cLLO Crude extract of LLO 

OST Oligosaccharyltransferase 

SBA Soybean Agglutinin 
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Introduction. 

Posttranslational modifications of proteins. 

Posttranslational modification (PTM) of proteins, defined as chemical modification of a 

polypeptide chain after translation, is an important biological feature, which expands the 

functional space of the proteome manifold (Davis, 2004). This expansion is believed to be a 

highly efficient way of evolving more complex and robust organisms. Single posttranslational 

modification is able to change the biochemical, functional or structural properties of many gene 

products at once, virtually doubling the genome. The human genome contains just twice the 

number of genes comparing to fly or worm genomes. However, the increased complexity of the 

human organism is mainly the result of the posttranscriptional and posttranslational modification 

and alternative splicing. Diversification of the proteome by posttranscriptional and/or 

posttranslational modification increases the molecular variants of proteins in cells by an 

estimated one or two orders of magnitude over the number encoded in the genome (Walsh, 2006). 

Typically, the genomes of more complex organisms contain more genes for the expression of 

various components of the PTM machineries (Davis, 2004). 

PTMs are merely an attachment of a functional group or another polypeptide chain to the 

protein, changing the chemical nature of the amino acid residues, inducing conformational 

changes to the protein or proteolytic cleavage of the polypeptide chain. There are more than 300 

different types of modifications known (Jensen, 2004) and the number is constantly increasing. 

Some of them are very specific towards the target proteins. Glutathionylation (Sykes et al, 2007), 

hydroxylation (Siddiq et al, 2008), sulfation (Moore, 2003), transglutamination (Griffin et al, 

2002), and epimerization (Goytia et al, 2007) are the examples of such rare PTMs (Davis, 2004).  

Others, such as phosphorylation (Burnett & Kennedy, 1954), glycosylation (Benz & Schmidt, 

2002; Eichler & Adams, 2005; Power & Jennings, 2003),  disulfide bridge formation (Sela & 

Lifson, 1959), ubiquitination (Ciechanover, 1998), methylation (Walsh, 2006) etc are very 

abundant modifications targeting lots of different proteins. 

Protein N-linked glycosylation is the most widespread and complex posttranslational 

modification. In mammals the system occupies 1% of the genome (Davis, 2004), whereas in the 
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prokaryote Campylobacter jejuni the N-glycosylation machinery is encoded in a single protein 

glycosylation locus (pgl). In general, N-glycoproteins are involved in various biological 

processes, such as cell growth and differentiation, cell-cell interactions (Jimenez et al, 2005), 

development (Haltiwanger & Lowe, 2004), modulation the immune system (Arnold et al, 2007; 

Rudd et al, 2004), inflammation and cancer (Dube & Bertozzi, 2005), protein folding, quality 

control and turnover (Helenius & Aebi, 2004) or pathogenicity and host invasion of bacteria 

(Upreti et al, 2003). 

Protein N-linked glycosylation. 

The biosynthetic pathway of functionally very diverse N-glycosylation modification is 

topologically very similar between different species (Kelleher & Gilmore, 2006; Szymanski & 

Wren, 2005; Szymanski et al, 1999; Wacker et al, 2002). The oligosaccharide is built up 

sequentially on a lipid carrier from the nucleotide activated monosaccharides. The set of 

glycosyltransferases attaches new glycans to the lipid-anchored precursor. In eukaryotes this 

process takes place of the membrane of the endoplasmic reticulum with dolichol pyrophosphate 

(dolichol-PP) as a lipid carrier. In some gram-negative bacteria, an undecaprenyl pyrophosphate 

anchors the assembled sugar in the plasma membrane. The synthesized lipid-linked 

oligosaccharide (LLO) serves as a substrate for the oligosaccharyltransferase (OST) that transfers 

en bloc the glycan moiety to the acceptor protein (Figure 1). 

Oligosaccharyltransferase – the key enzyme of the glycosylation pathway (Figure 1), is 

usually represented as a complex of up to eight different membrane proteins (Kelleher & 

Gilmore, 2006). The best characterized OST complex belongs to Saccharomyces cerevisiae. In 

yeast, it is a heterooctameric complex comprising Ost1p, Ost2p, Ost3p or Ost6p, Ost4p, Ost5p, 

Wbp1p, Swp1p, and Stt3p, the catalytic subunit (Karaoglu et al, 1997; Spirig et al, 1997).  

The central catalytic subunit of OST, Stt3, is highly conserved among different species 

(Figure 2). The Stt3 homologues are found in all eukaryotes and some archaea and prokaryotes, 

although not all of them were proven to be functional oligosaccharyltransferases. Normally the 

Stt3 protein has a short N-terminus in the cytosolic space of the cell, followed by an odd number 
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of the transmembrane helices and a large C-terminal hydrophilic domain exposed into the ER 

lumen. Interestingly, the truncated soluble version of the C-terminal domain is not functional 

alone, suggesting the role of the transmembrane domain in the recognition and binding of the 

lipid moiety of LLO. 

The core oligosaccharide utilized in eukaryotes is Glc3Man9GlcNAc2-PP-Dol. Multiple 

reports have established that the common feature of LLO recognition by OST is the requirement 

of the 2’- acetamido group on the first glycan. Besides this, the shortest substrate of OST is a 

lipid-linked disaccharide (Imperiali & Shannon, 1991; Samuelson et al, 2005; Sharma et al, 

1981). The N-acetyl modification on the second GlcNAc facilitates the recognition, but is not 

absolutely required (Bause et al, 1995; Tai & Imperiali, 2001). The substitution of the natural 

substrate dolichol-PP with chemically synthesized components, such as phytanyl-PP, 

dihydrofarnesyl-PP or citronellyl-PP, inhibits the reaction. However, polyprenyl-PP linked 

 

Figure 1. N-linked glycosylation pathway in Saccharomyces cerevisiae (Helenius & Aebi, 2004). Initially the glycan is built 

sequentially on the cytoplasmic surface of ER membrane. Dolicholpyrophosphate serves to anchor the glycan on the 

surface of the membrane. Then it gets flipped by the RFT1 into the ER lumen where additional sugars are added. The 

completely assembled glycan is transferred to the nascent polypeptide chain by oligosaccharyltransferase. 
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carbohydrate has been shown to be utilized in 

Chinese Hamster Ovary (CHO) cell line B211 

(Kaiden et al, 1998). 

The LLO biosynthesis pathway 

intermediates are usually poorer substrates in 

eukaryotes than the full-length LLO. Thus, the 

failure to produce the correct LLO results in 

various types of congenital disorder of 

glycosylation CDG-I, depending on which 

intermediate is available in the cell (Freeze & 

Aebi, 2005). 

The oligosaccharide is attached via its first 

anomeric carbon to the nitrogen atom of the 

side-chain of the asparagine residue that is 

located within the glycosylation motif Asn-

Xaa-Ser/Thr (Xaa any residue except Proline) 

(Marshall, 1972) in eukaryotes and archea, and 

Glu/Asp-Xaa-Asn-Xaa-Ser/Thr (Kowarik et al, 

2006b) in prokaryotes. This linkage is 

normally referred to as N-glycosydic linkage. The statistical data on the glycosylation site usage 

also propose that the +3 position is not occupied by Proline residue, although a direct evidence 

has not been observed yet (Gavel & von Heijne, 1990). The motifs mentioned above are required, 

but not sufficient for the efficient glycosylation. Between 10 to 30 % of all eukaryotic N-

glycosylation tripeptides (N-X-S/T, X is not a proline) are either utilized just partially or not 

glycosylated at all. The selective usage of glycosylation sites was found recently in bacteria, too.  

An analysis of glycopeptides’ conformations resulted in two distinctive hypotheses, both of 

which imply specific β-turn-like spatial structure of the glycosylation motif (Figure 3). Imperiali 

and coworkers have proposed an Asn-turn conformation, that is a particular type of β-turn 

containing an asparagines residue, to be required for the efficient glycosylation by the OST 

complex (Imperiali et al, 1992). 

 

Figure 2. The composition of oligosaccharyltransferase 

complex in different organisms. The luminal side of ER is at 

the top of each panel. The black curved arrow designates the 

cleaved signal peptide. The colored arrow designates the N-

termini of proteins that lack the signal peptides. The 

subunits are colored according to three putative 

subcomplexes. Adopted from Kelleher & Gilmore, 2006. 

(Kelleher & Gilmore, 2006) 
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The proposed mechanism involves two hydrogen-bonds formed between the oxygen of the 

asparagine side-chain and the amide and hydroxyl protons of serine/threonine, that mediate 

dissociation of the amide proton, generating an imidate – reactive nucleophile, required for the 

attack by an anomeric carbon from the phosphoacetal-activated lipid-pyrophosphate linked 

oligosaccharide. Alternatively, the β-turn-dependent recognition model, that did not receive any 

trivial name, was proposed (Bause et al, 1995; Bause & Legler, 1981; Bause et al, 1997; Breuer 

et al, 2001). Here the asparagine’s side-chain amide proton is involved in the hydrogen bond with 

the threonine/serine hydroxyl group. This also increases the amide nucleophilicity making it a 

target for an activated anomeric carbon of LLO. The evidence for the existence of these peptides 

in the proposed conformations is weak. There is only an indirect indication for a formation of 

hydrogen bonds in aqueous solution. However, one can speculate that the proposed turn 

conformation exists in minor population (Fuchs et al, 2006) or is induced by OST after binding of 

the otherwise flexible protein. 

 

Figure 3. Proposed mechanisms of the glycosyl transfer catalysis by OST. A) Asn-turn model (Imperiali et al, 1992). 

This configuration allows the formation of a nucleophilic imidate by delocalization of the electron pair and deprotonation. 

This molecule attacks the LLO, forming the sugar-protein bond. B) β-turn model (Bause & Legler, 1981). Adopted from 

Wacker, 2002. (Wacker, 2002) 
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Similar transient conformational state of the acceptor site seems to be present in recently 

discovered bacterial N-glycosylation pathway that is the simplest and the best characterized N-

linked glycosylation pathway. 

Campylobacter jejuni N-glycosylation system. 

The N-glycosylation system of C. jejuni is the best characterized glycosylation system in 

bacteria. C. jejuni is a food-born pathogen that causes gastroenteritis in humans and is associated 

with the autoimmune disease Guillain-Barré syndrom. The N-linked glycosylation system is 

required for an efficient host colonization of C. jejuni (Szymanski & Wren, 2005). Due to the 

simplicity of the N-glycosylation pathway, this serves as an ideal model system for studying the 

mechanisms underlying the carbohydrate synthesis, translocation and transfer to the protein 

(Alaimo et al, 2006; Feldman et al, 2005). 

 

This system consists of 14 genes organized into a protein glycosylation locus pgl that can be 

functionally transferred to E. coli (Wacker et al, 2002). Similar operons (Figure 4) have been 

identified in other bacterial strains ranging from closely related Campylobacter coli, 

Campylobacter lari and Campylobacter upsaliensis to more distant Wolinella succinogenes and 

Desulfovibrio desulfuricans. Some homologs of the glycosyltransferases have also been found in 

genomes of Helicobacter pylori strains, although the PglB orthologues of H. pylori are missing 

the catalytic domain WWDYG (Szymanski & Wren, 2005). PglF, PglE and PglD proteins are 

 

Figure 4. Protein glycosylation loci from different δ- and ε-proteobacteria (Szymanski & Wren, 2005). The gene encoding 

and essential bacterial oligosaccharyltransferase is shown in bold. Slashed lines indicate homologs that are found 

elsewhere on the chromosome.  
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involved in biosynthesis of UDP-Bac (uridine 

diphosphate linked Bac, where Bac is 

bacillosamine, 2,4-diacetamido-2,4,6-trideoxy-

D-Glc) (Sharon, 2007) that is subsequently 

transferred to undecaprenyl phosphate by PglC 

(Figure 5). The further elongation of the 

carbohydrate chain is performed by sequential 

attachment of five GalNAc’s by PglH and PglJ. 

The branched glucose is transferred by PglI. 

The synthesized LLO is then flipped from the 

cytoplasmic space into the periplasm by the 

ABC transporter WlaB in the ATP-dependant 

manner. In the periplasm bacterial 

oligosaccharyltransferase PglB attaches the 

glycan to the side-chain of an asparagine 

residue in the consensus sequence D/E-X-N-Y-

S/T-Z (X, Y and Z any amino acid residue 

except proline) on the acceptor protein 

(Kowarik et al, 2006b). Whereas the 

substitution of the +1 or -1 position in the glycosylation site with proline results in impaired 

usage of the site, the +3 position requirement is deduced from statistical analysis of the 

glycosylation site usage in E. coli and C. jejuni (Kowarik et al, 2006b). The glycan structure has 

been found to be GalNAc-α1,4-GalNAc-α1,4-(Glc-β1,3)-GalNAc-α1,4-GalNAc-α1,4-GalNAc-

α1,3-Bac, as shown on Figure 6 (Young et al, 2002). Presence of the 2’-acetamido groups in the 

first sugar indicates that there is the similarity of the recognition between bacterial and eukaryotic 

OSTs (Kowarik et al, 2006a). 

The bacterial oligosaccharyltransferase is a monomeric membrane protein highly 

homologous to the Stt3p subunit of S. cerevisiae. They share a similar transmembrane domain 

topology (Wacker et al, 2002) and an OST specific WWDYGY motif that is highly conserved 

among the Stt3 protein family. Perhaps, the extended glycosylation motif of prokaryotes 

 

Figure 5. Campylobacter jejuni N-linked glycosylation 

pathway. The synthesis of the lipid-linked oligosaccharide 

starts on the cytoplasmic side of the inner membrane, 

where the enzymes PglF, PglE, PglD, PglC are involved in 

generation and attachment of first sugar Bac, and PglA, 

PglH, PglJ and PglI (See Figure 4) subsequently attach the 

monosaccharides to the chain in a sequential manner. 

When the complete glycan is assembled it gets flipped 

across the membrane by WlaB flipase. The PglB 

oligosaccharyltransferase transfers the glycan to the 

acceptor protein. Adopted from Szymanski & Wren, 2005. 

ER
 L

u
m

e
n

 

C
y
to

p
la

s
m

 



21 
 

compensates for some functions, which are taken by the other components of the eukaryotic OST 

complex.  

In contrast to the eukaryotic N-glycosylation, the bacterial one can function independently of 

the translocation process on folded proteins as evident from both in vivo and in vitro experiments 

(Kowarik et al, 2006a; Kowarik et al, 2006b). The glycosylation of the protein continues for more 

than two hours after the translocation has started, as it was demonstrated by pulse-chase 

experiments (Kowarik et al, 2006a). The glycosylation of the proteins that have been transferred 

into the periplasm by the Tat pathway indicates the modification of folded proteins. The recently 

established method of the in vitro glycosylation has finally proven that glycosylation of folded 

proteins is possible (Kowarik et al, 2006a). However, a number of experiments indicate that the 

flexibility of the glycosylation site is a direct requirement for the acceptor protein. Disruption of 

the native structure of C. jejuni recombinant protein within or around the glycosylation site did 

not impair the glycosylation efficiency. Flexible folding isomers of the recombinant bovine 

RNase are more efficiently glycosylated than rigid ones (Kowarik et al, 2006a). The chimeric 

GFP protein carrying a 21 residue glycosylation site loop from C. jejuni AcrA protein becomes 

glycosylated in the in vitro reaction. These observations indicate that glycosylation efficiency 

might depend on the local structure and dynamics of the acceptor site. The protein sequence 

surrounding the glycosylation site might also influence the glycosylation efficiency. The presence 

 

Figure 6. The schematic representation of C. jejuni glycan GalNAc-α1,4-GalNAc-α1,4-(Glc-β1,3)-GalNAc-α1,4-GalNAc-

α1,4-GalNAc-α1,3-Bac. Note the 2’ Acetamido- group on Bac1 and GalNAc2 which is essential for the recognition by 

OST. 
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of Proline residue in -1, +1 or +3 positions destroys the 

glycosylation of peptides and proteins both in vivo and in 

vitro. Apparently, the conformational restriction 

introduced by the limited flexibility of proline does not 

allow the pentapeptide to adopt the conformation required 

for binding to OST or for the mechanism of the reaction 

that would take place after the peptide is recognized and 

bound. Other amino acids substitutions at position ±1 of 

the Asn also influence the recognition of pentapetides by 

PglB in vitro (Chen et al, 2007). But this influence is 

decreased in the context of a protein. The endogenous 

glycoprotein Peb3 of C. jejuni is only ~50% glycosylated 

in vivo at a single glycosylation site residing in an exposed but rigid loop, as shown by structural 

crystallographic studies (Rangarajan et al, 2007). However, it is unknown whether the natively 

folded Peb3 acts as the glycosylation acceptor or glycosylation occurs before Peb3 gets properly 

folded. 

In summary, the glycosylation efficiency seems to correlate with the conformational and 

dynamic properties of the acceptor site. However, it is not fully understood in which state the 

acceptor protein is presented to PglB. Are there any specific chaperones that help to keep proteins 

unfolded? Is the flexibility required for the initial recognition of the acceptor site or for the 

conformational rearrangement prior to the glycan attachment? 

Evolutional, biological and biotechnological significance of the  N-linked glycosylation system. 

N-glycosylation pathways of bacteria, archaea and prokaryotes are very similar. In all 

systems the important steps are segregated by the membrane; nucleotide-activated sugars are 

utilized for the oligosaccharide synthesis; a glycan is attached to similar sequones. The sequential 

homology of essential components signifies a common evolutionary origin of the N-linked 

glycosylation pathways. This in turn suggests similar catalytic mechanisms of the glycan transfer. 

The flexibility of the acceptor site has been speculated for both the transient translocation state of 

the nascent polypeptide chain in eukaryotes and locally unfolded state of the folded protein in 

 

Figure 7. The structure of various O-antigens 

that are transferred by C. jejuni's OST. Note 

the 2’-acetamido- group on the first sugar. 

Adopted from Feldman et al, 2005. 
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prokaryotes. Therefore it is reasonable to think of the flexibility as an intrinsic property of the N-

glycosylation. 

Unfortunately, the structural study of the glycan transfer mechanism in eukaryotes is quite 

complicated due to the fact that the disruption of the OST complex is lethal. Bacterial 

oligosaccharyltransferase, on the other hand, is not essential. Knockout of the bacterial OST in C. 

jejuni results in the impaired adherence and invasion into the in vitro cultured eukaryotic cells as 

well as reduced ability to colonize intestines of chicken and mice. E. coli cells transformed with 

the plasmid carrying  pgl glycosylation locus does not show any specific phenotype depending on 

whether OST is functional or not. This facilitates the genetic, biochemical and structural 

investigation of the glycosylation system. Thereby, the relaxed specificity of the PglB towards 

LLO was demonstrated (Feldman et al, 2005). The ability of the bacterial OST to transfer glycan 

from lipopolysaccharide (Figure 7), such as O7 and O16 antigens of E. coli and O11 antigen of 

Pseudomonas aeruginosa, can be exploited in creating novel glycoproteins with specific 

therapeutic properties, e.g. vaccines. Recently established protocol for in vitro glycosylation has a 

great potential as a tool for creating artificial glycoconjugates (Kowarik et al, 2006a).  

Unquestionably, the knowledge about the acceptor requirement would significantly facilitate 

the biotechnological application of the N-linked glycosylation. 

Structural research of the glycosylation. 

Glycoconjugate structural research is a challenge. 

The two main techniques that are used to structurally analyze glycoproteins, namely X-ray 

crystallography and NMR spectroscopy, face a variety of obstacles: the low tendency to 

crystallize, the absence of electron density for the glycan in X-ray data or poor expression from 

natural sources, inhomogeneous and incomplete glycosylation (Meyer & Moller, 2007; Wormald 

et al, 2002). Only a limited number of crystal structures were determined with intact glycans, 

whereas NMR spectroscopy is frequently used to study the structure of free oligosaccharides 

(Jiménez-Barbero & Peters, 2003). However, only 15 glycoprotein structures were determined 

with NMR spectroscopy (PDB search tool at http://www.glycosciences.de); and only 6 of them 
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contain a glycan with more than one saccharide ring (Erbel et al, 2000; Fletcher et al, 1994; 

Hashimoto et al, 1999; Metzler et al, 1997; Wyss et al, 1995a). Severe 1H chemical shift overlap 

between the carbohydrates is a challenge and 15N and/or 13C labeling is difficult in the 

predominantly used eukaryotic expression systems. So far only uniform 15N or 13C/15N labeling 

of a complete glycoprotein was applied, e.g. in CHO cells (Metzler et al, 1997) and P. pastoris 

(Wood et al, 2000). 

 

The conventional multidimensional spectroscopy in concert with uniform labeling of the 

protein with NMR-active isotopes 15N and/or 13C allows calculating a high resolution structure of 

proteins, RNA and DNA. Additional techniques, such as differential labeling of protein and 

Figure 8. The truncated variants of C. jejuni AcrA protein. Lip denotes the truncation of the β-barrel sandwich hybrid 

and disordered domains. Thus, Lip protein corresponds to fragment 61-210 of a full length AcrA. A) Additional deletions 

that have been made in Lip protein in the coiled-coil domain around the glycosylation site that is depicted as red circle on 

B). B) The scheme of MexA protein – a close homolog of AcrA. The crystal structure of MexA is known. Lip corresponds 

to coiled-coil and lypoil domains. C) The in vivo glycosylation of truncated variants of Lip. The major band is unmodified 

protein. The additional band below the unmodified protein is degradation product. The additional band above is the 

glycosylated protein. The R12 antibodies are specific towards the C. jejuni glycan. Adopted from Kowarik et al, 2006.  
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nucleic acid in protein-RNA/DNA complexes with filtering and editing spectroscopy (Oberstrass 

et al, 2005), segmental isotopic labeling (Vitali et al, 2006), deuteration together with TROSY 

enhanced spectroscopy (Pervushin et al, 1997), extend the applicability of the conventional 

methods to larger molecules, complexes and conjugates. 

 Purposeful investigation of the structural aspects of N-glycosylation requires the selection of 

an appropriate model protein. The main criteria for a successful candidate protein are the highly 

efficient glycosylation and easiness in preparation and manipulation. Kowarik et al demonstrated 

high level of glycosylation for a few truncated versions of AcrA protein from C. jejuni (Figure 

8A and C) (Kowarik et al, 2006b). AcrA protein is a member of the three component periplasmic 

efflux pump (Mikolosko et al, 2006), that expel diverse antibiotics from the cell. The structure of 

the E. coli homolog shows that the protein consists of three distinctive domains: β-barrel 

sandwich hybrid, lipoyl and coiled-coil (Figure 8B). Although the wild type AcrA is too big for 

conventional NMR investigation, the truncation of the β-barrel sandwich hybrid decreases the 

size down to 19 kDa. Further truncated variants exhibit the same glycosylation level, although 

they are less stable and more prone to degradation. One of these truncated AcrA variants can be 

used as a model glycoprotein. 

NMR spectroscopy of glycans and glycoproteins. 

There are three major classes of glycoconjugates. The majority of glycans fall into three 

groups: those attached to lipids, and those attached to proteins either through a nitrogen atom (N-

linked) or through an oxygen atom (O-linked). Thus one can separate the workflow of structure 

determination into few major steps: analysis of the structure of the glycan, of the protein (or 

lipid) and the interaction between them within the conjugate. These steps include the specific 

NMR techniques and the data analysis methods for each type of the molecule. 

Clearly, the structure determination of the protein moiety can be performed by conventional 

NMR spectroscopy. Assuming the protein is uniformly 15N/13C labeled, one can use triple 

resonance experiments in conjunction with TOCSY type experiments to assign the resonances. 

The combination of HNCA, HN(CO)CA, HNCACB and HCCH-TOCSY experiments is often 

used for this purpose (Kay et al, 1989; Wüthrich, 1986). The statistical distribution of the 

chemical shifts for every atom in every residue is know and employed to facilitate the 



 

In the absence of the conformational and chemical exchange and spin diffusion 

proportional to 1/r6, where r is the distance between the protons 

proportionality coefficient depends on 

molecule, which are rarely available. 

some of the NOE cross-peaks can be

between HA1 and HA2 protons in the glycine residue. Thus

constraints can be performed according to the following equation

where ��  is an unknown distance,  

intensities instead of peak volumes is a common practice 

Figure 9. 1H-15N HSQC spectrum of TMEGF45 

glycoprotein at 37 °C and pH 6.5.  Two 

glycosylated asparagines exhibit unusual chemical 

shifts for the side chain nitrogens (orange). The 

region in blue is where the side-chain proton

nitrogen resonances are found for unmodified

asparagines residues. Adopted from (Wood et al, 

2000) 
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assignment. At this step one the asparagines that are 

glycosylated can be identified by an unu

shift of the side chain asparagines that are shifted 

upfield (Figure 9). In order to confirm the obtained 

assignment Nuclear Overhauser Effect Spectroscopy 

(NOESY) is used. In this experiment the coherence is 

transferred through the space rather than throug

bonds, thus allowing for detection of

between protons that are closer than 6 

chemical nature of the polypeptide chain

correlations are always present between neighboring 

residues. Presence of those in the NOESY spectra is an 

indication of the correct sequential assignment.

The obtained chemical shifts 

utilized to assign the signals in the NOESY 

experiments. The intensities of those signals are 

related to the distance between the protons

conformational and chemical exchange and spin diffusion 

, where r is the distance between the protons (Wüthrich, 1986)

depends on the various parameters, including local dynamics

available. Fortunately, a calibration is possible due to the fact, that 

can be attributed to the fixed lengths ��� in proteins, e.g. distance 

between HA1 and HA2 protons in the glycine residue. Thus, the calculation of unknown distance 

performed according to the following equation: 

����� 	 
 ������/�
, 

unknown distance,  ��  and ���  are peak intensities. The use of the peak 

intensities instead of peak volumes is a common practice (Evans, 1995). Thus the list of the upper 
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glycosylated asparagines exhibit unusual chemical 

shifts for the side chain nitrogens (orange). The 

chain proton-

nitrogen resonances are found for unmodified

(Wood et al, 

At this step one the asparagines that are 

glycosylated can be identified by an unusual chemical 

shift of the side chain asparagines that are shifted 

In order to confirm the obtained 

assignment Nuclear Overhauser Effect Spectroscopy 

In this experiment the coherence is 

rred through the space rather than through the 

detection of correlations 

that are closer than 6 Å. Due to the 

nature of the polypeptide chain, certain 

correlations are always present between neighboring 

idues. Presence of those in the NOESY spectra is an 

indication of the correct sequential assignment. 

 assignments are 

utilized to assign the signals in the NOESY 

of those signals are 

distance between the protons involved. 

conformational and chemical exchange and spin diffusion a peak volume is 

(Wüthrich, 1986). The 

local dynamics of the 

calibration is possible due to the fact, that 

in proteins, e.g. distance 

the calculation of unknown distance 

are peak intensities. The use of the peak 

Thus the list of the upper 
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interproton distance constraints can be generated. Additional structural information can be 

derived from spin-spin scalar coupling constants, solvent exchange measurements, residual 

dipolar couplings etc if available. Those constraints are used to calculate the structure of the 

protein using one of multiple algorithms from simplest distance geometry to restrained simulated 

annealing (Case et al, 2004; Guntert, 2004). In practice, automatic algorithms for NOESY peak 

picking and assignment were implemented and are widely used nowadays (Guntert, 2004; 

Herrmann et al, 2002a; Herrmann et al, 2002b). 

Proposed flexibility of bacterial glycosylation site implies certain constraints on the 

applicability of the conventional methods for structure determination. The flexibility is 

apparently a challenge for the modern methods of protein structure determination. The presence 

of multiple conformations results in an ensemble and time averaging of the experimental data, 

 

Figure 10. Structure of N-linked oligosaccharides visible on the surface of SIV gp120 protein determined by X –ray 

crystallography. The glycan conformations are stabilized by the hydrogen bonds that are formed between the sugars in 

the glycan clusters. Owing to this stabilization, the electron density for the completer glycans was observed in X-ray data.  

Adopted from Chen et al 2005a. 
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such as NOE signal intensities (Bonvin et al, 1994; Torda et al, 1990) or scalar coupling 

constants (Torda et al, 1993), change of chemical shifts and line broadening (Evans, 1995). 

Therefore, the applicability of the described above method of the protein structure determination 

is limited by the dynamic properties of the studied macromolecule (Kemmink & Scheek, 1995; 

Maslennikov et al, 1998; Pearlman & Kollman, 1991; Vesterman et al, 1989). The calculated 

well-defined ensemble of protein conformations only represents the real structure, when the 

conformational space of the real protein has the only sharp energy minimum that is 100% 

populated. While in cases of a poorly defined ensemble or flexibility of a molecule, the 

conventional technique does not provide 

reliable results.  

Remarkably, in contrast to proteins, the 

term “structure” for glycan is referred to the 

sequence rather than to a spatial structure. The 

current paradigm in the carbohydrate structure 

research states that the glycans are flexible until 

their structure is stabilized by some external 

factors. For example, a spatial clustering of the 

glycans on the surface of SIV gp-120 envelope 

glycoprotein (Figure 10) results in a formation 

of a number of hydrogen bonds that stabilize 

the glycan conformation (Chen et al, 2005a; 

Chen et al, 2005b). More often the NMR 

spectroscopy in conjunction with Mass 

spectrometry is used to determine a chemical 

nature of oligosaccharides and their sequence 

structure (Dell & Morris, 2001; Young et al, 2002). Applying the MS/MS analysis to the 

glycopeptides derived from the Peb3 glycoprotein by tryptic digestion, Young et al determined 

that C. jejuni glycan contains one hexose, five N-acetyl-hexoseamines and additional 

monosaccharide with unknown chemical composition and molecular weight of 228 Da (Figure 

11). Further investigation of the structure was performed using the magic angle spinning (MAS) 

solid-state NMR technique. Using the set of 1D TOCSY and 1D NOESY experiments with the 

 

Figure 11. MS/MS analysis of the Peb3 tryptic digest. A) 

product ion spectrum of the doubly protonated 

glycopeptide ion an m/z 1057.9. The fragmentation of the 

oligosaccharide results in the additional set of ions as 

shown in the spectrum. B) Second generation product ion 

spectrum of the glycopeptide fragment ion at m/z 937.4. 

The observation of b3 + additional 228 fragment indicate 

the presence of 228 Da sugar moiety N-linked to the 

asparagine. Adopted from Young et al, 2002. 
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selective excitation of the certain protons the 

complete assignment of the monosaccharide 

types was performed (Figure 12 and Figure 

13). Similar approach with additional liquid 

state NMR techniques was successfully applied 

for determination of the detectable glycoforms 

present in a single glycosylation site of bovine 

peripheral myelin P0 (Gallego et al, 2001). In 

general solid-state MAS NMR and liquid-state 

NMR spectrometry, mass spectrometry, 

including LC-MS, are the most important tools 

in determination of the glycan chemical 

composition and linkage types (Duus et al, 

2000; Halkes et al, 2001). 

The spatial structure of glycans is defined 

by the conformation of all the glycosidic 

linkages (Figure 14). In contrast to the peptide 

bond in proteins, glycosidic linkages can have 

different configurations (compare the linkage 

between GalNAc3-GalNAc2 and Glc5’-

GalNAc4 on Figure 15). Each of these has 

different energy profile depending on local 

steric and electronic interactions. The sp3-

hybridized orbitals of two oxygens that flank 

the anomeric carbon define the preferred 

configuration of the φ angle to be -60° in α 

linkage and +60° in β linkage. This 

phenomenon, known as the exo-anomeric 

effect, makes these values significantly more 

favorable energetically than other values and in 

Figure 12. Structure and 1H spectra of the glycopeptide. A) 

deduced structure of the glycopeptide from C. jejuni. B) 

spectrum of the glycopeptide purified on P2 column (D2O, 

35 ºC, 1 mM deuterated EDTA). The anomeric sugar 

resonances in the region 4.4-5.4 ppm are labeled. Adopted 

from Young et al, 2002. 

 

Figure 13. One dimensional selective NMR experiments 

with the glycopeptides. One-dimensional TOCSYs (a-f) and  

NOESYs (g-l) selective for: a) g1f2; b) e1f1; c) d1; d) b6, 

asterisks represent a peptide resonances; e) b1c1; f)a1; g) 

g1f2; h) f1; i) e1; j) d1; k) b1c1 and l) a1. Adopted from 

Young et al, 2002. 



 

Therefore the assignment is normally performed using a number

experiments in the way similar to that described for PeB3 derived glycopeptides.

Figure 15. The schematic representation of 

α1,4-GalNAc-α1,3-Bac. Note the 2’ Acetamido

OST. 

Figure 14. Definition of torsion angles of glycosidic 

linkage. The oxygen atom that forms the glycosidic 

linkage is marked O*. The ϕ angle is measured between 

the O-C1-O* plane (blue) and the C1-O*

This angle is also referred as the O-C1

angle. The ψ angle is measured between the C1

plane (grey) and the O*-C4’-C3’ plane (blue) and, 

therefore, can be called the C1-O*-C4’-C3’ torsion angle. 

Adopted from (Taylor & Drickamer, 2003)
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practice these are by far the most commonly 

observed. The nature of exo-anomeric affect is 

essentially the same as the restriction that a 

peptide bond in polypeptide must be planar 

because of electronic interactions involved in 

double bond formation. Although there is no 

exo-anomeric effect for the 

considerations generally restrict the angle to only 

one of the three possible staggered 

conformations for a particular linkage.

The glycan spatial structure determination 

workflow is essentially the same as that for the 

protein. First the resonance assignmen

be performed. Due to the lack of nitrogen atoms 

in a regular structure of oligosaccharides use of 

triple resonance experiments is not possible. 

Therefore the assignment is normally performed using a number of TOCSY and NOESY 

similar to that described for PeB3 derived glycopeptides.

. The schematic representation of C. jejuni glycan GalNAc-α1,4-GalNAc-α1,4-(Glc-β1,3)

. Note the 2’ Acetamido- group on Bac1 and GalNAc2 which is essential for the recognition by 

. Definition of torsion angles of glycosidic 

ygen atom that forms the glycosidic 

angle is measured between 

O*-C4’ plane(grey). 

C1-O*-C4’ torsion 

 angle is measured between the C1-O*-C4’ 

C3’ plane (blue) and, 

C3’ torsion angle. 

(Taylor & Drickamer, 2003) 

practice these are by far the most commonly 

anomeric affect is 

essentially the same as the restriction that a 

peptide bond in polypeptide must be planar 

because of electronic interactions involved in 

double bond formation. Although there is no 

anomeric effect for the ψ angle, steric 

siderations generally restrict the angle to only 

one of the three possible staggered 

conformations for a particular linkage. 

The glycan spatial structure determination 

workflow is essentially the same as that for the 

protein. First the resonance assignment should 

be performed. Due to the lack of nitrogen atoms 

in a regular structure of oligosaccharides use of 

triple resonance experiments is not possible. 

of TOCSY and NOESY 

similar to that described for PeB3 derived glycopeptides. The particular 

 

 

β1,3)-GalNAc-α1,4-GalNAc-

group on Bac1 and GalNAc2 which is essential for the recognition by 
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realization of the workflow depends on the size of the conjugate and the labeling scheme. For 

small glycoconjugates, like those obtained from Peb3 the solid state NMR is preferable. For the 

bigger molecules solution NMR can be used (Petrescu et al, 1997; Wyss et al, 1995b).  

The same NOESY experiments can be used to extract the interproton distance constraint for 

the structure calculation. Unfortunately, the significant spectral overlap especially in case when 

only 1D spectra are available makes impossible unambiguous assignment of valuable 

interresidual NOEs. On average only 4 constraints per glycosidic linkage was obtained (Figure 

17). This is not enough to calculate a high quality structure. Therefore additional structural 

information should be used. For example the lower distance constraints were generated based on 

the absence of the NOE signal between the protons (Petrescu et al, 1997). Molecular dynamic 

simulation often used in conjunction with NMR structure determination.  

A small number of NMR-determined spatial structures of glycans in the glycoproteins points 

to the rigid conformational state of the carbohydrate moiety (Petrescu et al, 1997; Wyss et al, 

1995a). Thus, the mechanism of recognition of Glcα1-2Glcα1-3Glcα1 on the tip of the 

Man9GlcNAc2 by multiple enzymes of the protein folding quality control system in ER is 

proposed to rely on a specific conformation of the α1-2 and α1-3 glycosidic linkages (Figure 16). 

The structure of the high-mannose core glycan Man9GlcNAc2 was found to be partially stabilized  

 

Figure 16. The proposed recognition sites of a) OST and α-glucosidase I for Glc3Man9GlcNAc2, b) α-glucosidase II for 

Glc2Man9GlcNAc2 and c) calnexin, calreticulin and α-glucosidase II for Glc1Man9GlcNAc2. Adopted from Petrescu et al, 

1997. 
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Figure 17. Structure of the high-mannose N-glycan of hsCD2.  A) Summary of the NOE data obtained for the N-

glycan of hsCD2, NOEs are indicated only if they were unambiguously assigned. Carbohydrate intraresidue and iter-

residue NOEs are shown in green and red lines, respectively, and carbohydrate-proteins contacts are in blue. B) The part 

of the glycan in the protein content. 16 model structures overlaid  on the backbone heavy atoms of all residues (16-20, 60-

71) of the DEB sheet and heavy atoms of the trisaccharide core Man-3-(β1-4)GlcNAc-2-(β1-4)GlcNAc-1-(β1-N-Asn). The 

backbone, the side chains for the contact residues, and the high-mannose N-glycan are shown in black, red and blue, 

respectively. Adopted from (Wyss et al, 1995a).  
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by the interactions between the protein and the 

reducing end of the oligosaccharide for the human 

CD2 receptor (Wyss et al, 1995a). A substantial 

number of NOE contacts between the first two 

GlcNAc’s and Man3 were identified and used for 

the structure determination (Figure 17). 

Due to the different configuration of glycosidic 

linkages a different NOE signals are expected. 

Normally anomeric proton gives a number of 

NOEs to the previous monosaccharide. The 

relative intensities depend on the type of the 

monosaccharides, the type of the linkage (α or β) 

and the linkage site on the reducing end 

monosaccharide (Figure 17). All this parameters 

determine the preferable configuration of a 

particular glycosidic linkage. 

Similarly, the molecular dynamics simulation studies of the Man9GlcNAc2 oligosaccharide 

reveal a restricted conformational space occupied by the glycans with substantial conformational 

mobility as shown in Figure 18 (Woods et al, 1998). Comparison of the experimentally measured 

NOEs with those calculated theoretically using the relaxation matrix approach revealed a good 

agreement for some types of glycosidic linkages, whereas for others the values were substantially 

different. The different relaxation times T1 and exposure to the solvent might be the reasons for 

these discrepancies. 

As mentioned earlier only unlabeled and uniformly 15N labeled glycoproteins were available 

so far. Fortunately recent advances in the bacterial N-glycosylation (Wacker et al, 2002) made it 

feasible to produce recombinant bacterial N-glycoproteins in E. coli. The efficiency of the N-

glycosylation in E. coli is high but does not reach 100%. Therefore an additional purification step 

is required to separate the glycosylated protein from the unmodified one. The major drawback of 

the production of glycoproteins in vivo is the similar labeling schemes of both the protein and the 

glycan parts. The chemical shift distribution of the carbohydrates is quite narrow (Petrescu et al, 

 

Figure 18. The three dimensional topology of 

Man9GlcNAc2 generated by overlaying 19 snapshots 

taken at 50 ps intervals from MD trajectory. Adopted 

from Woods et al, 1998. 
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1997; Wyss et al, 1995a; Young et al, 2002) and substantially coincide with the chemical shifts 

range of the proteins. 

The problem with the severe chemical shift overlap can be solved by using the segmental 

labeling of the glycan and protein parts of the conjugate. The recently invented in vitro 

glycosylation technique is a promising tool to achieve this. It is advisable, that the polypeptide 

chain would be uniformly 15N/13C labeled, and the glycan would contain only natural abundance 

of these isotopes. In such a way, the structural information related to either the protein or the 

glycan fractions can be obtained separately using filtered and edited NOESY approaches 

(Peterson et al, 2004). These methods are based on the selection of the coherence transfer 

pathways that are intentionally include (editing) or exclude (filtering) the multiple coherence 

states involving the proton and bound heteroatom nucleus. Such a multiple coherence states are 

only available if the heteronucleus is NMR sensitive. Using such a schemes in both proton 

dimensions one can obtain the spectra containing exclusively protein-protein, glycan-glycan or 

protein-glycan signals. This approach is widely used in the structure determination of protein – 

nucleic acid complexes. The combination of the 2D 1H-1H 13C filtered-filtered NOESY, and the 

3D 1H-1H 13C edited-filtered NOESY gives additional information for unlabeled nucleic acid and 

for the interface between DNA/RNA and the protein (Oberstrass et al, 2005; Peterson et al, 

2004). 

Aim and outline of this thesis. 

In this work the structural research of an acceptor protein for bacterial OST by NMR 

spectroscopy is reported. The Lip(A118-E138)-K131Q (further referred as LipCCmini)  has been 

used. The method for high-yield production of this protein in both unmodified and glycosylated 

forms was developed. The in vivo and the in vitro glycosylation methods were tested for the 

efficiency and the yield of homogeneous and uniform glycoprotein production was estimated. 

Due to the low yield and purity of the glycoprotein sample extracted from E. coli cells the in vitro 

glycosylation approach was chosen and a segmental labeling has been employed for the 

glycoprotein. In this way, the filtering and editing NMR techniques allow for the detection of the 

protein and glycan resonances separately. This method highly facilitates the assignment and 

structure determination of a glycoprotein. 
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The structures of both forms of LipCCmini have been determined. The rigid core of the 

protein is represented by the lipoyl domain as expected from homology modeling. The 

glycosylation site of the unmodified protein is located in the flexible loop. After the 

glycosylation, the flexibility parameters did not change significantly indicating that no specific 

conformation was induced by the glycan. The flexibility of the glycosylation site is in a good 

agreement with previous biochemical data. 

The spectra of the glycan contained substantial amounts of structural information. Due to the 

favorable tumbling regime implied by the bulk of the protein the observable NOE distance limit 

is extended to ~6 Å resulting in the ~10.8 NOEs per glycosidic linkage.  This is a breakthrough in 

the study of oligosaccharides since only 2-4 NOEs are typically observed by the conventional 

methods. A well defined structure of C. jejuni glycan was calculated. 

  



36 
 

Results. 

Selection of an appropriate model protein. 

Identification of potential glycoproteins in C.jejuni genome.  

The presence of a glycosylation motif in a protein sequence and the periplasmic targeting of 

the protein are requirements for an N-linked glycosylation. These features can be estimated 

directly from the protein sequence. We developed the protocol for searching the genome for 

protein sequences that possesses at least one glycosylation motif and the signal peptide. The 

method employs two separate web services: Prosite (de Castro et al, 2006; Hulo et al, 2006) 

search and SignalP (Bendtsen et al, 2004) (Materials and Methods on page 67). The first one 

allows scanning of a genome of a selected organism for proteins that contain required peptide 

motifs. The second one was developed for the prediction of a signal sequence in a protein. 

The genome of C. jejuni has been recently sequenced (Parkhill et al, 2000) and is available to 

the Prosite search engine. Applying the developed method to the C. jejuni genome we identified 

94 various protein sequences (Appendix page 75). The majority of identified proteins is poorly 

annotated. Among those with known function any specific relationship between protein function 

and glycosylation is not obvious indicating that the glycan is not directly involved in specific 

protein functionality. 

Among the identified potential glycoproteins only those, that are too big for conventional 

NMR spectroscopy, have been proven to be glycosylated in C. jejuni. The smallest known 

glycoprotein in this organism is Peb3, the major antigenic protein with a molecular weight of 

more than 25 kDa. Unfortunately, the expression yield of Peb3 is low due to high toxicity of the 

protein to the host cell making isotopic labeling unfeasible. Although the in vitro expression 

technique would allow alleviating the problem of toxicity it cannot simulate the process of 

protein translocation to the periplasm and co- posttranslocational folding. Therefore the native 

fold of the protein is not to be anticipated. The other proteins that are proven to be glycosylated 

are two large. Therefore we decided to look for an appropriate truncation of a known 

glycoprotein. 
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In vivo glycosylation of Lip in E. coli. 

Truncated versions of the best characterized bacterial glycoprotein AcrA have been proven to 

be efficiently glycosylated in vivo (Figure 8C) in E. coli cells. Thus the Lip protein was chosen 

initially. It consists of the residues D61-D210 of a full length AcrA, which includes the lipoyl and 

coiled-coil domains. The total molecular weight of Lip protein is about 19 kDa. We have chosen 

this protein because it was expected to keep the native fold in the glycosylation site. Also, it has a 

high expression level and an established purification procedure is available. Expression of the 

protein was performed under the control of the araBAD promoter in M9 minimal medium 

supplemented with glycerol as the only 13C source. On using Ni-NTA affinity chromatography 

purification we isolated milligram amounts of soluble 15N or 15N/13C labeled protein for NMR 

measurements. From 5 l of cell culture we could obtain one NMR sample with 1 mM 

concentration. In total two samples were used: 15N labeled and 15N/13C labeled protein. The 

quality of the prepared sample was analyzed by 15N and 13C HSQC spectra (Figure 19). The line 

broadening and severe signal overlap in the spectra are likely caused by an increased correlation 

time due to elongated structure that is expected from a homology modeling (Figure 8B). 

In order to produce the glycosylated version, Lip protein was expressed in the presence of the 

functional pgl operon. Since the expression of the whole operon is controlled by a constitutive 

promoter, any optimization of the glycosylation machinery is complicated. The induction point, 

arabinose concentration and expression time of the Lip protein are the only parameters for 

optimization. At low to moderate expression levels, the efficiency of the glycosylation is high, 

and most of the translocated protein is glycosylated. But when protein expression level is high, 

glycosylation efficiency is very low, indicating that the machinery has reached its capacity limits. 

The glycosylation efficiency also depends on the type of growth medium used. In rich LB 

medium almost 50% of the protein could be glycosylated. Whereas under optimized 

glycosylation conditions in M9 minimal medium just 10-20% of total protein amount is 

glycosylated (Figure 20A, B and C). 

In attempt to isolate the pure glycoprotein, lectin affinity purification was used. The GalNAc 

specific lectin soybean agglutinin (SBA) was used for this purification (Linton et al, 2005; Young 

et al, 2002). The binding affinity of the lectin is rather low. Glycoproteins with two or more  
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Figure 19. HSQC spectra of Lip protein. 15N-HSQC – top, 13C-HSQC – bottom. Severe line broadening results 

in spectral overlap and disappearance of the peaks. Spectra collected at 30 °C on 600 MHz spectrometer. 
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glycans are bound more efficiently than monoglycosylated proteins. Therefore we looked for an 

efficient way of dimerizing the glycosylated protein. We used Ni2+ ions as dimerizing agent. The 

dimerization mechanism is supposed to be similar to the one used in Ni-NTA affinity 

purification, when the dimers are formed due to the interaction between the histidine tags, 

stabilized by the metal ions. Thus, the equilibrium mixture of non-, mono- and diglycosylated 

dimers was achieved. The continuous loading of the mixture onto the SBA-agarose column 

resulted in the enhanced binding of the diglycosylated dimers shifting the equilibrium towards 

the formation of the new ones. The final elution is performed with 200 mM GalNAc solution. We 

did not achieve 100% enrichment of the glycosylated protein this way (Figure 20D) probably due 

to unfavorable ratios in affinities of SBA binding and dimer formation. 

 

Figure 20. Lip expression and in vivo glycosylation. A) Expression of Lip in LB medium in the presence of functional pgl 

operon (lanes 1-5) and PglB mutant (Lanes 6-7). Lanes are: 1,6 – whole cell extract; 2 – periplasmic fraction; 3,7 – Ni-

NTA column flow-through; 4,8 – column washing; 5,9 – elution. The top line in the elution fraction is a glycoprotein. 

Expression of Lip protein on M9 medium in the PglB mutant (B) and functional PglB (C) backgrounds. For (B) lanes are: 

1 – whole cell extract before induction; 2 – whole cell extract before harvesting; 3 – spheroplasts and insoluble 

periplasmic components; 4 – soluble periplasmic fraction; 5 – Ni-NTA column flow-through; 6 – Ni-NTA column 

washing; 7 – Ni-NTA elution; 8 – control protein from line 9 of (A). The lanes for (C): 1 -  whole cell extract before 

induction; 2 - whole cell extract before harvesting; 3 - soluble periplasmic fraction; 4 - Ni-NTA column flow-through; 5 -

Ni-NTA column washing; 6 - Ni-NTA elution; 7 – the same as 6 after dialysis against SBA affinity chromatography 

loading buffer. D) The SBA affinity purification without the Ni2+ ions (Lanes 1-3) and with 1:1 protein:Ni2+ ratio (Lanes 4-

6). Lanes are: 1,4 – the loaded Ni-NTA purified protein; 2-3 – washing fraction; 3,6 – elution with 1M GalNAc. 

glycosylated 

unmodified 
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Figure 22. Far-UV CD spectra of Lip protein – red, 

and LipCCmini – blue collected at room temperature.

Two minima at 208 nm and 222 nm indicate the 

presence of α-helical structure in the Lip protein. The 

LipCCmini protein does not possess any stable α-

helices. 
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The low yield of the Lip protein and inefficient in vivo glycosylation result in an increased 

consumption of the 13C labeled glycerol. The estimated volume of M9 minimal medium for 

production of one NMR sample of glycosylated Lip protein is 50 liters. Thus, another method for 

obtaining the glycosylated protein was investigated. 

Expression, purification and charachterization of LipCCmini.  

It was demonstrated that the shortened 

version of Lip protein, LipCCmini (Figure 21), 

with a deletion within the coiled-coil domain is 

still a good substrate for bacterial OST (Figure 8). 

It was derived from wild-type AcrA protein by 

truncation of the β-barrel and a part of the coiled-

coil domain, containing residues F97-N117 and 

F146-D166. Two point mutations K96Q and 

K131Q were introduced for cloning reasons and 

to avoid degradation in the loop between two 

helices, respectively. The total molecular weight 

of this 116 amino acid residue protein is 13 kDa. 

In order to check how similar the folds of Lip 

and LipCCmini proteins were we measured CD 

spectra of both proteins under native conditions 

 

Figure 21. The sequence of the LipCCmini construct used in this study (bottom) and its relation to the AcrA wild type 

(top). The glycans are shown schematically. Glucose is depicted as a blue circle, GalNac as a yellow square and 

bacillosamine as a magenta hexagon. In the protein sequence the Asn of the glycosylation site is highlighted in green and 

the point mutations K96Q and K131Q in bold. 
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(Figure 22). Whereas the larger protein Lip does contain the predicted α-helical structures as 

indicated by the two minima in the red spectrum at 208 nm and 222 nm, the shortened protein 

LipCCmini seems to lose its α-helical content. The glycosylation site, located in a coiled-coil 

domain in the wild-type protein, is now placed in an unnatural surrounding. Nevertheless, the 

new conformational state fulfils the requirements for the recognition and utilization by the PglB 

since the protein was demonstrated to be efficiently glycosylated. The spectral properties of 

LipCCmini do allow further investigation of the structure by NMR spectroscopy (Figure 23). The 
15N-HSQC spectra indicate a good behavior of LipCCmini (Figure 26). The resonances are well 

dispersed, the spectral overlap is less pronounced, allowing for efficient peak picking and 

integration. 

 

 

Figure 23. Overlay of 15N HSQC of Lip (black) and LipCCmini (red) proteins. Decrease of the correlation time of smaller 

LipCCmini protein resulted in improved resolution of the spectra. The spectra were collected at 600 MHz spectrometer, at  

30 °C. 
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In vitro glycosylation of LipCCmini. 

 The main advantage of in vitro glycosylation system is the possibility to optimize protein 

production and its modification separately. Thus, three principle components: crude LLO 

(cLLO), PglB and LipCCmini, of the in vitro glycosylation reaction were expressed and isolated 

separately from the dedicated E. coli strains. cLLO was extracted from E. coli SCM6 cells, 

bearing a plasmid containing the pgl locus with an inactivated PglB ORF. The deletion of waaL 

O-antigen ligase is critical for high efficiency, since it was demonstrated, that E. coli ligase is 

capable of transferring C. jejuni glycan from bactoprenol to the lipid A core (Feldman et al, 

2005) thus decreasing the overall yield of lipid-linked oligosaccharide. 

 

The T7 expression system has been used for the expression of LipCCmini. 2 L of M9 culture 

was used to produce about 0.3 µmole (4-5 mg) of protein for NMR studies or for subsequent 

 

Figure 24. The in vitro glycosylation of LipCCmini. The protein was visualized by SDS-PAGE in reducing conditions. The 

unmodified protein is represented by the band bellow the 15 kDa mark. The glycosylated protein is about 1.5 kDa large 

resulting in a band shift on the SDS-PAGE. A) Test reaction with varying ratios of reaction components. The total volume 

of test reaction is 100 µl. 50 µl of cLLO is enough to convert 1 nmole of LipCCmini.  B) The final samples of unmodified 

and glycosylated proteins. The glycosylated protein was obtained by scaling up the reaction with the LipCCmini:cLLO 

ratio 1:50 (nmole: (v/v) %). The 100% efficiency of the glycosylation is confirmed. 
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glycosylation. The oligosaccharyltransferase PglB was expressed in E. coli and purified from 

solubilized membrane fraction as described by Kowarik et al, 2006a. 

Manipulating the component ratios in the in vitro glycosylation reaction mix different 

efficiencies of glycosylation were observed (Figure 24A). More than 50 µl of cLLO was found to 

be required for complete glycosylation of 1 nmole of LipCCmini. This condition was used for the 

large scale glycosylation reaction (Figure 24B). Ni-NTA affinity chromatography was used to 

purify the glycosylated LipCCmini from other components of the reaction mixture. Apparently, 

the PglB carrying a histidine tag, has been also efficiently removed from the desired glycosylated 

protein, since it precipitated on the column due to its low solubility in the absence of detergent in 

washing and elution buffers. 

About 0.25 µmol of glycoprotein were produced from 2L of M9 minimal medium culture 

used for LipCCmini expression and 30L of LB culture for expression of cLLO. A test expression 

of LLO in M9 medium gave no result. Because of the low yield of cLLO the isotopic labeling of 

glycan is not feasible. However the protein was either isotopically labeled with 15N/13C or with 

just 15N isotopes. The purity and the degree of glycosylation have been assessed through the 

SDS-PAGE (Figure 24B) and NMR spectra. The final sample contained ~90% of glycoprotein 

and 10% of unmodified protein and degradation product. The composition of attached glycan has 

been verified by MS-MS (Appendix on page 82) as described in Kowarik et al, 2006a. 

NMR spectroscopy. 

The different labeling schemes of the polypeptide and the glycan in the glycoprotein allow 

separate measurement of protein and glycan. To determine the structure of the uniformly 15N/13C 

labeled protein conventional methods were used. For unlabeled glycan various filtering and 

editing NMR pulse sequences were employed to suppress the signals of the protein. Thus the 

structures of a protein moiety of both glycosylated and unmodified forms have been determined 

in a similar way. After this the glycan structural data were added for calculation of the structure 

of glycoprotein. 
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Protein NMR spectroscopy of LipCCmini and glycoLipCCmini. 

Both the unmodified and glycosylated proteins were stable and gave well dispersed spectra 

under NMR conditions. Using standard triple resonance experiments almost complete resonance 

assignment was obtained (Figure 26A Appendix Table 

4 and Table 5). The glycosylated Asn42 side chain 

amide has been identified by a glycine selective 15N-

HSQC based on MUSIC selection (Schubert et al, 

2001). The substitution of one proton in the asparagine 

side chain (CβH2-CO-NH2) amide group by the glycan 

results in the configuration (CβH2-CO-NH-) commonly 

found in glycines (Figure 25). This assignment has been 

confirmed by a 3D CBCA(CO)NH spectrum (Grzesiek 

& Bax, 1992) containing cross peaks of Asn42 Cα and 

Cβ linked to both Arg43 backbone amide HN and 

Asn42 side chain HN. The 1H/15N resonances are 

similar to those of previously reported glycosylated 

asparagines (Wood et al, 2000). 

The comparison of amide chemical shifts between 

unmodified and glycosylated proteins revealed that the major differences were located around the 

glycosylation site Asn42. The highest deviations were found in the region between residues 35 

and 46. There were small deviations observed around Ser9 and residues Thr64-Glu69. 

The deviation values of Cα chemical shifts of a protein from those of a random coil are 

indicative for secondary structure. The values higher than +1.5 ppm indicate the propensity to 

form an α-helix, whereas negative values suggest a β-stranded conformation. As it is predicted 

for the lipoyl domain, the strong negative values of Cα chemical shifts deviations correspond to 

expected β-stranded conformations. The small positive values of the region Q36-S44, harboring 

the glycosylation site, indicate the propensity to form an α-helix, although the population of this 

conformation is very low according to CD data (Figure 22). In the glycoprotein this propensity is 

even lower. A detailed analysis of backbone chemical shifts by the program TALOS that predicts 

backbone ψ/φ angles reveals some differences between the unmodified and glycosylated proteins.  

 

Figure 25. The coherence transfer pathway 

in a glycosylated asparagine side chain. Brown –

the glycine fragment, blue – CBCA(CO)NH 

transfer in regular residues, green – the same in 

the side chain of glycosylated Asn. 
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Figure 26. A) Overlay of 15N-HSQC spectra of unmodified (red) and glycosylated LipCCmini (blue).  The highest

chemical shift deviation is observed for the glycosylation site D40, F41, N42, R43 resonances as annotated in the zoom 

in panel. The N42 side chain amide is shifted downfield. B) The backbone amide group chemical shifts difference 

between free and glycosylated LipCCmini. Beside the deviations in the glycosylation site, small differences were also 

observed aroud S9 residue and for the residues T64-E69. C) The deviation of the Ca chemical shifts from the random 

coil for unmodified (red) and glycosylated (blue) LipCCmini. 
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Whereas in the unmodified LipCCmini the residues A37-K39 and F41-K45 are predicted to 

have an α-helical dihedral angles, in the glycoprotein only S38, K39 and K45 chemical shifts 

indicate the α-helical backbone angles. The presence of Hα(i)-Hβ(i+3) NOEs typical for an α-helix 

supports the helical conformation of the region A37-S44. However, strong exchange/NOE peaks 

to the H2O resonance and very weak or missing diagonal peaks in a 15N edited NOESY indicate 

water exposed amides typical for unfolded conformational states of this region, especially for 

residuesN42 and S44. There are no NOE signals for the backbone amide of Asn42 at all. Further 

confirmation of an α-helix by typical Hα(i)-HN(i+3) NOEs is hampered by severe chemical shift 

overlap and NH exchange. 

Backbone dynamics. 

In order to estimate the flexibility of the protein backbone steady-state heteronuclear 1H-15N-

NOESY spectra were recorded (Figure 27). The values of 1H-15N-NOE are the indicator of a 

conformational mobility on the sub-nanosecond timescale. Reduced values of 1H-15N-NOE for 

the residues 35-65 including the glycosylation site Asn42 showed local flexibility of this loop. 

The C-terminal part was also found to be flexible. The side-chain amide of glycosylated 

asparagine exhibits less flexibility then surrounding amino acid residues probably due to the 

reduced conformational degree of freedom imposed by the bulky glycan. 

 

 

 

Figure 27. Backbone heteronuclear 1H-15N NOE relaxation values of the free (blue) and glycosylated LipCCmini

(orange) acquired at 900 MHz as a function of the residue number. Missing bars are due to Pro residues (P) or spectral 

overlap (*). The secondary structure is depicted on top. 
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Glycan specific NMR measurements. 

The unlabeled glycan resonances can be separated from those of labeled protein using the 

filtering and editing techniques (Figure 28). We collected the 2D 13C filtered-filtered NOESY 

(Peterson et al, 2004) and the 2D 15N filtered-filtered NOESY that were used as the main source 

of the structural information. In the former one, all the protein resonances were suppressed 

resulting in a 2D NOESY of a carbohydrate. The latter one was very helpful to identify the NOEs 

between the amide protons of the acetamido- groups and other glycan protons. The chemical 

shifts of the C. jejuni glycan in glycopeptides were previously reported (Young et al, 2002).  

Using these shifts and a natural abundance 13C HSQC (Appendix on page 89) we picked and 

assigned all the peaks in the two NOESY spectra (Figure 28). A good agreement between the 

resonances in our spectra and those reported by Young et al was observed. The only small 

difference was observed at H6 and H6’ of α-GalNAc2 and α-GalNAc5; and deviation of ± 0.03 

ppm was found for β-Glc5’ resonances. 

In addition to the expected signals, resonances of another unlabelled carbohydrate ring were 

present in the NMR spectra. All observed 1H and 13C chemical shifts were identical to those 

reported for (1-4)-β-D-Xylp oligomers (Bock et al, 1984; Hoffmann et al, 1991). No NOE’s 

linking this carbohydrate to either glycan or protein resonances were identified. However, the 

finding of such NOEs is extremely hindered by the overlap of three 1H resonances of the 

additional carbohydrate including the anomeric 1H with resonances from the bacterial glycan, 

namely H4 of β-Glc5’, H6’ of α-GalNAc4 and H5 of α-GalNAc5. Strong positive NOE’s within 

the spin system were observed, indicating that it is either a repetitive oligomer on its own or it 

tumbles together with the glycoprotein. The source, molecular weight and possible interaction of 

this xylane with the glycoprotein are still awaiting further elucidation.  

Using NOESY spectra recorded at high field (900 MHz) and a mixing time of 150 ms (Figure 

28) a total of 125 inter-proton distance constraints could be extracted within the attached glycan 

(depicted schematically in Figure 29). The high sensitivity, high resolution and favorable 

tumbling time lead to the observation of an unexpectedly large number of NOEs especially inter-

residue NOEs. On average 11 inter-residue distance constraints per glycosidic linkage could be 

collected. Note that this is significantly higher than what is commonly obtained with NMR 

spectroscopy of free oligosaccharides (Wormald et al, 2002). For the structure determination of  
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Figure 28. 2D NOESY spectra of glycosylated LipCCmini used to derived NOE restraints for the glycan, measured at 303 K 

and 900 MHz. (A) 15N-filtered-filtered 2D NOESY of the glycoprotein (15N labeled protein) showing NOEs to the glycan HN2 

and HN4 recorded with 312 (t1) ×××× 1024 (t2) complex points, spectral widths of 10000 ×××× 10000 Hz and 96 scans resulting in a 

measurement time of ~27 h. (B) 13C-filtered-filtered 2D NOESY of the glycoprotein (13C/15N labeled protein) recorded with 200 

(t1) ×××× 1024 (t2) complex points, spectral widths of 10000 ×××× 10000 Hz and 96 scans resulting in a measurement time of ~25 h. 

Here only the NOEs within the glycan are observable. Unambiguously assigned peaks were iteratively refined during structure 

calculation. 

 

Figure 29. Schematic presentation of the inter-residue NOE constraints within the glycan and between the glycan and the 

protein. Distance constraints between non-consecutive sugar rings and between GalNAc2 and the protein are indicated by red 

lines. 
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the glycoprotein, 25 NOE constraints of the glycan/protein interface derived from a 3D 13C-

edited-filtered NOESY were applied. 

Structure calculation. 

Protein structure calculation. Rigid lipoyl domain and flexible loop. 

Using a set of about 1681 or 1932 NOE distance constraints an ensemble of 20 best 

conformers over 200 or 100 calculated structures was obtained for both the unmodified and the 

glycosylated proteins, respectively. Rigid core of a protein in both the unmodified and the 

glycosylated form is presented by the lipoyl domain consisting of four N-terminal and four C-

terminal intertwined β-strands forming a β-sandwich (Johnson & Church, 1999). This fold is very 

similar to lipoyl domains of AcrA from E. coli (Mikolosko et al, 2006) and to MexA from P. 

aeruginosa (Akama et al, 2004; Higgins et al, 2004). The RMSD between the lowest energy 

structures in the ensembles of unmodified and glycosylated forms is 1.05 Å for backbone atoms 

(residues 2-33 and 67-100).  The structure of the glycosylated protein might be less precise, 

because no electrostatic interactions are taken into account by CYANA program (Guntert, 2004). 

The solvent contribution was not considered either. The structure of the unmodified protein was 

refined using AMBER program with forcefield containing the electrostatic and solvent terms. 

A structure of the loop Q36-D66 carrying the glycosylation site cannot be determined due to 

the local mobility. The flexibility indicated by the 1H-15N-NOE values point to the change in the 

correlation time of the considered residues. This in turn means that the calibration coefficients for 

the NOE intensities are variable. Additionally, the averaging of the experimental data over the 

molecular ensemble and time also influences the NOE intensities in an unpredictable way, 

because the conformational space of the loop is not known a priori. The number of NOEs that 

were identified automatically by ATNOSCANDID program is critically small for the loop 

region. Almost no long range contacts that are most important for structure determination were 

identified (see appendix on page 89). The differences in the chemical shifts indicate the change in 

the conformational space occupied by the loop, although nothing could be concluded about the 

relative populations of the different states including the α-helical conformation proposed based 

on the chemical shift deviations from random coil structure (Figure 26C). 



50 
 

 

In order to get insight into the structure of the glycosylation motif and possible role of the 

negative charge in the position -2 relative to the glycosylated asparagine, we investigated the 

heptapeptide Ac-SDFNRSC-NH2 by NMR spectroscopy. Using a combination of natural 

abundance 13C HSQC and 2D TOCSY the complete resonance assignment of the peptide was 

obtained in a straightforward manner (Appendix Table 7). Due to the small molecular weight of 

the peptide 2D ROESY was collected to obtain the structural information. The strong NOE’s 

were only observed for intraresidual and sequential contacts (Figure 31). Assuming certain 

flexibility of the heptapeptide only strong NOE signals may be used for the structure 

investigation, since they indicate the presence of a certain distance between protons in all the 

 

Figure 30. The structure of the glycosylated and the unmodified LipCCmini. (A) Ensemble of the glycosylated LipCCmini

with the glycan. Structures were superimposed on the Cαααα atoms of residues 2-33 and 67-100. The first carbohydrate ring 

Bac-1 is colored in magenta and the side chain of N42 in cyan. (B) Representative structure of the glycoprotein. (C) 

Ensemble of the non-glycosylated LipCCmini. The glycosylation site N42 is colored in magenta, neighboring residues D40-

S44 in yellow. (D) Representative structure of the non-glycosylated LipCCmini.  



51 
 

conformations in the molecular ensemble. The decreased NOE intensity might be interpreted as 

the longer distance between the protons as well as an averaging between two conformational 

states with varying interproton distance. Therefore, no specific conformation of the heptapeptide 

was derived from the experimental data, since no strong interresidual NOE signals were 

identified. This indicates that the peptide alone does not adopt a stable specific conformation, 

which could be identified by specific long range contacts. 

 

 

Figure 31. Fragment of ROESY spectrum of Ac-SDFNRSC-NH2 collected at 293 K and 600 MHz on 4 mM peptide. 200 

ms mixing time using a constant wave mixing and 3-9-19 water suppression pulse scheme. Only intraresidual and 

sequential NOEs give strong peaks.   



52 
 

Structure of the glycan. 

Torsion angle dynamics calculations (Guntert et al, 1997) with upper distance constraints 

derived from the NOE intensities resulted in a well-defined and rod-like structure with an RMSD 

of 0.56 ± 0.10 Å (Figure 32). The torsion angles ϕ and ψ of the glycosidic linkages cluster well 

and display only small deviations pointing towards a stable single conformation (Figure 33). For 

the involved glycosidic linkages energy landscapes of disaccharides are available at the 

GlycoMapsDB database (Frank et al, 2007) derived from molecular dynamics (MD) calculations. 

The angles of the presented ensemble are located in energetically favored regions within these 

energy landscapes. All GalNAc-α(1,4)-GalNAc linkages of the ensemble cluster at the 

energetically favored region (ϕ,ψ)=(–40°,–20°). However, the energy landscape shows an 

additional favorable region at (ϕ,ψ)=(–10°,40°). The observed medium strong NOEs between 

HAc2 (i) and H6/H6’ (i–1) and strong NOEs between H1 (i) and H6/H6’ (i–1) are only 

compatible with the conformation at (ϕ,ψ)=(–40°,–20°). For the other conformation at (ϕ,ψ)=(–

10°,40°) we would expect those NOEs to be weaker than observed. The Glc5’-β(1,3)-GalNAc4 

linkage of the ensemble is well defined despite the larger and shallower energy minimum in the 

energy landscape from GlycoMapsDB. The energy landscape of a GalNAc-α(1,4)-Bac linkage 

displays two distinct energetic minima at (ϕ,ψ)=(–40°,–40°) and (–20°,50°). The GalNAc2-

α(1,4)-Bac1 linkage of the NMR ensemble clusters at (ϕ,ψ)=(–40°,–12°) located in the first 

minimum. A strong NOE between GalNAc2 H1 and Bac1 HAc4 and a weaker NOE between 

GalNAc2 H1 and Bac1 HAc2 are only compatible with this conformation. We would expect 

swapped intensities for the other conformation. One should note that the glycan structure was 

calculated with torsion angle dynamics solely using experimentally derived upper distance NOE 

restraints and thus without any force field. The fact that the resulting ensemble of structures lies 

in a theoretical energy minimum demonstrates that the NMR data provide enough constraints to 

determine accurately a precise structure of the attached sugar. 

A common feature in all structures is that the glycan is kinked due to the β(1-3) linked Bac 

and tends to orient towards the residues preceding the glycosylated N42. This is in agreement 

with the fact that the largest chemical shift perturbations occur around residues 35 to 42 (Figure 

26B). However, no specific interactions between the protein and the carbohydrate rings beyond 

α-GalNac2 were observed. NOEs between the glycan and the protein are only observed to β-
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Bac1 and α-GalNac2 resulting in the backward orientation of the glycan arm kinked at the β-(1-

3)-Bac1 linkage (Figure 32 A and D). 

 

 

Figure 32. The glycan structure in the content of a glycoprotein. The Asn42 side chain carbons are depicted in cyan. A) 

The ensemble of 10 best model structures. Protons are invisible. Structures were overlaid on C1 atoms of the glycan. B) 

The model structure with lowest CYANA target function. 

A 

B 
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Figure 33. Plot of the glycosidic torsion angles φ and ψ of all glycosidic linkages of the 20 best structures together 

with the energy landscape. φ and ψ are defined as H1-C1-O1-Cx’ and C1-O1-Cx’-Hx’, respectively. The plots were 

generated by the software CARP (Lutteke et al, 2005) that analyzes coordinates and has the option to use energy 

landscapes from the GlycoMapsDB database (Frank et al, 2007) as background. Since CARP reads only one 

structure, the glycans of the ensemble were spatially separated and saved as one structure. The energy landscape of 

the GalNAc2-αααα1,3-Bac1 linkage was kindly generated and provided by Martin Frank. 
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The NMR structure determination statistics. 

Table I NMR structure determination statistics   

  

  

 

unglycosylated  

LipCCmini 

glycosylated  

LipCCmini 

NMR constraints   

Total number of protein distance constraints 1681 1784 

Intraresidual 402 410 

Sequential (|i-j|=1) 471 568 

Medium range (2≤|i-j|≤4) 182 190 

Long range (|i-j|>4) 626 616 

Glycan distance constraints (Total/HN)  125/40 

Intraresidual  59/25 

Sequential (|i-j|=1)  66/15 

Protein-Glycan  23 

Hydrogen-bonds 16 26 

Torsion angle constraints 114 108* 

   

Structural statistics (20 structures)   

Violation statistics   

Average number of NOE violations >0.2 Å 1.35±1.0 21±6 

Maximum NOE violation 0.29±0.8 Å 0.65±0.17 Å 

   

Energies (kcal mol-1)   

Average distance restraint violation energy 43.0±5.1 n.a. 

Average AMBER energy -3475±25 n.a. 

   

Ramachandran statistics   

Residues in most favored regions (total; lypoil domain) 74.3%; 79.0% 62.0%; 75.3% 

Residues in additionally allowed regions (total; lypoil domain) 22.6%; 18.9% 30.9%; 22.8% 

Residues in generously allowed regions (total; lypoil domain) 1.8%; 1.2% 5.0%; 1.2% 

Residues in disallowed regions (total; lypoil domain) 1.2%; 0.9% 2.1%; 0.7% 

   

RMS deviations from the mean structure   

Protein backbone: V2 - E33, H67 - T100 0.32±0.07 Å 0.46±0.10 Å 

Protein heavy atoms: V2 - E33, H67 - T100 0.83±0.12 Å 0.86±0.12 Å 

Protein (V2-T100) + Glycan (heavy atoms)  7.0±1.1 Å 

Glycan (heavy atoms)  0.56±0.10 Å 
Average pairwise backbone between the unmodified and 
glycosylated protein: V2 - E33, H67 - T100 

 1.05± 0.19  Å 
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Discussion. 

Flexibility of the glycosylation site is sufficient for efficient glycosylation. 

In order to gain insight into the structural and dynamic aspects of the protein N-linked 

glycosylation, the structure of the acceptor protein was determined by NMR spectroscopy. 

Biochemical evidence suggests that substantial conformational mobility of a glycosylation site is 

required for the efficient site utilization (Kowarik et al, 2006a). The determined structure of 

LipCCmini truncated protein confirms this hypothesis. The single glycosylation site in the 

protein is efficiently used by the bacterial oligosaccharyltransferase PglB in vivo (Kowarik et al, 

2006a) and in vitro and is located in a moderately flexible region, as it is demonstrated by NMR. 

Although, the conformational space of the loop is barely accessible due to the limitations of the 

structure determination methods, the chemical shift deviations from the random coil propose the 

presence of α-helical conformation with low population as seen from the CD spectra (Figure 22). 

 

Figure 34. Stereo views of the glycosylation sequones from Peb3 (Top) and OmpH1 (bottom). In both structures the 

glycosylation motif is found exposed but rigid loop as determined by the X-ray crystallography studies. No specific 

structural motif was identified, although all the essential residues are exposed to the solvent.  Adopted from Rangarajan et 

al, 2007. 
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No indication of any kind of β-turns was obtained, although their transient presence cannot be 

excluded as well. Since the heptapeptide mimicking the LipCCmini glycosylation site fails to 

form a stable structure we would expect that the surrounding of a glycosylation site determines 

the structure of this site in a protein. Therefore the flexible surrounding of the glycosylation site 

in LipCCmini protein should have induced the flexibility of the sequon. These results stand in 

contrast to the studies of small peptides stating that the target glycosylation site is predominately 

adopting a predefined Asn-turn that is destabilized upon glycosylation (Bosques et al, 2004; 

OConnor & Imperiali, 1997). Alternatively, the structure of a glycosylation motif gets rigid in 

case when both termini are fixed, as it is found in OmpH1 and Peb3 glycoproteins from C. jejuni 

(Figure 34). Apparently, the conformational space of pentapeptide with two fixed termini does 

not contain those conformations that are required for efficient glycosylation, as well as the 

presence of proline residue in the vicinity of glycosylation motif decreases the conformational 

space, too. Kowarik et al demonstrated that the shortening of the loop containing the 

glycosylation site does not impair the glycosylation efficiency until the shortest possible 

pentapetide is reached. 

Whether the flexibility is required for the recognition and/or for the catalytic activity remains 

unclear. However, we cannot exclude that an acceptor site with a certain rigid conformation 

might be recognized and glycosylated as well. In the two C. jejuni N-glycosylation acceptor 

proteins Peb3 and OmpH1 the glycosylation sites form a well-defined conformation in a loop 

observed in the crystal structures as shown on Figure 34 (Muller et al, 2005; Rangarajan et al, 

2007). However, loops can still display dynamics in solution since crystal structures measured at 

100 K do not reveal motions at physiological temperature. In addition, it remains to be elucidated 

if these proteins can be glycosylated in their native fold or if glycosylation occurs either co-

translocationally or in prefolded states. The fact that Peb3 is found to be only ~50% glycosylated 

might indicate that the native fold does not adopt an optimal conformation for recognition by 

PglB and glycosylation (Rangarajan et al, 2007). 

The flexibility of the glycosylation site can be proposed as the general recommendation for 

the design of novel glycoconjugates. Simply introducing the Q36-D66 loop of LipCCmini protein 

into the required object, such as other protein, ELISA assay plate surface or Agarose beads, can 

potentially create a highly efficient glycosylation site unless some unspecific interactions will 
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limit the flexibility of the glycosylation site. Alternatively, introducing the glycosylation motif 

into flexible loops of other proteins might work as well, as it was demonstrated by M. Kowarik 

for Cholera toxin β, Ctxβ (Kowarik et al, 2006b). Although, an additional research is required for 

complete understanding of the mechanism of acceptor site recognition by OST, its dependence on 

the reaction conditions such as temperature, pH, viscosity etc. This can expand the applicability 

of the method even further. 

The structure of artificially created glycoprotein. 

In vivo glycosylation. 

The recently established bacterial N-glycosylation has already found multiple applications as 

an important biological tool and pharmaceutical technology. One of the major achievements is 

the technique for production of N-glycoproteins in E. coli cells. This opened a new direction of 

creating novel glycoproteins for different purposes, such as production of glycovaccines, 

development of new drugs etc. In order to estimate the possibility of using the technique for 

production of uniformly glycosylated, homogeneously labeled proteins for NMR structure 

determination we applied the method to the Lip protein. 

 The essence of the in vivo glycosylation is the coexpression of the protein of interest and the 

necessary components of bacterial N-glycosylation system pgl. All the essential components are 

located at the single locus pgl that is expressed from the plasmid with low copy number origin of 

replication under the constitutive promoter. Therefore optimization of the glycosylation pathway 

is only possible in an indirect way by manipulating the strain, cell growth conditions and the 

relative expression level of the acceptor protein. The requirement for the isotopic labeling puts 

some limitations on the cells strain and growth conditions. The Top10 and BL21(DE3) cells were 

tested, since they allow an extra high yield, that is demanded due to the high cost of the 15N/13C 

labeling material. M9 minimal medium is virtually the only choice for production of labeled 

protein. Therefore the only parameter to adjust is the time and level of expression of the acceptor 

protein. 
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The inverse relation between the acceptor protein expression level and glycosylation 

efficiency suggests the limited capacity of the glycosylation machinery. Due to the unknown 

dynamical parameters of the glycosylation pathway it is hard to conclude what the limiting step 

or the component is. The decrease of glycosylation efficiency with the change of the growth 

media from the rich LB to the minimal M9 indicates the strong dependence of the process on the 

available nutrients. 

Assuming, that we could produce a required amount of the glycoprotein, an additional 

purification step is needed to separate the glycosylated protein from the unmodified one. 

Unfortunately, the only commercially available lectin (SBA) recognizing the C. jejuni 

oligosaccharide prefers the multiply glycosylated conjugates over the monoglycosylated ones. 

We estimated the binding affinity for the double glycosylated protein to be 2 orders of magnitude 

higher than that for monoglycosylated molecule. As the result, significant loss of the glycoprotein 

is anticipated during the purification. Overall, the in vivo glycosylation technique does not 

provide sufficient yield of pure glycoprotein to make it feasible for NMR structure determination. 

The other drawback of in vivo glycosylation is that the labeling scheme of the glycan moiety is 

the same as that of the protein. The separation of the signal related to either glycan or protein is 

not trivial. 

In vitro glycosylation is a novel tool for structural research on glycosylation. 

In order to overcome limitations of structural biology of glycoproteins and complex 

oligosaccharides, we present here a novel strategy using NMR spectroscopy that includes 

attaching an unlabeled oligosaccharide to a 13C/15N labeled recombinantly expressed protein and 

filtered/edited NOESY techniques at high field (900 MHz). The recently introduced in vitro N-

glycosylation technology was up-scaled and optimized to yield homogeneously glycosylated 

proteins in mg amounts. This has been a long time goal in glycobiology and represents a major 

advance for the structural biology. The protein can be uniformly 13C/15N labeled using standard 

recombinant techniques enabling the selective observation of NMR signals of either the protein 

or the glycan alone, or of signals at the interface between the glycan and the protein. Highly 

advanced filtering and editing NMR techniques that are successfully applied in the structure 
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determination of protein-protein, protein-RNA and protein-DNA complexes were applied here to 

study the glycoprotein for the first time owing to the proposed labeling scheme. 

The attachment of the oligosaccharide to a protein has the advantage that the NOE transfer 

within the carbohydrate becomes very efficient due to the increased overall tumbling time. The 

NOE build up and efficiency is then comparable to those observed in proteins of a similar size. In 

addition high field NMR spectroscopy at 900 MHz to maximize the sensitivity and resolution of 

the NOESY spectra. This enabled us to observe long range NOEs significantly further than 4 Å. 

In analogy to protein structure calculations we classified the weakest NOEs into 6 Å upper 

distance restraints. For isolated oligosaccharides in solution the NOE usually range only up to ~4 

Å (Wormald et al, 2002) mainly due to the unfavorable tumbling regime and the smaller 

maximum theoretical NOE of the usually used ROESY experiments (Bothnerby et al, 1984). 

Increasing the NOE range to ~6 Å results in a crucial improvement of the quality of 

oligosaccharides three-dimensional structures determined by NMR spectroscopy because the key 

here is to define the conformation of the glycosidic linkage. The more inter-residue restraints are 

available the better the glycosidic linkage can be defined. An NOE range up to 4 Å yields only 

about two, three, sometimes four inter-residue restraints. This is often not enough to precisely 

define the oligosaccharide conformation. In contrast, we observed an average of 9.4 inter-residue 

restraints resulting in very well-defined conformations of the glycosidic linkages. Moreover, such 

a substantial number of non-contradictory restraints provide the “network support” to each of 

them indicating the correctness of assignment and calibration of the NOEs. This, in turn, provides 

reliability of the calculated structure. The presence of seven acetamido groups within the C. 

jejuni glycan helped to obtain such a high number of inter-residue NOEs contributing to ~4.6 

NOEs per glycosidic linkage. Half of those NOEs involved NH- groups stressing the importance 

of the 15N filtered-filtered NOESY. 

The use of a 13C/15N labeled protein was crucial for the presented approach because all 

protein NOE signals could be filtered out yielding spectra containing exclusively oligosaccharide 

NOEs. This approach resolved severe chemical shift overlapping between the protein and the 

glycan in particular between 1H signals of Ser, Lys, Arg and Asp side-chains, various Hα and 

glycan resonances. In previous NMR studies of glycoproteins using unlabeled or 15N labeled 

samples such overlap severely hampered the resonance assignment and structure determination 
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(Figure 17) (Wyss et al, 1995b). If the NOE signals determining the glycosidic linkages cannot 

be unambiguously assigned due to spectral overlap with protein signals the structure of the 

glycan will be less defined. In addition to the favorable effect of the presented labeling scheme on 

the quality of the oligosaccharide structure, the glycan-protein interface can be defined by NOEs 

from a 13C edited-filtered NOESY experiment. Although the protein backbone of 

glycoLipCCmini does not adopt a rigid structure at the glycosylation site, 25 NOEs between the 

protein and the glycan were observed. Such unambiguous interface NOEs will be of great 

advantage in cases of a well-defined glycan-protein interface like in the case of human CD2 

(Wyss et al, 1995a) or human chorionic gonadotropin (Erbel et al, 2000). 

There might be alternatives to obtain such a homogeneous and segmentally labeled 

glycoprotein consisting of a 13C/15N labeled protein and an unlabeled oligosaccharide such as 

trans-glycosylation, synthetic or semi-synthetic approaches (Bennett & Wong, 2007; Brik et al, 

2006; Yamamoto et al, 2008). Advantage of such alternatives would be the access to a wider 

variety of glycans, but different strategies have to be tested to evaluate the feasibility and cost 

efficiency. In addition, the presented methodology can potentially be applied to study enzyme 

mechanisms by studying covalently-trapped intermediates that have already been reported with 

the required segmental labeling (a 13C/15N labeled glycosidase and an unlabeled trapped 

carbohydrate) (Poon et al, 2007). 

The glycan structure. 

In contrast to the general belief that glycans are flexible molecules without a defined three-

dimensional structure, we found that the bacterial N-linked glycan of C. jejuni forms a well-

defined rod-like structure, suggesting that structured glycans might be more common than 

expected. It is an old debate whether oligosaccharides are rigid or flexible (Zhao et al, 1998). 

There is likely to be local flexibility present at each of the glycosidic linkages but the key issues 

are their amplitudes and time-scales and whether or not this flexibility is translated into gross 

changes in the overall topology/three-dimensional shape of the molecule. The amplitudes depend 

on how shallow the energetic minimum in the ϕ/ψ glycosidic torsion angle space is. Steric 

hindrance for example limits this torsion angle space leading to smaller flexibility. The time scale 
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of local motions is usually faster than the NMR time scale and thus a time average over several 

hundred msec is sampled by NMR spectroscopy.  

Bulky substitutions like acetamido- or SO4
2- groups and also certain branched 

oligosaccharides are proposed to induce not only steric hindrance, but also potential hydrogen 

bonds and could thus rigidify an oligosaccharide. As suggested by Almond’s group, hydrogen-

bonded bridging water molecules might be the key in understanding the three-dimensional 

structure of oligosaccharides (Almond, 2005; Mobli & Almond, 2007). A search for comparable 

structured oligosaccharides revealed a similarly well-defined, extended structure (rmsd of 0.53 Å 

for residue 1 to 4) of a sulfated glucosaminoglycan obtained by using NOE, residual dipolar 

coupling (RDC) and chemical shift anisotropy (CSA) restraints (Yu et al, 2007). Similarly to the 

C. jejuni N-glycan here, bulky N-acetyl and SO4
2- groups are present that presumably stabilize 

the rod-like structure. Detailed studies based on NOEs in conjunction with RDCs revealed 

‘relatively ordered’ structures for an octasaccharides isolated from chondroitin sulfate (Blanchard 

et al, 2007) and fucosylated penta- and hexasaccharides (Almond et al, 2004).  

What might be the role of a rigid glycan? In glycan-protein interactions large 

oligosaccharides compared to smaller ones are recognized by more hydrogen bonds giving rise to 

a favorable binding enthalpy. However this often comes with a high entropic cost that is 

generated by the loss in degrees of flexibility upon binding (Imberty et al, 2005). This is the 

reason why most lectin-oligosaccharide interactions are restricted to an affinity in the mM to µM 

range. However, if the unbound oligosaccharide is already rigid, the entropy cost is low or there 

is even a gain and, accordingly, very high affinities can be reached. This is exemplified by the 

recognition of the rigid trisaccharide moiety Lewis(a) by PA-IIL with an affinity of 220 nM 

(Perret et al, 2005). However, there is no protein known so far that binds the N-glycan of C. 

jejuni with high affinity. 

The N-glycan of C. jejuni is very unusual because the first sugar unit introduces a ~75° kink 

between the Asn-Bac1 axis and the rigid glycan rod (axis between C1 and C4 of Bac1 and axis 

between GalNac2 C1 and GalNAc6 C1). The (1-3) linkage causes this kink in contrast to 

eukaryotic N-glycans whose core is straight due to (1-4) linkages. Interaction of the Bac1 

acetamido group at C2 with preceding residues of N42 orients the kinked glycan backwards, 
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towards the beginning of the loop. This unusual orientation is further supported by the observed 

chemical shift deviations in this region (Figure 26 B). 

Glycan model quality. 

The developed glycan structure determination workflow allows us not only to determine the 

structure of the carbohydrate, but it also opens the possibility for a deep and sophisticated 

analysis of the structure. By creating a complete topology of the glycan we made it available for 

such major structure analysis and visualization software like MOLMOL and CYANA. This let us 

perform a whole ensemble of operations such as fitting of the set of structures, calculating the 

RMSD of ensemble of structures, semiautomatic extraction of torsion angles from the PDB 

coordinates files etc. This information serves to estimate the quality of the model structure 

ensemble and therefore to judge the efficiency of the method for structure determination. 

Table 1. List of PDB entries that contain at least one sugar longer than 1 monosaccharide. 

ID Glycan  Type Organism Expression 

system 

Reference 

1AC0 b-cyclodextrin (starch) Complex Aspergillus 

niger 

Aspergillus 

niger 

(Sorimachi et al, 1997) 

1AH1 Mannose-β1-4-GlcNAc-β1-4-(α1-6-Fuc) 

GlcNAc 

N-linked H. sapiens Cricetulus 

griseus 

(Metzler et al, 1997) 

1AO4 Β-L-Gulopyranoside-3-O-Formamido-α-D-

Mannopyranoside (Figure 35) 

Metalloglyc

opeptide 

Synthetic construct (Caceres-Cortes et al, 

1997) 

1BZB High Mannose (M6) N-linked Synthetic construct (Hashimoto et al, 1999) 

1CDR GlcNAc-β1-4-(α1-6-Fuc) GlcNac-β1- N-linked Synthetic construct (Fletcher et al, 1994) 

1GYA High Mannose (M9) N-linked H. sapiens CHO (Wyss et al, 1995a) 

1HD4 Complex glycan containing Man, GlcNAc, 

and Gal  (Figure 35) 

N-linked H. sapiens H. sapiens (Erbel et al, 2000) 

1HPN Heparin Free Synthetic construct (Mulloy et al, 1993) 

1HUA Hyaluronan (HA) - glycosaminoglycan Free Synthetic construct (Holmbeck et al, 1994) 

1IIY Man-α1-2-Man Complex Synthetic construct (Bewley, 2001) 

1T0W Chitooligosaccharides Complex Synthetic construct (Aboitiz et al, 2004) 

1WCO Glycolipid Conjugate Lactococcus 

lactis 

Lactococcus 

lactis 

(Hsu et al, 2004) 

1ZNT (GlcNAc)3 Complex Synthetic construct (Chavez et al, 2005) 

2BVK Hyaluronan (HA) Free Synthetic construct (Almond et al, 2006) 

2ERM Hexasaccharide heparin analogue Complex H. sapiens E. coli (Canales et al, 2006) 
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In order to estimate the quality of the C. 

jejuni glycan structure we compare it to the 

glycan structures available in the Protein 

Data Bank database. We used PDB search 

tool on www.pdb.org to look for the entries 

with the following criteria: i) at least one 

SUGAR molecule and ii) structure 

determined by NMR. From the obtained list 

of the entries those with sequence identities 

higher than 90 % were removed. And finally, 

only entities with sugar longer than 1 

carbohydrate were left (Table 1). Only half of 

them contain the glycan longer than 3 

monosaccharides. 

In most cases very little structural 

information was available. Therefore the 

sugar conformation is only partially 

described in content of the complex or 

conjugate. No extensive analysis of the 

carbohydrate conformations is usually 

reported. The main obstacle for the back 

calculation of the main parameters that 

characterize the ensemble of the glycan 

structures is the absence of the common 

tools. Most of the programs are tuned to work 

with single polymer chain containing single 

linkage type. This is mostly enough for 

analysis and visualization of proteins and 

nucleic acids structures that can be directly 

loaded from the protein data bank. None of 

 

Figure 35. Glycan at Asn78 of human αhCG.  

 

Figure 36. Plots of ϕ,ψ surfaces. GlcNAc(β1-4)GlcNAc – left, 

Man(β1-4)GlcNAc – right. In red dots the angles of the 

glycosidic linkages at Asn78 in the 26 αhCG conformers are 

shown. As a reference, the angles of the glycosidic linkages of 

a glycan attached to a protein, lacking the interactions 

between the protein core and the glycan beyond the Asn-

bound GlcNAc, are displayed in green. 

Figure 37. Dynamics of the carbohydrate core at Asn78. The 

superposition was carried out including the backbone atoms 

of the residues 10-28, 59-70, and 75-84. The protein core, 

including the heavy atoms, is shown in yellow. The 

hydrophobic residues Leu12, Pro24, Ile25, Leu26, Val68, 

Thr69, Val70, and Val76 that interact with the glycan at 

Asn78 are colored in red. GlcNAc1 is shown in purple.

GlcNAc2, Man3, Man4, and Man4′ is subsequently colored in 

blue, orange, green and white. 

Figures 35, 36 and 37 are adopted from (Erbel et al, 2000) 
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these programs is capable of processing the structure of the branched glycan with various 

linkages between monomers in a straight forward manner. If one wants to look at the glycan 

structure the procedure similar to one that we used (Appendix on page 91) is required for each 

separate carbohydrate molecule.  

Nevertheless, a couple of examples demonstrate results similar to ours (Erbel et al, 2000; 

Wyss et al, 1995a). Although the RMSD values for the ensemble of the structures of diantennary 

glycan on Asn78 of human αhCD protein (Figure 35) is not reported, the ϕ/ψ plots of glycosidic 

linkages (Figure 36) show the angle distribution of ±20° indicating that the density of the 

ensemble is similar to one obtained for C. jejuni carbohydrate (Figure 33). Such a limited 

distribution of the glycosidic linkage angles leads to conserved topology of all the conformers 

that cover a relatively small conformational space when attached to the rigid protein core 

(compare Figure 30A and Figure 37).  Such a relatively rigid fold of the glycan attached to αhCD 

protein is due to an extensive network of interactions between the carbohydrate and the protein. 

On the contrary, the interglycan distance constraints of the C. jejuni glycan are enough to define 

the rigid rod structure. 

Taking into account the total number of NMR determined structures of glycans we can 

conclude, that our results have an unprecedented specification of the carbohydrate 

conformational parameters such as the ensemble RMSD, the dihedral angles of the glycosidic 

linkages and the glycan structure visualization. We also proposed a general workflow for 

determination of these parameters for novel glycans. 

Influence of the glycan on the structure of the protein. 

In contrast to the glycan, the loop of the glycosylated LipCCmini protein harboring the 

glycosylation site did not adopt any specific conformation induced by the sugar. The relatively 

low mobility of the amide bond of the Asn42 side-chain might reflect the tumbling regime of the 

glycan, which is not related to the mobility of the glycosylation site, because the configuration of 

the N-glycosidic linkage resembles the one of the acetamido- group. 

Apparently, the carbohydrate attached to the Asn42 located in the flexible loop might have 

changed conformational and dynamic properties of the whole loop, rearranging the relative 
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populations of different conformational states and the rate of the exchange between them. This 

results in different pattern of NOE signals and different mode of contacts between the loop and 

the lipoyl domain. This was observed in the form of chemical shift change around Ser9 and 

residues Thr64-Glu69, although this interaction cannot be structurally interpreted due to its 

transient and dynamic nature. Considering the artificial sequence of LipCCmini protein, it is 

likely, that in the wild-type protein sequence of Lip or AcrA the influence of the glycan on a 

protein sequence might be different. 

Summary and outlook. 

We developed a novel method to determine the 3D structure of glycoproteins and 

oligosaccharides by NMR spectroscopy using segmental labeling and in vitro N-glycosylation. 

The method was applied to study the bacterial model glycoprotein LipCCmini. The structure of 

the unmodified form of the protein demonstrated that the flexibility of the acceptor site is 

sufficient for efficient glycosylation by the bacterial oligosaccharyltransferase PglB. This is 

proposed as the general recommendation in the creating of the novel glycoproteins. Nevertheless, 

it still remains unclear whether rigid acceptor site can be recognized and utilized by the 

oligosaccharyltransferase. 

Segmental labeling of the glycan and protein moieties with NMR active isotopes was 

successfully applied to the model protein using the in vitro glycosylation reaction. This allowed 

us to determine the structure of the intact glycoprotein. The developed approach in conjunction 

with different methods of a LLO production can be used in the structural investigation of other 

natural and artificial glycoproteins or glycans, which can be attached to the LipCCmini. 
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Materials and Methods. 

Database search for potential glycoproteins in C. jejuni. 

Two main requirements for a protein to become glycosylated in bacteria are the presence of 

the glycosylation motif D/E-X-N-X-S/T and the periplasmic expression. In order to roughly 

estimate the total number and character of C. jejuni glycoproteins the algorithm of database 

search has been developed and implemented as a set of PERL scripts (http://www.perl.org/). The 

algorithm consists of the following major steps: 

1. Using a search engine on the ScanProsite web-page 

(http://www.expasy.org/tools/scanprosite/) the list of all the C. jejuni proteins that contain 

at least one glycosylation motif (de Castro et al, 2006; Hulo et al, 2006) is obtained. The 

web-page, containing the search results is saved in an HTML format. 

2. In order to reformat the HTML file to fasta format the PERL script 

Prosite_Scan_Script_1.pl was used (See Appendix on page 76). The obtained 

fasta file contains all the protein sequences from the ScanProsite search and is ready to be 

submitted for the signal sequence analysis. All the information about the protein names, 

sequences and descriptions is saved in the second text file. 

3. The obtained fasta file containing all the C. jejuni protein sequences that have the 

glycosylation motif is submitted for the signal sequence analysis to the SignalP web-

service (http://www.cbs.dtu.dk/services/SignalP/). Both “Neural Networks” and Hidden 

Markov models” algorithms are used for the analysis (Bendtsen et al, 2004; Nielsen et al, 

1997a; Nielsen et al, 1997b; Nielsen & Krogh, 1998). The web page containing the results 

is saved in HTML format. 

4. To convert the HTML file containing the signal sequence predictions into the text format 

the PERL script SignalP_Parsing_Script_1.pl is used (See Appendix on page 

78) . 

5. The last step is to combine the data from the Prosite search and Signal peptide prediction. 

The script Data_Compare_Script_1.pl  (Appendix page 79) is used to identify 

those items in the Prosite scan results file, generated in step 2, which have at least one 

positive prediction for Signal peptide in file generated in step 4. 
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6. The resulting text file can be easily imported into Microsoft Excel for further analysis. 

Alternatively, the search for lipoproteins could be performed the same way using LipoP 

(http://www.cbs.dtu.dk/services/LipoP/) web-service instead of SignalP. 

Bacterial strains and plasmids. 

Strain/Plasmid Description Source/Reference 

DH5α 
F_ _80lacZ_M15 _(lacZYA-argF) U169 deoR recA1 endA1 hsdR17 (rk_, mk_) gal-phoA 
supE44 thi-1 gyrA96 relA1 

Invitrogen 

BL21 F-, ompT, hsdSβ(rβ-mβ-), dcm, gal, (DE3) tonA Invitrogen 
SCM6 W3110, lacZ trp ∆(sbcB-rfb) upp rel rpsL ∆wecA ∆waaL (Feldman et al, 2005) 

Top10 
F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 
galU galK rpsL (StrR) endA1 nupG 

Invitrogen 

pACYCpgl pACYC containing the C. jejuni pgl cluster, CamR (Wacker et al, 2002) 
pACYCpglmut as pACYCpgl but with point mutations W458A and D459A in the pglB gene (Wacker et al, 2002) 

pEC415 
Expression vector containing the ColE1 origin of replication, the araC gene, para for 
induction, AmpR 
 

(Schulz et al, 1998) 

pMIK8 pEC415, expressing Lip with OmpA signal peptide and C-terminal hexa-His tag (Kowarik et al, 2006b) 
pIH1 pEC415, expressing LipCCmini with OmpA signal peptide and C-terminal hexa-His tag (Kowarik et al, 2006b) 
pET24b expression vector, KanR Novagen 
pET24b(LipCCmini-
OmpA) 

pET24b expressing LipCCmini with OmpA signal peptide and C-terminal hexa-His tag 
This study 
 

Constructing the plasmid for expression of LipCCmini. 

All enzymes for cloning were purchased from MBI Fermentas, Tartu, Estonia unless stated 

otherwise. The pIH1 plasmid (Kowarik et al, 2006b) has been used as a template for 

amplification of the LipCCmini gene by polymerase chain reaction (PCR). The 5’-

phosphorylated forward primer p-CCCCCCCATATGAAAAAGACAGCTATCGCGATTGCAGTGGC 

contained the NdeI cleavage site (underlined) and the START-codon (in bold). 5’phosphorylated 

reverse primer p-ACGCGTCGACTCAGTGGTGGTGGTGGTGGTG contained a hexa-histidine tag 

(in italics), a STOP-codon (in bold) and a SalI cleavage site (underlined). Both amplified DNA 

fragment and the pET24b (Novagen) vector were treated with NdeI and SalI restriction 

endonucleases for 2 hours at 37 ºC. After this the vector was treated with shrimp alkaline 

phosphatase (SAP) for 30 minutes at 37 ºC. The ligation by the T4 DNA ligase (New England 

Biolabs) was carried out at 16 ºC overnight. After this the DNA was transformed into E. coli 

DH5α cells. Selected colonies from the ligation plate were inoculated into 10 ml of LB culture. 

The cells were incubated overnight at 37 ºC with shaking. The miniprep was performed from 
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obtained cell cultures using the QIAprep Spin Miniprep Kit (Qiagen). The cloned DNA fragment 

was sequenced (Synergene) confirming the correct position and sequence of the ORF that 

corresponds to the protein: 

MKKTAIAIAVALAGFATVAQADVIIKPQVSGVIVNKLFKAGDKVKKGQTLFIIEQDQASKDF

NRSKALFSKSAISQKEYDSSLATLDHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIY

ADGSHHHHHH, in which the OmpA signal peptide attached for an efficient secretion is 

underlined. 

Protein Expression & Purification. 

The plasmid pMIK8 (Kowarik et al, 2006b) was used for expression of Lip protein. E. coli 

Top10 cells were transformed with the pMIK8 plasmid and plated out on the LB-Agar plates, 

supplemented with. The plates were incubated at 37 ºC overnight. The next day a small LB 

preculture supplemented with ampicillin at 100 µg/ml concentration was inoculated from the 

single colony on the plate. The culture was incubated overnight at 37 ºC with shaking at 180 rpm 

on an orbital shaker. The next morning a large volume of M9 minimal medium supplemented 

with 13C labeled glycerol and 15N labeled ammonium chloride was inoculated from the 

preculture. The initial OD600 of the culture was 0.1. The cells were incubated at 37 ºC with 

shaking at 180 rpm on an orbital shaker till mid-log phase (OD600=0.4-0.5) when they were 

induced with 0.2% arabinose. The second incubation step at 37 ºC with shaking was performed 

until OD600 of cell culture reached 0.8-0.9 – the end of logarithmic phase. The cells were 

harvested by centrifugation. The rest of procedure was performed at 4 ºC or on ice unless stated 

otherwise. The cell pellet was resuspended in lysozyme solution (30 mM Tris HCl pH 8.5, 20% 

sucrose, 1 mM EDTA and 1 mg/ml chicken egg lysozyme, Invitrogen) and incubated at 4 ºC for 

2 hours with gentle mixing. NiNTA purification was performed using the following buffer 30 

mM Tris HCl pH 8.5 supplemented with 10 mM, 20 mM and 250 mM imidazole for the binding, 

washing and elution buffers, respectively. To adjust the binding conditions the appropriate 

amount of the elution buffer was added to the soluble periplasm fraction until a final imidazole 

concentration of 10 mM was reached. Then the periplasm was loaded onto a HiTrap NiNTA 

column (volume 1 ml, Invitrogen) equilibrated with 5 ml of binding buffer, following by washing 

step with 10 ml of washing buffer, and elution by 5 ml of elution buffer. The eluted protein was 
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dialyzed against 50 mM Potassium Phosphate buffer (slyde-a-lyzer, 3000 MWCO, Pierce), pH 

6.4 and concentrated to 250 µl using an Amicon Ultra 5000 MWCO concentrator (Amicon). The 

concentration was measured by UV and was typically ~ 1 mM from 5 l culture of initial M9 

expression medium. 

LipCCmini was overexpressed in E. coli BL21(DE3) cells carrying the plasmid 

pET24b(LipCCmini-OmpA). The fresh electrocompetent cells were transformed with the 

plasmid and plated out to the LB-Agar plates supplemented with 50 µg/ml kanamycin. The plates 

were incubated at 37 ºC overnight. Next morning a large volume of M9 minimal medium 

supplemented with 13C labeled glucose and 15N labeled ammonium chloride was inoculated from 

the plates (1 plate per 1 l of expression medium, the cells were scraped off the plates by glass 

spatula). Initial OD600 of the M9 medium was 0.1. The culture was incubated at 37 ºC with 

shaking at 180 rpm on an orbital shaker till mid-log phase (OD600=0.4-0.5) when they were 

induced with 1mM IPTG. The second incubation step at 37 ºC with shaking was performed until 

OD600 of cell culture reached 0.8-0.9 – the end of logarithmic phase. After 3 hours of incubation 

at 37 ºC cells were harvested by centrifugation. The cell pellet was resuspended in Polymyxin B 

(Sigma-Aldrich) solution and incubated at 4 ºC for 2 hour with gentle mixing. The further 

purification procedure is the same as for Lip protein. The concentration was measured by UV and 

was typically ~ 1 mM from 2 l culture of M9 medium. 

Circular dichroism spectroscopy. 

Far-UV-CD spectroscopy of Lip and LipCCmini proteins was performed on a JASCO J-715 

spectropolarimeter in a 0.1 cm cuvette at 23 ºC. Spectra were collected with 0.5 nm steps and 

averaged over 5 scan on the range 260-185 nm. 15 µM concentration of LipCCmini and 10 µM 

of Lip were used. 

In vivo glycosylation. 

The E. coli Top10 cells were contransfomed both with pMIK8 and pACYCpgl plasmids as in 

Kowarik et al, 2006b. A 100 ml preculture was inoculated from the single colony on the 

transformation plate and incubated overnight at 37 ºC with shaking. The next morning 5 l of LB 
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culture was inoculated from the overnight preculture. The initial OD600=0.1. The culture was 

incubated at 37 ºC with shaking at 180 rpm on an orbital shaker until OD600 reached 0.4-0.5. 

Then the cells were induced with 0.02% arabinose with subsequent incubation for 3 hours at 37 

ºC with shaking. The extraction and purification of a protein was performed as described in 

“Protein Expression & Purification. section. The purified protein was transferred to the SBA 

affinity chromatography buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1 mM CaCl2 and 0.01 

mM MnCl2) by dialysis (slyde-o-lyzer, 3000 MWCO, Pierce). The 1 ml of SBA-agarose beads 

(Vector Labs, Burlingame, California) was packed into 1 ml column (Invitrogen) and equilibrated 

with 10 ml of the buffer. The flow-rate was kept manually at 1 ml/min. The purification was 

performed at 4 ºC. After the protein was loaded onto the column the washing with 10 ml of 

loading buffer was performed followed by incubation of the column with elution buffer 

containing 200 mM GalNAc at 30 ºC for 1 hour and subsequent elution. 

In order to dimerize the glycoprotein to enhance the binding to the SBA lectin the NiSO4 was 

added to the protein mix in the concentration equal to the total protein concentration. The circular 

loading scheme was used to ensure that the equilibrium between the bound diglycosylated dimers 

and unbound mono- and nonglycosylated dimers is reached. The flow-through of the column was 

directed back to the column. The loading was performed overnight at 4 ºC. After this the column 

was washed with loading buffer and the protein was eluted with 200 mM GalNAc as described 

above. The samples were analyzed on SDS-PAGE. 

LLO extraction. 

1 l E. coli culture (strain SCM6) harboring the plasmid pACYCpglmut were grown to an 

OD600 of 1.0, harvested by centrifugation, washed and then lyophilized overnight. The lipids 

were then extracted from the sample with 2 ×20 ml of chloroform:methanol:water (10:20:3 (v/v)) 

using pestle and mortar, and glass homogenizer. The solvent was evaporated and the solid was 

resuspended in 1.6 ml of water. Particulate matter was removed by centrifugation. The presence 

of the desired LLO in the water fraction (cLLO) was verified by its use as a substrate for PglB. In 

order to produce 50 ml of cLLO a total volume of initial E. coli culture of 30 l was used. 
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In vitro glycosylation. 

The in vitro glycosylation of LipCCmini was performed in 100 mM HEPES, pH 7.5 buffer 

supplemented with 1 mM MnCl2 and 1% Triton X100. 100 nM concentration of PglB (kindly 

provided by Dr. Shin Numao, (Kowarik et al, 2006a)) protein was used. The reaction mixture 

was incubated for 16 hours at 30ºC. As the cLLO was the limiting reagent in the reaction, the 

reaction was initially done in small scale (100 ul reaction size) to determine the minimal amount 

of cLLO required for full conversion. Keeping the concentration of cLLO at 50% the 

concentration of protein was varied. Depending on the batch, 40 to 60 µl of cLLO was required 

to convert 1 nmole of purified LipCCmini. Assuming the 100% of the LLO in the crude LLO 

extract was used, we estimated the concentration of the pure LLO in cLLO to be 20 µM. To scale 

up, every component was increased proportionally to a total volume of 80 ml. The reaction was 

performed in a Falcon tube and was shaken in an orbital shaker overnight at 30ºC to ensure 

mixing. The mixture was centrifuged and the protein was purified by Ni-NTA affinity 

chromatography and concentrated as described above for the unmodified LipCCmini. About 90% 

of the initial LipCCmini was recovered in the glycosylated form as judged by UV. Typical yields 

of 0.25 µmol glycoprotein were obtained from 2 l of M9 minimal medium culture for expressing 

the protein and 30 l of LB culture for obtaining the LLO. The degree of glycosylation was ~90% 

as judged from SDS-PAGE (Fig. 1B) and NMR spectra. The glycan composition was validated 

by MS-MS (Appendix on page 82). 

NMR data acquisition and processing. 

All spectra were recorded at 30ºC on either a Bruker DRX/Avance III 500 MHz (with 

CryoProbe), DRX/Avance III 600 MHz or Avance 900 MHz spectrometer. 1 mM protein 

samples dissolved in 50 mM Potassium Phosphate, pH 6.4, were used for all measurements. All 

acquired spectra were processed using either XWinNMR or TopSpin. Backbone resonance 

assignment was performed using the following set of triple resonance experiments (Grzesiek & 

Bax, 1992): HNCA, HN(CO)CA and HNCACB for the unmodified protein and HNCA, 

HN(CO)CA and CBCA(CO)NH for the glycosylated protein using Sparky program (Goddard & 

Kneller). Details of all experiments are given in Table 2 and Table 3. 3D 15N-edited and 3D 13C-

edited NOESY spectra with mixing times of 150 ms were recorded. Slowly exchanging amide 

protons were detected by measuring a 15N-HSQC 1 hour after dissolving a lyophilized 15N-
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labeled sample in D2O. Aliphatic side chains were assigned using primarily a 3D HCCH TOCSY, 

aromatic side chains using a 2D NOESY recorded in D2O together with a 13C-HSQC spectrum. 

The N42 side chain amide group to which the glycan is attached was assigned by a glycine 

selective 15N-HSQC experiment (Schubert et al, 1999) and a CBCA(CO)NH. A 2D 13C filtered-

filtered NOESY (Peterson et al, 2004) and a 2D 15N-filtered-filtered NOESY were recorded with 

150 ms mixing time to obtain NOEs of the glycan. For the 13C assignment of the carbohydrate, a 

natural abundance 13C-HSQC was measured. Steady state 1H-15N-NOE (Kay et al, 1989) spectra 

of the unmodified and glycosylated protein were recorded at 900 MHz. 

The peptide Ac-SDFNRSC-NH2 was dissolved from powder in 50 mM Potassium Phosphate 

buffer, pH 6.5 at 4 mM concentration. The natural abundance 13C HSQC, 2D ROESY and 2D 

TOCSY were recorded at Bruker DRX 600 MHz spectrometer at both 278 K and 293 K. The 

resonances were assigned using the 2D TOCSY. A TOCSY and ROESY mixing time was 200 

ms. 

Structure calculation and refinement. 

An initial structure of unmodified protein was obtained by the programs ATNOS and 

CANDID (Herrmann et al, 2002a; Herrmann et al, 2002b) using the chemical shift assignments 

of the protein and a 3D 15N-edited NOESY, a 3D 13C-edited NOESY and a homonuclear 2D 

NOESY in D2O. In addition to the structural constraints list obtained from ATNOS and 

CANDID, hydrogen- bond constraints based on the deuterium exchange data and TALOS 

generated dihedral angle constraints (Cornilescu et al, 1999) were added in later calculations. 20 

structures generated by ATNOS and CANDID were used as starting structures for refinement in 

AMBER 8.0 (Case et al, 2004). In all calculations the AMBER force field 99 was used along 

with an implicit water model (Case et al, 2004). 

The structure of the glycoprotein was generated and refined using CYANA 2.1 (Guntert et al, 

1997). The CYANA library was extended by an ASX residue for N42 lacking the Hδ2 and the 

carbohydrate residues BAC3, AGN4, AG34 and GLB for the bacillosamine, unbranched 

GalNAc, branched GalNAc and the Glc, respectively. Two linkers connecting the protein C-

terminus with the C1 of bacillosamine and GalNAc6 with the C3 of Glc were added because 
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CYANA requires a single chain. For the attachment of the glycan to N42, the N-C1 distance and 

corresponding angles (no dihedrals) were derived from a representative glycoprotein crystal 

structure at 1.4 Å resolution containing β-D-GlcNAc-Asn linkages and hydrogen positions 

(pdb:1LLF) (Pletnev et al, 2003). The details of the CYANA calculation setup are explained in 

Appendix section “Distance geometry calculation of the glycoprotein.” on page 91. An initial 

structure of the protein was obtained by ATNOS and CANDID providing the chemical shift 

assignment of the protein only, a 3D 15N-edited NOESY and a 3D 13C-edited NOESY as input. 

The structure of the glycan was generated and refined starting from 200 randomized structures 

and applying distance constraints manually derived from the 13C-filtered-filtered NOESY and the 
15N-filtered-filtered NOESY. Six categories of upper distance constraints were used: 6 Å, 5.5 Å, 

5.0 Å, 4.0 Å, 3.2 Å and 2.8 Å based on signal/to noise ratios of 2 to 5, 5 to 10, 10 to 20, 20 to 50, 

50 to 80 and > 80, respectively (See appendix Table 8). NOEs involving Bac1 displayed an 

overall reduced signal-to-noise ratio and constraints were calibrated according to intraresidual 

peak intensities. Since the geminal protons H6 and H6’ were not stereo-specifically assigned, 

floating stereo-specific assignment is used during the CYANA algorithm.  

Protein-glycan constraints were extracted from a 3D 13C- edited-filtered NOESY and grouped 

into the above mentioned categories (See Appendix Table 9). Hydrogen bond constraints based 

on hydrogen exchange data and dihedral angle constraints generated by TALOS were added 

during the refinement. A refinement with AMBER was not applied due to difficulties in the 

parameterization of the rare bacillosamine linking the protein with the rest of the glycan. 

Molecular graphics were generated by MOLMOL (Koradi et al, 1996). The coordinates have 

been deposited together with the NMR restraints in the Protein Data Bank under the accession 

codes 2K33 and 2K32 corresponding to the glycosylated and unmodified LipCCmini, 

respectively. The chemical shifts have been deposited in the Biological Magnetic Resonance Data 

Bank (http://www.bmrb.wisc.edu/) with accession numbers 15737 and 15735.  
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Appendix. 

Table of potential C. jejuni glycoproteins. 

#   Link to UniProt DB entry             Aa num. Annotation 

 

1 http://www.expasy.org/uniprot/Q9PIV3 43 Putative lipoprotein. 

2 http://www.expasy.org/uniprot/Q9PIW0 55 Putative periplasmic protein. 

3 http://www.expasy.org/uniprot/Q9PHS5 73 Putative lipoprotein. 

4 http://www.expasy.org/uniprot/Q9PJA0 79 Putative non-specific DNA binding protein. 

5 http://www.expasy.org/uniprot/Q6EB29 100 Tgh111. 

6 http://www.expasy.org/uniprot/Q9PIS9 115 Putative periplasmic protein. 

7 http://www.expasy.org/uniprot/Q9PM09 138 Putative periplasmic protein. 

8 http://www.expasy.org/uniprot/Q9PNT6 138 Putative periplasmic protein. 

9 http://www.expasy.org/uniprot/Q9PIW9 141 Putative haem-binding lipoprotein. 

10 http://www.expasy.org/uniprot/Q9PHS4 144 Putative periplasmic protein. 

11 http://www.expasy.org/uniprot/Q50FT3 147 Cj81-098. 

12 http://www.expasy.org/uniprot/Q9PNL5 150 Putative periplasmic protein. 

13 http://www.expasy.org/uniprot/Q9PM23 152 Probable lipoprotein. 

14 http://www.expasy.org/uniprot/Q9PM13 162 Possible periplasmic thiredoxin. 

15 http://www.expasy.org/uniprot/Q6QNL8 170 Putative integral membrane protein. 

16 http://www.expasy.org/uniprot/Q9PMG6 172 Putative periplasmic protein. 

17 http://www.expasy.org/uniprot/Q9PPD6 174 Periplasmic nitrate reductase small subunit 

(Cytochrome C-type protein). 

18 http://www.expasy.org/uniprot/Q9PHX4 178 Hypothetical protein Cj0540. 

19 http://www.expasy.org/uniprot/Q9PMU3 184 Putative integral membrane protein. 

20 http://www.expasy.org/uniprot/Q9PN88 185 Putative lipoprotein thiredoxin. 

21 http://www.expasy.org/uniprot/Q9PID1 201 Hypothetical UPF0323 lipoprotein Cj0371 

precursor. 

22 http://www.expasy.org/uniprot/Q9PM07 220 Putative periplasmic protein. 

23 http://www.expasy.org/uniprot/Q9PNY9 244 Putative periplasmic protein. 

24 http://www.expasy.org/uniprot/Q9PNQ9 246 Putative membrane fusion component of efflux 

system. 

25 http://www.expasy.org/uniprot/Q9PIK7 250 Major antigenic peptide PEB3. 

26 http://www.expasy.org/uniprot/Q9PM54 250 Putative periplasmic protein. 

27 http://www.expasy.org/uniprot/Q9PIV0 253 Biopolymer transport protein. 

28 http://www.expasy.org/uniprot/Q9PLZ7 255 Putative periplasmic protein. 

29 http://www.expasy.org/uniprot/Q46125 256 Histidine-binding protein precursor (HBP) 

(p29). 

30 http://www.expasy.org/uniprot/Q6PPZ0 257 Class D beta-lactamase. 

31 http://www.expasy.org/uniprot/Q9PIK0 257 Putative periplasmic beta-lactamase (EC 

3.5.2.6). 

32 http://www.expasy.org/uniprot/Q9ZF63 265 Hypothetical protein (Fragment). 

33 http://www.expasy.org/uniprot/Q9PIX6 268 Putative periplasmic protein. 

34 http://www.expasy.org/uniprot/Q9PMS4 269 Putative periplasmic protein. 

35 http://www.expasy.org/uniprot/Q9PIC6 274 Putative periplasmic protein. 

36 http://www.expasy.org/uniprot/O05414 279 Outer membrane protein. 

37 http://www.expasy.org/uniprot/Q9PNV7 279 Putative amino-acid transporter periplasmic 

solute-binding protein. 

38 http://www.expasy.org/uniprot/P94643 279 CjaA protein precursor. 

39 http://www.expasy.org/uniprot/Q9PM08 282 Putative ATP-dependent DNA ligase (EC 

6.5.1.1). 

40 http://www.expasy.org/uniprot/Q9PIV2 283 Putative lipoprotein. 

41 http://www.expasy.org/uniprot/Q9PNY5 295 Putative transmembrane transport protein. 

42 http://www.expasy.org/uniprot/Q9PIY4 296 Periplasmic solute binding protein for ABC 

transport system. 

43 http://www.expasy.org/uniprot/Q9PMF4 310 Putative formate dehydrogenase, cytochrome B 

subunit (EC 1.2.1.2). 

44 http://www.expasy.org/uniprot/Q9PJ13 315 Putative periplasmic protein. 

45 http://www.expasy.org/uniprot/Q9PP25 325 Putative periplasmic protein. 

46 http://www.expasy.org/uniprot/Q9PMU8 329 Phospholipase A (EC 3.1.1.32). 

47 http://www.expasy.org/uniprot/Q9PMU4 330 Enterochelin uptake periplasmic binding 

protein. 

48 http://www.expasy.org/uniprot/Q9PHS9 334 Putative integral membrane protein. 

49 http://www.expasy.org/uniprot/Q9PPE3 340 Putative periplasmic protein. 

50 http://www.expasy.org/uniprot/Q9PM33 364 Putative periplasmic protein. 
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51 http://www.expasy.org/uniprot/Q8RTE5 367 CmeA. 

52 http://www.expasy.org/uniprot/Q9PID5 367 Putative membrane fusion component of efflux 

system. 

53 http://www.expasy.org/uniprot/Q9KIS0 378 VirB10. 

54 http://www.expasy.org/uniprot/Q46110 381 Orf CJO1.1. 

55 http://www.expasy.org/uniprot/Q9PN80 386 Putative periplasmic protein. 

56 http://www.expasy.org/uniprot/Q9PIU7 401 Transmembrane transport protein. 

57 http://www.expasy.org/uniprot/Q9PI23 418 Putative sugar transporter. 

58 http://www.expasy.org/uniprot/Q9PI12 425 Putative lipoprotein. 

59 http://www.expasy.org/uniprot/Q9PM16 430 Possible ABC transport system permease 

protein. 

60 http://www.expasy.org/uniprot/Q9PI00 444 Putative secreted protease. 

61 http://www.expasy.org/uniprot/Q9PJ37 453 Putative lipoprotein. 

62 http://www.expasy.org/uniprot/Q9PHQ8 456 Putative outer membrane protein. 

63 http://www.expasy.org/uniprot/Q9PIZ6 457 Putative periplasmic protein. 

64 http://www.expasy.org/uniprot/Q9PMV4 464 Putative periplasmic protein. 

65 http://www.expasy.org/uniprot/Q9PMI8 472 Putative type II protein secretion system D 

protein. 

66 http://www.expasy.org/uniprot/Q8RTE3 492 CmeC. 

67 http://www.expasy.org/uniprot/Q9PID7 492 Putative outer membrane channel protein. 

68 http://www.expasy.org/uniprot/Q9RM70 505 Putative membrane protein CjaE. 

69 http://www.expasy.org/uniprot/Q9PJ94 508 Putative ATP /GTP binding protein. 

70 http://www.expasy.org/uniprot/Q9PNK1 526 Protein-export membrane protein. 

71 http://www.expasy.org/uniprot/Q9PNX7 528 Inner membrane protein oxaA. 

72 http://www.expasy.org/uniprot/Q9PIV5 538 Putative iron-uptake ABC transport system 

permease protein. 

73 http://www.expasy.org/uniprot/Q9PNT5 538 Putative membrane bound ATPase (EC 3.4.24.-). 

74 http://www.expasy.org/uniprot/Q9PP80 541 Putative secreted transglycosylase. 

75 http://www.expasy.org/uniprot/Q50FS5 542 Cj81-105 (Fragment). 

76 http://www.expasy.org/uniprot/Q9PML3 552 Putative capsule polysaccharide export system 

periplasmic protein. 

77 http://www.expasy.org/uniprot/P56964 571 Flagellin B. 

78 http://www.expasy.org/uniprot/P22252 575 Flagellin B. 

79 http://www.expasy.org/uniprot/P22251 575 Flagellin A. 

80 http://www.expasy.org/uniprot/Q7X516 576 FlaB. 

81 http://www.expasy.org/uniprot/Q9RF25 576 Flagellin B. 

82 http://www.expasy.org/uniprot/Q9PIY2 593 Hypothetical protein Cj0145. 

83 http://www.expasy.org/uniprot/Q9PHL5 601 Penicillin-binding protein. 

84 http://www.expasy.org/uniprot/Q9PI03 643 Penicillin-binding protein. 

85 http://www.expasy.org/uniprot/Q9PM19 696 Putative integral membrane protein. 

86 http://www.expasy.org/uniprot/O86154 713 WlaF protein. 

87 http://www.expasy.org/uniprot/Q93DP5 713 Putative oligosaccharide transferase. 

88 http://www.expasy.org/uniprot/Q93DP6 713 Putative oligosaccharide transferase. 

89 http://www.expasy.org/uniprot/Q9PNG8 713 Putative integral membrane protein (Possible 

oligosaccharyl transferase). 

90 http://www.expasy.org/uniprot/Q9F0F9 755 Putative ferrichrome iron receptor FhuA. 

91 http://www.expasy.org/uniprot/Q9PNW9 762 Putative periplasmic protein. 

92 http://www.expasy.org/uniprot/Q46092 788 PflA protein (Paralysed flagellum protein). 

93 http://www.expasy.org/uniprot/Q83WM5 838 FlgE. 

94 http://www.expasy.org/uniprot/O86144 862 Flagellar hook subunit protein. 

95 http://www.expasy.org/uniprot/Q9PLU9 865 Flagellar hook subunit protein. 

96 http://www.expasy.org/uniprot/Q9PPD9 924 Periplasmic nitrate reductase (EC 1.7.99.4). 

97 http://www.expasy.org/uniprot/Q8RTE4 1040 CmeB. 

98 http://www.expasy.org/uniprot/Q9PID6 1040 Transmembrane efflux protein. 

Database search scripts. 

Prosite_Scan_Script_1.pl -  Reformatting the ScanProsite search results. 

This script accepts the HTM file generated by Mozilla Firefox 1.9 and creates the fasta format 

file of all the proteins and a “user-friendly” text file containing the links to PDB entries, protein 

descriptions and sequences. 
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#!C:\Perl\bin\perl.exe 

$ProgramTitle="Prosite DB search Script 1, v.0.5"; 

#print "$ProgramTitle\n\n"; 

 

use Getopt::Std; 

 

getopts('hv'); 

#Prints help if option -h is present 

$help_msg="Program reads the file [filename] containing the Prosite Scan results and put it 

into readable form.\n". 

  "usage: <path>\perl pdbs1.pl [options] filename\n\n". 

  "Options:\n". 

  "\t-h\tPrints this help.\n". 

  "\t-v\tPrints version.\n"; 

if($opt_h || $opt_v) { 

 if($opt_v) {print $ProgramTitle,"\n"; } 

 if($opt_h && $opt_v) { 

  print "\n",$help_msg,"\n"; 

 } 

 elsif ($opt_h) { 

  print $ProgramTitle,"\n\n",$help_msg;  

 } 

 exit; 

} 

print "$ProgramTitle\n\n"; 

 

if(@ARGV!=1) { 

 print "error: Too many or too little input files.\n"; 

 exit; 

} 

  

$input_name=$ARGV[0]; 

@name_base=split(/\./,$input_name); 

$signalp_in=$name_base[0]."_SignalP_in.fasta"; 

$friendly_out=$name_base[0]."_motif.txt"; 

print "SignalP DB search input file: $signalp_in\n"; 

print "Excel import file: $friendly_out\n"; 

print "\n"; 

 

#Opening input and output files 

open (Main_Input, $input_name) or die "Cannot open file $input_name"; 

open (SignalP_in, ">$signalp_in") or die "Cannot create or overwrite file $signalp_in\n"; 

open (Exel_in, ">$friendly_out") or die "Cannot create or overwrite file $friendly_out\n"; 

 

#Hash of singl hit data 

=begin comment 

<em> </em> Organism 

http: "> link 

=cut 

 

%hit=("Link"=>"na", "Id"=>"na", "Length"=>"na", "Title"=>"na", "Organism"=>"na", 

"Sequence"=>"na"); 

#print keys %hit; 

 

$start_tag=0; 

$temp_line=""; 

$it=0; 

$seq_num=0; 

$aa_num=0; 

for $line(<Main_Input>) { 

 $it++; 

# print "Iteration: ", $it, "\n"; 

 if($start_tag==1) { 

  $temp_line=$temp_line.$line; 

 } 

 if($line =~ /<a target="_blank" href="\/uniprot/ || $line =~ /;">Warning:/) { 

  print "Here it works. Start_tag=", $start_tag, " Seq_num=", $seq_num, "\n"; 

   

  if($start_tag==1) { 

   print "Found line\n $temp_line\n"; 

   print "Write the data into files.\n"; 
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   if($temp_line =~ /_blank" 

href="(http:.+?)">(.+?)<\/a>.<strong>(.+?)<\/strong>.+\((.+) 

aa\).+<strong>(.+?\.)<\/strong>.+<em>(.+)<\/em>.*<pre>(.+?)<\/pre>/s) { 

    $hit{"Link"}=join('',split(/\s/,$1)); 

    $hit{"Id"}=$2."_".$3; 

    $hit{"Length"}=join('_',split(/\s/,$4)); 

    $hit{"Title"}=join('',split(/\n/,$5)); 

    $hit{"Organism"}=join('',split(/\n/,$6)); 

    $hit{"Sequence"}=join('',split(/\s/,$7)); 

#    print "Found: \n", $hit{"Link"}, "\n", $hit{"Id"}, "\n", 

$hit{"Length"}, "\n", 

#     $hit{"Title"}, "\n",  $hit{"Organism"}, "\n", 

$hit{"Sequence"}, "\n"; 

    print Exel_in $hit{"Link"}, "\t", $hit{"Id"}, "\t", $hit{"Length"}, 

"\t", 

     $hit{"Title"}, "\t",  $hit{"Organism"}, "\t", 

$hit{"Sequence"}, "\n"; 

    $g=substr($hit{"Sequence"},0,70); 

    $aa_num+=length($g); 

    print SignalP_in ">".$hit{"Id"}, "\n", $g, "\n"; 

    $seq_num++; 

   } 

   else { 

    print "There is an error in file format. \n"; 

   } 

   $temp_line=$line; 

  } 

  else { 

   $start_tag=1; 

   $temp_line=$line; 

#   print "Start_tag is 0\n"; 

  } 

 } 

} 

 

print "Total number of proteins: $seq_num.\n"; 

print "Total number of aminoacid residues in Signal_P input file: $aa_num.\n"; 

 

END_OF_SCRIPT: 

#Close all the opened files 

close SignalP_in; 

close Main_Input; 

close Exel_in; 

SignalP_Parsing_Script_1.pl – to convert the SignalP results into text file. 

#!\\franklin\home\slynkov\My Documents\Perl\bin\perl.exe 

$ProgramTitle="SignalP analysis Script 1, v.0.1"; 

 

use Getopt::Std; 

 

getopts('hv'); 

#Prints help if option -h is present 

$help_msg="Program reads the file [filename] and put it into readable form.\n". 

  "usage: <path>\perl ssp1.pl [options] filename\n\n". 

  "Options:\n". 

  "\t-h\tPrints this help.\n". 

  "\t-v\tPrints version.\n"; 

if($opt_h || $opt_v) { 

 if($opt_v) {print $ProgramTitle,"\n"; } 

 if($opt_h && $opt_v) { 

  print "\n",$help_msg,"\n"; 

 } 

 elsif ($opt_h) { 

  print $ProgramTitle,"\n\n",$help_msg;  

 } 

 exit; 

} 
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if(@ARGV!=1) { 

 print "error: Too many or too little input files.\n"; 

 exit; 

} 

 

print "$ProgramTitle\n\n"; 

  

$input_name=$ARGV[0]; 

@name_base=split(/\./,$input_name); 

$friendly_out=$name_base[0]."_data.txt"; 

print "Output file: $friendly_out\n"; 

print "\n"; 

 

#Opening input and output files 

open (Main_Input, $input_name) or die "Cannot open file $input_name"; 

open (Data_Out, ">$friendly_out") or die "Cannot create or overwrite file $friendly_out\n"; 

 

#Hash of singl hit data 

=begin comment 

<em> </em> Organism 

http: "> link 

=cut 

 

%hit=("Link"=>"na", "Id"=>"na", "Length"=>"na", "Title"=>"na", "Organism"=>"na", 

"Sequence"=>"na"); 

#print keys %hit; 

 

$start_tag=0; 

$seq_num=0; 

FILE_SEARCH: for $line(<Main_Input>) { 

 if($line =~ /^<font face=/ && $start_tag) { 

  last FILE_SEARCH; 

 } 

 if($start_tag) { 

 print Data_Out $line; 

 $seq_num++; 

 } 

 if($line =~ /^# name/) { 

  $start_tag=1; 

 } 

} 

 

print "Total number of proteins: $seq_num.\n"; 

 

END_OF_SCRIPT: 

#Close all the opened files 

close Main_Input; 

close Data_Out; 

Data_Compare_Script_1.pl – the identification of the hits in the SignalP prediction 

results. 

#!\\franklin\home\slynkov\My Documents\Perl\bin\perl.exe 

$ProgramTitle="SignalP analysis Script 2, v.0.2"; 

 

use Getopt::Std; 

 

getopts('hvs:l:r:m:'); 

#Prints help if option -h is present 

$help_msg="Program reads the file [filename] containing the ProScan data and compares it to 

SignalP prediction data and/or LipoP prediction data.\n". 

  "usage: dcs1 [options] -s signal_file -l lipo_file filename\n". 

  "usage: dcs1 [options] -s signal_file filename\n". 

  "usage: dcs1 [options] -l lipo_file filename\n\n". 

  "Options:\n". 

  "\t-h                      Prints this help.\n". 

  "\t-v                      Prints version.\n". 
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  "\t-r result_file          Specify the result file.\n". 

  "\t-m number               Specify the number of positive predictions of signal 

peptide. 1 is default.\n". 

  "                          If number is 1-7 - simple counting, if 8 - optimized 

hits searching.\n"; 

if($opt_h || $opt_v) { 

 if($opt_v) {print $ProgramTitle,"\n"; } 

 if($opt_h && $opt_v) { 

  print "\n",$help_msg,"\n"; 

 } 

 elsif ($opt_h) { 

  print $ProgramTitle,"\n\n",$help_msg;  

 } 

 exit; 

} 

print $ProgramTitle,"\n\n"; 

if (!opt_s && !opt_l) { 

 print "error: please specify file containing either SignlalP or LipoP prediction data.\n"; 

 exit; 

} 

elsif($opt_s) { 

 $sig_file=$opt_s; 

 print "\n"; 

} 

 

 

if(!$opt_r) { 

 @temp=split(/_/,$comp_file); 

 $res_file=$temp[0]."_SignalP_result.txt"; 

 print "-r option is not specified. The default file name constructed: $res_file\n"; 

} 

else { 

 $res_file=$opt_r; 

} 

 

$mike=1; 

if($opt_m) {  

 $mike=$opt_m; 

} 

else { 

 print "-m option is not specified. The default value $mike is used.\n"; 

} 

 

if(@ARGV!=1) { 

 print "error: Too many or too little input files.\n"; 

 exit; 

} 

  

$input_name=$ARGV[0]; 

print "\nSearching for Proteins in $comp_file containing the predicted peptide according to 

data in $input_name. ",  

 "All the matches are being placed into $res_file.\n"; 

print "\n"; 

 

#Opening input and output files 

open (Main_Input, $input_name) or die "Cannot open file $input_name: $!\n"; 

open (Data, $comp_file) or die "Cannot open file $comp_file: $!\n"; 

open (Result, ">$res_file") or die "Cannot create or overwrite $res_file: $!\n"; 

 

#Hash of singl hit data 

=begin comment 

<em> </em> Organism 

http: "> link 

=cut 

 

#%hit=("Link"=>"na", "Id"=>"na", "Length"=>"na", "Title"=>"na", "Organism"=>"na", 

"Sequence"=>"na"); 

#print keys %hit; 

 

$seq_num=0; 

@hit_poss=(3,6,9,11,13,18,20); 
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$count=0; 

$opt_count1=0; $opt_count2=0; 

 

FILE_COMPARE: for $line1(<Main_Input>) { 

 undef $!; 

 unless (defined($line2=<Data>)) { 

  die $! if $!; 

  last; 

 } 

 $count=0; 

# print $line1,"\n",$line2,"\n\n"; 

 @l1=split(/\s+/, $line1); @l2=split(/\t/, $line2); 

 unless ($l1[0] eq $l2[1]) { 

  print "error: lines in files do not have the same protein ID.\n"; 

  goto END_OF_SCRIPT; 

 } 

 for($i=0;$i<7;$i++) { 

  if($l1[$hit_poss[$i]] eq 'Y') {  

   $count++; 

   if($i==4) { $opt_count1=$count; } 

  } 

 } 

 $opt_count2=$count-$opt_count1; 

 if($count>=$mike && $mike<=7) { 

  splice (@l2, 3, 0, "HMM\t $count\/7"); 

  $line2=join("\t", @l2); 

  print Result $line2; 

  $seq_num++; 

 } 

 elsif($mike==8) { 

  if($opt_count1>=2 && $opt_count2>0) { 

   splice (@l2, 3, 0, "Both\t $opt_count1\-$opt_count2\/7"); 

   $line2=join("\t", @l2); 

   print Result $line2; 

   $seq_num++;  

  } 

  elsif($opt_count1>=2 && $opt_count2==0) { 

  splice (@l2, 3, 0, "HMM\t $opt_count1\/7"); 

   $line2=join("\t", @l2); 

   print Result $line2; 

   $seq_num++;  

  } 

  elsif($opt_count1<2 && $opt_count2>0) { 

   splice (@l2, 3, 0, "NN\t $opt_count2\/7"); 

   $line2=join("\t", @l2); 

   print Result $line2; 

   $seq_num++;  

  } 

 } 

} 

 

print "Total number of proteins: $seq_num.\n"; 

 

END_OF_SCRIPT: 

#Close all the opened files 

close Main_Input; 

close Data; 

close Result; 
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The MS-MS of a glycan attached to the protein by in vitro glycosylation. 

Peptides from AspN in-gel digested proteins were resuspended in 10 µl 0.1% trifluroacetic 

acid, desalted with a µC18 ZipTip (Millipore, Bedford, MA) and directly eluted on a MALDI-

plate with αCCA (alpha-cyano-4-hydroxycinnamic acid; 4 mg/ml) in 70% acetonitrile with 0.1% 

trifluroacetic acid. MALDI-MS/MS was carried out in positive ion reflectron mode using an ABI 

4700 MALDI-TOF/TOF Analyzer Instrument (Applied Biosystems). 

Figure 38. Glycosylated LipCCmini was analyzed by MALDI-MS/MS. The fragmentation spectrum of the ion at m/z= 

3747.84 corresponds to the AspN-glycopeptide of LipCCmini bearing the C. jejuni N-glycan. The inset illustrates the 

C. jejuni N-glycan attached to the expected peptide. As indicated with the arrows, sequential loss of HexNAc (203 Da), 

Hex (162 Da) and Bac (228 Da) residues confirms the anticipated structure. 



 

 
 

NMR acquisition parameters. 

 

Table 2. NMR acquisition parameters for the unmodified LipCCmini 

Experiment 
solvent and sample 

field 
(MHz) 

nucleus acq. pts 
(complex) 

spectral 
width 
(ppm) 

carrier 
freq. 
(ppm) 

number of 
scans 

mixing 
time (ms) 

1H-15N HSQC 600 t1=
15N 128 38.0 116.0 4  

(H2O; 13C/15N)  t2=
1H 1024 13.0 4.70   

1H-15N HSQC 900 t1=
15N 64 40.0 116.0 4  

(D2O; 15N)  t2=
1H 1024 13.9 4.70   

1H-13C HSQC 600 t1=
13C 128 80.0 39.3.0 4  

(aliph., H2O; 13C/15N)  t2=
1H 1024 12.0 4.70   

1H-13C HSQC 900 t1=
13C 64 26.0 125.0 4  

(arom., H2O; 13C/15N)  t2=
1H 1024 13.9 4.70   

15N NOESY-HSQC 900 t1=
1H 128 11.1 4.70 8 120  

(H2O; 15N)  t2=
15N 48 32.9 118.5   

  t3=
1H 1024 11.1 4.70   

13C NOESY-HSQC 900 t2=
1H 110 11.1 4.70 8 120 

(H2O; 13C/15N)  t1=
13C 55 69.1 37.0   

  t3=
1H 1024 11.1 4.70   

HNCA 600 t1=
15N 33 24.9 118.4 8  

(H2O; 13C/15N)  t2=
13C 45 30.1 55.6   

  t3=
1H 1024 16.0 4.70   

HN(CO)CA 600 t1=
15N 33 24.9 119.0 16  

(H2O; 13C/15N)  t2=
13C 45 22.0 53.0   

  t3=
1H 1024 16.0 4.70   

HNCACB 600 t1=
15N 33 24.9 118.4 32  

(H2O; 13C/15N)  t2=
13C 39 66.3 43.3   

  t3=
1H 1024 16.7 4.70   

HCCH TOCSY 500 t1=
1H 150 12.0 4.70 4  

(H2O; 13C/15N)  t2= 44 66.0 38.0   
  t3= 512 12.0 4.70   
1H-1H NOESY 900 t1=

1H 361 13.4 4.70 64 60  
(D2O; 15N)  t2=

1H 1024 13.4 4.70   
1H-15N HNOE 900 t1=

15N 70 30.2 119.0 32  
(H2O; 15N)  t2=

1H 512 12.0 4.70   
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Table 3. NMR acquisition parameters for the glycosylated LipCCmini. 

Experiment 
solvent and sample 

field 
(MHz) 

nucleus acq. pts 
(complex) 

spectral 
width 
(ppm) 

carrier 
freq. 
(ppm) 

number of 
scans 

mixing 
time (ms) 

1H-15N HSQC 900 t1=
15N 128 24.0 119.0 4  

(H2O; 15N)  t2=
1H 1024 10.0 4.70   

1H-15N HSQC 500 t1=
15N 35 49.3 117.0 4  

(D2O; 13C/15N)  t2=
1H 512 12.0 4.70   

1H-13C HSQC 900 t1=
13C 128 70.0 40.0 4  

(aliph., D2O; 13C/15N)  t2=
1H 1024 13.9 4.70   

1H-13C HSQC 600 t1=
13C 128 60.0 120.0 4  

(arom., D2O; 13C/15N)  t2=
1H 512 13.9 4.70   

1H-13C HSQC 500 t1=
13C 240 99.9 65.0 288  

(nat. abund., D2O; 15N)  t2=
1H 512 12.0 4.70   

15N NOESY-HSQC 900 t1=
1H 115 11.0 4.70 8 120 

(H2O; 15N)  t2=
15N 47 25.0 119.2   

  t3=
1H 512 11.0 4.70   

13C NOESY-HSQC 900 t2=
1H 113 11.1 4.70 8 120 

(H2O; 13C/15N)  t1=
13C 50 35.1 38.0   

  t3=
1H 512 11.1 4.70   

HNCA 600 t1=
15N 30 24.0 119.2 32  

(H2O; 13C/15N)  t2=
13C 70 26.5 53.0   

  t3=
1H 512 16.0 4.70   

HN(CO)CA 600 t1=
15N 30 24.0 119.0 32  

(H2O; 13C/15N)  t2=
13C 70 26.5 53.0   

  t3=
1H 512 16.0 4.70   

CBCACONH 500 t1=
13C 28 66.3 35.0 16  

(H2O; 13C/15N)  t2=
15N 20 29.9 119.0   

  t3=
1H 512 16.0 4.70   

1H-1H NOESY 900 t1=
1H 395 9.77 4.70 70 150 

(D2O; 15N)  t2=
1H 1024 9.79 4.70   

Gly (i+1) 1H-15N HSQC 500 t1=
15N 32 29.9 119.0 64  

(H2O; 13C/15N)  t2=
1H 512 16.0 4.70   

1H-15N  HNOE 900 t1=
15N 70 30.2 119.0 32  

(H2O; 15N)  t2=
1H 512 12.0 4.70   

13C filt.-filt. NOESY  900 t1=
1H 200 11.1 4.70 96 150 

(D2O; 13C/15N)  t2=
1H 1024 11.1 4.70   

13C filt.-ed. NOESY  900 t1=
1H 250 11.1 4.70 96 150 

(D2O; 13C/15N)  t2=
1H 1024 11.1 4.70   

13C ed.-filt. NOESY  900 t1=
1H 100 12.0 4.70 16 150 

(D2O; 13C/15N)  t2=
13C 29 79.8 38.0   

  t3=
1H 512 12.0 4.70   

15N filt.-filt. NOESY a 900 t1=
1H 312 11.1 4.70 96 150 

(H2O; 15N)  t2=
1H 1024 11.1 4.70   
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Resonance assignment tables. 

 

Table 4. Chemical shits of unmodified LipCCmini. 

# AA HN N 
HA 

HA1 
HA2 CA 

HB2 
HB 

HB3 
QB 

CB 
HG 
QG 

HG12 
HG2 

HG13 
HG3 

QG1 QG2 CG1 CG CG2 
HD2 

HD21 
QD1 

HD3 
HD22 
QD2 

QD ND2 CD1 CD CD2 
HE2 

HE21 
HE1 

HE3 
HE22 
QE 

NE2 CE 
HZ 

1 D - - - - 54.29 - - - - - - - - - - - - - - - - - - 
2 V 8.61 118.00 4.47 - 61.16 2.01 - 35.83 - - - 0.93 0.84 21.61 21.24 - - - - - - - - 
3 I 8.42 125.60 4.49 - 60.27 1.69 - 38.59 - 1.48 0.88 - 0.68 28.09 18.20 0.75 - - 13.20 - - - - 
4 I 8.53 127.50 3.99 - 61.66 1.72 - 38.18 - 1.30 1.03 - 0.71 27.65 17.49 0.47 - - 13.15 - - - - 
5 K 8.28 126.70 5.16 - 53.44 1.43 1.38 33.81 - 1.24 1.12 - - 25.53 - 1.35 1.31 - 29.54 - 2.75 2.75 42.69 
6 P - - 4.37 - 62.49 2.40 1.74 32.09 - 2.00 1.56 - - 26.91 - 3.91 3.71 - 50.29 - - - - 
7 Q 9.33 119.90 4.35 - 56.38 2.14 2.00 28.93 - 2.45 2.27 - - 34.06 - - - - - - 7.53 6.75 112.10 
8 V 7.02 111.10 4.48 - 59.00 2.12 - 35.35 - - - 0.80 0.53 21.85 18.08 - - - - - - - - 
9 S 8.16 115.00 4.95 - 56.70 4.18 3.75 64.64 - - - - - - - - - - - - - - - 

10 G 7.98 108.60 4.42 3.64 45.43 - - - - - - - - - - - - - - - - - - 
11 V 8.02 118.30 4.74 - 60.58 1.75 - 35.12 - - - 0.92 0.71 22.27 21.19 - - - - - - - - 
12 I 8.45 125.30 4.04 - 60.40 2.30 - 35.73 - 1.45 1.12 - 0.80 25.55 17.90 0.26 - - 9.95 - - - - 
13 V 8.90 124.50 4.49 - 62.17 2.02 - 33.41 - - - 0.84 0.68 21.06 20.32 - - - - - - - - 
14 N 7.65 115.00 4.81 - 52.95 2.58 2.30 42.15 - - - - - - - 7.30 6.84 109.60 - - - - - 
15 K 8.39 123.80 4.64 - 55.99 1.57 1.37 35.41 - - - - - - - 1.35 1.20 - 29.76 - 2.75 2.58 41.64 
16 L 8.02 126.20 4.98 - 55.20 1.94 1.37 41.47 1.20 - - - - 28.30 - 0.68 0.60 - 24.57 25.55 - - - 
17 F 6.52 113.60 4.86 - 55.67 2.94 2.81 41.33 - - - - - - - - - 6.78 - - - 6.80 7.03 
18 K 8.65 120.60 4.33 - 54.44 1.72 1.67 35.23 - 1.38 1.28 - - 24.47 - 1.67 1.68 - 27.59 - 2.94 2.81 41.56 
19 A 8.40 123.90 3.96 - 54.15 - 1.28 18.68 - - - - - - - - - - - - - - - 
20 G 8.81 112.50 4.30 3.52 45.19 - - - - - - - - - - - - - - - - - - 
21 D 7.92 121.50 4.49 - 55.48 2.79 2.54 41.59 - - - - - - - - - - - - - - - 
22 K 8.29 120.20 4.86 - 55.79 1.74 1.74 31.95 - 1.49 1.37 - - 25.27 - 1.61 1.61 - 29.27 - - 2.91 42.49 
23 V 8.93 117.80 4.83 - 58.62 1.63 - 34.78 - - - 0.58 0.47 22.02 18.17 - - - - - - - - 
24 K 7.95 121.90 4.83 - 53.32 1.72 1.56 35.37 - 1.38 1.38 - - 24.79 - 1.59 1.59 - 29.10 - 2.93 2.94 41.83 
25 K 8.90 121.70 3.15 - 58.78 1.68 1.52 32.79 - 1.13 1.07 - - 24.58 - 1.65 - - 29.89 - 2.70 2.66 41.11 
26 G 8.89 115.30 4.28 3.46 45.39 - - - - - - - - - - - - - - - - - - 
27 Q 8.42 123.20 4.13 - 56.46 2.29 1.80 30.66 - 2.35 2.17 - - 33.00 - - - - - - 7.92 7.22 112.20 
28 T 9.09 124.70 3.88 - 66.02 3.97 - 68.58 - - - - 1.06 - 23.68 - - - - - - - - 
29 L 9.50 125.90 4.37 - 55.96 1.52 1.02 44.60 1.78 - - - - 26.28 - 0.31 0.28 - 25.63 21.38 - - - 
30 F 7.57 111.20 5.36 - 55.66 3.06 2.44 45.05 - - - - - - - - - 7.14 - - - 7.03 7.27 
31 I 7.85 119.40 4.81 - 60.16 1.54 - 39.58 - 1.36 1.01 - 0.66 27.78 17.76 0.75 - - 12.25 - - - - 
32 I 9.10 127.90 4.83 - 59.20 1.26 - 42.21 - 1.19 0.59 - 0.35 28.81 16.29 0.38 - - 14.81 - - - - 
33 E 9.09 128.20 4.67 - 55.05 2.00 1.74 31.85 2.29 - - - - 33.80 - - - - - - - - - 
34 Q 8.71 128.10 4.36 - 56.93 2.05 1.94 30.27 - 2.31 2.31 - - 34.50 - - - - - - 7.44 6.82 111.20 
35 D 8.49 122.40 4.61 - 54.12 2.71 2.65 41.70 - - - - - - - - - - - - - - - 
36 Q 8.60 123.00 4.02 - 57.27 2.06 1.93 29.27 - 2.32 2.27 - - 33.90 - - - - - - 7.62 6.82 113.10 
37 A 8.31 122.70 4.21 - 53.71 - 1.36 18.95 - - - - - - - - - - - - - - - 
38 S 7.95 113.80 4.29 - 59.47 3.93 3.85 63.87 - - - - - - - - - - - - - - - 
39 K 8.11 122.90 4.12 - 57.82 - 1.72 32.98 - 1.35 1.29 - - 24.93 - 1.57 1.57 - 29.35 - 2.89 2.88 42.51 
40 D 8.17 119.70 4.48 - 55.16 2.63 2.53 41.36 - - - - - - - - - - - - - - - 
41 F 8.02 121.30 4.38 - 59.35 - 3.07 39.41 - - - - - - - - - 7.18 - - - - - 
42 N 8.25 119.30 4.48 - 54.38 2.73 2.70 38.85 - - - - - - - 7.59 6.87 112.90 - - - - - 
43 R 8.05 121.10 4.13 - 57.43 1.84 1.75 30.50 - 1.59 1.54 - - 27.53 - - - 3.12 43.56 - - - - 
44 S 8.11 115.60 4.26 - 59.66 3.89 3.83 63.81 - - - - - - - - - - - - - - - 
45 K 7.97 122.20 4.13 - 57.19 1.75 - 32.53 - - - - - - - - - - - - - 2.88 42.26 
46 A 7.94 123.40 4.18 - 53.20 - 1.29 19.28 - - - - - - - - - - - - - - - 
47 L 7.87 119.80 4.15 - 55.85 1.47 1.33 42.54 1.47 - - - - 27.22 - 0.79 0.74 - 25.12 23.63 - - - 
48 F 7.96 119.50 4.54 - 58.15 3.10 2.97 39.50 - - - - - - - - - 7.16 - - - - - 
49 S 8.01 116.30 4.33 - 58.68 - - - - - - - - - - - - - - - - - - 
50 Q 8.25 121.90 4.25 - 56.57 2.09 1.95 29.37 2.31 - - - - 34.04 - - - - - - 7.44 6.78 112.10 
51 S 8.14 115.70 4.33 - 58.85 - - - - - - - - - - - - - - - - - - 
52 A 8.17 125.40 4.26 - 53.12 - 1.33 19.18 - - - - - - - - - - - - - - - 
53 I 7.86 118.20 4.09 - 61.67 1.81 - 39.02 - 1.39 1.12 - 0.83 27.51 17.72 0.78 - - 13.26 - - - - 
54 S 8.15 118.60 4.35 - 58.68 3.82 3.82 64.00 - - - - - - - - - - - - - - - 
55 Q 8.30 122.20 4.20 - 56.69 2.07 1.94 29.39 2.29 - - - - 34.01 - - - - - - 7.52 6.75 112.30 
56 K 8.15 121.10 4.16 - 57.17 1.68 1.68 32.99 - 1.33 1.33 - - 24.91 - - - - - - - - - 
57 E 8.20 120.60 4.15 - 57.27 1.92 1.85 30.26 - 2.14 2.13 - - 36.58 - - - - - - - - - 
58 Y 8.06 120.80 4.38 - 58.72 2.94 2.89 39.10 - - - - - - - - - 7.00 - - - 6.71 - 
59 D 8.14 122.50 4.49 - 54.51 2.65 2.54 41.23 - - - - - - - - - - - - - - - 
60 S 8.25 117.60 4.26 - 59.65 - - - - - - - - - - - - - - - - - - 
61 S 8.33 118.10 4.31 - 59.88 3.82 3.86 63.89 - - - - - - - - - - - - - - - 
62 L 7.75 122.60 4.23 - 55.64 1.57 1.51 42.39 1.52 - - - - 27.17 - 0.82 0.77 - 25.37 23.70 - - - 
63 A 7.91 123.30 4.27 - 53.07 - 1.33 19.37 - - - - - - - - - - - - - - - 
64 T 7.86 112.00 4.21 - 61.96 4.16 - 70.00 - - - - 1.10 - 21.83 - - - - - - - - 
65 L 7.97 123.60 4.29 - 55.51 1.55 1.42 42.62 1.54 - - - - 27.25 - 0.82 0.77 - 25.25 23.89 - - - 
66 D 8.27 120.40 4.54 - 54.91 2.63 2.49 41.38 - - - - - - - - - - - - - - - 
67 H 8.02 119.20 5.24 - 55.41 2.95 2.93 32.13 - - - - - - - 6.77 - - - - 7.92 - - 
68 T 8.90 117.10 4.47 - 62.54 3.82 - 71.27 - - - - 1.04 - 21.58 - - - - - - - - 
69 E 8.63 124.20 4.48 - 56.02 1.94 1.88 31.82 2.31 - - - - 37.26 - - - - - - - - - 
70 I 8.59 123.50 4.41 - 59.37 2.07 - 37.49 - 1.36 1.13 - 0.84 26.63 17.21 0.64 - - 11.79 - - - - 
71 K 8.91 128.30 5.07 - 54.73 1.51 1.19 36.39 - - - - - - - - - - - - 2.91 2.80 42.88 
72 A 8.62 123.10 4.06 - 50.12 - 1.24 17.26 - - - - - - - - - - - - - - - 
73 P - - 4.33 - 63.73 2.07 1.65 32.20 - 1.65 0.83 - - 26.36 - 3.61 3.04 - 50.96 - - - - 
74 F 6.76 112.00 4.41 - 54.54 3.36 3.00 40.86 - - - - - - - - - 6.97 - - - 7.01 - 
75 D 8.56 118.30 4.92 - 54.11 2.71 2.65 41.01 - - - - - - - - - - - - - - - 
76 G 8.34 108.70 4.23 4.07 46.76 - - - - - - - - - - - - - - - - - - 
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# AA HN N 
HA 

HA1 
HA2 CA 

HB2 
HB 

HB3 
QB 

CB 
HG 
QG 

HG12 
HG2 

HG13 
HG3 

QG1 QG2 CG1 CG CG2 
HD2 

HD21 
QD1 

HD3 
HD22 
QD2 

QD ND2 CD1 CD CD2 
HE2 

HE21 
HE1 

HE3 
HE22 
QE 

NE2 CE 
HZ 

77 T 8.61 116.40 4.97 - 61.89 3.80 - 70.41 - - - - 1.04 - 21.79 - - - - - - - - 
78 I 8.82 129.30 4.66 - 60.21 1.19 - 43.11 - 1.14 1.01 - 1.02 30.36 18.50 -0.27 - - 16.10 - - - - 
79 G 8.05 114.50 4.39 3.77 44.30 - - - - - - - - - - - - - - - - - - 
80 D 7.79 113.70 4.71 - 53.78 2.58 2.40 42.06 - - - - - - - - - - - - - - - 
81 A 8.55 124.20 4.57 - 53.35 - 1.75 20.33 - - - - - - - - - - - - - - - 
82 L 8.73 121.80 4.34 - 55.32 1.68 1.64 41.62 - - - - - - - 0.71 0.81 - 25.18 22.40 - - - 
83 V 7.14 108.20 4.49 - 58.55 2.13 - 35.42 - - - 0.83 0.52 22.12 18.91 - - - - - - - - 
84 N 9.07 119.50 4.87 - 51.42 2.65 2.53 42.13 - - - - - - - 7.95 6.90 115.50 - - - - - 
85 I 8.39 119.40 3.38 - 63.99 1.66 - 37.37 - 1.57 0.87 - 0.80 28.86 17.40 0.89 - - 13.06 - - - - 
86 G 9.23 117.30 4.39 3.41 44.95 - - - - - - - - - - - - - - - - - - 
87 D 7.96 121.50 4.60 - 55.05 2.79 2.47 40.98 - - - - - - - - - - - - - - - 
88 Y 8.55 122.30 4.72 - 57.95 - 2.84 39.41 - - - - - - - - - 6.82 - - - 6.71 - 
89 V 8.94 121.80 4.57 - 58.58 1.71 - 34.50 - - - 0.67 0.53 22.48 18.65 - - - - - - - - 
90 S 8.76 114.80 4.56 - 56.97 3.69 3.53 65.03 - - - - - - - - - - - - - - - 
91 A 8.69 129.90 3.51 - 53.47 - 1.06 18.72 - - - - - - - - - - - - - - - 
92 S 9.16 113.30 3.80 - 60.83 3.99 3.98 62.63 - - - - - - - - - - - - - - - 
93 T 7.81 113.90 4.39 - 64.61 3.73 - 71.13 - - - - 1.10 - 20.70 - - - - - - - - 
94 T 7.69 119.60 3.90 - 65.26 3.50 - 70.28 - - - - 1.11 - 22.84 - - - - - - - - 
95 E 8.39 124.80 3.79 - 56.78 1.90 1.57 29.78 - 2.43 1.84 - - 37.25 - - - - - - - - - 
96 L 8.74 120.10 4.25 - 57.07 1.54 1.08 43.52 1.65 - - - - 26.41 - 0.25 0.24 - 26.39 23.82 - - - 
97 V 7.05 112.40 4.33 - 61.41 2.78 - 31.72 - - - 0.92 0.57 22.47 19.80 - - - - - - - - 
98 R 8.97 127.50 5.26 - 55.39 1.69 1.60 32.93 - 1.46 1.30 - - 28.39 - 3.12 3.07 - 43.59 - - - - 
99 V 8.88 122.90 4.55 - 61.00 1.63 - 34.36 - - - 0.54 - 21.53 - - - - - - - - - 
100 T 8.82 121.80 4.55 - 61.11 3.99 - 70.86 - - - - 1.18 - 21.28 - - - - - - - - 
101 N 8.15 122.60 4.51 - 54.28 2.41 2.40 38.63 - - - - - - - 7.09 6.32 112.00 - - - - - 
102 L 8.15 122.60 4.24 - 55.62 - 1.46 42.84 1.50 - - - - 27.16 - 0.78 0.74 - 25.27 23.87 - - - 
103 N 8.39 120.20 4.86 - 51.43 2.72 2.57 39.17 - - - - - - - 7.56 6.86 113.00 - - - - - 
104 P - - 4.22 - 63.64 2.07 1.65 32.30 - 1.88 1.88 - - 27.42 - 3.68 3.59 - 50.92 - - - - 
105 I 7.87 119.40 3.93 - 61.57 1.60 - 38.72 - 1.17 0.94 - 0.63 27.32 17.47 0.67 - - 13.08 - - - - 
106 Y 7.95 123.10 4.53 - 57.55 2.98 2.74 39.05 - - - - - - - - - 6.97 - - - 6.68 - 
107 A 8.11 125.50 4.21 - 52.85 - 1.27 19.45 - - - - - - - - - - - - - - - 
108 D 8.14 119.30 4.50 - 54.52 2.63 2.55 41.44 - - - - - - - - - - - - - - - 
109 G 8.30 109.50 3.93 3.84 45.81 - - - - - - - - - - - - - - - - - - 
110 S 8.17 115.60 4.26 - 59.02 - - - - - - - - - - - - - - - - - - 
111 H - - 4.52 - 56.27 3.05 2.97 30.56 - - - - - - - - - - - - - - - 
112 H - - 4.34 - 57.66 3.11 2.97 30.74 - - - - - - - - - - - - - - - 
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Table 5. Chemical shift table of glycosylated LipCCmini. 

# AA HN N 
HA 

HA1 
HA2 CA 

HB2 
HB 

HB3 
QB 

CB 
HG 
QG 

HG12 
HG2 

HG13 
HG3 

QG1 QG2 
CG1 
CG 

CG2 
HD2 

HD21 
QD1 

HD3 
HD22 
QD2 

QD ND2 
CD1 
CD 

CD2 
HE2 

HE21 
HE1 

HE3 
HE22 
QE 

NE2 CE 
HZ 

1 D - - - - 54.22 - - - - - - - - - - - - - - - - - - 
2 V 8.61 118.00 4.49 - 61.04 2.02 - 35.73 - - - 0.94 0.85 21.61 21.19 - - - - - - - - 
3 I 8.44 125.60 4.50 - 60.17 1.70 - 38.53 - 1.49 0.88 - 0.70 28.01 17.91 0.76 - - 13.21 - - - - 
4 I 8.54 127.50 4.01 - 61.55 1.73 - 38.04 - 1.31 1.05 - 0.72 27.53 17.50 0.49 - - 13.20 - - - - 
5 K 8.29 126.70 5.17 - 53.28 1.42 1.40 33.71 - 1.24 1.14 - - 25.33 - 1.37 1.32 - 29.39 - - 2.75 42.48 
6 P - - 4.38 - 62.42 2.42 1.74 32.02 - 2.00 1.58 - - 27.00 - 3.92 3.72 - 50.12 - - - - 
7 Q 9.36 120.00 4.41 - 56.35 2.15 2.01 28.78 - 2.49 2.28 - - 33.93 - - - - - - 7.54 6.77 112.10 
8 V 7.03 111.10 4.48 - 58.87 2.13 - 35.17 - - - 0.81 0.54 21.76 18.23 - - - - - - - - 
9 S 8.21 115.00 4.96 - 56.58 4.19 3.76 64.41 - - - - - - - - - - - - - - - 

10 G 8.00 108.70 4.41 3.64 45.30 - - - - - - - - - - - - - - - - - - 
11 V 8.01 118.30 4.74 - 60.53 1.75 - 34.57 - - - 0.92 0.71 22.39 21.20 - - - - - - - - 
12 I 8.46 125.30 4.05 - 60.25 2.31 - 35.65 - 1.45 1.11 - 0.82 25.59 17.88 0.26 - - 9.95 - - - - 
13 V 8.91 124.50 4.50 - 62.09 2.03 - 33.29 - - - 0.85 0.67 21.19 20.35 - - - - - - - - 
14 N 7.65 115.00 4.82 - 52.81 2.58 2.31 41.98 - - - - - - - 7.31 6.84 109.70 - - - - - 
15 K 8.40 123.80 4.64 - 55.94 1.57 1.38 35.27 - - - - - - - 1.35 1.21 - 29.61 - 2.76 2.59 41.44 
16 L 8.02 126.20 4.61 - 55.12 1.94 1.37 41.31 1.20 - - - - 28.13 - 0.69 0.62 - 24.45 25.46 - - - 
17 F 6.54 113.60 4.86 - 55.53 2.94 2.82 41.09 - - - - - - - - - 6.78 - - - - - 
18 K 8.66 120.60 4.33 - 54.29 1.72 1.68 35.13 - 1.38 1.29 - - 24.40 - 1.69 1.69 - 27.58 - - 2.95 42.04 
19 A 8.41 123.80 3.96 - 53.98 - 1.29 18.50 - - - - - - - - - - - - - - - 
20 G 8.81 112.40 4.31 3.53 45.04 - - - - - - - - - - - - - - - - - - 
21 D 7.93 121.50 4.50 - 55.37 2.80 2.55 41.07 - - - - - - - - - - - - - - - 
22 K 8.31 120.20 4.87 - 55.64 1.74 1.74 31.82 - 1.50 1.38 - - 25.18 - 1.60 1.62 - 29.11 - 2.81 2.54 41.11 
23 V 8.94 117.70 4.84 - 58.54 1.64 - 34.51 - - - 0.59 0.48 22.06 18.20 - - - - - - - - 
24 K 7.96 122.00 4.84 - 53.19 1.73 1.57 35.21 - 1.38 1.37 - - 24.66 - 1.62 1.61 - 29.25 - 2.95 2.91 41.90 
25 K 8.92 121.70 3.16 - 58.62 1.67 1.53 32.65 - 1.13 1.09 - - 24.51 - - - - - - 2.69 2.65 41.07 
26 G 8.90 115.30 4.29 3.47 45.24 - - - - - - - - - - - - - - - - - - 
27 Q 8.43 123.20 4.14 - 56.31 2.31 1.81 30.52 - 2.36 2.17 - - 32.87 - - - - - - 7.94 7.23 112.20 
28 T 9.11 124.70 3.89 - 65.81 3.98 - 68.47 - - - - 1.07 - 23.57 - - - - - - - - 
29 L 9.51 125.90 4.38 - 55.80 1.54 1.03 44.57 1.78 - - - - 26.19 - 0.32 0.29 - 25.52 21.40 - - - 
30 F 7.58 111.10 5.37 - 55.49 3.07 2.44 44.88 - - - - - - - - - 7.14 - - - 7.04 7.27 
31 I 7.86 119.40 4.82 - 60.03 1.55 - 39.40 - 1.36 1.02 - 0.67 27.65 17.53 0.76 - - 12.30 - - - - 
32 I 9.11 127.90 4.84 - 59.00 1.26 - 42.05 - 1.20 0.60 - 0.36 28.69 16.30 0.39 - - 14.86 - - - - 
33 E 9.10 128.20 4.64 - 54.98 2.00 1.74 31.67 2.07 - - - - 37.02 - - - - - - - - - 
34 Q 8.73 128.10 4.35 - 56.80 2.05 1.96 30.12 2.31 - - - - 34.27 - - - - - - 7.47 6.81 111.40 
35 D 8.53 122.50 4.61 - 54.23 2.67 2.64 41.43 - - - - - - - - - - - - - - - 
36 Q 8.58 123.30 4.04 - 56.66 2.06 1.88 29.17 - 2.30 2.22 - - 33.82 - - - - - - 7.59 6.82 112.70 
37 A 8.32 123.10 4.23 - 53.23 - 1.36 18.93 - - - - - - - - - - - - - - - 
38 S 7.92 113.50 4.28 - 58.88 3.93 3.83 63.83 - - - - - - - - - - - - - - - 
39 K 8.15 122.70 4.14 - 57.10 1.71 - 32.81 - 1.35 1.30 - - 24.73 - - - 1.60 29.15 - 2.91 2.88 42.35 
40 D 8.10 119.40 4.53 - 54.39 2.64 2.51 41.24 - - - - - - - - - - - - - - - 
41 F 7.92 121.10 4.38 - 58.70 - 3.03 39.40 - - - - - - - - - 7.17 - - - 7.27 - 
42 N 8.31 120.20 4.52 - 53.08 2.78 2.62 38.80 - - - - - - - 8.73 - 130.80 - - - - - 
43 R 8.08 120.80 4.12 - 57.01 1.83 1.73 30.41 - 1.59 1.56 - - 27.47 - - - 3.12 43.42 - - - - 
44 S 8.17 115.70 4.29 - 59.34 - 3.83 63.36 - - - - - - - - - - - - - - - 
45 K 7.96 122.30 4.12 - 56.87 1.75 1.64 32.78 - 1.35 1.31 - - 24.82 - - - 1.61 - - - 2.93 42.22 
46 A 7.97 123.50 4.17 - 53.00 - 1.28 18.94 - - - - - - - - - - - - - - - 
47 L 7.90 119.90 4.16 - 55.59 1.48 1.34 42.40 1.48 - - - - 27.11 - 0.81 0.75 - 24.88 23.46 - - - 
48 F 7.98 119.60 4.54 - 58.03 3.11 2.97 39.47 - - - - - - - - - 7.17 - - - 7.26 - 
49 S 8.03 116.30 4.34 - 58.59 3.81 3.77 63.95 - - - - - - - - - - - - - - - 
50 Q 8.27 122.00 4.26 - 56.44 2.11 1.96 - 2.32 - - - - 34.09 - - - - - - 7.46 6.79 112.20 
51 S - 115.70 4.34 - 58.65 - 3.81 63.78 - - - - - - - - - - - - - - - 
52 A 8.18 125.40 4.27 - 53.03 - 1.34 18.94 - - - - - - - - - - - - - - - 
53 I 7.87 118.20 4.10 - 61.52 1.82 - 38.85 - 1.40 1.12 - 0.84 27.42 17.72 0.79 - - 13.25 - - - - 
54 S 8.16 118.60 4.38 - 58.54 3.87 3.83 63.91 - - - - - - - - - - - - - - - 
55 Q 8.30 122.20 4.21 - 56.55 2.07 1.96 29.29 2.31 - - - - 33.93 - - - - - - 7.53 6.75 112.60 
56 K 8.16 121.10 4.18 - 56.98 - 1.70 32.85 1.35 - - - - 24.84 - - - - - - - 2.93 42.21 
57 E 8.21 120.60 4.15 - 57.07 1.91 1.86 30.21 - 2.15 2.13 - - 36.48 - - - - - - - - - 
58 Y 8.07 120.80 4.38 - 58.57 2.95 2.90 38.96 - - - - - - - - - 7.01 - - - 6.71 - 
59 D 8.15 122.60 4.49 - 54.40 2.65 2.54 41.09 - - - - - - - - - - - - - - - 
60 S 8.25 117.70 4.26 - 59.53 3.94 3.83 63.47 - - - - - - - - - - - - - - - 
61 S 8.34 118.10 4.30 - 59.70 3.86 3.83 63.61 - - - - - - - - - - - - - - - 
62 L 7.76 122.60 4.23 - 55.46 1.58 1.52 42.24 1.51 - - - - 27.06 - 0.83 0.75 - 25.21 23.47 - - - 
63 A 7.92 123.40 4.27 - 52.93 - 1.35 19.22 - - - - - - - - - - - - - - - 
64 T 7.89 112.30 4.22 - 61.78 4.17 - 69.76 - - - - 1.11 - 21.58 - - - - - - - - 
65 L 8.01 123.60 4.30 - 55.33 1.55 1.42 42.41 1.55 - - - - 27.07 - 0.82 0.78 - 25.17 23.53 - - - 
66 D 8.29 120.30 4.56 - 54.66 2.64 2.51 41.38 - - - - - - - - - - - - - - - 
67 H 8.06 119.40 5.25 - 55.26 2.96 2.93 31.97 - - - - - - - 6.78 - - - - - - - 
68 T 8.92 117.20 4.48 - 62.47 3.82 - 71.09 - - - - 1.05 - 21.51 - - - - - - - - 
69 E 8.65 124.20 4.66 - 55.62 1.95 1.89 31.75 - 2.31 2.04 - - 37.17 - - - - - - - - - 
70 I 8.60 123.50 4.41 - 59.20 2.09 - 37.32 - 1.39 1.13 - 0.85 26.62 17.26 0.65 - - 11.82 - - - - 
71 K 8.93 128.30 5.08 - 54.58 1.52 1.20 36.28 - 1.11 1.13 - - 25.66 - - - - - - 2.92 2.81 42.43 
72 A 8.63 123.10 4.07 - 49.96 - 1.24 17.25 - - - - - - - - - - - - - - - 
73 P - - 4.33 - 63.69 2.06 1.66 31.92 - 1.66 0.84 - - 26.23 - 3.61 3.05 - 50.74 - - - - 
74 F 6.77 112.00 4.42 - 54.39 3.37 3.00 40.70 - - - - - - - - - 6.98 - - - 7.02 - 
75 D 8.58 118.30 4.92 - 53.88 2.71 2.66 40.84 - - - - - - - - - - - - - - - 
76 G 8.35 108.70 4.23 4.08 46.62 - - - - - - - - - - - - - - - - - - 
77 T 8.62 116.40 4.97 - 61.75 3.81 - 70.12 - - - - 1.04 - 21.72 - - - - - - - - 
78 I 8.82 129.30 4.67 - 60.16 1.19 - 42.97 - 1.14 1.02 - 1.03 30.29 18.52 0.27 - - 16.14 - - - - 
79 G 8.06 114.50 4.40 3.77 44.14 - - - - - - - - - - - - - - - - - - 
80 D 7.80 113.70 4.70 - 53.70 2.59 2.41 41.92 - - - - - - - - - - - - - - - 
81 A 8.57 124.10 4.57 - 53.30 - 1.76 20.38 - - - - - - - - - - - - - - - 
82 L 8.75 121.80 4.34 - 55.20 1.68 1.65 41.46 - - - - - - - 0.72 0.81 - 25.07 22.20 - - - 
83 V 7.14 108.20 4.49 - 58.48 2.14 - 35.23 - - - 0.83 0.54 22.09 18.95 - - - - - - - - 
84 N 9.08 119.50 4.89 - 51.24 2.66 2.54 41.99 - - - - - - - 7.96 6.91 115.60 - - - - - 
85 I 8.40 119.40 3.39 - 63.83 1.66 - 37.15 - 1.58 0.88 - 0.82 28.97 17.20 0.90 - - 13.07 - - - - 
86 G 9.24 117.30 4.40 3.41 44.82 - - - - - - - - - - - - - - - - - - 
87 D 7.97 121.50 4.61 - 54.84 2.81 2.47 40.77 - - - - - - - - - - - - - - - 
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# AA HN N 
HA 

HA1 
HA2 CA 

HB2 
HB 

HB3 
QB 

CB 
HG 
QG 

HG12 
HG2 

HG13 
HG3 

QG1 QG2 
CG1 
CG 

CG2 
HD2 

HD21 
QD1 

HD3 
HD22 
QD2 

QD ND2 
CD1 
CD 

CD2 
HE2 

HE21 
HE1 

HE3 
HE22 
QE 

NE2 CE 
HZ 

88 Y 8.57 122.30 4.72 - 57.78 - 2.84 39.24 - - - - - - - - - 6.82 - - - 6.71 - 
89 V 8.95 121.90 4.58 - 58.32 1.72 - 34.32 - - - 0.68 0.55 22.51 18.68 - - - - - - - - 
90 S 8.78 114.80 4.75 - 56.90 3.70 3.55 64.84 - - - - - - - - - - - - - - - 
91 A 8.71 129.90 3.51 - 53.31 - 1.08 18.68 - - - - - - - - - - - - - - - 
92 S 9.17 113.30 3.82 - 60.63 - 3.99 62.46 - - - - - - - - - - - - - - - 
93 T 7.82 113.90 4.40 - 64.32 3.74 - 70.97 - - - - 1.11 - 20.59 - - - - - - - - 
94 T 7.70 119.60 3.91 - 65.13 3.51 - 70.05 - - - - 1.12 - 22.78 - - - - - - - - 
95 E 8.41 124.80 3.80 - 56.61 1.92 1.58 29.60 - 2.44 1.85 - - 37.13 - - - - - - - - - 
96 L 8.75 120.00 4.26 - 56.93 1.55 1.09 43.31 1.66 - - - - 26.45 - 0.26 0.25 - 26.30 23.72 - - - 
97 V 7.05 112.40 4.34 - 61.25 2.79 - 31.58 - - - 0.92 0.57 22.50 19.83 - - - - - - - - 
98 R 8.98 127.50 5.27 - 55.20 1.70 1.60 32.82 - 1.47 1.31 - - 28.33 - 3.12 3.08 - 43.39 - - - - 
99 V 8.89 122.80 4.56 - 60.87 1.65 - 34.19 - - - 0.54 - 21.64 - - - - - - - - - 

100 T 8.83 121.80 4.56 - 61.02 4.00 - 70.67 - - - - 1.19 - 21.23 - - - - - - - - 
101 N 8.15 122.70 4.52 - 54.23 2.41 2.39 38.47 - - - - - - - 7.10 6.33 112.00 - - - - - 
102 L 8.16 122.50 4.25 - 55.45 - 1.47 42.55 1.48 - - - - 27.24 - 0.79 0.75 - 25.06 23.70 - - - 
103 N 8.41 120.20 4.87 - 51.31 2.73 2.58 39.05 - - - - - - - 7.57 6.86 113.10 - - - - - 
104 P - - 4.23 - 63.49 2.07 1.65 32.10 - 1.88 1.88 - - 27.31 - 3.69 3.61 - 50.77 - - - - 
105 I 7.89 119.40 3.94 - 61.37 1.60 - 38.57 - 1.18 0.95 - 0.64 27.22 17.46 0.67 - - 13.06 - - - - 
106 Y 7.96 123.20 4.54 - 57.38 2.99 2.75 38.89 - - - - - - - - - 6.98 - - - 6.68 - 
107 A 8.13 125.50 4.22 - 52.72 - 1.29 19.13 - - - - - - - - - - - - - - - 
108 D 8.15 119.20 4.51 - 54.30 2.64 2.55 41.24 - - - - - - - - - - - - - - - 
109 G 8.31 109.50 3.95 3.86 45.69 - - - - - - - - - - - - - - - - - - 
110 S 8.18 115.70 4.28 - 59.30 3.82 3.72 63.84 - - - - - - - - - - - - - - - 
111 H - - 4.53 - 56.08 3.05 2.97 30.58 - - - - - - - - - - - - - - - 
112 H - - 4.54 - 57.41 3.10 2.97 30.76 - - - - - - - - - - - - - - - 

 

Table 6. Chemical shifts of C. jejuni glycan. 

Sugar H1 C1 H2 C2 Q2 C2M H3 C3 H4 C4 Q4 C4M H5 H5' C5 H6 H6' C6 HN2 HN4 

Bac1 5.03 80.8 3.83 77.9 1.96 25.1 3.84 56.2 3.74 59.7 1.89 24.9 3.46 - 75.8 1.03 - 19.5 8.21 8.20 

GalNAc2 5.16 99.6 4.16 52.4 1.97 25.2 3.78 69.6 3.98 79.2 - - 3.79 - 74.3 3.67 3.63 62.5 8.04 - 

GalNAc3 4.95 101.2 4.21 53.0 2.02 24.8 4.07 69.4 4.05 79.2 - - 4.31 - 74.0 3.60 3.57 62.4 8.32 - 

GalNAc4 4.94 101.5 4.46 52.2 1.99 25.0 4.09 79.0 4.28 77.2 - - 4.37 - 74.1 3.57 3.49 62.1 8.31 - 

GalNAc5 5.05 99.9 4.21 53.0 2.00 24.9 4.11 69.6 4.05 79.0 - - 4.41 - 73.4 3.70 3.59 61.6 8.22 - 

Glc5' 4.47 107.7 3.25 75.8 - - 3.42 78.5 3.31 72.7 - - 3.35 - 78.6 3.84 3.64 63.5 - - 

GalNAc6 5.00 101.2 4.16 53.0 2.00 24.7 3.98 70.0 3.98 71.2 - - 4.32 - 73.7 3.65 3.64 62.5 8.24 - 

                     

Xyl 4.41 104.5 3.22 75.6 - - 3.49 76.5 3.72 79.2 - - 4.04 3.31 65.8 - - - - - 

 

Table 7. Chemical shifts of the SDFNRSC peptide at 293 K.  

# AA HN N 
HA 
QA 

CA 
HB2 
QB 

HB3 CB 
QD 

HD22 
CD QG CG HE HN21 HN22 

0 Ac - - 1.798 - - - - - - - - - - - 

1 S 8.17 - 4.092 54.38 3.494 3.542 59.62 - - - - - - - 

2 D 8.283 - 4.345 49.61 2.353 2.45 35.31 - - - - - - - 

3 F 7.911 - 4.268 53.98 2.762 2.846 35.1 6.951 - - - - - - 

4 N 8.11 - 4.355 48.95 2.426 2.545 34.43 7.414 - - - - - - 

5 R 7.989 - 4.013 52.33 1.623 1.51 26.41 2.926 39.1 1.362 22.94 6.994 - - 

6 S 8.206 - 4.172 54.47 3.625 - 59.35 - - - - - - - 

7 C 8.093 - 4.23 54.16 2.663 - 23.84 - - - - - - - 

8 NH2 
            

7.072 7.364 
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The charts of number of NOE contacts identified automaticaly by ATNOSCANDID. 

 

 

Figure 39. The number of inter- and intraresidual NOE contacts detected by ATNOSCANDID for the unmodified 

LipCCmini (top) and glycosylated LipCCmini (bottom). 
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The natural abundance 
13

C-HSQC of glycoLipCCmini. 

 

Figure 40. Natural abundance 13C-HSQC of 15N labeled glycoLipCCmini (blue) overlaid with 13C-HSQC of 15N/13C 

labeled glycoLipCCmini. 
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Distance geometry calculation of the glycoprotein. 

In order to calculate the structure of a glycoprotein with program CYANA 2.1 the specific 

sequence file has been created: 

#C. jejuni AcrALipCCmini protein sequence 

ASP VAL ILE ILE LYS PRO GLN VAL SER GLY VAL ILE VAL ASN LYS LEU PHE LYS ALA GLY ASP 

LYS VAL LYS LYS GLY GLN THR LEU PHE ILE ILE GLU GLN ASP GLN ALA SER LYS ASP PHE ASX  

ARG SER LYS ALA LEU PHE SER GLN SER ALA ILE SER GLN LYS GLU TYR ASP SER SER LEU ALA  

THR LEU ASP HIS THR GLU ILE LYS ALA PRO PHE ASP GLY THR ILE GLY ASP ALA LEU VAL ASN  

ILE GLY ASP TYR VAL SER ALA SER THR THR GLU LEU VAL ARG VAL THR ASN LEU ASN PRO ILE  

TYR ALA ASP GLY SER HIS HIS HIS HIS HIS HIS 

 

PL LL LL LL LL LL LL LL LL LL LL LL LL2 LL2 LL2 LL2 LL5 LL5 LL5 LL5 LL5 LL2 LL2 LL2  

LL2 LL LL LL LL LL LL LL LL LL LL LL LC 

 

#C. jejuni carbohydrate sequence 

BAC3 201 AGN4 AGN4 AG34 AGN4 AGN4 CL LL LL LL LL LL LL LL LL LL LL LL LL LL LL LL LL 

LL LL LL LL LL LL LL LL LL LL LL LL LL LL LL LL LC3 GLB 300 

link O3 204  C1 300 

link ND2 42 C1 201 

The new residue types have been introduced into the library file cyana.lib: 

1) ASX residue is the same as ASN except the HD2 atom type has been changed to 

DUMMY. This serves to avoid the steric clashes with the attached glycan. 

2) The carbohydrate residues BAC3, AGN4, AG34 and GLB have been created based on 

the MD calculated structure (Rob. Woods, personal communication) of the glycan. 

The first atom of the sugar is always a C1. Thus, the ether oxygen of the glycosydic 

linkage belongs to the previous sugar residue. The AG34 residue is the same as AGN4 

except the HO3 atom type changed to DUMMY for the connection with the Glucose 

GLB. 

3) The new linker residues LC and LC3 are designed based on the linker LP for the 

connection of the linker to C1 or C3 atoms respectively. We could remove the 3’ 

hydroxyl group of glucose since no NOE’s have been identified for it. 

The link operator in the sequence file specifies that no van der Waals repulsion penalties must 

be applied to the corresponding atom pairs. Thus the bond between Asn42 ND2 and Bac C1, and 

GalNAc4 O3 and Glc4’ C1 have been introduced. The upper distance restraints for the correct 

configuration of introduced bonds are following: 

#Glucose config 

300 GLB  C1    204 AG34 C3      2.47  5.00E+2 

300 GLB  C1    204 AG34 O3      1.47  5.00E+1 

300 GLB  C2    204 AG34 O3      2.45  5.00E+1 
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300 GLB  O5    204 AG34 O3      2.42  5.00E+1 

300 GLB  H1    204 AG34 O3      2.11  5.00E+1 

 

#Carbohydrate-protein config 

 42 ASX  CG    201 BAC3 C1      2.42  1.00E+2 

 42 ASX  ND2   201 BAC3 C1      1.42  1.00E+2 

 42 ASX  HD21  201 BAC3 C1      1.99  1.00E+2 

 42 ASX  ND2   201 BAC3 H1      1.99  1.00E+2 

 42 ASX  ND2   201 BAC3 C2      2.40  1.00E+2 

 42 ASX  ND2   201 BAC3 O5      2.37  1.00E+2 

 42 ASX  OD1   201 BAC3 C1      2.80  1.00E+2  

 42 ASX  CB    201 BAC3 C1      3.74  1.00E+2 

To ensure the correct orientation the weights of these constraints have been increased. The 

algorithm of calculation of a dihedral angle formed by these artificially introduced bonds is 

described in appendix chapter on page 98. 

The exact entries describing the newly introduced sugars and linkers in the library file are as 

follows:   

RESIDUE   CL       1    6    3    5 

   1 LB       0    0    0.0000    2    3    4    5    0 

   1 O    PSEUD    0    0.0000    2.3859   -1.0250    0.1760    0    0    0    0    0 

   2 C    PSEUD    0    0.0000    2.8409   -1.2320    1.5630    0    0    0    0    0 

   3 C1   PSEUD    0    0.0000    1.3249    0.0000    0.0000    0    0    0    0    0 

   4 Q1   PSEUD    0    0.0000    1.7732    0.0000   -0.8939    0    0    0    0    0 

   5 Q2   PSEUD    0    0.0000    2.6671    0.0000   -0.4457    0    0    0    0    0 

   6 Q3   PSEUD    0    0.0000    3.1153    0.0000   -1.3396    0    0    0    0    0 

 

RESIDUE   LC       1    6    3    5 

   1 LB       0    0    0.0000    2    3    4    5    0 

   1 Q1   DUMMY    0    0.0000    0.0000    0.0000    0.0000    0    0    0    0    0 

   2 Q2   DUMMY    0    0.0000    0.7071    0.0000   -0.7071    0    0    0    0    0 

   3 Q3   DUMMY    0    0.0000    1.4142    0.0000    0.0000    0    0    0    0    0 

   4 C    DUMMY    0    0.0000    2.1213    0.0000   -0.7071    0    0    0    0    0 

   5 O    DUMMY    0    0.0000    1.2516    0.0000   -1.5768    0    0    0    0    0 

   6 C1   DUMMY    0    0.0000    3.4242    0.0000   -0.9486    0    0    0    0    0 

    

RESIDUE   LC3      1    6    3    5 

   1 LB       0    0    0.0000    2    3    4    5    0 

   1 Q1   DUMMY    0    0.0000    0.0000    0.0000    0.0000    0    0    0    0    0 

   2 Q2   DUMMY    0    0.0000    0.7071    0.0000   -0.7071    0    0    0    0    0 

   3 Q3   DUMMY    0    0.0000    1.4142    0.0000    0.0000    0    0    0    0    0 

   4 C    DUMMY    0    0.0000    2.1213    0.0000   -0.7071    0    0    0    0    0 

   5 O    DUMMY    0    0.0000    1.2516    0.0000   -1.5768    0    0    0    0    0 

   6 C3   DUMMY    0    0.0000    3.4242    0.0000   -0.9486    0    0    0    0    0 

 

RESIDUE   BAC3     9   38    3   37 

   1 PHI      0    0    0.0000    2    1    3    5    0 

   2 CHI21    0    0    0.0000    3    5    7    9   15 

   3 CHI22    0    0    0.0000    5    7    9   11   15 

   4 CHI23    0    0    0.0000    7    9   11   13   15 

   5 CHI41    0    0    0.0000   16   18   20   22   28 

   6 CHI42    0    0    0.0000   18   20   22   24   28 

   7 CHI43    0    0    0.0000   20   22   24   25   28 

   8 CHI5     0    0    0.0000   18   29   31   32   35 

   9 PSI      0    0    0.0000    5   16   37   38    0 

   1 O    O_EST    0    0.0000    7.0360  -14.5430   15.0370    3    2    0    0    0 

   2 C    C_ALI    0    0.0000    7.3400  -14.5970   15.9450    1    0    0    0    0 

   3 C1   C_ALI    0    0.0000    5.6120  -14.3530   15.0210    1    4    5   36    0 

   4 H1   H_ALI    0    0.0000    5.3650  -13.4970   15.6760    3    0    0    0    0 

   5 C2   C_ALI    0    0.0000    5.1470  -14.0710   13.5800    3    6    7   16    0 

   6 H2   H_ALI    0    0.0000    5.4020  -14.9290   12.9520    5    0    0    0    0 
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   7 N2   N_AMI    0    0.0000    5.8460  -12.8860   13.0600    5    8    9    0    0 

   8 HN2  H_AMI    0    0.0000    5.7260  -12.0490   13.6100    7    0    0    0    0 

   9 CN2  C_BYL    0    0.0000    6.5910  -12.8570   11.9040    7   10   11    0    0 

  10 ON2  O_BYL    0    0.0000    6.7550  -13.8210   11.1790    9    0    0    0    0 

  11 CM2  C_ALI    0    0.0000    7.2080  -11.4850   11.5360    9   12   13   14    0 

  12 H21  H_ALI    0    0.0000    6.8890  -11.2000   10.5260   11    0    0    0   15 

  13 H22  H_ALI    0    0.0000    6.8940  -10.7010   12.2340   11    0    0    0   15 

  14 H23  H_ALI    0    0.0000    8.3010  -11.5570   11.5570   11    0    0    0   15 

  15 Q2   PSEUD    0    0.0000    7.3613  -11.1527   11.4390    0    0    0    0    0 

  16 C    C_ALI    0    0.0000    3.6120  -13.8860   13.5620    5   17   18   37    0 

  17 H3   H_ALI    0    0.0000    3.3500  -13.0200   14.1780   16    0    0    0    0 

  18 C4   C_ALI    0    0.0000    2.9310  -15.1520   14.1160   16   19   20   29    0 

  19 H4   H_ALI    0    0.0000    3.1850  -15.9860   13.4560   18    0    0    0    0 

  20 N4   N_AMI    0    0.0000    1.4710  -14.9890   14.1330   18   21   22    0    0 

  21 HN4  H_AMI    0    0.0000    1.1370  -14.1410   14.5670   20    0    0    0    0 

  22 CN4  C_BYL    0    0.0000    0.5870  -15.9030   13.6170   20   23   24    0    0 

  23 ON4  O_BYL    0    0.0000    0.9230  -16.9310   13.0540   22    0    0    0    0 

  24 CM4  C_ALI    0    0.0000   -0.9020  -15.5610   13.8190   22   25   26   27    0 

  25 H41  H_ALI    0    0.0000   -1.5250  -16.4270   13.5650   24    0    0    0   28 

  26 H42  H_ALI    0    0.0000   -1.0890  -15.2910   14.8650   24    0    0    0   28 

  27 H43  H_ALI    0    0.0000   -1.1800  -14.7220   13.1730   24    0    0    0   28 

  28 Q4   PSEUD    0    0.0000   -1.2647  -15.4800   13.8677    0    0    0    0    0 

  29 C5   C_ALI    0    0.0000    3.4410  -15.4760   15.5350   18   30   31   36    0 

  30 H5   H_ALI    0    0.0000    3.1430  -14.6810   16.2240   29    0    0    0    0 

  31 C6   C_ALI    0    0.0000    2.9520  -16.8180   16.0770   29   32   33   34    0 

  32 H61  H_ALI    0    0.0000    1.8640  -16.8180   16.1750   31    0    0    0   35 

  33 H62  H_ALI    0    0.0000    3.2400  -17.6290   15.4040   31    0    0    0   35 

  34 H63  H_ALI    0    0.0000    3.3850  -17.0100   17.0610   31    0    0    0   35 

  35 Q6   PSEUD    0    0.0000    2.8297  -17.1523   16.2133    0    0    0    0    0 

  36 O5   O_EST    0    0.0000    4.9210  -15.5600   15.5170    3   29    0    0    0 

  37 O    O_EST    0    0.0000    3.1570  -13.6790   12.1750   16   38    0    0    0 

  38 C1   C_ALI    0    0.0000    2.0960  -12.6540   11.9990   37    0    0    0    0 

 

RESIDUE   AGN4     8   32    3   31 

   1 PHI      0    0    0.0000    2    1    3    5    0 

   2 CHI21    0    0    0.0000    3    5    7    9   15 

   3 CHI22    0    0    0.0000    5    7    9   11   15 

   4 CHI23    0    0    0.0000    7    9   11   13   15 

   5 CHI3     0    0    0.0000    5   16   18   19   19 

   6 CHI51    0    0    0.0000   20   22   24   28   29 

   7 CHI52    0    0    0.0000   22   24   28   29   29 

   8 PSI      0    0    0.0000   16   20   31   32    0 

   1 O    O_EST    0    0.0000    3.1570  -13.6790   12.1750    3    2    0    0    0 

   2 C    C_ALI    0    0.0000    3.6120  -13.8860   13.5620    1    0    0    0    0 

   3 C1   C_ALI    0    0.0000    2.0960  -12.6540   11.9990    1    4    5   30    0 

   4 H1   H_ALI    0    0.0000    1.2200  -12.9120   12.6200    3    0    0    0    0 

   5 C2   C_ALI    0    0.0000    1.6670  -12.6180   10.5240    3    6    7   16    0 

   6 H2   H_ALI    0    0.0000    0.9190  -11.8300   10.3940    5    0    0    0    0 

   7 N2   N_AMI    0    0.0000    1.0260  -13.8800   10.1300    5    8    9    0    0 

   8 HN2  H_AMI    0    0.0000    1.6340  -14.5770    9.7250    7    0    0    0    0 

   9 CN2  C_BYL    0    0.0000   -0.3220  -14.1110   10.2630    7   10   11    0    0 

  10 ON2  O_BYL    0    0.0000   -1.1000  -13.3130   10.7590    9    0    0    0    0 

  11 CM2  C_ALI    0    0.0000   -0.8220  -15.4600    9.7130    9   12   13   14    0 

  12 H21  H_ALI    0    0.0000   -0.8390  -15.4250    8.6180   11    0    0    0   15 

  13 H22  H_ALI    0    0.0000   -1.8380  -15.6590   10.0750   11    0    0    0   15 

  14 H23  H_ALI    0    0.0000   -0.1660  -16.2730   10.0430   11    0    0    0   15 

  15 Q2   PSEUD    0    0.0000   -0.9477  -15.7857    9.5787    0    0    0    0    0 

  16 C3   C_ALI    0    0.0000    2.9020  -12.2700    9.6710    5   17   18   20    0 

  17 H3   H_ALI    0    0.0000    3.6940  -13.0000    9.8570   16    0    0    0    0 

  18 O3   O_HYD    0    0.0000    2.5990  -12.3470    8.2740   16   19    0    0    0 

  19 HO3  H_OXY    0    0.0000    3.3800  -12.1260    7.7620   18    0    0    0    0 

  20 C    C_ALI    0    0.0000    3.4330  -10.8690   10.0530   16   21   22   31    0 

  21 H4   H_ALI    0    0.0000    4.3690  -10.6940    9.5150   20    0    0    0    0 

  22 C5   C_ALI    0    0.0000    3.7080  -10.7780   11.5640   20   23   24   30    0 

  23 H5   H_ALI    0    0.0000    4.5290  -11.4600   11.7120   22    0    0    0    0 

  24 C6   C_ALI    0    0.0000    4.1860   -9.4360   12.1360   22   25   26   28    0 

  25 H61  H_ALI    0    0.0000    4.8670   -8.9410   11.4390   24    0    0    0   27 

  26 H62  H_ALI    0    0.0000    4.7240   -9.6120   13.0700   24    0    0    0   27 

  27 Q6   PSEUD    0    0.0000    4.7955   -9.2765   12.2545    0    0    0    0    0 

  28 O6   O_HYD    0    0.0000    3.0740   -8.5780   12.4120   24   29    0    0    0 

  29 HO6  H_OXY    0    0.0000    2.6280   -8.3560   11.5920   28    0    0    0    0 
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  30 O5   O_EST    0    0.0000    2.5600  -11.2940   12.3610   3    22    0    0    0 

  31 O    O_EST    0    0.0000    2.4470   -9.8270    9.7290   20   32    0    0    0 

  32 C1   C_ALI    0    0.0000    2.9650   -8.7910    8.8200   31    0    0    0    0 

   

RESIDUE   AG34     8   32    3   31 

   1 PHI      0    0    0.0000    2    1    3    5    0 

   2 CHI21    0    0    0.0000    3    5    7    9   15 

   3 CHI22    0    0    0.0000    5    7    9   11   15 

   4 CHI23    0    0    0.0000    7    9   11   13   15 

   5 CHI3     0    0    0.0000    5   16   18   19   19 

   6 CHI51    0    0    0.0000   20   22   24   28   29 

   7 CHI52    0    0    0.0000   22   24   28   29   29 

   8 PSI      0    0    0.0000   16   20   31   32    0 

   1 O    O_EST    0    0.0000    3.1570  -13.6790   12.1750    3    2    0    0    0 

   2 C    C_ALI    0    0.0000    3.6120  -13.8860   13.5620    1    0    0    0    0 

   3 C1   C_ALI    0    0.0000    2.0960  -12.6540   11.9990    1    4    5   30    0 

   4 H1   H_ALI    0    0.0000    1.2200  -12.9120   12.6200    3    0    0    0    0 

   5 C2   C_ALI    0    0.0000    1.6670  -12.6180   10.5240    3    6    7   16    0 

   6 H2   H_ALI    0    0.0000    0.9190  -11.8300   10.3940    5    0    0    0    0 

   7 N2   N_AMI    0    0.0000    1.0260  -13.8800   10.1300    5    8    9    0    0 

   8 HN2  H_AMI    0    0.0000    1.6340  -14.5770    9.7250    7    0    0    0    0 

   9 CN2  C_BYL    0    0.0000   -0.3220  -14.1110   10.2630    7   10   11    0    0 

  10 ON2  O_BYL    0    0.0000   -1.1000  -13.3130   10.7590    9    0    0    0    0 

  11 CM2  C_ALI    0    0.0000   -0.8220  -15.4600    9.7130    9   12   13   14    0 

  12 H21  H_ALI    0    0.0000   -0.8390  -15.4250    8.6180   11    0    0    0   15 

  13 H22  H_ALI    0    0.0000   -1.8380  -15.6590   10.0750   11    0    0    0   15 

  14 H23  H_ALI    0    0.0000   -0.1660  -16.2730   10.0430   11    0    0    0   15 

  15 Q2   PSEUD    0    0.0000   -0.9477  -15.7857    9.5787    0    0    0    0    0 

  16 C3   C_ALI    0    0.0000    2.9020  -12.2700    9.6710    5   17   18   20    0 

  17 H3   H_ALI    0    0.0000    3.6940  -13.0000    9.8570   16    0    0    0    0 

  18 O3   O_HYD    0    0.0000    2.5990  -12.3470    8.2740   16   19    0    0    0 

  19 HO3  DUMMY    0    0.0000    3.3800  -12.1260    7.7620    0    0    0    0    0 

  20 C    C_ALI    0    0.0000    3.4330  -10.8690   10.0530   16   21   22   31    0 

  21 H4   H_ALI    0    0.0000    4.3690  -10.6940    9.5150   20    0    0    0    0 

  22 C5   C_ALI    0    0.0000    3.7080  -10.7780   11.5640   20   23   24   30    0 

  23 H5   H_ALI    0    0.0000    4.5290  -11.4600   11.7120   22    0    0    0    0 

  24 C6   C_ALI    0    0.0000    4.1860   -9.4360   12.1360   22   25   26   28    0 

  25 H61  H_ALI    0    0.0000    4.8670   -8.9410   11.4390   24    0    0    0   27 

  26 H62  H_ALI    0    0.0000    4.7240   -9.6120   13.0700   24    0    0    0   27 

  27 Q6   PSEUD    0    0.0000    4.7955   -9.2765   12.2545    0    0    0    0    0 

  28 O6   O_HYD    0    0.0000    3.0740   -8.5780   12.4120   24   29    0    0    0 

  29 HO6  H_OXY    0    0.0000    2.6280   -8.3560   11.5920   28    0    0    0    0 

  30 O5   O_EST    0    0.0000    2.5600  -11.2940   12.3610   3    22    0    0    0 

  31 O    O_EST    0    0.0000    2.4470   -9.8270    9.7290   20   32    0    0    0 

  32 C1   C_ALI    0    0.0000    2.9650   -8.7910    8.8200   31    0    0    0    0 

 

RESIDUE   GLB      5   23    3   23 

   1 PHI      0    0    0.0000    2    1    3   11    0 

   2 CHI2     0    0    0.0000    5    7    9   10   10 

   3 CHI4     0    0    0.0000    3   11   13   14   14 

   4 CHI51    0    0    0.0000   11   15   17   21   22 

   5 CHI52    0    0    0.0000   15   17   21   22   22 

   1 O    O_EST    0    0.0000    2.4630   -4.0580    3.6190    2    9    0    0    0 

   2 C    C_ALI    0    0.0000    1.6590   -4.9560    4.4730    1    0    0    0    0 

   3 C3   C_ALI    0    0.0000    5.6160   -1.8840    3.8550    1    4    7   11    0 

   4 H3   H_ALI    0    0.0000    6.4740   -2.5200    4.0950    3    0    0    0    0 

   5 C1   C_ALI    0    0.0000    3.6810   -3.5470    4.2700    6    7   23    0    0 

   6 H1   H_ALI    0    0.0000    4.2830   -4.4020    4.6300    5    0    0    0    0 

   7 C2   C_ALI    0    0.0000    4.4930   -2.7410    3.2350    3    5    8    9    0 

   8 H2   H_ALI    0    0.0000    3.8210   -2.1040    2.6610    7    0    0    0    0 

   9 O2   O_HYD    0    0.0000    5.0960   -3.6800    2.3280    7   10    0    0    0 

  10 HO2  H_OXY    0    0.0000    4.4110   -4.1120    1.8130    9    0    0    0    0 

  11 C4   C_ALI    0    0.0000    5.1650   -1.1380    5.1250    3   12   13   15    0 

  12 H4   H_ALI    0    0.0000    4.4740   -0.3300    4.8690   11    0    0    0    0 

  13 O4   O_EST    0    0.0000    6.3300   -0.5820    5.7600   11   14    0    0    0 

  14 HO4  H_OXY    0    0.0000    6.7140    0.0920    5.1930   13    0    0    0    0 

  15 C5   C_ALI    0    0.0000    4.4880   -2.0980    6.1190   11   16   17   23    0 

  16 H5   H_ALI    0    0.0000    5.1880   -2.8950    6.3880   15    0    0    0    0 

  17 C6   C_ALI    0    0.0000    3.9620   -1.4440    7.4040   15   18   19   21    0 

  18 H61  H_ALI    0    0.0000    4.7680   -0.9250    7.9270   17    0    0    0   20 

  19 H62  H_ALI    0    0.0000    3.1740   -0.7230    7.1770   17    0    0    0   20 
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  20 Q6   PSEUD    0    0.0000    3.9710   -0.8240    7.5520    0    0    0    0    0 

  21 O6   O_HYD    0    0.0000    3.4400   -2.4700    8.2610   17   22    0    0    0 

  22 HO6  H_OXY    0    0.0000    2.7460   -2.9490    7.8030   21    0    0    0    0 

  23 O5   O_EST    0    0.0000    3.3290   -2.6870    5.4180    5   15    0    0    0 

   

RESIDUE   ASX      5   19    3   18 

   1 OMEGA    0    0    0.0000    2    1    3    4    0 

   2 PHI      0    0    0.0000    1    3    5   17    0 

   3 CHI1     0    0    0.0000    3    5    7   11   16 

   4 CHI2     0    0    0.0000    5    7   11   12   16 

   5 PSI      0    0    0.0000    3    5   17   19    0 

   1 C    C_BYL    0    0.0000    0.0000    0.0000    0.0000    2    3    0    0    0 

   2 O    O_BYL    0    0.0000   -0.6697    0.0000   -1.0319    1    0    0    0    0 

   3 N    N_AMI    0    0.0000    1.3291    0.0000    0.0000    1    4    5    0    0 

   4 HN   H_AMI    0    0.0000    1.8075    0.0012    0.8553    3    0    0    0    0 

   5 CA   C_ALI    0    0.0000    2.0934   -0.0012   -1.2421    3    6    7   17    0 

   6 HA   H_ALI    0    0.0000    3.1247    0.2028   -0.9967    5    0    0    0    0 

   7 CB   C_ALI    0    0.0000    2.0044   -1.3706   -1.9187    5    8    9   11    0 

   8 HB2  H_ALI    0    0.0000    2.5478   -2.0934   -1.3275    7    0    0    0   10 

   9 HB3  H_ALI    0    0.0000    0.9686   -1.6684   -1.9812    7    0    0    0   10 

  10 QB   PSEUD    0    0.0000    1.7585   -1.8807   -1.6536    0    0    0    0    0 

  11 CG   C_BYL    0    0.0000    2.5875   -1.3628   -3.3186    7   12   13    0    0 

  12 OD1  O_BYL    0    0.0000    3.3707   -2.2405   -3.6817   11    0    0    0    0 

  13 ND2  N_AMI    0    0.0000    2.2072   -0.3683   -4.1122   11   14   15    0    0 

  14 HD21 H_AMI    0    0.0000    1.5805    0.2955   -3.7553   13    0    0    0   16 

  15 HD22 DUMMY    0    0.0000    2.5684   -0.3393   -5.0227   13    0    0    0   16 

  16 QD2  PSEUD    0    0.0000    2.0745   -0.0219   -4.3890    0    0    0    0    0 

  17 C    C_BYL    0    0.0000    1.5897    1.0814   -2.1918    5   18   19    0    0 

  18 O    O_BYL    0    0.0000    0.3881    1.2025   -2.4288   17    0    0    0    0 

  19 N    N_AMI    0    0.0000    2.5174    1.8651   -2.7325   17    0    0    0    0 
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Glycan constraints. 

Table 8. Glycan-glycan NOE derived interproton 

upper distance constraints. 

№ Res Atom № Res Atom 

Diss 

Constr 

#Bac1 

#Intraresidual 

201 BAC3 H1 201 BAC3 Q2 5.5 

201 BAC3 H1 201 BAC3 HN2 4.5 

201 BAC3 H2 201 BAC3 HN2 4.5 

201 BAC3 H3 201 BAC3 HN2 4.5 

201 BAC3 H3 201 BAC3 Q4 5.5 

201 BAC3 H5 201 BAC3 Q4 5.5 

201 BAC3 H5 201 BAC3 HN4 4 

201 BAC3 Q4 201 BAC3 Q6 3.5 

201 BAC3 Q6 201 BAC3 HN4 3.8 

201 BAC3 Q2 201 BAC3 HN2 3.5 

201 BAC3 Q4 201 BAC3 HN4 3 

#Interresidual 

201 BAC3 H2 202 AGN4 H1 4.5 

201 BAC3 H3 202 AGN4 H1 4 

201 BAC3 H4 202 AGN4 H1 4.5 

201 BAC3 H5 202 AGN4 H1 5 

201 BAC3 Q2 202 AGN4 H1 5 

201 BAC3 Q2 202 AGN4 H4 4 

201 BAC3 Q2 202 AGN4 H5 3.2 

201 BAC3 Q2 202 AGN4 H61 3.5 

201 BAC3 Q2 202 AGN4 H62 4 

201 BAC3 Q4 202 AGN4 H1 4 

201 BAC3 Q4 202 AGN4 H2 5.5 

201 BAC3 Q4 202 AGN4 HN2 5.5 

201 BAC3 Q6 202 AGN4 H1 5 

201 BAC3 HN4 202 AGN4 H1 3 

201 BAC3 HN4 202 AGN4 H3 4.8 

201 BAC3 HN2 202 AGN4 H5 5 

201 BAC3 Q2 203 AGN4 H1 5 

#GalNAc2 

#Intraresidual 

202 AGN4 H1 202 AGN4 HN2 4.5 

202 AGN4 H2 202 AGN4 Q2 5 

202 AGN4 H2 202 AGN4 HN2 3.5 

202 AGN4 H3 202 AGN4 HN2 3.5 

202 AGN4 H4 202 AGN4 H61 4 

202 AGN4 H4 202 AGN4 H62 3.5 

202 AGN4 H5 202 AGN4 H61 2.8 

202 AGN4 H5 202 AGN4 H62 2.8 

#Interresidual 

202 AGN4 H2 203 AGN4 H5 4 

202 AGN4 H3 203 AGN4 H5 5.5 

202 AGN4 H3 203 AGN4 HN2 5.5 

202 AGN4 H4 203 AGN4 H1 2.4 

202 AGN4 H4 203 AGN4 H2 4.6 

202 AGN4 H5 203 AGN4 H1 3.8 

202 AGN4 H5 203 AGN4 HN2 6 

202 AGN4 H61 203 AGN4 H1 3 

202 AGN4 H61 203 AGN4 Q2 4 

202 AGN4 H61 203 AGN4 HN2 4 

202 AGN4 H62 203 AGN4 H1 3 

202 AGN4 H62 203 AGN4 Q2 4 

202 AGN4 H62 203 AGN4 HN2 4 

#GalNAc3 

#Intraresidual 

203 AGN4 H1 203 AGN4 Q2 5.2 

203 AGN4 H1 203 AGN4 HN2 5 

203 AGN4 H2 203 AGN4 Q2 5 

203 AGN4 H2 203 AGN4 HN2 4 

203 AGN4 H3 203 AGN4 HN2 3.5 

203 AGN4 H4 203 AGN4 H61 3.5 

203 AGN4 H4 203 AGN4 H62 3.8 

203 AGN4 H5 203 AGN4 HN2 5.5 

203 AGN4 H5 203 AGN4 H61 2.8 

203 AGN4 H5 203 AGN4 H62 3.2 

#Interresidual 

203 AGN4 H2 204 AG34 H5 3.5 

203 AGN4 H3 204 AG34 H1 5 

203 AGN4 H4 204 AG34 H1 2.6 

203 AGN4 H5 204 AG34 H1 3.8 

203 AGN4 H61 204 AG34 H1 3 

203 AGN4 H61 204 AG34 Q2 3.8 

203 AGN4 H61 204 AG34 HN2 4 

203 AGN4 H62 204 AG34 H1 3 

203 AGN4 H62 204 AG34 Q2 3.8 

203 AGN4 H62 204 AG34 HN2 4 

#GalNac4 

#Intraresidual 

204 AG34 H1 204 AG34 Q2 5 

204 AG34 H1 204 AG34 HN2 3.5 

204 AG34 H2 204 AG34 HN2 2.8 

204 AG34 H3 204 AG34 HN2 3 

204 AG34 H4 204 AG34 H61 4 

204 AG34 H4 204 AG34 H62 3.8 

204 AG34 H4 204 AG34 HN2 5.5 

204 AG34 H4 204 AG34 H62 3.8 

204 AG34 H5 204 AG34 H61 3.2 

204 AG34 H5 204 AG34 H62 3.2 

#Interresidual 

204 AG34 H1 205 AGN4 HN2 5.5 

204 AG34 H4 205 AGN4 H1 2.6 

204 AG34 H5 205 AGN4 H1 4 

204 AG34 H61 205 AGN4 H1 3.5 

204 AG34 H61 205 AGN4 H2 5 

204 AG34 H61 205 AGN4 HN2 5 

204 AG34 H62 205 AGN4 H1 2.8 

204 AG34 H62 205 AGN4 H2 5 

204 AG34 H62 205 AGN4 Q2 5 

204 AG34 H62 205 AGN4 HN2 5 

204 AG34 H3 300 GLB H1 2.6 

204 AG34 H4 300 GLB H1 4 

#GalNAc5 

#Intraresidual 

205 AGN4 H1 205 AGN4 Q2 5.5 

205 AGN4 H1 205 AGN4 HN2 4 

205 AGN4 H2 205 AGN4 Q2 5 

205 AGN4 H2 205 AGN4 HN2 3.8 

205 AGN4 H3 205 AGN4 HN2 3 

205 AGN4 H4 205 AGN4 H61 4 

205 AGN4 H4 205 AGN4 H62 3.8 

205 AGN4 H4 205 AGN4 HN2 5.5 

205 AGN4 H5 205 AGN4 H61 3.5 

205 AGN4 H5 205 AGN4 H62 3.5 

#Interresidual 

205 AGN4 H2 206 AGN4 H3 5 

205 AGN4 H2 206 AGN4 H5 5 

205 AGN4 H4 206 AGN4 H1 2.6 

205 AGN4 H5 206 AGN4 H1 4 

205 AGN4 H61 206 AGN4 H1 4 

205 AGN4 H61 206 AGN4 Q2 5 

205 AGN4 H61 206 AGN4 HN2 5 

205 AGN4 H62 206 AGN4 H1 3.5 

205 AGN4 H62 206 AGN4 Q2 4 

205 AGN4 H62 206 AGN4 HN2 4 

205 AGN4 H5 300 GLB H2 3.5 

205 AGN4 H61 300 GLB H2 4 
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205 AGN4 H61 300 GLB H4 5 

205 AGN4 H62 300 GLB H4 5 

205 AGN4 H62 300 GLB H2 5 

#GalNAc6 

#Intraresidual 

206 AGN4 H1 206 AGN4 Q2 5.5 

206 AGN4 H1 206 AGN4 HN2 5.5 

206 AGN4 H2 206 AGN4 HN2 4.8 

206 AGN4 H3 206 AGN4 HN2 3.5 

#Glc5' 

#Intraresidual 

300 GLB H1 300 GLB H3 2.8 

300 GLB H1 300 GLB H5 2.8 

300 GLB H4 300 GLB H61 4 

300 GLB H4 300 GLB H62 3.8 

300 GLB H5 300 GLB H61 3.2 

300 GLB H5 300 GLB H62 3.5 

 

Table 9. Protein-glycan upper distance restraints. 

41 PHE  HB2   201 BAC3 Q2      4.5   

42 ASX  HA    201 BAC3 Q2      4.5   

42 ASX  HB2   201 BAC3 H1      5.5 

42 ASX  HB2   201 BAC3 Q2      5.3   

42 ASX  HB3   201 BAC3 H1      5.5 

42 ASX  HB3   201 BAC3 Q2      5.3   

42 ASX  HB2    42 ASX  HD21    4.6 

42 ASX  HB3    42 ASX  HD21    4.6  

42 ASX  HD21  201 BAC3 H1      3.0 

42 ASX  HD21  201 BAC3 H2      3.0  

 

45 LYS  QB    201 BAC3 Q6      5.0  

45 LYS  QD    201 BAC3 Q6      5.0  

45 LYS  QE    201 BAC3 Q6      4.0  

45 LYS  QE    201 BAC3 H5      6.0  

 

39 LYS  HA    201 BAC3 Q2      4.0  

39 LYS  QB    201 BAC3 Q2      4.0  

39 LYS  QG    201 BAC3 Q2      5.0  

39 LYS  QD    201 BAC3 Q2      4.0  

39 LYS  QE    201 BAC3 Q2      5.0  

 

44 SER  QB    201 BAC3 Q6      3.0  

44 SER  QB    201 BAC3 Q2      5.0  

44 SER  QB    201 BAC3 Q4      6.0  

44 SER  QB    201 BAC3 H5      3.5  

44 SER  QB    201 BAC3 H1      3.2  

44 SER  QB    202 AGN4 H1      6.0  
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The algorithm for manual calculation of dihedral angles from the cartesian coordinates. 

The dihedral angle of four atoms sequentially interconnected by three bonds is defined as the 

angle between two planes that are formed by the first three atoms and the last three atoms. Thus 

the dihedral angle can be calculated as an angle between the projections of the two outmost bonds 

onto the plane perpendicular to the central bond 

(Figure 42). As it is shown on the figure the 

desired angle θ has the simplest representation in 

the reference frame, where the AB bond 

coincides with the axis (X in this example). Here 

it can be calculated from equation 

 cos � 	 �� ∙ �� |���||���|⁄ , (*) 

where ∙ is a dot product of two vectors, ��� 

and ���  are the projections of BD and AC 

vectors onto the YZ plane. In order to transform the reference system two rotations are required: 

around the Z axis for angle α, followed by rotation by angle β around Y axis. 

The rotation around the Z axis by angle α can be represented as the matrix 

�−cos  sin  0sin  cos  00 0 1%. 

Similarly the rotation around the Y axis by angle β is represented by the matrix 

� cos & 0 sin &0 1 0−sin & 0 cos &%. 

The angles can be derived from the Cartesian coordinates. Applying sequentially two 

rotations to the coordinates of B, C and D atoms new coordinates for AC and BD vectors can be 

calculated. The projections pAC and pBD are derived from vectors AC and BD by assigning null 

to the X coordinate. The required angle can be calculated according to the (*). 

 

Figure 41. Angle θ is the dihedral angle between 

vectors AC and BD. It corresponds to the angle between 

projections pAC and pBD on the plane ZY of vectors BD 

and AC, respectively, when the vector AB is aligned along 

the X axis. 
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To calculate the ψ angle of Glucose glycosidic linkage the A must be assigned to O3 atom of 

GalNAc4, B to C3 of GalNac4, C to C1 of Glc and D to C2 of GalNAc4. For φ angle A is C1 of 

Glc, B is O3 of GalNAc4, C is O5 of Glc and D is C3 of GalNAc4. And for the linkage between 

C1 of Bac1 and ND2 of Asn42 A is ND2 of Asn42, B is C1 of Bac1, C is OG of Asn42 and D is 

O5 of Bac1. 
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