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A diverse array of proteins has evolved to detect and affect carbohydrate 

structures, thereby performing critical roles in important biological events. Carbohydrate 

recognition usually employs a high degree of precision, as discriminating between two 

carbohydrate structures can depend on a single hydrogen bond or the configuration of a 

hydroxyl group. My work has focused on the molecular recognition of carbohydrate 

antigens by two biologically important classes of carbohydrate-binding proteins: 

antibodies and lectins. Single crystal x-ray diffraction has been employed to study the 

IgG2a antibody LPT3-1 and the lectins Griffonia simplicifolia 1-A4 (GSI-A4) and 

Lathyrus odoratus lectin (LOdL). LPT3-1 targets the conserved inner core structure of 

lipooligosaccharide from Neisseria meningitidis, the leading cause of meningitis and 

septicaemia. Structural characterization of LPT3-1 with an inner core fragment 

demonstrates how this antibody achieves selective cross-reactivity to variants of the inner 

core and provides insight that could support the development of a broadly protective N. 

meningitidis vaccine. Legume lectin GSI-A4 displays specificity towards the terminal 

galactose and N-acetyl-D-galactosamine of carbohydrates, yet the closely related lectin 

GSI-B4 will only recognize a terminal galactose. The structures of GSI-A4 co-

crystallized with two different carbohydrates reveals the mechanism by which GSI-A4 

displays this cross-reactivity, which allows for specific recognition of two important 

tumour-associated carbohydrate antigens. LOdL is a member of the Mannose/Glucose 

legume lectin family that can recognize an array of clinically significant antigens 

including abnormal glycosylation patterns on gp120 of HIV. Characterization of LOdL in 

complex with glucose at high resolution provides a putative primary sequence and 
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molecular level insight into the molecular recognition displayed by this lectin. Structural 

data indicates LOdL is cross-reactive with the related glucose epimer mannose, and 

would display a similar if not identical affinity for glucose and mannose, enabling cross-

reactivity with oligosaccharides displaying a terminal mannose. The similarity in 

sequence and primary recognition between LOdL and Pisum sativum lectin (PSL) 

suggests that LOdL also shares oligosaccharide specificity with PSL and similarly could 

demonstrate anti-HIV activity. Overall, the structural characterization of these three 

carbohydrate-binding proteins reveals mechanisms by which antibodies and lectins can 

employ selective cross-reactivity to discriminate among clinically-relevant carbohydrate 

structures. 

  



v 

 

Table of Contents 
 

Supervisory Committee ...................................................................................................... ii 

Abstract .............................................................................................................................. iii 

Table of Contents ................................................................................................................ v 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

List of Abbreviations .......................................................................................................... x 

Acknowledgements ........................................................................................................... xii 

Dedication ........................................................................................................................ xiii 

Chapter 1: Introduction ....................................................................................................... 1 

1.1 Importance of glycans ............................................................................................... 1 

1.1.1 Glycosylation: A key building block of life ...................................................... 1 

1.1.2 Recognition of carbohydrates by antibodies and lectins.................................... 4 

1.2 N. meningitidis and host immune evasion ................................................................ 5 

1.2.1 Biology and pathogenesis .................................................................................. 5 

1.2.2 Immune evasion by N. meningitidis................................................................. 10 

1.2.3 Adaptive immunity and vaccination for N. meningitidis ................................. 11 

1.2.4 N. meningitidis LOS structure and vaccine potential....................................... 17 

1.2.5 Immune response to the inner core of N. meningitidis .................................... 20 

1.3 Legume lectin structure and function ..................................................................... 22 

1.3.1 In vivo and in vitro roles of lectins................................................................... 22 

1.3.2 Legume lectins ................................................................................................. 24 

1.3.3 Conserved mechanisms of monosaccharide specificity in legume lectins ...... 30 

1.4 Gal/GalNAc specific legume lectins ....................................................................... 32 

1.5 Man/Glc specific legume lectins ............................................................................. 36 

1.6 Research objectives ................................................................................................. 39 

Chapter 2: Selective cross-reactivity and functionality displayed by antibodies against the 

inner core of Neisseria meningitidis lipooligosaccharide ................................................. 40 

2.1 Abstract ................................................................................................................... 41 

2.2 Introduction ............................................................................................................. 42 

2.3 Materials and methods ............................................................................................ 46 

2.4 Results and discussion ............................................................................................ 49 

Chapter 3: Structural elucidation of differential specificity in the GSI lectins toward the 

Tn and Forssmann antigens .............................................................................................. 63 



vi 

 

3.1 Abstract ................................................................................................................... 64 

3.2 Introduction ............................................................................................................. 64 

3.3 Materials and methods ............................................................................................ 67 

3.4 Results and discussion ............................................................................................ 69 

Chapter 4: Structural characterization and examination of clustered mannose specificity 

in the previously uncharacterized legume lectin from Lathyrus odoratus: Sequence 

determination through the application of x-ray crystallography....................................... 82 

4.1 Abstract ................................................................................................................... 83 

4.2 Introduction ............................................................................................................. 83 

4.3 Materials and methods ............................................................................................ 87 

4.4 Results and discussion ............................................................................................ 90 

Chapter 5: Summary ....................................................................................................... 106 

5.1 Summary of research objectives ........................................................................... 106 

5.2 Selective cross-reactivity of the antibody LPT3-1 allows for recognition of a 

potential vaccine target ............................................................................................... 107 

5.3 Clinical relevance of the lectin GSI-A4 relies on the presence of a single amino 

acid and a conserved mechanism of GalNAc recognition .......................................... 112 

5.4 Sequencing and structural elucidation of the lectin from Lathyrus odoratus 

demonstrates a related sequence and oligosaccharide recognition to that found in 

Pisum sativum lectin ................................................................................................... 116 

5.5 Future directions ................................................................................................... 121 

References ....................................................................................................................... 123 

Appendix ......................................................................................................................... 136 

 

  



vii 

 

List of Tables 
 
Table 1: Relative specificities of N. meningitidis inner core specific monoclonal 

antibodies summarized from Gidney et al. 2004. ............................................................. 45 

Table 2: Data collection and refinement statistics for the structure of Fab LPT3-1 in 

complex with the inner core antigen of N. meningitidis. .................................................. 50 

Table 3: Specific interactions observed between mAb LPT3-1 and the inner core antigen 

of N. meningitidis. Hydrogen bond lengths are listed in Å units. ..................................... 55 

Table 4: Data collection and refinement statistics for GSI-A4 lectin in complex with Gal 

and GalNAc. ..................................................................................................................... 71 

Table 5: Hydrogen bonding between Gal and GSI-A4 for both molecules in the AU. .... 72 

Table 6: Hydrogen bonding between GalNAc and GSI-A4. ............................................ 73 

Table 7: Data collection and refinement statistics for LOdL in complex with Glc to 2.10 

and 1.67 Å resolution. ....................................................................................................... 91 

Table 8: Hydrogen bonding between each of four LodL chains in the AU and bound Glc.

........................................................................................................................................... 96 

Table 9: Hydrogen bonding between PSL and Man (PDB ID: 1BQP). ........................... 98 

Table 10: Hydrogen bonding between various Man/Glc legume lectins and oligomannose 

outside the primary recognition site, organized according to PDB ID. .......................... 101 

  



viii 

 

List of Figures 
 
Figure 1: Symbolic representation of mammalian carbohydrates in N-linked, O-linked 

and lipid glycosylation. ....................................................................................................... 2 

Figure 2: Simplified life cycle of N. meningitidis............................................................... 9 

Figure 3: Schematic diagram of the N. meningitidis cell surface. .................................... 13 

Figure 4: Color-coded conservation of the N. meningitidis porB. .................................... 16 

Figure 5: Symbolic representation of the lipooligosaccharide from N. meningitidis. ...... 18 

Figure 6: The β-jelly roll fold of legume lectins forms a structure composed of three 

different β-sheets. .............................................................................................................. 26 

Figure 7: Loops A, B, C, and D in legume lectins determine primary monosaccharide 

affinity and specificity. ..................................................................................................... 28 

Figure 8: Recognition of the methyl group of an acetamido present in GalNAc is 

conserved in the subset of Gal/GalNAc specific legume lectins capable of coordinating 

GalNAc. ............................................................................................................................ 33 

Figure 9: Overlay of loop C displays the three different length-based loop C groups. .... 37 

Figure 10. LOS of N. meningitidis showing the inner core GlcNAc residue unique to this 

species in red. .................................................................................................................... 43 

Figure 11. Stereo view of the 2Fo-Fc electron density map corresponding to the 

carbohydrate antigen bound to mAb LPT3-1. .................................................................. 51 

Figure 12. Binding of the inner core by LPT3-1 is dominated by hydrogen bonds between 

the heavy chain to HepII and the species-specific GlcNAc residue in stereo view. ......... 53 

Figure 13. The combining site of LPT3-1 will accommodate a modeled 3-OH PEtn 

substituted inner core antigen. .......................................................................................... 57 

Figure 14. Surface representation of Fab LPT3-1 in complex with the inner core antigen 

demonstrates heavy chain dominance. .............................................................................. 60 

Figure 15. 2Fo-Fc electron density maps for the Gal and GalNAc sugars from the 

respective co-structures with GSI-A4. .............................................................................. 70 

Figure 16. Sequence alignment of the A and B subunits from the GSI lectin from 

Griffonia simplicifolia shows the high degree of similarity. ............................................ 75 

Figure 17. Surface representations of the GSI lectins show clear evidence for the 

difference in specificity..................................................................................................... 76 

Figure 18: Surface diagram of GSI-A4 colored by sequence conservation. ..................... 78 

Figure 19: Surface representations of the GalNAc specific VVLB4 and GSI-A4 lectins. 80 

Figure 20: LOdL crystals used for data collection. ........................................................... 88 

Figure 21: Example of sequencing by electron density. ................................................... 93 

Figure 22: Stereoview of the 2Fo-Fc electron density map of the combining site of LodL 

in complex with Glc. ......................................................................................................... 94 



ix 

 

Figure 23: Sequence alignment of the β chain from LCL, LSL, PSL and putative LodL 

sequences. ......................................................................................................................... 95 

Figure 24: Hydrogen bonding pattern observed between LOdL and Glc compared to PSL 

and Man. ........................................................................................................................... 97 

Figure 25: Comparison of oligosaccharide recognition between Man/Glc legume lectins.

......................................................................................................................................... 104 

Figure 26: LPT3-1 binding of the unsubstituted inner core colored by B-factor highlights 

a critical trisaccharide in binding. ................................................................................... 110 

Figure 27: Tn antigen docked in the combining site of GSI-A4..................................... 115 

Figure 28: Available Man on the surface of gp120. ....................................................... 118 

  



x 

 

List of Abbreviations 

 

AU  Asymmetric Unit 

CDR  Complementarity Determining Region 

ConA  Concanavalin A 

CPS  Capsular Polysaccharide 

DTT  Dithiothreitol 

EDTA  Ethylenediaminetetraacetic Acid 

Fab  Fragment Antigen Binding 

Fuc  Fucose 

Gal  Galactose 

GalNAc N-acetyl-D-galactosamine 

Glc  Glucose 

GlcA  Glucuronic Acid 

GlcNAc N-acetyl-D-glucosamine 

H  Heavy Chain 

Hep  L-glycero-D-manno-heptopyranose 

HIV  Human Immunodeficiency Virus 

IdoA  Iduronic Acid 

Kdo  3-deoxy-α-D-manno-oct-2-ulosonic acid 

L  Light Chain 

LOdL  Lathryus odoratus Lectin 

LOS  Lipooligosaccharide 



xi 

 

mAb  Monoclonal Antibody 

MAC  Membrane Attack Complex 

Man  Mannose 

MPD  2-methyl-2,4-pentanediol 

PAL  Pterocarpus angolensis Lectin 

PBS  Phosphate Buffered Saline 

PEG  Polyethylene Glycol 

PEtn  Phosphoethanolamine 

PSL  Pisum sativum Lectin 

R.M.S.D. Root Mean Square Deviation 

R.M.S.  Root Mean Square 

Sia  Sialic Acid 

TACA  Tumour-Associated Carbohydrate Antigen 

VVLB4 Vicia villosa B4 

Xyl  Xylose  

 

  



xii 

 

Acknowledgements 

 

I would like to thank my supervisor Dr. Stephen Evans for his help and support 

throughout my PhD. I would also like to thank my committee members, Dr. Al Boraston, 

Dr. Chris Upton and Dr. Cornelia Bohne, for their time and help with my projects. 

 

Thank you to all of the Evans lab members, past and present. It has been an interesting 

and fun experience to work with all of you. 

 

I especially need to thank my amazing family, whose support has helped me throughout 

my PhD. 

 

Finally I need to thank my wife Michelle, who I couldn’t have done this without and who 

makes every day amazing. I should also mention our dog Zoey who kept me company 

while I wrote many pages of this. 

  



xiii 

 

Dedication 

 

I would like to dedicate my research to my family, especially my wife Michelle. I have an 

amazing set of parents who have taught me so much and allowed me to become who I am 

today. As well I am extremely lucky to have such a wonderful wife who has helped me 

throughout my PhD. 

 



 

 

Chapter 1: Introduction 

1.1 Importance of glycans 

1.1.1 Glycosylation: A key building block of life 

From the simplest of viruses to the most complex eukaryotes, carbohydrates decorate cell 

surfaces and exist free in the environment to participate in a diverse array of biologically 

significant tasks. In particular, glycosylation of macromolecules plays key roles in life 

that range from the survival of pathogenic bacteria (Roberts 1996) to the proper 

functioning of the immune system (Zheng, Bantog, and Bayer 2011). Glycosylation is 

ubiquitous in all organisms, and can be found in the modification of many lipids and over 

50% of all proteins (Van den Steen et al. 1998; Spiro 2002).  

 Carbohydrate structures are built on both lipids and proteins by the sequential 

addition of monosaccharides leading to the widespread glycolipid and glycoprotein 

structures (Ohtsubo and Marth 2006; Maccioni, Quiroga, and Spessott 2011). 

Specifically, glycosylation of lipids can result in glycolipids involved in cell adhesion, 

signaling, and host damage through the action of glycosylated bacterial toxins (Maccioni, 

Quiroga, and Spessott 2011), Figure 1 - right. Glycosylation of proteins occurs in either 

an N- or O-linked form (Figure 1), with N-linked glycosylation leading to the attachment 

of sugars on the amide of asparagine and representing the most abundant form of 

glycosylation (Hölemann and Seeberger 2004), Figure 1 - left. O-linked glycosylations 

are attached to the hydroxyl group of serine or threonine residues in a polypeptide (Figure 

1, center), or a more rarely observed tyrosine modification. These N- and O-linked 

glycosylations are involved in an array of roles from host immune evasion by pathogens 

such as human immunodeficiency virus (HIV), to cancer aggressiveness (Hölemann and 
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Seeberger 2004; Cazet et al. 2010). Proper regulation of the glycosylation on both lipids 

and proteins is key to the correct functioning of all known life forms (Hölemann and 

Seeberger 2004; Ohtsubo and Marth 2006; Cazet et al. 2010; Maccioni, Quiroga, and 

Spessott 2011). 

 

Figure 1: Symbolic representation of mammalian carbohydrates in N-linked, O-

linked and lipid glycosylation.  

The carbohydrate legend displays the symbols for monosaccharides that are discussed in 

this dissertation. Examples of N-linked glycosylation (left), O-linked glycosylation 

(center) and glycolipid (right) are displayed. 

 

 Glycosylations are able to play so many different roles in such divergent areas of 

biology in part because the structural diversity found in carbohydrates is greater than that 

of either DNA or proteins (Hölemann and Seeberger 2004; Werz and Ranzinger 2007). 

There are four building blocks (nucleotides) and 20 building blocks (amino acids) in 



3 

 

DNA and protein that determine diversity. An oligonucleotide or peptide of length six 

can form 46 = 4096 and 206 = 6.4 x 107 possible combinations, respectively (Werz and 

Ranzinger 2007), assuming no posttranslational modification of the protein. In the case of 

carbohydrates a single monosaccharide can form multiple glycosidic linkages with 

another sugar as well as harbor modifications such as methylation or phosphorylation 

(Hölemann and Seeberger 2004; Werz and Ranzinger 2007). In mammalian systems there 

are ten monosaccharide building blocks: the D-monosaccharides Glucose (Glc), 

Galactose (Gal), Mannose (Man), Sialic acid (Sia), N-acetyl-D-galactosamine (GalNAc), 

N-acetyl-D-glucosamine (GlcNAc), Xylose (Xyl) and Glucuronic acid (GlcA), as well as 

the L-monosaccharides fucose (Fuc) and iduronic acid (IdoA). These ten 

monosaccharides could form up to 1.9 x 1011 different hexasaccharides in mammals – 

more than 4 orders of magnitude above peptides. The average length of an 

oligosaccharide is eight sugar units, enabling carbohydrates to display massive diversity 

(Werz and Ranzinger 2007). 

Defining or targeting a specific carbohydrate structure can pose a daunting goal as 

both the diversity and ubiquity of carbohydrates raises numerous challenges. Thus, the 

struggle of generating specific carbohydrates and glycosylated products (Hölemann and 

Seeberger 2004) combined with the difficulty of defining the location and role of specific 

glycosylations (Rosenfeld et al. 2007; Stowell et al. 2014) has led to significant issues. 

However, successful targeting of a subset of carbohydrates has already led to 

advancements in healthcare through treating, detecting or researching numerous health 

conditions. For example, specific carbohydrate recognition has been harnessed for 

development of carbohydrate-based vaccines (Vliegenthart 2006) and for blood typing 
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(Naeem, Saleemuddin, and Khan 2007). Therefore, understanding the underlying 

processes of molecular recognition and of cross-reactivity of proteins toward clinically-

relevant carbohydrates becomes important. The proteins that recognize carbohydrates are 

extremely diverse, ranging from proteins that reversibly bind carbohydrates such as 

lectins (Srinivas et al. 2000; Damme et al. 2002; van Vliet 2005) to antibodies that 

recognize foreign carbohydrates and mount an immune response to them (Gidney et al. 

2004; Naeem, Saleemuddin, and Khan 2007). To advance the understanding of proteins 

that target carbohydrates as well as the utility of these proteins to combat human disease 

states, this dissertation is focused on two specific types of proteins: carbohydrate binding 

antibodies and legume lectins. 

 

1.1.2 Recognition of carbohydrates by antibodies and lectins 

Inducing an appropriate immune response to carbohydrates, specifically in the process of 

designing and delivering vaccines, is a vital area of glycobiology. A number of 

carbohydrate structures displayed on pathogenic bacteria have been exploited to generate 

vaccines against these organisms, including Neisseria meningitidis (Vipond, Care, and 

Feavers 2012), Haemophilus influenza (Vliegenthart 2006) and Streptococcus pneumonia 

(Vliegenthart 2006). Targeting carbohydrate structures, such as the capsular 

polysaccharide (CPS), have been successful for certain bacteria but CPS structures can 

mimic host structures or display hypervariable glycosylations, complicating their use as 

vaccine targets (Gidney et al. 2004; Hill et al. 2010). The quintessential example is N. 

meningitidis serogroup B wherein the CPS mimics host structures and developing a 

vaccine that provides complete coverage has remained elusive (Gidney et al. 2004; Cox 



5 

 

et al. 2010; St. Michael et al. 2014; Reinhardt et al. 2015). Immune surveillance of N. 

meningitidis bacteria as well as an analysis of the adaptive immune response will be 

discussed in Section 1.2. 

Lectins are proteins that reversibly bind to carbohydrates and have been the model 

for the study of protein recognition of carbohydrates. Out of the various families of 

lectins identified, legume lectins have been the primary model due to their highly 

conserved sequences yet diverse specificity (Loris et al. 1998; Manoj and Suguna 2001; 

Lam and Ng 2011). By detailed study of the legume lectins much has been learned about 

carbohydrate recognition. While these proteins are often readily purified from source, 

their insoluble expression in Escherichia coli has meant that mutational analysis has been 

challenging, and instead work has focused on characterizing a diverse array of legume 

lectins (Lam and Ng 2011). Characterization of these lectins also defines their clinical 

relevance, particularly the oligosaccharide specificity and cross-reactivity of these lectins 

dictates what carbohydrates they recognize and therefore what potential uses they have. 

A description of two legume lectin families, Galactose/N-acetyl-D-galactosamine 

(Gal/GalNAc) and Mannose/Glucose (Man/Glc), and an analysis of cross-reactivity and 

oligosaccharide specificity will be presented in Sections 1.3-1.5. 

 

1.2 N. meningitidis and host immune evasion 

1.2.1 Biology and pathogenesis 

The genus Neisseria contains 17 separate species, with N. meningitidis, N. gonorrhoeae 

and N. lactamica being the best described (Oliver et al. 2002; Virji 2009; Muzzi et al. 

2013). Most members of the genus Neisseria are commensal bacteria that colonize 
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humans, but there are two well-known pathogens: N. meningitidis and N. gonorrhoeae. 

N. meningitidis and N. lactamica are closely related and both reside in the respiratory 

tract of humans. Important virulence factors are missing from N. lactamica leading to its 

commensal lifestyle, but N. lactamica is still important as it can provide cross-protective 

immunity with N. meningitidis (Oliver et al. 2002; Virji 2009). N. gonorrhoeae targets a 

human mucosal niche similar to N. meningitidis, but inhabits the urogenital tract and 

lacks the biosynthetic genes for encapsulation, which may cause N. gonorrhoeae to be 

more susceptible to both the environment and the immune system; N. gonorrhoeae is the 

only fully pathogenic species of the Neisseria genus as it never exists in a commensal 

form. While both N. gonorrhoeae and N. meningitidis are important human pathogens, N. 

meningitidis in particular represents a large threat to human health as it is the leading 

cause of combined bacterial meningitis and septicemia (Schneider et al. 2007; Virji 2009; 

Hill et al. 2010). 

N. meningitidis is a Gram-negative bacteria that exists mainly in a diploid 

commensal form colonizing the human nasopharynx (Schneider et al. 2007; Virji 2009; 

Hill et al. 2010; Pizza and Rappuoli 2014). Carriage rates vary from 10% to 100% (Hill 

et al. 2010; Pizza and Rappuoli 2014) based on the density of the population, with high 

carriage evident in military and university populations. Rates of pathogenesis vary from 

1-1,000 per 100,000 people depending on the region, which is heavily dependent on the 

vaccination status of the population (Plested et al. 2001; Gidney et al. 2004; Hill et al. 

2010). N. meningitidis derived septicemia and meningitis causes a large health care 

burden as both conditions can result in high mortality rates and lasting physical injury. 

Pathogenesis of N. meningitis is extremely dangerous as it can be accomplished with 
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extremely low levels of bacteremia and can exhibit life-threatening challenge within 24 

hours of observable symptoms (Plested et al. 2001; Virji 2009; Hill et al. 2010).  Patients 

that display invasive meningococcal disease have mortality rates of up to 10% with an 

estimated 500,000 cases worldwide leading to 50,000 deaths; up to 19% of survivors 

display physical and/or mental sequelae (Plested et al. 2001; Hill et al. 2010; Carter 

2013; Melican et al. 2013). Standard treatment of meningococcal bacterial infection 

involves the use of β-lactam antibiotics that have retained effectiveness due to the rarity 

of antibiotic resistance in N. meningitidis. Although due to the rapid disease progression 

and associated conditions infection remains dangerous, highlighting the need for an 

effective vaccination strategy (Virji 2009; Hill et al. 2010).  

It is especially challenging to develop a vaccine against N. meningitidis due to the 

presence of 13 serogroups that are divided based on the identity of surface structures. Of 

the N. meningitdis serogroups, A, B, C, Y and W-135 cause the majority of disease with 

each serogroup separated based on the identity of their CPS (Varki 1993; Hill et al. 2010; 

Micoli et al. 2013). Serogroup A CPS is the only pathogenic serogroup that does not 

contain sialic acid, and instead is a homopolymer of N-acetyl-D-mannosamine-1-

phosphate. Serogroups B, C, Y, and W-135 are formed of polymers of sialic acid, with B 

and C containing homopolymers, and Y and W-135 incorporating D-Gal (Varki 1993; 

Hill et al. 2010). The various serogroups can also be classified by geographic region, 

with A being found primarily in Africa and Asia, B and C being found across the globe, 

Y primarily in North America, and W-135 in Africa. An emerging serogroup, X, has also 

been found in disease isolates mainly in Africa (Varki 1993; Hill et al. 2010; Reyes et al. 

2014). 
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 The CPS of N. meningitidis plays a vital role in survival of this bacteria during its 

life cycle. Encapsulation is vital during transfer via respiratory droplets, mucosal 

excretions or residency in the blood stream as it can provide protection from the 

environment and the immune system, with encapsulated N. meningitidis being able to 

survive for days ex vivo (Varki 1993; Hill et al. 2010). Consistent with its major niche, N. 

meningitidis is transferred by respiratory droplets (Virji 2009; Hill et al. 2010; Pizza and 

Rappuoli 2014), Figure 2. Following entry into the nasopharynx, N. meningitidis anchors 

to the epithelial tissue primarily through the action of the pilus protein (Varki 1993; Hill 

et al. 2010). N. meningitidis resident in the nasopharynx can exist with or without CPS 

and encapsulation can reduce the bacteria’s ability to adhere to the epithelium as 

encapsulation sterically hinders the interactions between bacterial adhesins and the 

epithelium, which are responsible for the intimate interaction required for colonization. 

The adhesion proteins allow for internalization of the bacteria and, in the commensal 

form, a reversible crossing of the epithelium (Schneider et al. 2007; Virji 2009; Hill et al. 

2010; Pizza and Rappuoli 2014), Figure 2.  
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Figure 2: Simplified life cycle of N. meningitidis.  

N. meningitidis bacteria are transmitted through respiratory droplets (1.) and enter the 

nasopharynx. Nasopharynx colonization is primarily commensal and requires four steps 

(2.): initial anchoring of the bacteria accomplished through the pilus, decapsulation 

allowing adhesins (red triangle) on the cell surface of N. meningitidis to interact with the 

epithelium, the adhesins mediating internalization by the host receptors, and crossing of 

the epithelium. N. meningitidis enters the blood stream and becomes pathogenic (3.), and 

after crossing the epithelium undergoes re-encapsulation and evades the immune system 

(4.). The final stage involves crossing of the blood brain barrier (5.) through adherence to 

the vasculature, inflammatory damage to the cells and finally transcytosis (Hill et al. 

2010). 
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Certain stages of N. meningitidis infection are well described, but the switch from 

a commensal to pathogenic form is not well understood (Varki 1993; Hill et al. 2010), 

Figure 2. Certain attributes can be linked to the pathogenic form of N. meningitidis such 

as the expression of a repertoire of adhesins found primarily in the infective form, 

although the signal controlling expression remains unknown (Varki 1993; Hill et al. 

2010; Bartley et al. 2013). However, is has been established that meningococcal disease 

begins with the pathogenic switch of N. meningitidis as it enters into the bloodstream and 

re-encapsulates. N. meningitidis has developed a number of ways to survive in the 

bloodstream by evading the human immune system and so cause dangerous infections. 

Immune evasion is accomplished through three different methods: encapsulation of 

bacteria with CPS, sialylation of the lipooligosaccharide (LOS), and interaction with 

complement effectors (Schneider et al. 2007; Schneider et al. 2009; Virji 2009; Hill et al. 

2010). All three of these methods reduce the ability of the host to affect the bacteria and 

this leads to the disease state of meningitis or sepsis, but the ability to evade or modulate 

the complement system is especially pertinent.  

 

1.2.2 Immune evasion by N. meningitidis  

The innate immune system, in particular the complement system, is vital to the clearance 

of many gram-negative bacteria and N. meningitidis in particular (Sprong et al. 2004; 

Schneider et al. 2007; Mogensen 2009; Hill et al. 2010). As such, a number of gram-

negative bacteria are able to co-opt regulatory molecules of the complement system to 

evade its devastating effects, including N. meningitidis, Neisseria gonorrhoeae, 

Escherichia coli and Heliobacter pylori (Schneider et al. 2007; Lambris, Ricklin, and 
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Geisbrecht 2008). N. meningitidis has developed a system of proteins and carbohydrates 

to evade host immune surveillance with multiple levels of defense: CPS and LOS provide 

defense against lysis, while LOS, pilus protein and other cell surface proteins recruit 

regulators of the complement system (Schneider et al. 2007; Virji 2009). The exact 

mechanism by which the CPS and LOS provide protection in vivo to the bacteria is 

unknown, but un-encapsulated N. meningitidis is highly susceptible to the complement 

system and it has been theorized that the CPS prevents proper formation of the membrane 

attack complex (MAC) (Nassif 1999; Hill et al. 2010; Bartley et al. 2013). Similarly, 

bacteria with truncated LOS, independent of the encapsulation, will be highly susceptible 

to the complement system (Schneider et al. 2007; Lo, Tang, and Exley 2009). 

Furthermore, individuals with defects in the complement system have greater 

susceptibility to meningococcal disease, with persons lacking elements of the MAC 

displaying up to 10,000 fold greater susceptibility to meningococcal infection (Sprong et 

al. 2004; Schneider et al. 2007). While it is clear that N. meningitidis has evolved a 

number of systems to evade complement and other innate immune pressures, it also 

possesses mechanisms to defeat adaptive immunity. 

 

1.2.3 Adaptive immunity and vaccination for N. meningitidis  

Alongside innate immunity, adaptive immunity plays a vital role in protection from N. 

meningitidis infection. The commensal nature of N. meningitidis and N. lactamica has 

been shown to provide protection against subsequent meningococcal disease, and 

immune memory generated by N. lactamica has been implicated in preventing N. 

meningitidis from disseminating in the blood stream (Oliver et al. 2002; Virji 2009; 
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Evans et al. 2011). Adaptive immunity, specifically through the generation of acquired 

immunity, allows a lasting defense against N. meningitidis and can be used to generate 

vaccines against this dangerous pathogen.  

The cell surface of pathogenic N. meningitidis is decorated with a variety of 

potential vaccine targets that have varying susceptibility to immune surveillance (Figure 

3). The three main targets for vaccination have been LOS, CPS and surface proteins 

involved in pathogenesis (Urwin et al. 1998; Carter 2013; O’Ryan et al. 2014; Pizza and 

Rappuoli 2014), Figure 3. Each of the three has been targeted for certain advantages 

imparted, with CPS based vaccines being developed to target serogroups A, C, Y, W-135 

and X.  
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Figure 3: Schematic diagram of the N. meningitidis cell surface.  

The cell surface of N. meningitidis is decorated with CPS (green), LOS (grey) and surface 

proteins such as adhesins, in this example Neisserial heparin binding antigen (NHBA, 

PDB ID: 2LFU). Surface structures are not shown to scale in height, for example the 

LOS displayed lacks an outer core. For clarity, the surface is shown less tightly packed 

than anticipated in the biological system. The conserved region of NHBA is colored in 

yellow, while the region displaying a high degree of antigenic variation is shown in 

orange. The surface of the lipid bilayer (light grey) is constructed from a previously 

generated lipid bilayer PDB file (Heller, Schaefer, and Klaus 1993). 

 

 Currently there are a number of CPS based vaccines approved for the prevention 

of N. meningitidis infection. CPS alone often cannot provide an immune response that 
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recruits T-cells that are required for lasting protection, instead CPS based vaccines will 

often require a carrier protein, such as tetanus toxin, to produce an appropriate immune 

response (Vliegenthart 2006; Lo, Tang, and Exley 2009; Hill et al. 2010). Monovalent 

(Men C-C) and tetravalent (Men-C-ACYW-135) CPS conjugate vaccines have been 

available in North America for a number of years. Alongside the CPS conjugate vaccines 

for the A, C, Y and W-135 serogroups, early success has been seen in vaccine trials for 

the newly emergent serogroup X targeting the CPS (Carter 2013; Micoli et al. 2013; Pan 

et al. 2014). Despite being the target with the highest success, critical drawbacks exist for 

CPS based vaccines. 

 The inability of CPS based vaccines to target serogroup B, and the danger of 

capsule switching in N. meningitidis are recurring issues in CPS based vaccination. An 

appropriate immune response, even with a suitable conjugate protein, cannot be raised 

against the CPS of serogroup B. The serogroup B capsule is composed of α-(2→8)-sialic 

acid, which mimics part of the structure of the neural cell-adhesion molecule present in 

humans and thus resembles a self-antigen (Jennings, Lugowski, and Ashton 1984; Jäkel 

et al. 2008; Hill et al. 2010). A further complication is the ability of N. meningitidis to 

transfer CPS biosynthetic genes and switch the capsule expressed. Examples have been 

demonstrated where the normally prevalent serogroup switches to a more uncommon 

serogroup, for example a recent case was investigated in China where a conversion from 

the prevalent serogroup A to the uncommon serogroup X occurred (Oliver et al. 2002; 

Virji 2009; Hill et al. 2010; Pan et al. 2014). With a population of 13 distinct serogroups 

that can undergo capsule switching and certain CPS that cannot be targeted by the 
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immune system, research has also focused on surface proteins and LOS as potentially 

more tractable vaccine targets. 

Attempts to target surface proteins of N. meningitidis have met some success. A 

key issue with the development of protein based N. meningitidis vaccines is the surface 

exposed portion of proteins vital for survival or invasion undergo a high degree of 

antigenic variation (Alcala 2004; Carter 2013; Pizza and Rappuoli 2014), Figure 4. A 

large amount of variation in the surface exposed polypeptide loops occurs through 

multiple genetic systems for phase variation (Urwin et al. 1998; O’Ryan et al. 2014). A 

number of methods to overcome phase variation of potential vaccine targets have been 

undertaken, with a few methodologies providing promising results. 
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Figure 4: Color-coded conservation of the N. meningitidis porB.  

The transmembrane portion of porB is highly conserved (magenta) while the exposed 

extracellular loops display a high level of antigenic variation (teal). Figure generated 

through the CONSURF server (Ashkenazy et al. 2010; Celniker et al. 2013) with PDB ID 

3WI4. 

 

 To overcome phase variation attempts have been made to focus on a limited 

number of region-specific outer membrane proteins from virulent N. meningitidis and this 

strategy has provided some region-specific effectiveness (Alcala 2004; Hill et al. 2010). 

However, the recently approved and most successful protein-based vaccine, Bexsero®, 

used an alternative strategy with a multi-component vaccine targeting four different outer 
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membrane protein antigens from N. meningitidis serogroup B (Carter 2013; O’Ryan et al. 

2014). Specifically, Bexsero® targets NHBA, fHbp, NadA and outer membrane vesicles 

containing immunodominant porA. This multi-component vaccine has been shown to 

provide protection against a portion of serogroup B isolates. Current licensing of 

Bexsero® encompasses Canada, Chile, Europe and Australia and is postulated to provide 

66-91% coverage against serogroup B (Carter 2013; O’Ryan et al. 2014; Pizza and 

Rappuoli 2014). Lack of both complete coverage of serogroup B and a single protective 

vaccine against all serogroups, combined with the ever present danger of capsule 

switching has led to investigating the use of LOS as a vaccine target. 

 

1.2.4 N. meningitidis LOS structure and vaccine potential 

N. meningitidis expresses LOS containing lipid A, inner core and outer core regions. N. 

meningitidis is a non-enteric bacteria and as such does not express the repeating O-

antigen and so the carbohydrate structure otherwise referred to as lipopolysaccharide 

(LPS) is instead labeled LOS (Plested et al. 2003; Gidney et al. 2004; Parker et al. 2014). 

LOS is anchored to the membrane through the lipid A moiety, which in N. meningitidis 

contains a disaccharide of glucosamine residues. The inner core begins with a 3-deoxy-α-

D-manno-oct-2-ulosonic acid (Kdo) disaccharide termed KdoI and KdoII. KdoI is linked 

to L-glycero-D-manno-heptopyranose (Hep) I which branches into the α and β chains 

(Figure 5). The β chain is linked to HepII which can display a small number of 

substitutions depending on the expression and activity of specific enzymes (Gidney et al. 

2004; Connor et al. 2006; Wenzel et al. 2010). HepII can be monosubstituted with 

phosphoethanolamine (PEtn) at the 3-OH or 6-OH position, or with Glc at the 3-OH 
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position. HepII can be disubstituted with either PEtn at both positions or with Glc at 3-

OH and PEtn at 6-OH (Figure 5). Extension of the α-chain continues with a Glc moiety 

and further extension into the outer core (Gidney et al. 2004; Connor et al. 2006; Wenzel 

et al. 2010). The different areas of LOS have important biological roles and make vaccine 

targets of differing quality. 

 

 

Figure 5: Symbolic representation of the lipooligosaccharide from N. meningitidis. 

LOS of N. meningitidis can be separated into lipid A, the inner core and outer core, as 

well as the α and β chains. The lipid A portion of LOS is conserved, but is occluded from 

immune surveillance. The inner core displays a high degree of conservation, with the 

exception of substitutions primarily on HepII. The outer core symbolized here is only one 

example of a variety of outer score structures as this portion is highly variable. 
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 The lipid A and outer core portion of LOS have important biological roles but are 

not the most viable vaccine targets. Lipid A is a key agent in bacterial mediated 

inflammation, and in particular is usually the causative agent of septic shock (Su et al. 

2006; Martirosyan et al. 2013). While this region has been targeted in development of 

anti-septic shock treatment it does not provide a suitable vaccine candidate for N. 

meningitidis as it is normally not exposed to immune surveillance while attached to the 

cell surface (Mullan et al. 1974). The outer core could provide a suitable immune 

response, but it cannot be practically targeted due to the large degree of heterogeneity and 

sometimes host mimicry (Hill et al. 2010). Focusing on the species specific, highly 

conserved inner core has been proposed as a viable alternative to targeting lipid A or the 

outer core (Gidney et al. 2004; Cox et al. 2011; St. Michael et al. 2014; Reinhardt et al. 

2015) 

The inner core of a variety of bacteria, including N. meningitidis, has been shown 

to provide a robust immune response. Protective immune responses have been observed 

against the inner core from several bacteria, including Escherichia coli (Di Padova et al. 

1993), Haemophilus influenza (Borrelli et al. 2000), Moraxella catarrhalis (Cox et al. 

2011) and the Chlamydiaceae family (Nguyen et al. 2003). Either through vaccination 

with killed bacteria (Di Padova et al. 1993) or with a protein carrier (Borrelli et al. 2000), 

a T-cell dependent response can be induced by targeting the inner core of LPS/LOS. 

Collectively, high conservation and the ability to raise a protective immune response 

have generated substantial interest in targeting of the inner core of N. meningitidis for 

vaccine development. 
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 The inner core of N. meningitidis LOS is highly conserved, with the exception of 

substitutions on Hep I and II. All inner core variants found in N. meningitidis display a 

hexasaccharide composed of two Kdo, two Hep, one species specific GlcNAc and one 

Glc (Gidney et al. 2004; Connor et al. 2006; Wenzel et al. 2010; Reinhardt et al. 2015), 

Figure 5. While this core structure is conserved the only differences are the variable 

substitutions on the Hep residues. The potential diversity of the inner core is simplified 

by the fact that approximately 70% of all pathogenic N. meningitidis display just one 

inner core variant, 3-OH PEtn substitution on HepII (Connor et al. 2006; St Michael et al. 

2011). Due to the high level of conservation and a GlcNAc structure specific to N. 

meningitidis the inner core makes an ideal vaccine target. 

 

1.2.5 Immune response to the inner core of N. meningitidis  

LOS epitopes, and particularly the inner core, have been shown to elicit protective 

immune responses against N. meningitidis. Analysis of both human and murine sera post-

infection have shown the presence of antibodies directed towards LOS with bactericidal 

capabilities, with a bias towards raising polyclonal antibodies (Andersen et al. 2002). 

However, it remains a challenge to develop vaccines that will raise antibodies with 

sufficient affinity and cross-reactivity towards the inner core variants (Andersen et al. 

2002; Gidney et al. 2004; Jäkel et al. 2008). The identity of an inner core variant that will 

provide both the appropriate cross-reactive and protective immune response has remained 

elusive, as vaccination can target other immunodominant regions such as Kdo or portions 

of the outer core (Gidney et al. 2004; Jäkel et al. 2008; Reinhardt et al. 2015). Therefore, 
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elucidation of the molecular recognition of the inner core will provide further information 

on immune recognition of this important epitope. 

Numerous antibodies which recognize meningococcal LOS have been identified, 

although many are polyclonal or target non-conserved portions of LOS (Andersen et al. 

2002; Gidney et al. 2004; Jäkel et al. 2008). Monoclonal antibodies have more recently 

been generated from vaccination of mice with encapsulated formalin-killed N. 

meningitidis that display no outer core on LOS structures. Monoclonal antibodies raised 

against distinct inner core antigens have recognized a variety of epitopes in the inner core 

and differ in their ability to accommodate various Glc and PEtn based substitutions as 

well as acylation of lipid A (Gidney et al. 2004). In particular, Gidney et al. reported a 

panel of six monoclonal antibodies (L3B5, L4A4, L4-7, L5-10, L2-16 and LPT3-1) 

displaying varying degrees of functionality and cross-reactivity towards the inner core of 

N. meningitidis. Of particular interest are mAbs LPT3-1 and L3B5, which provide critical 

differences in functionality and cross-reactivity (Gidney et al. 2004). L3B5 is the only 

antibody out of the six to provide protection against the inner core, while LPT3-1 

provides partial protection (Gidney et al. 2004). In the original description of these 

antibodies the difference in protection was linked to three reasons: stability of the MAC, 

affinity of the antibody for antigen, or access to the inner core epitope (Andersen et al. 

2002; Gidney et al. 2004). Chapter 2 will focus on structural characterization of the 

antibody LPT3-1 in complex with the unsubstituted inner core in order to determine the 

molecular recognition of the inner core of LOS from N. meningitidis. 



22 

 

1.3 Legume lectin structure and function 

1.3.1 In vivo and in vitro roles of lectins 

Lectins encompass a large family of proteins present in a variety of organisms that 

reversibly bind mono/oligosaccharides. Lectins were first characterized in the late 1800s 

and were often associated with their ability to differentially agglutinate red blood cells 

(Loris et al. 1998; Srinivas, Reddy, et al. 2001). Aside from the original characterization 

of agglutination activity, lectins have been implicated in both in vivo and in vitro roles 

(De Hoff, Brill, and Hirsch 2009; Lam and Ng 2011) ranging from host defense 

(Dempsey, Vaidya, and Cheng 2003; De Hoff, Brill, and Hirsch 2009) to signaling (De 

Hoff, Brill, and Hirsch 2009). 

Lectins have been implicated in host defense in many organisms, a good example 

of which is the putative role of lectins as insecticides in plants. Mechanisms have been 

proposed for this insecticidal activity, some of which involve lectins binding to the gut of 

the insects (Stoger et al. 1999; Fitches et al. 2008; Lam and Ng 2011). Binding of lectins 

to gut structures causes delayed development, weight loss and increased mortality in 

certain insect species known to be crop pests. Further, lectins with insecticidal properties 

have been engineered into staple crops such as rice and wheat to reduce chemical 

insecticide application (Stoger et al. 1999; Fitches et al. 2008; Lam and Ng 2011). While 

the role of lectins as plant insecticides has been demonstrated, it is just one of many 

potential uses for this versatile family of proteins. 

The range of clinically-relevant carbohydrates bound by lectins provides 

important in vitro roles for these proteins. For example, the ability of lectins to bind 

tumour-associated carbohydrate antigens (TACA) has led to investigation into the use of 
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lectins as a probe for cancer and for targeted drug delivery (Haltner, Easson, and Lehr 

1997; Bies, Lehr, and Woodley 2004; Lam and Ng 2011). The ability of some lectins to 

bind specifically to certain tissues is well described, as well as the capacity of these 

lectins to undergo endocytosis and enter cells (Haltner, Easson, and Lehr 1997; Bies, 

Lehr, and Woodley 2004; Lam and Ng 2011; Poiroux et al. 2011). Of great interest is the 

ability of certain lectins to bind to abnormal glycosylation patterns in cancerous tissue. 

For bioadhesion and drug delivery, Tn antigen specific lectins such as Morniga G have 

been used to deliver drugs directly to tumour cells (Poiroux et al. 2011). While the lectins 

used for drug delivery often are of non-human origin, a number of pertinent lectins are 

found in the diet of humans and display low toxicity as well as the ability to withstand 

ingestion (Bies, Lehr, and Woodley 2004; Gavrovic-Jankulovic 2011). The use of lectins 

in the treatment and detection of cancer has been demonstrated, but they also have other 

healthcare related applications. 

The ability of lectins to inhibit viral infection has been revealed for a number of 

dangerous pathogenic viruses. A well described example of the anti-viral activity of 

lectins is the inhibition of HIV activity or infection (Swanson et al. 2010; Lam and Ng 

2011; Takahashi et al. 2011). Lectins ranging from the mannose specific Pisum sativum 

lectin (PSL) to the sialic acid and GalNAc specific wheat germ agglutinin have been 

shown to inhibit HIV infection through various mechanisms (Lam and Ng 2011). 

Specifically, binding to the heavily glycosylated surface of HIV enables these lectins to 

block infection by inhibiting the production of the viral p24 antigen (Molchanova et al. 

2007) or preventing viral entry (Swanson et al. 2010). One of the main proposed uses of 

the anti-HIV lectins is as a topical microbicide for prevention of HIV infection 
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(Molchanova et al. 2007; Swanson et al. 2010; Lam and Ng 2011; Takahashi et al. 2011). 

Lectin based microbicides are especially attractive due to their production in abundant 

and readily available natural sources such as bananas and their often straightforward 

purification process. The use of lectins as a microbicide demonstrates exciting healthcare 

potential at a preliminary stage, but there are better described and more well-established 

in vitro uses for lectins. 

A key in vitro use of lectins is in the development of lectin microarrays to monitor 

and describe glycosylation patterns. Monitoring glycosylation profiles can be a 

challenging and time consuming project as it requires using techniques such as 

chromatography, mass spectrometry and proton nuclear magnetic resonance and includes 

tasks such as removal of the carbohydrate structures in question (Rosenfeld et al. 2007; 

Fry et al. 2011). Instead, an array containing lectins of varying specificity can measure 

both the distribution and types of carbohydrate structures present (Rosenfeld et al. 2007; 

Nakajima et al. 2014). Lectin microarrays are useful for a variety of fields, but they can 

be especially powerful in measuring changes in glycosylation during neoplastic 

transformation (Fry et al. 2011; Nakajima et al. 2014). Overall, it is clear that a multitude 

of uses has been described for different families of lectins, with the best described being 

the legume lectins. 

 

1.3.2 Legume lectins 

Many prominent lectin families exist, but legume lectins are often used as a model for 

lectins and carbohydrate-binding proteins as a whole. Legume lectins are often ideal to 

work with as they can be highly stable and often readily purified from source in both high 
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quantities and in a relatively simple purification process. Specifically, legume lectins are 

primarily purified from the seeds of plants from the Fabaceae family, with some related 

lectins occurring in the Lamiaceae family (Loris et al. 1998; Srinivas, Reddy, et al. 2001; 

Wang et al. 2003). The primary reason behind the use of legume lectins as a model is that 

they have a high level of primary sequence conservation (up to 99%) and structural 

conservation while exhibiting a broad range of specificities (Loris et al. 1998; Manoj and 

Suguna 2001), which allows for examination of the effects that subtle sequence changes 

have on the carbohydrate specificities of these proteins.  

Legume lectins are differentiated from other lectin families based on both their 

heritage (Fabaceae family) and the high degree of structural conservation evident in their 

three-dimensional fold. The conserved legume lectin fold, termed the β-jelly roll, is 

characterized by a seven-stranded curved ‘front’ sheet and a six-stranded ‘back’ sheet 

with a small five-stranded ‘top’ or ‘S-‘ sheet (Sharma and Surolia 1997; Loris et al. 1998; 

Manoj and Suguna 2001), Figure 6. The combining site is formed by the loops extending 

from the core scaffold and connecting the β sheets (Figure 6, grey). Invariant in legume 

lectins is the requirement for two metal ions to be bound: manganese and calcium (Loris 

et al. 1998). Aside from the overall level of sequence conservation, a number of highly 

conserved residues and two metal ions are important in carbohydrate recognition (Sharma 

and Surolia 1997; Loris et al. 1998; Manoj and Suguna 2001). 

Two conserved metal ions stabilize binding to the primary monosaccharide. 

Legume lectins use a transition metal and a calcium ion during carbohydrate recognition 

to lock key residues in position to accommodate a carbohydrate (Bouckaert et al. 1996; 

Bouckaert et al. 2000; Lescar et al. 2002). Removal of the metal ions from legume lectins 
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causes a conformational change, leading to a large portion of the lectin assuming a 

conformation that cannot bind the carbohydrate and a subset able to retain carbohydrate 

binding (Bouckaert et al. 1996; Bouckaert et al. 2000). Although more recently a legume 

lectin structure lacking metal ions has shown a loss of affinity rather than a complete loss 

of carbohydrate binding in the majority of the legume lectin lacking metal (Lescar et al. 

2002). Key to the binding of carbohydrates in legume lectins is the presence of two 

metals, which stabilize key amino acids in the binding site. 

 

Figure 6: The β-jelly roll fold of legume lectins forms a structure composed of three 

different β-sheets.  

The three sheets of the peanut lectin (PDB ID: 2PEL) form the core of the β-jelly roll 

structure. The seven-stranded curved ‘front’ sheet is colored in red, the six-stranded 

‘back’ sheet in blue, with the small five-stranded ‘top’ or ‘S-‘ sheet in green. 
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Legume lectins rely on a small number of conserved residues to provide the 

majority of the binding energy. Previous work has suggested that the critical triad of Asp, 

Gly (with minor variation) and Asn along with a hydrophobic interaction and a backbone 

amide interaction are part of a critical triad vital to binding (Young, Watson, and 

Williams 1985; Sharma and Surolia 1997). While the main contribution of binding 

energy comes from conserved residues, specificity is imparted by residues located in 

regions that display hyper-variability (Sharma and Surolia 1997; Benevides et al. 2012). 

These important residues are better described when the combining site is viewed as four 

distinct loops (A, B, C and D) that together provide both the binding energy and 

carbohydrate binding specificity. Loops A (Figure 7, red) and B (Figure 7, green) contain 

the Asp and Gly residues and loop C (Figure 7, blue) contains the Asn residue of the 

conserved triad, meanwhile the hydrophobic residue is also resident in loop C. Loop D 

(Figure 7, orange) also contributes specific contacts, although these normally occur 

between backbone nitrogen/oxygen and the sugar (Shaanan, Lis, and Sharon 1991; 

Young and Oomen 1992; Sharma and Surolia 1997). In certain structures the identity of a 

fifth loop, the 0 or E loop, has been highlighted to participate in binding (Imberty et al. 

2000; Buts et al. 2006; Benevides et al. 2012). Loop D has been implicated in having a 

major role in determining specificity. 
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Figure 7: Loops A, B, C, and D in legume lectins determine primary 

monosaccharide affinity and specificity.  

The Concanavalin A lectin (PDB ID: 1CVN) loop A is colored in red, loop B in green, 

loop C in blue and loop D in orange. These loops contain the critical amino acids that are 

associated with the majority of the binding energy and that determine specificity.  

 

The identity, and specifically length, of loop D plays a large role in determining 

the monosaccharide specificity of legume lectins. Sharma and Surolia (1997) analyzed 

the available lectins at the time and found that Man/Glc lectins have a large gap of seven 

residues as compared to the longest D loop found in the GalNAc specific winged bean 

lectin. Compared to the longest loop D, GalNAc specific lectins contain gaps equal to or 

less than five residues and Gal specific lectins have a gap of six residues. Due to the fact 

that loop D contributes primarily backbone interactions to monosaccharide binding, 

minor variability in length is accommodated within each lectin family (Sharma and 

Surolia 1997). Also, the length of loop C somewhat influences specificity as the length of 
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this loop allows for either a more open or constricted combining site, which aids in fine 

specificity between carbohydrates with size differences such as the acetamido addition on 

GalNAc as compared to Gal (Shaanan, Lis, and Sharon 1991; Young and Oomen 1992; 

Sharma and Surolia 1997). Despite some sequence variability of the legume lectins, the 

four-loop structure as well as other conserved motifs allow for specific recognition of 

related monosaccharides. 

In addition to primary recognition of a monosaccharide, many legume lectins 

display secondary carbohydrate recognition sites that allow for specific recognition of 

larger oligosaccharides. While often grouped according to monosaccharide specificity, 

especially in the legume lectin family, recognition outside of the primary monosaccharide 

recognition plays a large role in lectin specificity (Loris et al. 2004; Naeem, 

Saleemuddin, and Khan 2007). Classic examples of secondary recognition can be seen in 

Vicia villosa B4 (VVLB4) (Babino et al. 2003) and Concanavalin A (ConA) (Naismith 

and Field 1996), which specifically recognize a glycopeptide and tri-mannose, 

respectively. VVLB4 displays a higher affinity for the O-linked glycopeptide Tn antigen 

than the primary GalNAc monosaccharide, with the higher affinity imparted through a 

tyrosine residue that forms a hydrogen bond with the serine, or potentially threonine, 

displaying the GalNAc moiety (Osinaga et al. 2000; Babino et al. 2003). VVLB4-

glycopeptide recognition can be compared against the oligosaccharide specificity/affinity 

displayed by the ConA lectin. ConA displays a higher affinity for clustered mannose in a 

larger oligosaccharide structure than for a single mannose residue, which is largely 

enabled by the formation of multiple hydrogen bonds between a five residue region of 

ConA and the two mannose residues apart from the primary monosaccharide (Naismith 
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and Field 1996). While alternate binding sites play a vital role in lectin specificity, 

differentiating related monosaccharides is the initial step in binding. 

 

1.3.3 Conserved mechanisms of monosaccharide specificity in legume lectins 

Examination of legume lectins of related specificity reveals conserved mechanisms of 

monosaccharide specificity. Alongside the length of combining site loop D, certain 

conserved attributes can be highlighted that give rise to the fine specificity of legume 

lectins (Young and Oomen 1992; Sharma and Surolia 1997). Fine specificity is of 

particular interest as many carbohydrates are closely related, for example Glc and Gal are 

C4 epimers. Therefore, lectins must develop very specific binding patterns that allow for 

differentiation among sugars that are chemically identical and differ only in their 

stereochemistry.  

General trends in providing specificity through conserved mechanisms in the 

combining site can be highlighted by comparing the Gal/GalNAc and Man/Glc families 

of legume lectins. For example, loop D in Gal/GalNAc lectins is often longer than other 

monosaccharide specific families such as the Man/Glc family that shows a high degree of 

conservation for a seven residue gap (Sharma and Surolia 1997; Srinivas, Bachhawat-

Sikder, et al. 2001; Kaneda et al. 2002). Interestingly, the difference in the size of this 

loop dictates the topology of the combining site with the shorter loop of Man/Glc family 

lectins providing a more shallow binding pocket than that found in the Gal/GalNAc 

family (Sharma and Surolia 1997; Srinivas, Bachhawat-Sikder, et al. 2001; Kaneda et al. 

2002). Based on the impact of loop D length on combining site architecture, it has 

previously been hypothesized that specificity is partially determined by the length of loop 
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D but independent of specific contacts between loop D and the monosaccharide. 

Specifically, it has been proposed that loop D helps select amongst various bulkier 

substitutions on the sugar, such as phosphorylation or methylation (Sharma and Surolia 

1997; Kaneda et al. 2002). While loop D length plays a role in specificity other 

conserved structures are vital to monosaccharide recognition. 

Loop C has a strong influence on both the affinity and specificity of lectins 

towards modified or related sugars of the monosaccharide specificity family. The 

Man/Glc legume lectins display differing affinities for Man/Glc derivatives based on the 

size of loop C. The ability of these lectins to recognize methylated sugars as well as their 

ability to differentiate between the related Man/Glc sugars depend on both the identity 

and length of this loop (Sharma and Surolia 1997). In the case of the Gal/GalNAc 

specificity family, the identity of loop C influences the affinity for Gal and GalNAc. 

Length and size of loop C determines the ability to recognize the larger acetamido of the 

GalNAc moiety, specifically smaller amino acids and a smaller loop C accommodate 

GalNAc and vice versa (Sharma and Surolia 1997; Sharma et al. 1998).  

The length and amino acid composition of loops C and D provide conserved 

mechanisms for monosaccharide recognition but are not the sole determinants of 

specificity. Fine specificity and affinity can rely on a number of different mechanisms, 

including changes as small as a single amino acid. Also, while oligosaccharide specificity 

may involve the residues in the A, B, C and D loops there is yet to be a well described 

mechanism for oligosaccharide recognition. Further analyses of the Gal/GalNAc and 

Man/Glc legume lectin families are likely to promote understanding of the molecular 

mechanisms of specificity for both monosaccharides and oligosaccharides. 
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1.4 Gal/GalNAc specific legume lectins 

The Gal/GalNAc family of legume lectins display differing levels of reactivity towards 

these two closely related monosaccharides. While Gal/GalNAc are only differentiated by 

the presence of an acetamido group, certain legume lectins have an exquisite specificity 

for only one of two sugars (Sharma et al. 1998; Lescar et al. 2002; Tempel, Tschampel, 

and Woods 2002). Lectins from this specificity family can be cross-reactive with both 

Gal and GalNAc, specific for Gal or can display a higher affinity towards one of the two 

monosaccharides. Understanding of the molecular basis for discrimination between these 

two sugars is vital as this influences both their in vivo roles and clinical relevance 

(Sharma et al. 1998). 

Recognition of and higher affinity for the C2 acetamido has been proposed to rely 

on the identity of loop C. Previous research has shown that the C2 of Gal, or a substituted 

Gal such as GalNAc, would be oriented towards loop C (Sharma and Surolia 1997; 

Sharma et al. 1998). Analyses of other Gal/GalNAc lectins have shown the importance of 

both the size of loop C as well as a hydrophobic patch, to which loop C contributes, for 

recognition of the GalNAc moiety (Sharma et al. 1998; Kulkarni et al. 2006), Figure 8. 

The hydrophobic patch interacts with the methyl of the acetamido group, stabilizing the 

interaction with this group and thereby increasing affinity for GalNAc over Gal (Figure 

8). This mechanism of stabilization of the acetamido through a hydrophobic patch is well 

conserved and can aid in cross-reactive recognition of GalNAc in this legume lectin 

specificity family (Sharma and Surolia 1997; Sharma et al. 1998; Kulkarni et al. 2006). 
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Figure 8: Recognition of the methyl group of an acetamido present in GalNAc is 

conserved in the subset of Gal/GalNAc specific legume lectins capable of 

coordinating GalNAc. 

Left: Semi-transparent surface representation of VVLB4 lectin (green) bound to GalNAc 

(light grey sticks), PDB ID: 1N47. Specificity for GalNAc is imparted by both a shorter 

C loop (blue cartoon backbone) that generates a larger binding pocket, and a hydrophobic 

patch formed by three residues (grey surface and underlying grey residues shown as 

sticks). Right: Semi-transparent surface representation of the binding of the winged bean 

lectin (orange) to GalNAc (PDB ID: 2DTY). Similar to VVLB4, the acetamido is 

accommodated by a shorter C loop (cartoon backbone) and the presence of a hydrophobic 

patch displayed as in (left).  

 

Recognition of a single monosaccharide may not provide specificity towards 

clinically-relevant epitopes, instead many lectins will either be specific for, or bind with 

higher affinity to, a clinically-relevant oligosaccharide structure (Swamy et al. 1991; 
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Puri, Gopalakrishnan, and Surolia 1992; Sharma and Surolia 1997). This requirement for 

structures outside of the primary recognition for Gal/GalNAc legume lectins is 

epitomized by the VVLB4 specific recognition of a serine moiety, as discussed 

previously (Babino et al. 2003). The ability to specifically bind to a monosaccharide as 

well as bring in other parts of the carbohydrate/glycopeptide structure are of vital 

importance. 

A number of clinically significant Gal or GalNAc carbohydrate structures are 

closely related. Two closely related Gal based structures are the xenograft and the T 

antigen. The xenograft antigen is an Galα(1-3)Gal structure that is responsible for 

immuno-rejection of non-primate tissue in humans (Tempel, Tschampel, and Woods 

2002). Meanwhile, the T antigen is a Galp(1-3)GalNAc structure expressed in a variety 

of cancers but not normally expressed in healthy tissue (Swamy et al. 1991). For each of 

these Gal-based structures certain lectins display a higher affinity for the clinically-

relevant structure than closely related structures (Piller, Piller, and Cartron 1990). For 

example, peanut agglutinin will bind primarily to the Gal of the T antigen but provides a 

secondary recognition site for the GalNAc portion of the antigen, providing a higher 

affinity for the GalNAc containing disaccharide (Sharma et al. 1998). Similar situations 

can be found in lectins with a higher affinity for GalNAc over Gal. 

Through secondary recognition sites, GalNAc specific legume lectins are able to 

discriminate among related clinically-relevant GalNAc based antigens. Two examples of 

GalNAc based carbohydrates are the Tn and the Forssman antigens. The Tn antigen is an 

α-GalNAc O-linked to a serine or threonine moiety, and is a TACA similar to the T 

antigen (Freire et al. 2006). The Forssman antigen is an GalNAcα(1-3)GalNAc 
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disaccharide displayed on lipids, also falling into the TACA class of carbohydrates 

(Sharma et al. 1998). A key example of differentiation between the related GalNAc based 

antigens can be found in VVLB4, with its specific recognition of the serine of the protein 

portion of the Tn antigen providing higher affinity binding (Babino et al. 2003). While 

lectins, and specifically legume lectins, can have a higher affinity towards either Gal or 

GalNAc the ability to cross-react or recognize both Gal and GalNAc can also aid in the 

clinical relevance of a lectin as it expands the number of potential antigens bound.  

Cross-reactivity versus specificity in the Gal/GalNAc lectins can be epitomized 

by the closely related GSI lectins from Griffonia simplicifolia. The G. simplicifolia shrub 

produces multiple lectins, including the GSI, GSII and GSIV lectins (Delbaere et al. 

1993; Zhu et al. 1996; Lescar et al. 2002; Tempel, Tschampel, and Woods 2002) that 

differ in their specificity and affinity towards terminal Gal, GlcNAc or GalNAc residues. 

GSII is GlcNAc specific, while GSIV is GalNAc specific and has been previously 

structurally characterized (Delbaere et al. 1993; Zhu et al. 1996). GSI is a tetrameric 

lectin that contains five different isolectins (A4, B4, A1B3, A2B2, A3B1) based on the 

identity of the four subunits. The A subunit binds to both Gal and GalNAc but displays a 

higher affinity towards GalNAc, while the B subunit is specific only for Gal. 

Interestingly, the two monomers share 90% sequence identity yet show different fine 

specificities and affinities (Lescar et al. 2002; Tempel, Tschampel, and Woods 2002). 

The two closely related GSI lectins provide an interesting study in fine specificity. 

The cross-reactivity of GSI-A4 for Gal and GalNAc expands the use, and 

therefore clinical relevance, of this lectin. GSI-B4 is highly specific for only Gal and the 

acetamido of GalNAc prevents interaction with the B subunit. Previous structural 
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characterization of the GSI-B4 lectin has demonstrated the role of a single amino acid, 

Glu106, in providing the steric hindrance and preventing GalNAc from binding (Lescar 

et al. 2002; Tempel, Tschampel, and Woods 2002). Sequencing of GSI-A4 has shown 

that residue 106 is instead an alanine, likely removing the steric hindrance and allowing 

for binding of the larger acetamido. The ability to specifically bind GalNAc has allowed 

the use of GSI-A4 as both a probe of the xenograft antigen and the clinically important 

Tn antigen (Lescar et al. 2002; Tempel, Tschampel, and Woods 2002). The cross-

reactivity displayed by the A subunit is important because it allows its use as a probe for 

cancer related GalNAc antigens in addition to Gal antigens. Therefore, cross-reactivity 

provides a clear clinical relevance in GSI-A4 and a comprehensive understanding of the 

mechanism of cross-reactivity, and how it differs from the closely related GSI-B4 lectin, 

will be examined through structural characterization of the GSI-A4 lectin in Chapter 3. 

 

1.5 Man/Glc specific legume lectins 

The Man/Glc legume lectins are a well described specificity group of the legume lectin 

family with ConA being the first legume lectin that was structurally characterized 

(Sharma and Surolia 1997; Loris et al. 1998). Structurally, the Man/Glc legume lectins 

display a shallow surface groove/pocket as compared to the Gal/GalNAc specific lectins. 

Attempts to further subdivide the Man/Glc have been accomplished based on the 

properties of loop C (Sharma and Surolia 1997). The subgrouping differs with respect to 

length between the three groups, which has been linked to the specificity and/or the 

affinity of these lectins to various Man/Glc derivatives, specifically around C2 and C3 

(Figure 9). As Man and Glc are epimers at C2, loop C also provides specificity between 
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these related carbohydrates (Sharma and Surolia 1997). While the Man/Glc family of 

lectins displays differential specificity towards Man, Glc and their substituted sugars the 

oligosaccharide specificity is of great interest. 

 

 

Figure 9: Overlay of loop C displays the three different length-based loop C groups.  

An overlay of loop C of lectins from Pisum sativum (PDB ID: 1RIN, teal), Dioclea 

grandiflora (PDB ID: 2JE9, green) and Dolichos lablab (PDB ID: 3UJQ, magenta) 

highlights a difference in lengths. The lectins from P. sativum, D. grandiflora and D. 

lablab are members of the three, two and one gap groupings of the Man/Glc lectins, 

respectively. The length of this loop influences the structure of loop C and aids in 

providing specificity towards C2 and C3 on Man/Glc. 

 

Monosaccharide specificity is only part of the story for the Man/Glc lectins. Often 

lectins have a lower affinity for the individual monosaccharide and either rely on an 

avidity effect or additional contacts to a larger oligosaccharide structure to bind with 

significant affinity (Sharma and Surolia 1997; Babino et al. 2003; Garcia-Pino et al. 

2007). The existence of secondary recognition sites of carbohydrates allows for specific 

recognition of larger carbohydrate structures. A key example of this is found in the lectin 
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from Pterocarpus angolensis lectin (PAL) and its recognition of larger mannose 

structures. PAL is able to form specific contacts with up to five mannose, allowing for 

higher affinity binding to higher order mannose structures (Garcia-Pino et al. 2007). The 

ability of Man/Glc lectins to specifically recognize complex carbohydrates has provided a 

number of important uses. 

Clustered mannose structures are found on clinically-relevant targets, such as on 

gp120 of HIV. With structures ranging from biantennary oligosaccharides to Man9 on 

gp120, clustered mannoses represent an important group of clinically-relevant antigens 

(Swanson et al. 2010; Lam and Ng 2011). The ability, and the mechanism used, to 

recognize clustered mannose influences the clinical relevance of many Man/Glc lectins. 

A number of experiments have shown that by binding to these mannose structures the 

lectins can influence biological activity of the target (Swanson et al. 2010; Lam and Ng 

2011). This is best demonstrated by mannose specific lectins binding, and subsequent 

influence on, HIV as discussed in Section 1.3.1. 

The binding of lectins to HIV can have a number of effects, of which inhibition of 

viral entry into the cells is important. Numerous lectins that inhibit HIV infection have 

been identified, ranging from lectins with only monosaccharide specificity towards 

mannose, to others which recognize clustered mannose with higher affinity (Swanson et 

al. 2010; Lam and Ng 2011; Takahashi et al. 2011). As these lectins differ in their 

activity with respect to inhibition of infection, understanding the mechanism by which 

these lectins recognize clustered mannose is of great importance. Investigation of the 

mechanism of mannose oligosaccharide recognition will be aided by characterization of a 

previously uncharacterized Man/Glc lectin, Lathryus odoratus lectin (LOdL), and 
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comparison of clustered mannose recognition among its related lectins, which will be 

presented in Chapter 4. 

 

1.6 Research objectives 

Carbohydrates play a vital role in a variety of biological systems and the targeting of 

these carbohydrate structures can lead to treatment or analysis of many conditions and 

diseases present in humans. While a number of proteins have demonstrated the ability to 

bind to clinically-relevant carbohydrate structures, differentiation between highly related 

structures can complicate their therapeutic or diagnostic implementation. Understanding 

the molecular basis of how proteins can specifically, or through selective cross-reactivity, 

recognize clinically-relevant carbohydrate structures can have a broad array of 

implications. Centering on two classes of proteins, antibodies that recognize 

carbohydrates and legume lectins, this dissertation will focus on the underlying 

mechanisms of molecular recognition of clinically-relevant carbohydrates by addressing 

three primary research objectives: 

(1) Analyze the selective cross-reactivity displayed by the anti-

lipooligosaccharide antibody LPT3-1 through structural elucidation of LPT3-1 in 

complex with the LOS inner core from N. meningitidis. 

(2) Structurally analyze lectin GSI-A4 recognition of GalNAc to determine the 

mechanism of selectivity present in the related GSI lectins. 

(3) Sequence and structurally characterize the Man/Glc legume lectin from 

Lathyrus odoratus in order to comparatively analyze the mechanism of 

oligosaccharide specificity. 
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Chapter 2: Selective cross-reactivity and functionality displayed 

by antibodies against the inner core of Neisseria meningitidis 

lipooligosaccharide 

 

Adapted from:  

Parker MJ, Gomery K, Richard G, Mackenzie CR, Cox AD, Richards JC, Evans SV. 

2014. Structural basis for selective cross-reactivity in a bactericidal antibody against 

inner core lipooligosaccharide from Neisseria meningitidis. Glycobiology 24:442–449. 

 

 

 

Contributions: 

ADC provided the intact antibody in ascites and the antigen used; MJP performed all 

purification steps and generation of the Fab cleavage product. Crystal screening, data 

collection and data analysis was done by MJP. GR carried out cDNA sequencing of 

hybridomas. MJP was the primary author of the paper, with KG, SVE and GR 

contributing.  The remaining authors provided minor revisions. 
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2.1 Abstract 

Neisseria meningitidis continues to cause disease in both developed and developing 

countries and remains especially dangerous to unvaccinated children. Targeting of the 

capsular polysaccharide for vaccines is ineffective for N. meningitidis serogroup B as the 

capsular polysaccharide mimics structures found in the host. The conserved inner core of 

lipooligosaccharide (LOS) has been a target of vaccine development for N. meningitidis, 

with a focus on serogroup B strains. A panel of six antibodies that differ in both 

functionality and recognition of the inner core variants of N. meningitidis has provided 

insight into the immune response to the inner core. The crystal structure of one of these 

antibodies, the partially protective antibody LPT3-1, has been solved to 2.69 Å resolution 

in complex with an eight-sugar inner core fragment from N. meningitidis corresponding 

to one of the three inner core variants recognized by LPT3-1. The epitope is centered 

about a trisaccharide containing an N-acetyl-D-glucosamine specific to N. meningitidis, 

but does not include the lipid A moiety. Mutations from the antibody germline allow 

antibody LPT3-1 to cross-react with the inner core variant expressed in 70% of all 

strains, but the mechanism underlying the ability of LPT3-1 to cross-react with three 

different variants remains unresolved. The structure of the antigen binding fragment 

(Fab) of LPT3-1 in complex with LOS provides insight into the antibody’s selective 

ability to recognize multiple clinically-relevant variations of LOS inner core from N. 

meningitidis. 
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2.2 Introduction 

Neisseria meningitidis is a leading cause of the combination of bacterial meningitis and 

septicaemia in the developed world, where it is especially dangerous in individuals who 

lack the necessary protective antibodies (Gidney et al. 2004). Vaccine development 

against N. meningitidis dates to the 1970’s and includes studies on both bacterial capsular 

polysaccharide (CPS) and outer membrane proteins, and research on the 

lipooligosaccharide (LOS) began in the 1980’s (Jennings et al. 1984; Vipond et al. 2012). 

Vaccines have been developed against serogroups A, C, Y, and W-135 of N. 

meningitidis, and Bexsero®, a vaccine targeting serogroup B, has recently been approved 

in some countries (Carter 2013; O’Ryan et al. 2014).  

Bacterial CPS is composed of repeating oligosaccharide units and surrounds the 

cell to aid in immune evasion. Protective immune responses have been elicited by 

vaccination with CPS from bacteria such as Haemophilus influenzae and certain strains of 

N. meningitidis (Borrelli et al. 2000; Andersen et al. 2002); however, the CPS of N. 

meningitidis serogroup B consists mainly of (2→8) linked polysialic acid, which is 

known to be poorly immunogenic as it mimics structures on host cell surfaces (Plested et 

al. 2001; Plested et al. 2003; Yang et al. 2012). Serogroup B’s lack of an immunogenic 

CPS has led to targeting the conserved inner core of LOS to overcome immune tolerance 

(Roberts 1996; Andersen et al. 2002; Gidney et al. 2004; Connor et al. 2006; Jäkel et al. 

2008; Wenzel et al. 2010). 

Lipopolysaccharide (LPS) is a major surface component and virulence factor of 

Gram-negative bacteria, and is usually composed of membrane-anchored lipid A attached 

to a conserved oligosaccharide core followed by an outer core and a repeating O-
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polysaccharide antigen (e.g. Figure 10). The repeating O-polysaccharide antigen is only 

present in enteric bacteria, and the lipid A-anchored core structure in non-enterobacteria 

is commonly referred to as LOS (Borrelli et al. 2000; Jäkel et al. 2008; Wenzel et al. 

2010). N. meningitidis LOS extension to the outer core occurs at the β-D-glucose moiety 

(Glc), Figure 10.  

 

 

Figure 10. LOS of N. meningitidis showing the inner core GlcNAc residue unique to 

this species in red.  

The antigen used in crystallization was purified from a mutant of L3 immunotype 

containing an unsubstituted inner core. Inner core variants are observed with substitution 

by Glc or phosphoethanolamine (PEtn) on HepII-O3, and/or by PEtn on HepII-O6. 

Selective cross-reactivity of monoclonal antibody LPT3-1 allows for recognition of the 
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unsubstituted inner core and the mono-PEtn substituted inner core at HepII-O3 or HepII-

O6. 

 

Targeting and induction of a protective immune response towards the inner core 

of LOS/LPS has been reported for an array of pathogenic bacteria, such as the human 

pathogens Escherichia coli (Di Padova et al. 1993), H. influenzae (Borrelli et al. 2000), 

Moraxella catarrhalis (Cox et al. 2011) and the Chlamydiaceae family (Nguyen et al. 

2003), as well as veterinary pathogens Mannheimia haemolytica, Actinobacillus 

pleuropneumoniae, and Pasteurella multocida (Borrelli et al. 2000; Logan et al. 2006; 

Cox et al. 2010). The conserved hexasaccharide that comprises the inner core of LOS 

from N. meningitidis is attached to lipid A via 3-deoxy-D-manno-oct-2-ulosonic acid 

(Kdo) disaccharide with extension to the outer core through Glc, Figure 10 (Gidney et al. 

2004; Yang et al. 2012). Significantly, LOS from N. meningitidis differs from other 

bacteria by a species specific (1→2) substitution of N-acetyl-D-glucosamine (GlcNAc) 

on L-glycero-D-manno-heptopyranose (Hep) residue II (Kabanov and Prokhorenko 2010; 

Yang et al. 2012). Variants of this conserved inner core include (1→2)Glc on HepI, 

PEtn substitution at positions 3-OH and 6-OH on HepII, and (1→3) substitution of Glc 

on HepII (Figure 10). 

Polyclonal immune responses to LOS inner core of N. meningitidis have been 

reported (Andersen et al. 2002; Jäkel et al. 2008), with class switching and monoclonal 

antibodies induced as well (Gidney et al. 2004). Six murine monoclonal antibodies 

(mAbs) specific for the inner core of N. meningitidis have been subsequently cloned: 

LPT3-1, L3B5, L4A4, L2-16, L5-10, L4-7, and L3B5 that displayed various specificities 
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and activities to the inner core containing substitutions on HepII, summarized in Table 1 

(Gidney et al. 2004). Interestingly, of the six antibodies only mAb L3B5 was found to be 

protective and binds N. meningitidis inner core only if HepII is PEtn monosubstituted at 

the 3-OH position (about 70% of known serogroups and ~76% of serogroup B) (Nguyen 

et al. 2003; Connor et al. 2006; St Michael et al. 2011). MAb LPT3-1 provides partial 

protection by reduction in bacteraemia in the presence of a certain strain of N. 

meningitidis and binds membrane-anchored LOS (Gidney et al. 2004). MAb LPT3-1 is 

more cross-reactive towards inner core variants than L3B5, and recognizes the 

unsubstituted inner core as well as the 3-OH or 6-OH PEtn monosubstituted HepII, but 

does not tolerate any other. 

 

Table 1: Relative specificities of N. meningitidis inner core specific monoclonal 

antibodies summarized from Gidney et al. 2004. 

Antibody Subclass 

HepII substitution 

None 3-PEtn 6-PEtn 3,6-di-

PEtn 

3-Glc 3-Glc, 

6-PEtn 

L3B5c,d IgG3 – ++ – – – – 

L4A4c IgG2a ++ – ++ – ++ ++ 

L4-7c IgG2a ++ – ++ a – – – 

L5-10c IgG1 – – + a – ++ ++ 

L2-16c,d IgG2b – – ++ – – ++ 

LPT3-1c,d IgG2a ++ ++ ++ b – – – 

 

+ Binding observed slightly over background. 

++ Binding observed. 

– No binding observed. 
a Acylated lipid A required for binding. 
b Will only bind truncated galE mutants. 
c Solid phase indirect ELISA with truncated galE mutants. 
d  Whole cell ELISA, immunoflouresence, and IB assays with both wild-type and 

truncated galE mutants. 
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Although the molecular basis for bactericidal or protective activity remains 

elusive (Nguyen et al. 2003; Connor et al. 2006; St Michael et al. 2011), Gidney et al. 

postulated that the differing levels of protection offered by these antibodies could be due 

to factors such as accessibility of the inner core, antibody affinity/avidity, or the stability 

of the induced membrane attack complex (MAC) (Gidney et al. 2004).  

Due to the striking differences in functionality of the antibodies raised towards the 

inner core, knowledge of the molecular structure of antibodies with different in vivo 

activity could provide further insight into more effective vaccination targets. A single 

structure of an antibody in complex with full-length inner core of LPS or LOS has been 

reported before LPT3-1: mAb WN1 222-5 in complex with the inner core of R2 LPS 

from E. coli (Gomery et al. 2012). To further describe the biological activity and to 

develop our understanding of inner core immunogenicity and cross-reactivity, the 

structure of the antigen binding fragment (Fab) of mAb LPT3-1 was determined in 

complex with the unsubstituted inner core antigen from N. meningitidis to 2.69 Å 

resolution. 

 

2.3 Materials and methods 

Production and sequencing of LPT3-1 

LPT3-1 was generated as described in Gidney et al. 2004. The rapid amplification of 

cDNA ends (RACE) method as described by Bradbury 2010 was carried out with minor 

modifications. DNA sequencing provided the first 201 amino acids for the heavy chain 

and the first 204 amino acids of the light chain, and the consensus sequence for the 
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IgG2a was used to assign the identities of the remaining 19 and 10 residues, 

respectively.  

 

Purification of LPT3-1 

Purification of the intact IgG LPT3-1 from ascites was accomplished using a protein A/G 

column (Pierce) and papain (Sigma-Aldrich) was used to cleave intact antibody into the 

Fab fragment. Post purification, LPT3-1 was dialyzed into 20 mM HEPES (Sigma-

Aldrich) pH 7.5, diluted to 0.5 mg/mL with dithiothreitol (DTT, Sigma-Aldrich) and 

ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) at final concentrations of 5.0 

mM and 2.0 mM, respectively. Digestion was carried out with a papain to antibody ratio 

of 1:300 for 4 hours and quenched with 10 mM iodoacetamide (Sigma-Aldrich). The 

quenched digestion was dialyzed overnight in 20 mM HEPES pH 7.5 (Sigma-Aldrich) 

and the Fab was purified with cation-exchange chromatography using a CM-825 column 

(Shodex) with a linear gradient ranging from 0 to 0.5 M NaCl in 20 mM HEPES pH 7.5 

(Sigma-Aldrich). 

 

Crystallization of LPT3-1 

The Fab fragment of LPT3-1 was buffer exchanged into 20 mM HEPES (Sigma-Aldrich) 

pH 7.5 and subsequently concentrated to 10.4 mg/mL. The Fab was mixed with 15 mM 

NmL3 galE lpt3 KOH and was screened with Qiagen PEGs and PEGs II suites at a 

protein to reservoir ratio of 1:1. Needle clusters with individual crystals ranging from 

0.05 x 0.05 x 0.15 mm to 0.1 x 0.1 x 0.3 mm were observed in a variety of conditions of 

which E9 (0.2 M ammonium sulfate, 0.1 M HEPES pH 7.5, 16% (w/v) polyethylene 
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glycol (PEG) 4000, 10% (w/v) isopropanol) was optimized. Attempts to crystallize Fab 

LPT3-1 initially gave crystals with one long unit cell axis (~250 Å) that resulted in a 

single incomplete data set to ~3.2 Å resolution with an Rsym > 10% that could not be 

solved. Increasing the ratio of protein to reservoir to 2:1 and extensive screening of 

replicate drops led to the discovery of a second crystal form in condition E9. 

  

Data collection, structure determination and refinement 

Crystals of the second form were dissected from clusters and flash-frozen at -160 °C 

using liquid nitrogen with cryoprotectant containing mother liquor supplemented with 

25% (v/v) glycerol (Anachemia). All data were collected at the Canadian Light Source 

(Saskatoon, SK, Canada) using the Canadian Macromolecular Crystallography Facility at 

the 08ID-1 (CMCF-ID) beamline at a wavelength of 0.9795 Å. The data were scaled, 

averaged and integrated with d*trek and CrystalClear (Pflugrath 1999). PHASER in the 

CCP4 suite (McCoy et al. 2007) was used to generate a molecular replacement solution 

for the structure of LPT3-1 using a search model generated from the anti-human 

immunodeficiency virus (HIV-1) protease Fab complex (PDB ID: 1MF2). Coot (Emsley 

and Cowtan 2004) and SetoRibbon (Evans, unpublished) were used in the manual fitting 

of σA-weighted Fo-Fc and 2Fo-Fc electron density maps. Refmac5 within the CCP4 suite 

was used for restrained refinement (Murshudov et al. 2011). The surface diagram of 

LPT3-1 (Figure 14) was generated with PyMol (DeLano scientific). Residue numbering 

was generated according to the Kabat convention (see http://www.bioinf.org.uk/abs/) and 

was used for all references to the sequence. 

 

http://www.bioinf.org.uk/abs/


49 

 

IMGT alignment 

The International ImMunoGeneTics Information system (Marie-Paule Lefranc, 

Montpellierm France; www.imgt.org) (Ruiz et al. 2000; Lefranc et al. 2009) was used to 

compare murine BALB/c germ-line segments. 

 

Kabat analysis 

UCL AbCheck was used to analyze and number the RACE derived sequence according 

to the kabat scheme (Martin 1996, http://www.bioinf.org.uk/abs/). 

 

Buried accessible surface area calculation 

AREAIMOL of the CCP4 suite (Lee and Richards 1971; Saff and Kuijlaars 1997) was 

used to calculate the accessible surface area of Fab LPT3-1 in contact with ligand.  

 

2.4 Results and discussion 

The structure of the Fab of LPT3-1 was solved in complex with NmL3 lpt3 KOH eight-

sugar inner core fragment to 2.69 Å resolution in space group P1. Data collection and 

refinement statistics are presented in Table 2. Two molecules were observed in the 

asymmetric unit (AU), with clear density for the antigen in both molecules. Omit (2Fo-

Fc) maps of the combining site of the Fab of LPT3-1 revealed electron density 

corresponding to five of the eight residues of the inner core fragment (Figure 11). Both 

the deacylated lipid A disaccharide backbone and the KdoII lacked electron density. 

  

http://www.imgt.org/
http://www.bioinf.org.uk/abs/
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Table 2: Data collection and refinement statistics for the structure of Fab LPT3-1 in 

complex with the inner core antigen of N. meningitidis. 

Data Collection   

  Beamline CMCF-ID 

  Wavelength (Å)  0.9795 

  Space group P1 

  Cell dimensions:   

     a, b, c (Å) 62.63, 64.19, 64.40,  

     , ,  (o)  87.51, 89.82, 73.41 

  Resolution (Å) 40.0 - 2.69 (2.79 - 2.69)a  

  No. of reflections 50,863 

  No. of unique reflections  26,006 

  Redundancy 1.96 (1.95) 

  Completeness (%) 97.5 (98.1) 

  I/σI 10.3 (3.3 ) 

  Rmerge 0.049 (0.138) 

Refinement   

  Resolution  (Å) 2.69 

  Rwork/Rfree 0.226 / 0.289 

  R.M.S.   

      bond lengths (Å) 0.011 

      bond angles (°) 1.314 

  Average B-Factors (Å2)   

      Protein  51.3 

      Ligand 66.9 

      Ions 54.3 

      Water 38.4 
 a Values in parentheses represent the highest resolution shell. 
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Figure 11. Stereo view of the 2Fo-Fc electron density map corresponding to the 

carbohydrate antigen bound to mAb LPT3-1.  

Maps contoured at 1.0  before the antigen was included in the model (top) and after 

refinement (bottom). Both the KdoII and the lipid A backbone disaccharide lack electron 

density. 
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Both molecules in the AU show clear density for the polypeptide chain with the 

exception of the non-modeled regions. The heavy chains show average B factors of 49.6 

and 49.0 and the light chains show B factors of 54.0 and 52.7.  Overlay of the variable 

regions of the two molecules in the AU showed a root mean square deviation (R.M.S.D.) 

for all 105 corresponding ordered α-carbon atoms of the light chain variable region and 

112 corresponding ordered -carbon atoms of the heavy chain variable region of 0.34 Å 

and 0.24 Å, respectively. Disordered regions were observed for both heavy chains from 

residues 129 to 132, inclusive. The R.M.S.D. of all 67 corresponding atoms of the antigen 

was 0.61 Å, with a minimum of 0.07 Å localized to HepII-C1 and a maximum of 2.02 Å 

localized to KdoI-O1A generated by a simple rotation of the carboxylate group. With 

respective overlap of the variable heavy and light chains, the R.M.S.D. of α-carbon atoms 

for Complementarity Determining Regions (CDRs) H1, H2 and H3 were 0.10, 0.22, 0.13 

Å with maximums of 0.14, 0.42 and 0.24 Å and minimums of 0.06, 0.07 and 0.05 Å. The 

R.M.S.D. of α-carbon atoms for CDRs L1, L2 and L3 were 0.57, 0.23 and 0.14 Å with 

maximums of 1.27 (in ArgL31; note that the ‘H’ or ‘L’ in the residue name refers to the 

heavy and light antibody chains, respectively), 0.39 and 0.24 Å and minimums of 0.14, 

0.09 and 0.08 Å. 

The epitope recognized by LPT3-1 consists of the trisaccharide composed of 

HepII, GlcNAc and Glc that, respectively, form four, four and one hydrogen bonds each 

(Figures 10 and 12, Table 3). A large number of the hydrogen bonds are to the 3-OH, 4-

OH and acetamido NH of the GlcNAc residue unique to N. meningitidis and together 

with the contacts to HepII and Glc, provide the specificity to the N. meningitidis LOS 
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epitope. Lower than average temperature factors and R.M.S.D. highlight the importance 

of this trisaccharide moiety in antigen recognition. Finally, recognition of the acetamido 

group of GlcNAc is accomplished by a hydrophobic groove where a CH-π interaction 

forms with TyrH50 with the methyl group packed against the aromatic ring center. 

 

 

Figure 12. Binding of the inner core by LPT3-1 is dominated by hydrogen bonds 

between the heavy chain to HepII and the species-specific GlcNAc residue in stereo 

view.  

A single CH-π interaction is formed between TyrH50 and the acetamido moiety and nine 

hydrogen bonds are located between the heavy chain and the antigen. Hydrogen bonds 

are observed from HepII-O3 to TyrH50 and AspH95; and from HepII-O4 to AspH95 and 

GlyH33. A single hydrogen bond is formed between ThrH56 and Glc-O6, with a weak 

hydrogen bond forming in one of two molecules in the AU. The amide of the acetamido 

of GlcNAc forms interactions with AspH95 and SerH99, while GlyH98 and SerH99 form 

a single bond to GlcNAc-O4 and GlcNAc-O3, respectively. 
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Recognition of the antigen is mediated almost entirely through the heavy chain, 

with a total of nine hydrogen bonds (Table 3, Figure 12). Two of three sugars of the 

trisaccharide epitope form the primary recognition site, with all but one hydrogen bond 

occurring through the GlcNAc and HepII residues. All nine hydrogen bonds and the 

single CH-π interaction through the acetamido moiety are retained in both molecules in 

the AU with their respective combining sites, although the contact distances vary 

somewhat, Table 3. This difference in distances is most evident for the bond between 

ThrH56 and Glc-O6, which forms weak hydrogen bonds of 3.49 Å and 3.15 Å in the two 

molecules. The hydrophobic groove responsible for recognition of the methyl group of 

the acetamido moiety of the GlcNAc is formed between TyrH50 and TrpL91, but the 

acetamido is only in contact with the former. A sulfate ion is observed in both combining 

sites hydrogen bonded to CDR H2, and in direct contact with only one of two antigens in 

the AU. 
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Table 3: Specific interactions observed between mAb LPT3-1 and the inner core 

antigen of N. meningitidis. Hydrogen bond lengths are listed in Å units. 

Residue 
 

HepII GlcNAc Glc 

   
#1a #2 

 
#1 #2 

 
#1 #2 

GlyH33 N 4-OH 3.04 2.87 
      

TyrH50 

OH 3-OH 2.69 2.28 
      

ring 

center    
CH3 3.6 3.6 

   

ThrH56 OG1 
      

6-OH 3.49 3.15 

AspH95 
OD2 

   
NH 2.85 3.10 

   
OD2 3-OH 3.05 2.60 

        O 4-OH 2.61 3.14 
      

GlyH98 N 
   

4-OH 2.84 2.75 
   

SerH99 
OG 

   
NH 3.26 3.23 

   
OG 

   
3-OH 2.86 2.63 

   
a #1, #2 indicate the two polypeptide chains in the AU 

 

The hydrophobic faces of the HepII and GlcNAc rings are ‘back to back’ to form 

a crooked ‘five-legged stool’ with their 3-OH and 4-OH groups directed toward the 

surface of the heavy chain of Fab LPT3-1 together with the acetamido nitrogen atom of 

GlcNAc (Figure 12). Both the outer core that extends from the Glc residue and the lipid 

A that extends from KdoI are distal to the combining site, due to HepII and GlcNAc 

projecting from the inner core main chain of LOS (Figure 10). The accessibility of the 

trisaccharide epitope is consistent with the facility with which mAb LPT3-1 is able to 

bind membrane-anchored LOS (Gidney et al. 2004).  

The combination of the location of phosphorylated glucosamine disaccharide 

backbone attachment point on KdoI well away from the antibody surface and the lack of 

observable density (Figure 10 and 11) show the lipid A moiety does not form part of the 

epitope, nor does it serve to stabilize the antigen conformation. The inability of LPT3-1 

to differentiate between deacylated or acylated antigen (Gidney et al. 2004) is supported 
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by the approximate 12.5 Å distance of the lipid A moiety from the antibody surface. 

One of the most important attributes of mAb LPT3-1 is the ability to cross-react 

with PEtn substituted HepII variants of the N. meningitidis LOS inner core (Table 1). The 

3-OH PEtn substitution on HepII is found in approximately 76% of serogroup B strains 

and 70% of all strains of N. meningitidis (Gidney et al. 2004). Interestingly, of the 

monoclonal antibody panel raised in response to inner core LOS from N. meningitidis, 

only LPT3-1 and L3B5 recognize variants containing this critical substitution and only 

these two antibodies display any biological activity (Plested et al. 1999; Gidney et al. 

2004). MAb L3B5 is protective, bactericidal and is specific for the 3-OH PEtn variant, 

and in contrast mAb LPT3-1 is partially protective, has some bactericidal activity, and 

will also cross-react with the unsubstituted core or the 6-OH PEtn truncated variant. 

The molecular basis for mAb LPT3-1 to bind the 6-OH PEtn substituted variant is 

apparent, as the 6-OH of HepII is solvent accessible and its substitution would pose no 

steric barrier to binding (Figure 12). The ability of mAb LPT3-1 to bind the 3-OH PEtn 

variant is remarkable given that the 3-OH group of the HepII forms two of the nine 

hydrogen bonds and is involved in primary recognition of the antigen (Figure 12 and 13). 

Modelling the 3-OH PEtn variant shows that the variant could be accommodated in the 

combining site with slight movements of the side chain of TyrH50 (Figure 13). 
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Figure 13. The combining site of LPT3-1 will accommodate a modeled 3-OH PEtn 

substituted inner core antigen.  

Stereo view of hydrogen bonds (yellow dashed lines) formed between TyrH50 or 

AspH95 and HepII-O3 in the unsubstituted variant could be retained in binding the 3-OH 

PEtn variant, although this would require a small movement of TyrH50 away from 

HepII-O3. 

 

The nucleotide sequence for Fab LPT3-1 was analyzed with the IMGT database 

(Lefranc et al. 2009) to compare against all known murine antibody sequences. LPT3-1 

V-gene and J-gene sequences were most closely related to IGHV5-17*02 F and 

IGHJ3*01 F genes with 97.92 and 100% identity, respectively. The light chain V-gene 

and J-gene were most related to IGKV4-59*01 F and IGKJ5*01 F with 96.38 and 

94.59% identity, respectively. Six non-silent and seven silent mutations in total were 
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present in the heavy chain. Only two non-silent mutations are in the combining site 

(SH52G and SH52aG in CDR H2), which do not contact the antigen. The light chain 

exhibited nine non-silent mutations out of 11. A single non-silent mutation was found in 

CDR L1 and three in CDR L3. Due to the heavy chain dominance of binding, none of the 

mutations are positioned to influence antigen binding and all residues making contact 

with the antigen are of germline origin.  

Significantly, recognition of the 3-OH PEtn variant relies on the two mutations 

away from germline present in the heavy chain. Two of six amino acid mutations from 

the germline heavy chain are in proximity to the species-specific trisaccharide epitope of 

the antigen, and only the mutation present in LPT3-1 to the smaller glycine at both 

SerH52 and SerH52a will allow binding of the 3-OH PEtn variant. Further, this 

demonstrates that the germline antibody is fully capable of binding the unsubstituted LOS 

from N. meningitidis without affinity maturation and class switching. 

It is interesting to note that the corresponding germline antibody, which contains 

SerH52 and SerH52a, would likely still bind the unsubstituted antigen and likely do so 

with more interactions and greater affinity/avidity. It is likely that affinity maturation that 

leads to the SH52G and SH52aG combining site mutations of LPT3-1 is a direct response 

to the 3-OH PEtn substitution on HepII found on more than 70% of N. meningitidis 

strains. Finally, the mechanism by which the extension to the outer core abolishes 

binding of the HepII-6-OH PEtn variant (Table 1) is not apparent in the current 

determination. Although this is consistent with the lack of cross-reactivity with the 3-OH 

Glc substitution on HepII as the substitution by the larger glucosyl residue in place of the 

smaller PEtn could not be accommodated by the combining site. 
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Although their primary structures are unrelated, mAb LPT3-1 shares 

characteristics with antigen binding fragment (Fab) of WN1 222-5 in complex with R2 

core LPS from E. coli, the only other published full length inner core LPS/LOS antigen-

antibody complex, which is specific for the conserved inner core of LPS from 

enterobacteria (Gomery et al. 2012). First, both antibodies are cross-reactive to multiple 

variants of LOS/LPS inner cores of their target bacteria. Second, combining site contacts 

are dominated by germline residues, where two mutations from germline contact the 

trisaccharide core of the antigen in mAb WN1 222-5, but none in mAb LPT3-1. Third, 

both antibodies show heavy chain dominance in binding (Figure 14); mAb WN1 222-5 

forms a single hydrogen bond out of 13 from the light chain and mAb LPT3-1 has none. 
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Figure 14. Surface representation of Fab LPT3-1 in complex with the inner core 

antigen demonstrates heavy chain dominance.  

The light chain of Fab LPT3-1 (translucent white) provides a limited contribution to 

binding of 23.0 Å2 of buried accessible surface area and no specific contacts. The heavy 

chain (grey) recognizes the antigen through nine hydrogen bonds (the surface 

corresponding to the hydrogen bonding residues on the antibody are indicated with green 

shading) and a CH-π interaction to specifically recognize the trisaccharide of GlcNAc, 

HepII and Glc over 221 Å2 buried accessible surface area of 273 Å2 of total buried 

accessible surface. CDR H2 coordinates the sulfate moiety and the sulfate only contacts 

the antigen in one of two molecules in the AU. The shaded green area on CDR H2 

adjacent to the sulfate represents contact to Glc-O6 on the antigen.  
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The combining sites in both mAbs LPT3-1 and WN1 222-5 form open grooves 

that allow a large proportion of the oligosaccharide antigen to be exposed to solvent 

(Figure 14), which adds to the observed cross-reactivity by allowing for slight 

movements and small substitutions in the antigens. Analysis of mAb WN1 222-5 shows 

the heavy chain contributes 478 Å2 of buried accessible surface area versus 47.0 Å2 for 

the light chain (Gomery et al. 2012), which is similar in proportion to mAb LPT3-1 

where the heavy chain contributes 273 Å2 versus 23.0 Å2 for the light chain. 

Interestingly, the distinctive cross-reactivity displayed by the heavy chain 

dominant groove-type antibodies LPT3-1 and WN1 222-5 arises in part because the light 

chain is unable to select among the various inner core forms because they do not 

sterically impede antigen binding, as seen in the broadly cross-reactive antibody WN1 

222-5 specific for the inner core of enterobacteria (Gomery et al. 2012). Similar levels of 

heavy chain dominance as displayed by WN1 222-5 and LPT3-1 have not been observed 

in other reported structures. More typical values can be found in mAb F22-4, which is 

highly specific against the Shigella serogroup 2a O-antigen at 345 Å2 and 262 Å2 buried 

accessible surface area for the heavy and light chains, respectively (Vulliez-Le Normand 

et al. 2008), and the anti-Ley mAb BR96 (Sheriff et al. 1996) at 370 Å2 and 158 Å2.  

Of the panel of six mAbs developed by Gidney et al. with in vitro recognition of 

the inner core of LOS from N. meningitidis, only L3B5 was found to be fully protective. 

Mab LPT3-1 displays partial protection demonstrated by the reduction in bacteraemia 

against both the 8047 lpt3 truncated unsubstituted LOS strain and the MC58 lpt3 galE 

truncated unsubstituted LOS strain (Gidney et al. 2004). Specifically, mAb LPT3-1 

produced a 2-log reduction in bacteraemia for the 8047 lpt3, and was postulated to be 
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partially protective in vivo (Gidney et al. 2004). Meanwhile, mAb L3B5 demonstrated 

complete protection against strains with truncated LOS (strain 8047) and provided partial 

protection against strains with a mixture of truncated and un-truncated glycoforms (strain 

2996) containing the 3-OH PEtn substitution (Plested et al. 1999). The difference in full 

protection offered by mAb L3B5 against the 3-OH PEtn substituted truncated inner core 

versus the partial protection offered by mAb LPT3-1 could be linked to the avidity affects 

provided by the known ability of IgG3 to display molecular cooperativity in the 

formation of multivalent complexes (Greenspan and Cooper 1992). 

MAb L3B5 is able to recognize ~70% of all N. meningitidis strains through 

specific recognition of the 3-OH PEtn substituted inner core. Through two mutations in 

the combining site, LPT3-1 retains specificity for the inner core of N. meningitidis but is 

able to recognize a range of variants. Further investigation of the underlying mechanism 

by which the full length LOS blocks LPT3-1 recognition of these three distinct variants 

of N. meningitidis LOS inner core is necessary to understand fully the functional immune 

response to the inner core. 
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Chapter 3: Structural elucidation of differential specificity in the 

GSI lectins toward the Tn and Forssmann antigens 

 

Parker MJ, Young NM, Evans SV (2015). 

 

 

 

Contributions:  

NMY provided the purified protein. MJP carried out crystallization, data collection and 

data analysis for this project. MJP wrote the following chapter. 
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3.1 Abstract 

Lectins, and specifically legume lectins, are used to recognize carbohydrate markers for a 

variety of diseases. The use of lectins as probes for these markers requires an 

understanding of their fine specificity and affinity towards different substrates, which can 

be represented by the GSI-A4 and GSI-B4 lectins. While sharing ~90% sequence identity 

these lectins differentiate between the related galactose (Gal) and N-acetyl-D-

galactosamine (GalNAc) sugars, with the A subunit cross-reacting with both sugars but 

displaying a higher affinity for GalNAc while the B subunit is specific for only Gal. The 

ability of GSI-A4 to bind with higher affinity to GalNAc has allowed its use as a probe 

for the abnormal Tn and Forssman cancer related antigens (Figure 1). Structural 

characterization of GSI-A4 in complex with GalNAc shows a conserved mechanism of 

GalNAc recognition. GSI-A4 recognizes the acetamido moiety of GalNAc through the 

combination of a hydrophobic patch and a hydrogen bond between the backbone nitrogen 

of Ala106 and the oxygen of the acetamido. GSI-B4 establishes specificity towards Gal 

with Glu106, while in GSI-A4 the smaller Ala in the corresponding position lowers the 

steric hindrance and allows recognition of GalNAc. The combining site in GSI-A4 forms 

a shallow surface groove and this allows accommodation of the larger GalNAc. 

Collectively, understanding the fine specificity of the GSI lectins allows for a better 

understanding of their potential as probes for clinically-relevant carbohydrates.  

 

3.2 Introduction 

Legume lectins are an interesting class of carbohydrate binding proteins as they exhibit a 

high degree of sequence and structural conservation but display a range of specificities, 
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and as such they are one of the best characterized groups of lectins (Loris et al. 1998; 

Manoj and Suguna 2001; Srinivas, Reddy, et al. 2001). A multitude of structural 

information exists for legume lectins, with a search of the PDB under legume lectin 

providing 256 hits, allowing for in depth analysis of the molecular recognition displayed 

by these proteins.  

Of all the legume lectins, the galactose (Gal) and N-acetyl-D-galactosamine 

(GalNAc) specific lectins have been studied in particular due to their ability to recognize 

a range of clinically-relevant carbohydrate structures. A classical use of Gal/GalNAc 

specific legume lectins stems from their ability to specifically agglutinate red blood cells 

based on the identity of the respective blood group antigen (Sharma and Surolia 1997; 

Sharma et al. 1998). For example, the A and B blood groups are differentiated based on 

the identity of a terminal GalNAc or Gal, respectively, thus the fine specificity and cross-

reactivity of the lectins capable of recognizing these structures have been investigated 

(Sharma and Surolia 1997; Sharma et al. 1998; Lam and Ng 2011). Despite this early 

work on the blood group antigens, understanding molecular differentiation between Gal 

and GalNAc remains important as a number of clinically-significant carbohydrate 

structures contain a Gal or GalNAc moiety.  

The xenograft, Tn and Forssman antigens are key examples of clinically-relevant 

Gal or GalNAc containing carbohydrate structures. The xenograft antigen is a Galα(1-

3)Gal carbohydrate that is present on cell surfaces in non-primate tissue and elicits an 

immune response in humans. The xenograft antigen is an important target as it is 

responsible for immuno-rejection during xenotransplantation, and removing these 

structures or the immune response to them could provide a large source of organs for 
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transplantation (Lescar et al. 2002; Tempel, Tschampel, and Woods 2002). The Tn and 

Forssmann antigens are tumour-associated carbohydrate antigens (TACA) that contain 

terminal GalNAc residues and are displayed on cancerous tissue but not normally 

presented on healthy tissue (Freire and Osinaga 2003; Manimala et al. 2005). Both the Tn 

and Forssmann antigens have been investigated for use in cancer prognosis, as the 

presence of these structures has been linked to the aggressiveness of the cancer (Sharma 

et al. 1998; Freire et al. 2006; Lescar and Sanchez 2007; Cazet et al. 2010). Together, 

these three antigens demonstrate closely related clinically-relevant carbohydrate 

structures, and understanding the ability of lectins to discriminate or cross-react between 

them could aid in the development and use of important disease probes. 

Specificity versus cross-reactivity of the Gal/GalNAc specific legume lectins can 

be epitomized by the closely related GSI-A4 and -B4 legume lectins. The GSI lectins are 

a group of lectins that can be purified from the seeds of the legumous shrub Griffonia 

simplicifolia. The A subunit binds to both Gal and GalNAc, with a higher affinity for 

GalNAc, as compared to the B subunit that is highly specific for Gal (Goldstein et al. 

1980; Lescar et al. 2002; Tempel, Tschampel, and Woods 2002). The A4 lectin has a Ka 

of 1.45 x 104 M-1 for the α-D-Galp monosaccharide and a Ka of 1.87 x 105 M-1 for α-D-

GalNAcp; the B4 lectin has a Ka 2.06 x 104 M-1 for α-D-Galp and low affinity for the α-D-

GalNAcp monosaccharide (Goldstein et al. 1980). The A subunit also displays a higher 

affinity for the cancer associated Tn and Forssman antigens than Gal based carbohydrate 

structures (Wu et al. 1996; Wu et al. 1999). While they share similar affinity for Gal, 

only the A subunit will bind GalNAc with biologically significant affinity. This binding 

comparison is of particular interest as the GSI-A4 and -B4 lectins share approximately 
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90% of the same sequence and the subtle differences will shed light on the molecular 

mechanisms of carbohydrate recognition (Lescar et al. 2002; Tempel, Tschampel, and 

Woods 2002).  

The structure of GSI-B4 has previously been characterized both in complex with 

the xenograft antigen and in a metal free form. Structural characterization previously 

highlighted the importance of Glu106 in both the recognition of Gal and lack of cross-

reactivity towards GalNAc (Lescar et al. 2002; Tempel, Tschampel, and Woods 2002). 

Sequencing of GSI-A4 has shown that the analogous residue to Glu106 is instead an 

alanine, and it was hypothesized that the smaller residue would remove steric hindrance 

and allow for binding of GalNAc (Lescar et al. 2002). In this study, the mechanism of 

binding of GSI-A4 to both Gal and GalNAc is elucidated, and a structural basis for the 

higher affinity displayed towards GalNAc is revealed.  

 

3.3 Materials and methods 

Purification of GSI-A4 

The GSI-A4 lectin was purified from source as described previously and purified protein 

was stored at -20 °C until use. 

 

Crystallization and data collection for GSI-A4 in complex with Gal and GalNAc 

GSI-A4 was concentrated to 14.0 mg/mL and dialyzed in 20 mM HEPES pH 7.5 buffer 

(Biobasic). Protein was incubated with either 3 mM Gal or GalNAc (Sigma-Aldrich) for 

30 min at 4°C, followed by setting the crystal screen I (Hampton), PEGII (Qiagen) and 

Index (Hampton) screens at 0.2:0.2 µL protein to reservoir ratio. The same three screens 
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with the apo GSI-A4 protein were set up at 0.2:0.2 µL and 0.4:0.2 µL protein to reservoir 

ratios but no diffraction quality crystal hits were found. Screens containing GSI-A4 with 

Gal produced crystal hits in ~60% of conditions, while the GSI-A4 with GalNAc screens 

contained far fewer crystal hits.  

For Gal co-crystals a variety of conditions were tested but initial hits in PEGII E9 

(0.2 M ammonium sulfate, 0.1 M HEPES pH 7.5, 16% (w/v) polyethylene glycol (PEG) 

4000 and 10% (w/v) isopropanol) that formed rods of ~0.15 x 0.1 x 0.1 mm gave the best 

diffraction. A 25% (v/v) solution of 2-methyl-2,4-pentanediol (MPD) and mother liquor 

was used as the cryoprotectant. Out of the crystal hits for the GSI-A4 GalNAc co-

crystals, condition E4 of the PEGII suite (0.1 M HEPES pH 7.5, 10% (w/v) PEG 4000, 

5% (w/v) isopropanol) was used for optimization. Initial rod crystals of ~0.15 x 0.1 x 0.1 

mm of the GSI-A4 GalNAc co-crystals was obtained in the screen. The condition was 

optimized by increasing the isopropanol content to 15% which gave larger rod crystals of 

~0.3 x 0.15 x 0.15 that were used for data collection. LV CryoOil™ (Mitegen) was used 

as the cryoprotectant and crystals were flash-frozen at -160 °C. Data for both structures 

were collected at the Canadian Light Source (Saskatoon, SK, Canada) using the Canadian 

Macromolecular Crystallography Facility at the 08ID-1 (CMCF-ID) beamline with a 

wavelength of 0.9795 Å. 

 

Data processing, structure determination and refinement  

X-ray diffraction data for the GalNAc co-structure was collected to 2.68 Å resolution and 

the data were scaled, averaged and integrated with d*trek and CrystalClear (Pflugrath 

1999). X-ray diffraction data for the Gal co-structure was collected to 1.86 Å and the data 
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were scaled, averaged and integrated with Imosflm (Battye et al. 2011) and Aimless 

(Evans and Murshudov 2013). Identical systems of refinement were used for both the Gal 

and GalNAc co-structures. A molecular replacement solution using a search model of the 

metal free GSI-B4 lectin from G. simplicifolia (PDB ID: 1GNZ) was generated in 

PHASER in the CCP4 suite (McCoy et al. 2007). Coot (Emsley and Cowtan 2004) and 

SetoRibbon (Evans, unpublished) were used for the manual fitting of σA-weighted Fo-Fc 

and 2Fo-Fc electron density maps. Refmac5 in CCP4 was used for restrained refinement 

(Murshudov et al. 2011). For the Rfree of both datasets 5% of the reflections were set 

aside. Data collection and refinement statistics for both co-structures are listed in Table 4. 

 

Bioinformatics  

Sequence alignment was generated with MUSCLE alignment software (Edgar 2004) 

using Uniprot sequences for the GSI-A (Uniprot ID: Q8W1R7) and -B (Uniprot ID: 

Q8W1R6) subunits. 

 

3.4 Results and discussion 

To elucidate the mechanism of cross-reactivity between GSI-A4 and Gal/GalNAc the 

GSI-A4 lectin was crystallized in complex with both Gal and GalNAc; data collection 

and refinement statistics are listed in Table 4. GSI-A4 co-crystallized with Gal was 

solved to 1.81 Å resolution in orthorhombic space group P21221 `with two molecules in 

the AU. GSI-A4 co-crystallized with GalNAc and was solved to 2.68 Å in trigonal space 

group P3221 with four molecules in the AU. Clear density is observed in the combining 

site of both the Gal and GalNAc structures for their respective sugars (Figure 15), as well 
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as the requisite calcium and manganese ions. Density correlating to a conserved 

glycosylation site at Asn27 is observed in both co-structures. Electron density of non-

conserved residues between the A and B subunits confirmed the identity of the lectin as 

GSI-A4.  

 

Figure 15. 2Fo-Fc electron density maps for the Gal and GalNAc sugars from the 

respective co-structures with GSI-A4. 

Left: The 2Fo-Fc electron density map (magenta mesh) of the Gal sugar is shown 

contoured to 2σ.  This density is representative of the excellent density observed for both 

Gal in the AU. Right: The 2Fo-Fc electron density map (magenta mesh) of the GalNAc 

sugar is shown contoured to 2σ and is representative of all four GalNAc in the AU. 
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Table 4: Data collection and refinement statistics for GSI-A4 lectin in complex with 

Gal and GalNAc. 

Data Collection GSI-A4 + Gal GSI-A4 + GalNAc 

  Beamline CMCF-ID CMCF-ID 

  Wavelength (Å)  0.9795 0.9795 

  Space group P21221 P3221 

  Cell dimensions:     

     a, b, c (Å) 53.50, 77.59, 111.4 77.46, 77.46, 393.6 

     , ,  (o)  90, 90, 90 90, 90, 120  

  Resolution (Å) 48.22-1.81 (1.86-1.81)a 50.0-2.68 (2.78-2.68) a
  

  No. of reflections 347,344 35,955 

  No. of unique reflections   43,064 10,273 

  Redundancy  8.1 (6.9) 3.5 (3.7) 

  Completeness (%) 99.9 (99.4)  95.4 (97.7) 

  I/σI 18.4 (6.1)  25.2 (5.9) 

  Rmerge 0.067 (0.26)  0.13 (0.40)  

Refinement     

  Resolution  (Å) 1.81 2.68 

  Rwork/Rfree 0.175/0.203 0.212/0.259 

  R.M.S.     

      bond lengths (Å) 0.009 0.011 

      bond angles (°) 1.17 1.30  

  Average B-Factors (Å2)     

      Protein  20.6  34.7 

      Ligand 20.4  44.3 

      Ions 21.2  35.7  

      Water 27.3  37.1  

 
a Values in parentheses represent the highest resolution shell. 

 

A number of specific contacts are formed between the combining site of GSI-A4 

and Gal or GalNAc (Table 5 and 6). The conserved hydrophobic amino acid, Trp132, 

interacts with the sugar moiety in both co-structures, forming a CH-π interaction with the 

sugar ring. In both co-structures recognition occurs mainly with O3 and O4 of the sugar, 

with only water molecules forming the specific interactions to O1, and no interactions 
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with O2, which allows for accommodation of both anomeric conformations and 

substitution of O2. In the GS1-A4 GalNAc co-structure, Ala106 and Tyr107 form a 

hydrophobic patch that provides stabilization of the methyl group of the acetamido 

moiety. Three of four molecules in the AU form weak hydrogen bonds between the 

backbone nitrogen of Ala106 and the oxygen present on the acetamido group providing 

additional stabilization. Key interactions within both structures occur primarily between a 

hydrophobic residue (Trp132), Asp88, Asn134, Ala222 and Asn223 and the sugar, 

thereby encompassing the critical triad of Asp, Asn and Ala as well as a hydrophobic 

interaction to form a conserved method of monosaccharide recognition. No interactions 

are formed between the lectin and the anomeric hydroxyl of the Gal or GalNAc 

costructures, supporting a lack of anomeric specificity. The main difference in binding of 

Gal and GalNAc occurs with stabilization of the acetamido moiety through both the 

hydrophobic patch and the weak hydrogen bond from Ala106 to O7 of the acetamido. 

 

Table 5: Specific interactions between Gal and GSI-A4 for both molecules in         

the AU. 

 

  Molecule  1 2 

Residue Gal 

Distance 

(Å) 

Distance 

(Å) 

Asp88 OD1 O3 3.07 3.13 

Asp88 OD1 O4 2.61 2.58 

Asp88 OD2 O3 2.34 2.44 

Asp88 OD2 O4 3.55 3.54 

Trp132 Ring ~4.24 ~4.01 

Asn134 OD1 O3 3.42 3.19 

Ala222 N O 3.20 2.75 

Asn223 N O6 2.44 2.19 
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Table 6: Specific interactions between GalNAc and GSI-A4. 

 

   Molecule 1 2 3 4 

Residue GalNAc Distance (Å) Distance (Å) Distance (Å) Distance (Å) 

Asp88 OD1 O3 3.41 3.44 3.40 3.70 

Asp88 OD1 O4 2.37 2.41 2.51 2.28 

Asp88 OD2 O3 2.68 2.73 2.43 2.74 

Asp88 OD2 O4 3.40 3.34 3.41 3.11 

Ala106 N O7 3.29 3.43 3.42 3.50 

Trp 132 Ring ~4.24 ~3.90 ~4.63 ~3.39 

Asn134 OD1 O3 2.93 2.94 2.79 2.70 

Ala222 N O 3.20 3.27 2.80 3.16 

Asn223 N O6 2.50 2.48 4.10 3.08 

HOH 2 O1 3.05 NA NA NA 

HOH 107 O1 NA 2.85 NA NA 

HOH 38 O7 NA NA NA 2.74 

 

The GSI-A4 complexes with Gal and GalNAc both showed high similarities even 

with crystallization in different space groups and different ligands bound. Both co-

structures have multiple molecules in the AU and exhibit subtle differences between 

them. For the GSI-A4 Gal co-structure, the 232 corresponding Cα between chains A and 

B have an observed mean, root mean square (R.M.S.), maximum and minimum deviation 

of 0.13, 0.22, 1.87 and 0.01 Å, respectively. For the GSI-A4 GalNAc co-structure, Cα 

deviations observed between the four molecules in the AU were mean, R.M.S., maximum 

and minimum deviation below 0.22, 0.28, 2.12 and 0.03 Å, respectively. Deviation 

between the Gal sugars in the Gal co-structure for 12 atoms matched between the two 

sugars had a mean, R.M.S., maximum and minimum deviation of 0.07, 0.10, 0.28 and 

0.01 Å, respectively. Meanwhile, the deviation between the GalNAc was quite low with 

the positions of the four molecules in the AU having mean, R.M.S., maximum and 

minimum deviation all below 0.002 Å. Main chain deviation between the two co-

structures was also low, for 232 Cα matched between chain A of the Gal co-structure and 
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chain A of the GalNAc co-structure a mean, R.M.S., maximum and minimum deviation 

of 0.21, 0.29, 2.18 and 0.02 Å were observed, respectively. Deviation between the bound 

sugars was also low, the positions of the Gal and GalNAc sugars from the corresponding 

A chains showed a mean, R.M.S., maximum and minimum deviation of 0.43, 0.59, 1.51 

and 0.09 Å, respectively. Overall, the low deviation within and between these co-

structures demonstrates the ability of GSI to cross-react with related sugars without a 

conformational shift required. 

Alignment of the related GSI-B4 with the GSI-A4 structures described here 

shows a larger degree of variation than between the molecules forming the GSI-A4 

tetramer. Cα alignment between the B4 (PDB ID: 1HQL) and A4 (Gal co-structure) 

structures shows mean, R.M.S., maximum and minimum deviation of 0.24, 0.33, 2.08, 

0.03 Å, respectively for 232 aligned Cα. The alignment of the Gal sugars showed mean, 

R.M.S., maximum and minimum deviation of 0.06, 0.07, 0.11 and 0.01 Å, respectively 

for 11 matched atoms. The low spatial deviation between the GSI-A4 and -B4 lectins 

demonstrates the conserved mechanism of recognition present in these legume lectins. 

Together, these analyses reveal that specificity in GSI-B4 and cross-reactivity in GSI-A4 

are not imparted by conformational changes, but are instead imparted by subtle 

differences provided by the 10% difference in sequence between the two lectins. 

The GSI lectins from G. simplicifolia have ~90% sequence conservation between 

them, with a total of 14 amino acid differences (Figure 16, yellow/red). A key difference 

between the two sequences is residue 106 (Figure 16, red), a member of the critical triad 

in legume lectins that is normally a Gly but instead is an Ala in the GSI A subunit and 

Glu in the GSI B subunit. The A and B subunits also use highly similar methods to 
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specifically recognize the bound sugars, using closely related hydrogen bonding patterns. 

In particular, only the identity of Glu106 and Asn222 is different between GS1-A4 and -

B4 leading to the specific interaction between the side chain of Glu106 and the Gal 

moiety (Tempel, Tschampel, and Woods 2002). The high level of conservation explains 

the ability of both lectins to bind to Gal, although the difference in specificity and affinity 

of the subunits can be explained by these subtle differences. 

 

GSI-A4   FNLPNFWSDVKDNIIFQGDANTTAGTLQLCKTNQYGNPLQYRAGRALYSDPVQLWDNKTG 60 

GSI-B4   FTFPNFWSDVEDSIIFQGDANTTAGTLQLCKTNQYGTPLQWSAGRALYSDPVQLWDNKTE 60 

     *.:*******:*.***********************.***: ***************** 

 

GSI-A4   SVASFYTEFTFFLKITGDGPADGLAFFLAPPDSDVKDAGAYLGLFNKSTATQPSKNQVVA 120 

GSI-B4   SVASFYTEFTFFLKITGNGPADGLAFFLAPPDSDVKDAGEYLGLFNKSTATQPSKNQVVA 120 

     *****************:********************* ******************** 

 

GSI-A4   VEFDTWKNTDFPEPSYRHIGINVNSIVSVATKRWEDSDIFSGKIATARISYDGSAKILTV 180 

GSI-B4   VEFDTWTNPNFPEPSYRHIGINVNSIVSVATKRWEDSDIFSGKIATARISYDGSAEILTV 180 

     ******.*.:*********************************************:**** 

 

GSI-A4   VLSYPDGADYILSHSVDLSKNLPNPIRVGISASTGANQFLTVYVLSWRFSSALQSTSVNA 240 

GSI-B4   VLSYPDGSDYILSHSVDMRQNLPESVRVGISASTGNNQFLTVYILSWRFSSNLQSTSVKA 240 

     *******:*********: :***:.:********* *******:******* ******:* 

 

  GSI-A4   AMGPEIIRTVV 251 

  GSI-B4   AMEPEITRTVV 251 

           ** *** **** 

 

Figure 16. Sequence alignment of the A and B subunits from the GSI lectin from 

Griffonia simplicifolia shows the high degree of similarity.  

A MUSCLE alignment (Edgar 2004) of the GSI-B4 sequence (PDB ID: 1HQL) and the 

GSI-A4 sequence (Uniprot ID: Q8W1R7) show the 90% identity between the two 

sequences. Amino acid differences are highlighted in yellow, with the difference at 

residue 106 highlighted in red. 
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A single amino acid difference between the A and B subunits is largely 

responsible for a difference in both affinity and specificity between the subunits. Residue 

106 (Figure 16, red) provides a key difference in the topology of the lectin combining site 

(Figure 17), and in the case of the A subunit, a key hydrogen bond. The topology differs 

between the two subunits by forming a binding pocket in GSI-B4 (Figure 17A) and a 

surface groove in GSI-A4 (Figure 17B) to accommodate the larger acetamido moiety. 

The fine specificity towards Gal provided by Glu106 is what has led to the use of GSI-B4 

as a probe for the xenograft antigen, but prevents its use for targeting other clinically 

significant carbohydrates. 

 

 

Figure 17. Surface representations of the GSI lectins show clear evidence for the 

difference in specificity.  

A. Semi-transparent surface representation of the previously characterized GSI-B4 lectin 

is shown in orange, with Glu106 shown as sticks beneath (PDB ID: 1HQL); the xenograft 

antigen has been modeled as a terminal Gal in this figure. The combining site forms a 

 

  

A B 



77 

 

tight pocket around the Gal moiety, with closure of the pocket occurring due to Glu106 

(denoted by black dashed line), which provides steric hindrance against accommodation 

of the larger acetamido group of GalNAc. B. Semi-transparent surface representation of 

the combining site of GSI-A4, shown in teal, in complex with GalNAc; Ala106 shown as 

sticks underneath. The smaller size of Ala106 allows for formation of a surface groove 

(denoted by black dashed lines) instead of the pocket formed by Glu106. 

 

While differential specificity between these two lectins seems to come from a 

single residue (106), there are other non-conserved residues positioned to contact the 

sugar in the combining site of the GSI lectins. Of the 10% of residues that are non-

conserved between the GSI lectins only three are in contact or close to the sugar (Figure 

18, red/yellow). Aside from the critical amino acid difference at position 106 (Figure 18, 

red), two non-conserved residues are positioned close to the ring oxygen and are poised 

with the potential to interact with the sugar (Figure 18, yellow). The two non-conserved 

residues are Tyr47 and Ala222 in the A subunit and Trp47 and Asn222 in the B subunit. 

For residue 47 a hydrophobic interaction appears to be lost in the A subunit as the smaller 

Tyr47 is not positioned to interact with the sugar ring like Trp in the B subunit. For 

residue 222 both amino acids play an identical role providing backbone interactions to 

the sugar. Apart from the critical residue 106 only one interaction to Gal is lost between 

the A and B subunits, specifically the Trp47-mediated hydrophobic interaction, 

confirming the similar coordination mechanism between the two subunits. 
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Figure 18: Surface diagram of GSI-A4 colored by sequence conservation. 

The surface representation of GSI-A4 in complex with GalNAc colored by conservation 

displays the high similarity of the combining site with GSI-B4. The surface of GSI-A4 

has been colored with grey representing conserved residues, yellow representing non-

conserved residues and red representing Ala/Glu106. Two of the residues highlighted in 

yellow that are close enough to contact to the ring oxygen of the sugar are Tyr47 and 

Ala222 in the A subunit, which are Trp47 and Asn222 in the B subunit. In the B subunit 

the larger Trp residue is positioned to provide a hydrophobic interaction to the sugar ring, 

while in both subunits residue 222 provides side chain independent backbone 

interactions. 
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The ability of GSI-A4 to bind to a GalNAc moiety with higher affinity than Gal 

can be linked to a conserved mechanism of GalNAc recognition. GalNAc specific 

legume lectins form a hydrophobic patch normally composed of three residues, such as in 

Vicia villosa B4 (VVLB4) where glycine, phenylalanine and tryptophan form this patch 

(Figure 19, left - grey). Higher affinity for GalNAc over Gal can be largely linked to this 

patch as it provides stabilization to the hydrophobic methyl of the acetamido group. In 

addition, other GalNAc specific lectins, such as winged bean agglutinin, can also use a 

backbone nitrogen to form a hydrogen bond with the oxygen of the acetamido to further 

stabilize the interaction. GSI-A4 uses a small hydrophobic patch formed from the side 

chains of Ala106 and Tyr107 as well as a weak hydrogen bond between the backbone 

nitrogen of Ala106 and the oxygen of the acetamido (Figure 19, right - grey). The 

combination of these two conserved GalNAc recognition mechanisms displays the 

molecular system behind the higher affinity of GSI-A4 for GalNAc over Gal. 
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Figure 19: Surface representations of the GalNAc specific VVLB4 and GSI-A4 

lectins.  

Left: A conserved method of acetamido recognition is present in a variety of GalNAc 

specific legume lectins, such as VVLB4. A semi-transparent surface representation of 

VVLB4 (PDB ID: 1N47) displays the hydrophobic patch (grey) normally used to 

stabilize interactions with the acetamido group. Right: GSI-A4 uses a conserved 

mechanism of acetamido recognition: a combination of a two residue hydrophobic patch 

(grey) and a hydrogen bond (black line). Altogether, GSI-A4 overcomes its smaller than 

typical hydrophobic patch through a specific hydrogen bond between a backbone 

nitrogen and the oxygen of the acetamido. 

 

Exquisitely specific discrimination between related sugars can be due to 

differences in a single residue of the carbohydrate binding protein. As demonstrated by 

the related GSI lectins, GSI-B4 Glu106 provides high specificity for Gal while GSI-A4 

Ala106 enables a higher affinity for GalNAc over Gal. Notably, the other residue forming 
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the hydrophobic patch in GSI-A4, Tyr107, is conserved in GSI-B4. However, it is not 

abnormal in the legume lectin family to contain a partial specificity signature for a non-

cognate sugar since fine specificity is often dictated by a small number of amino acids.  

The molecular recognition mechanism of GSI-A4 is of particular interest as the 

ability of GSI-A4 to cross-react with GalNAc has allowed its use as a probe for the 

TACA Tn and Forssman antigens. Cross-reactivity of GSI-A4 with GalNAc allows the 

use of this lectin as a clinically-relevant probe. The Tn and Forssman antigens are 

important glycoprotein and glycolipid TACA defined by the presence of a terminal 

GalNAc. The specificity of GSI-A4 allows for binding of these terminal GalNAc with 

high affinity and therefore recognition of these related TACA, which has led to the use of 

GSI-A4 as a cancer specific probe for these structures and its inclusion in cancer specific 

lectin microarrays (Fry et al. 2011). The mechanism of cross-reactivity for GSI-A4 

described here supports the continued use of GSI-A4 as a probe of the clinically 

significant TACA and highlights the importance of single amino acid changes amongst 

the legume lectins. 
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Chapter 4: Structural characterization and examination of 

clustered mannose specificity in the previously uncharacterized 

legume lectin from Lathyrus odoratus: Sequence determination 

through the application of x-ray crystallography 

 

Parker MJ, Young NM, Evans SV (2015). 

 

 

 

Contributions: NMY provided the purified protein used. MJP carried out crystallization, 

data collection and data analysis for this project. MJP wrote the following chapter. 
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4.1 Abstract 

Oligosaccharide specificity of legume lectins towards clustered mannose structures 

influences their ability to bind clinically-relevant carbohydrates such as Man9 on gp120 

of human immunodeficiency virus (HIV). The Mannose/Glucose (Man/Glc) family of 

legume lectins displays a broad range of oligosaccharide specificity, which can be 

epitomized in the Pisum sativum (PSL) and Concanavalin A (ConA) lectins with only the 

latter able to specifically recognize clustered mannose in oligosaccharides. To investigate 

the presence of alternative oligosaccharide specificities, the Lathyrus odoratus lectin 

(LOdL), which previously had only a partially established primary sequence, was 

structurally characterized. High resolution x-ray diffraction structural determination and 

sequencing of LOdL revealed a sequence closely related to other Man/Glc lectins, 

specifically to that of PSL. Based on this high sequence identity, particularly in the 

putative functional regions of LOdL, it is likely that both PSL and LOdL share nearly 

identical mono/oligosaccharide specificity towards both a mannose monosaccharide and 

clustered mannose structures. In particular, a comparative analysis of Man/Glc lectins 

with differing oligosaccharide specificities reveals that residues analogous to LOdL 123 

through 127 appear to be key in recognition of additional mannose residues, and 

individual residues within this region seem to determine oligomannose specificity.  

 

4.2 Introduction 

A number of important mannose (Man) based antigens exist, especially on microbial 

surfaces (Jack, Klein, and Turner 2001), and Man binding lectins play an important role 

in innate immunity. In fact, the roles of mannose binding lectins are so important in 
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defense that a deficiency has been linked to increased susceptibility to bacterial, fungal, 

viral and protozoan infections (Jack, Klein, and Turner 2001). An important example of 

Man based antigens on pathogens is the Man containing carbohydrates found on gp120 of 

human immunodeficiency virus (HIV). The outer surface of HIV is heavily glycosylated, 

with gp120 displaying a variety of glycosylation patterns. The binding of carbohydrate 

targets by lectins on HIV has been linked to the ability to influence biological activity of 

the virus (Swanson et al. 2010; Lam and Ng 2011). Due to the ability of these lectins to 

specifically bind to and influence HIV, investigations of anti-HIV lectins have been 

pursued. 

The lectins shown to be capable of affecting the biological activity of HIV 

encompass members of numerous lectin families with differing specificity. For example, 

a GlcNAc specific lectin purified from the sea worm Serpula vermicularis has been 

shown in vitro to negatively influence expression of the viral p24 antigen and the HIV-1 

induced cytopathic effect (Molchanova et al. 2007). The specific mechanisms by which 

this is accomplished are not known, but it has been hypothesized that inhibition is 

established by binding to the heavily glycosylated gp120 or gp41 surface proteins, which 

has been shown to be a common behavior among anti-HIV lectins (Balzarini et al. 1991; 

Molchanova et al. 2007; Takahashi et al. 2011). The lectins implicated in anti-HIV 

activity include the Man specific jacalin-related snowdrop lectin (Balzarini et al. 1991), 

Griffithsin purified from red algae (Ziółkowska et al. 2007), and Man specific 

Cyanovirin-N purified from cyanobacteria (Takahashi et al. 2011).  

Due to the ability of lectins to bind heavily glycosylated sites on the surface of 

HIV they have been proposed as a microbicide to inhibit the spread of the virus. Lectins 
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can form high affinity interactions with glycans on gp120, which is of interest as these 

glycosylations often cannot be targeted for a robust immune response; HIV mutation to 

remove these glycosylations would actually be helpful as their removal could make HIV 

more susceptible to a typical immune response (Molchanova et al. 2007; Swanson et al. 

2010). As gp120 is involved in a vital step of entry into the cell, specifically by 

interacting with CD4 and co-receptors, binding of gp120 with lectins could inhibit this 

step (Swanson et al. 2010; Takahashi et al. 2011). Lectins as potential microbicides have 

been highlighted as they have the potential to block entry of HIV well before viral DNA 

can enter the genome and can thus play a prevention based role against HIV infection 

(Swanson et al. 2010; Gavrovic-Jankulovic 2011). Lectins have been proposed as an 

effective microbicide by preventing HIV infection, yet with differing specificities and 

affinities towards Man9 and other mannose containing structures more data is required to 

capitalize on the potential of these lectins.  

A number of Man specific lectins have demonstrated anti-HIV activity, although 

their fine specificities and effectiveness can differ greatly. Previous work has 

demonstrated that some lectins will only recognize a Man monosaccharide, such as 

Pisum sativum lectin (PSL) (Rini et al. 1993), while others will recognize large mannose 

structures, such as Concanavalin A (ConA) (Naismith and Field 1996); both PSL and 

ConA will inhibit HIV infection (Gavrovic-Jankulovic 2011; Lam and Ng 2011), but they 

show differing abilities to inhibit infection. A further issue is that certain lectins display 

high levels of toxicity or deleterious side effects in humans (Ramos et al. 2000; Saïdi et 

al. 2007), limiting their effectiveness as potential therapeutics. The identification and 

characterization of additional Man binding lectins could not only enable the development 
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of a set of lectins for combination use to increase effectiveness, but also reveal lectins 

with better therapeutic potential due to fewer induced side effects. 

Lectin purified from the seeds of the flowering plant Lathyrus odoratus (LOdL), 

or sweet pea, is specific for Glc and Man. LOdL lacks a complete sequence, has not been 

structurally characterized and lacks a complete analysis of fine specificity. LOdL binds α- 

D-mannose and α-D-glucose and has been studied for its mitogenic activity (Borrebaeck, 

Box, and Lund 1986). The Lathyrus genus of lectins all bear a similar structure 

comprised of four subunits, α2β2, and display similar monosaccharide specificity with 

differing levels of mitogenic activity. The sequence of the LOdL α chain has previously 

been characterized (Kolberg, Michaelsen, and Sletten 1980; Sletten, Kolberg, and 

Michaelsen 1983), yet the sequence of the β chain remains unknown. As the full 

sequence and structure of LOdL are currently undetermined, analysis of both will provide 

more detail on LOdL and potentially inform its suitability as a new anti-HIV lectin. 

While both sequence and structure for LOdL are unknown, it is important to note 

that proteins can be partially sequenced and structurally characterized in tandem. 

Previous examples of lectin sequencing often involved Edman degradation to establish a 

potential primer sequence, followed by cDNA sequencing of genetic material purified 

from the seeds (Wang et al. 2004; Cavada et al. 2006; Lin et al. 2007); this strategy can 

be time consuming, expensive and require a suitable source of seeds, and thus, alternate 

methods of sequencing are often desirable. For example, there have been cases where a 

high-resolution crystal structure of a protein can be used to provide a putative or partial 

sequence for the protein in question, which can be confirmed by mass-spectrometry. 

Importantly, examples of greater than 85% of the protein sequence derived from electron 



87 

 

density have been shown (Hou et al. 2007). To further characterize LOdL, the crystal 

structure was solved to 1.67 Å resolution in complex with Glc and used to generate a 

putative primary sequence. Furthermore, analysis of both the sequence and structural data 

of LOdL leads to insight into its oligosaccharide specificity. 

 

4.3 Materials and methods 

LOdL purification  

Protein was prepared as described in Young et al. (Young, Watson, and Thibault 1996), 

and stored at -20°C until use in crystallization trials. 

 

LOdL crystallization  

LOdL was thawed and concentrated using a 15 mL spin concentrator (Millipore) to 

approximately 18 mg/mL in a volume of 400 μL and buffer exchanged into 20 mM 

HEPES pH 7.5 buffer (Biobasic) by dialysis. D-(+)-glucose (Sigma-Aldrich) was added 

to the protein at a 4:1 molar ratio (Glc:LOdL) and incubated for 30 min at 4 °C. 

Precipitate was removed by centrifugation and the resulting protein solution was used to 

set the Index (Hampton) and PEG I suite (Qiagen) at a 0.2/0.2 μL protein to reservoir 

solution ratio. Hits were found in a variety of conditions, the best of which were Index E2 

(0.2 M ammonium acetate, 0.1 M BIS-TRIS pH 5.5, 45% (v/v) 2-methyl-2,4-pentanediol 

(MPD)) and E5 (0.2 M ammonium acetate, 0.1 M BIS-TRIS pH 8.5, 45% (v/v) MPD). 

Crystals from the Index E2 (Figure 20, left) and E5 (Figure 20, right) conditions were 

used for data collection. The approximately 0.25 x 0.1 x 0.1 mm crystal from condition 

E2 was cryoprotected in mother liquor supplemented with a high percentage of MPD and 
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flash-frozen at -160 °C. A single crystal from Index E5 produced the highest resolution 

data set; a crystal of approximately 0.35 x 0.15 x 0.20 mm was cryoprotected in mother 

liquor supplemented with a high percentage of MPD and flash-frozen at -160 °C. 

 

 

Figure 20: LOdL crystals used for data collection. 

Left: Crystals of LOdL in complex with Glc grown in E2 of the Hampton Index screen 

and solved to 2.10 Å resolution. Right: Crystals of LOdL in complex with Glc grown in 

E5 of the Hampton Index screen and solved to 1.67 Å resolution. 

 

Data collection and processing, structure determination and refinement  

Data were collected on the E2 crystal using a Rigaku R-AXIS IV++ at -160 °C using a 

CryoStream 700 crystal cooler. The X-ray generator used was the MicroMax-003 

generator (Rigaku/MSC, College Station, Texas, USA) with Osmic “Blue” confocal X-

ray mirrors at power levels of 30 W (Osmic). Oscillations were set at 0.5 degrees and a 

detector distance of 125 mm, and exposure time of 4.0 min were used during data 

collection over a range of 240 degrees. Data were collected to 2.10 Å resolution in space 
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group P21 and were scaled, averaged and integrated using Imosflm (Battye et al. 2011) 

and Aimless (Evans and Murshudov 2013). For the Rfree 5% of the reflections were set 

aside.  

A molecular replacement solution using a modified search model of lentil lectin in 

complex with sucrose (PDB ID: 1LES) with the ligand removed was used. The α chain 

was modified to match the known sequence of the α chain of LOdL and the β chain of 

lentil lectin was used to generate a model using the CCP4 suite Chainsaw utility (Stein 

2008). The composite search model was used to solve the phase problem in PHASER 

from the CCP4 suite (McCoy et al. 2007). Coot (Emsley and Cowtan 2004) and 

SetoRibbon (Evans, unpublished) were used for the manual fitting of σA-weighted Fo-Fc 

and 2Fo-Fc electron density maps. Refmac5 in CCP4 was used for restrained refinement 

(Murshudov et al. 2011). Note that this structure was not fully refined as a higher 

resolution data set was obtained soon after.  

Data were collected for the E5 crystal at the Canadian Light Source (Saskatoon, 

SK, Canada) using the Canadian Macromolecular Crystallography Facility at the 08ID-1 

(CMCF-ID) beamline at a wavelength of 0.9795 Å. X-ray diffraction data to 1.67 Å 

resolution were scaled, averaged and integrated with Imosflm (Battye et al. 2011) and 

Aimless (Evans and Murshudov 2013). For the Rfree 5% of the reflections were set aside. 

The same process as described above was used to accomplish molecular replacement, 

manual fitting, and restrained refinement. As sequencing by electron density requires 

high-resolution data, the 1.67 Å resolution data set was the focus of refinement. 

Structural representations were generated in PyMol (DeLano Scientific). 
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Sequencing by electron density 

The identity of amino acids were assigned by a variety of methods. First, the residues 

were compared against other related Man/Glc legume lectins to examine conservation. 

Next, the σA-weighted Fo-Fc and 2Fo-Fc electron density maps were used to confirm the 

identity of the individual amino acid, examining all four molecules in the AU. Finally, 

residues with ambiguous density, or hard to assign based solely on electron density, were 

identified with the aid of factors in the local environment (hydrogen bonding capacity, 

hydrophobicity, etc.). 

 

Buried accessible surface area calculation  

AREAIMOL of the CCP4 suite (Lee and Richards 1971; Saff and Kuijlaars 1997) was 

used to calculate the accessible surface area of both PSL (PDB ID: 1BQP) and LOdL in 

contact with Man and Glc, respectively.  

 

Bioinformatics  

The sequence alignment was generated with MUSCLE alignment software (Edgar 2004). 

 

4.4 Results and discussion 

To elucidate the mechanisms of mono/oligosaccharide recognition by LOdL, the structure 

was solved in complex with Glc to a resolution of both 2.10 and 1.67 Å resolution; data 

collection and refinement statistics are presented in Table 7. Structural elucidation of 

LOdL focused on the higher resolution of the two data sets, which was solved in space 

group P21 with four molecules in the AU. Clear density is observed in the combining 
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sites for Glc in all four molecules, as well as the requisite calcium and manganese ions. 

Clear density is seen for all residues of the combining site that interact with the Glc 

moiety. 

 

Table 7: Data collection and refinement statistics for LOdL in complex with Glc to 

2.10 and 1.67 Å resolution. 

Data Collection     

  Beamline Rigaku R-AXIS IV++ CMCF-ID 

  Wavelength (Å)  1.5418 0.9795 

  Space group P21 P21 

  Cell dimensions:     

     a, b, c (Å) 55.89, 123.3, 82.84 55.70, 123.3, 81.90 

     , ,  (o)  90, 94.38, 90 90, 93.77, 90 

  Resolution (Å) 27.86-2.10 (2.15-2.10)a 41.95-1.67 (1.70-1.67) 

  No. of reflections 296,964 589,160 

  No. of unique reflections  64,850 127,382 

  Redundancy 4.6 (4.6) 4.6 (3.9) 

  Completeness (%) 99.4 (98.6) 99.9 (91.5) 

  I/σI 4.4 (2.2) 6.9 (3.5) 

  Rmerge 0.15 (0.41) 0.11 (0.29) 

Refinement     

  Resolution  (Å) 2.10 Å  1.67 Å   

  Rwork/Rfree 0.371/0.400 0.159/0.179 

  R.M.S.     

      bond lengths (Å) - 0.008 

      bond angles (°) - 1.11 

  Average B-Factors (Å2)     

      Protein  - 12.3 

      Ligand - 12.6 

      Ions - 7.9 

      Water - 32.6 
a Values in parentheses represent the highest resolution shell. 

 

A number of closely related Man/Glc legume lectins had the potential to provide a 

good molecular replacement model. Examination of other well-known Man/Glc lectins, 
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such as the PSL, Lathyrus sativus lectin (LSL) and Lens culinaris lectin (LCL) show a 

high degree of conservation, in fact these three lectins differ in only 12% of their amino 

acids. This high degree of conservation allowed for a more simplified assignment of the β 

chain of LOdL, as the majority of the sequence was expected to be conserved. 

Sequencing by electron density provided a putative sequence for the LOdL 

protein. Individual residues were first compared for conservation with other Man/Glc 

legume lectins, then electron density was visually inspected to confirm the sequence as 

demonstrated in Figure 21. Regions displaying low B factors and therefore low thermal 

motion could be well resolved, and this was especially evident in the combining site 

(Figure 22). Four molecules in the AU also provided more electron density to sample. 

Assignment of the residues in the β chain produced a sequence with >80% conservation 

with the three other Man/Glc legume lectins. The putative sequence of LOdL β chain was 

assigned based on sequence conservation, electron density and examination of the local 

environment of the residue (Figure 23), while the sequence of the α chain was assigned 

based on the previously characterized sequence (Uniprot ID: P02869). Comparison 

between the β chain of the putative LOdL sequence with three other Man/Glc lectins 

(LCL, LSL and PSL) show 83% of the residues are conserved (Figure 23) confirming the 

expected high degree of conservation between the β chain of LOdL and related Man/Glc 

legume lectins.  
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Figure 21: Example of sequencing by electron density. 

The 2Fo-Fc electron density map (grey mesh) of the two residues are contoured to 1.0 σ. 

A serine residue (top, orange sticks coloured by element) was assigned based on 

conservation, yet the density correlated to an arginine residue (bottom, cyan sticks 

colored by element). Replacing serine with arginine demonstrated a very good fit of the 

model to the density. 
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Figure 22: Stereoview of the 2Fo-Fc electron density map of the combining site of 

LodL in complex with Glc. 

The 2Fo-Fc electron density map (magenta mesh) of the combining site is contoured to 

2.0 σ and displays the bound Glc as well as all residues hydrogen bonding to Glc. All 

residues and Glc are well anchored in the density correlating with the lower than average 

B-factors and confidence of sequencing in this region. Hydrogen bonding between the 

combining site and the Glc moiety is denoted by dashed black lines. 
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LCL   TETTSFSITKFSPDQKNLIFQGDGYTTKGKLTLTKAVKSTVGRALYSTPIHIWDRDTGNV 

LodL  TETTSFLITSFSPDQQNLIFQGDGYTTSEKLSLTKAVKDTVGRALYSSPIHIWDAVTGNV 

LSL   TETTSFLITKFSPDQQNLIFQGDGYTTKEKLTLTKAVKNTVGRALYSSPIHIWDSTTGNV 

PSL   TETTSFLITKFSPDQQNLIFQGDGYTTKEKLTLTKAVKNTVGRALYSSPIHIWDRETGNV 

      ****** **.*****:***********. **:******.********:******  **** 

 

LCL   ANFVTSFTFVIDAPSSYNVADEFTFFIAPVDTKPQTGGGYLGVFNSKEYDKTSQTVAVEF 

LodL  ASFVTTFTFIITAPDTYNVADGFTFFIAPVDTKPQTGGGYLGVFNSKLYDSTSQTVAVEF 

LSL   ASFVTSFTFIINAPNSYNVADGFTFFIAPVDTKPQTGGGYLGVFNSKDYDKTSQTVAVEF 

PSL   ANFVTSFTFVINAPNSYNVADGFTFFIAPVDTKPQTGGGYLGVFNSAEYDKTTQTVAVEF 

      *.***:***:* **.:***** ************************  **.*:******* 

 

LCL   DTFYNAAWDPSNKERHIGIDVNSIKSVNTKSWNLQNGERANVVIAFNAATNVLTVTLTYP 

LodL  DTFYNAAWDPSNGDRHIGIDVNSIKSVNTKSWNLQNGAEANVVIAFNGASNVLVVSLTYA 

LSL   DTFYNAAWDPSNGDRHIGIDVNSIKSVNTKSWNLQNGAEANVVIAFNGASNVLTVSLTYP 

PSL   DTFYNAAWDPSNRDRHIGIDVNSIKSVNTKSWKLQNGEEANVVIAFNAATNVLTVSLTYP 

      ************ :******************:**** .********.*:***.*:*** 

Figure 23: Sequence alignment of the β chain from LCL, LSL, PSL and putative 

LodL sequences. 

The sequences of three lectins, LCL (Uniprot ID: P02870), LSL (Uniprot ID: Q8RW33) 

and PSL (Uniprot ID: P02867), and the putative LodL sequence were aligned using 

MUSCLE (Edgar 2004). Amino acid differences are highlighted in red. 

 

Analysis of specific interactions between LodL and the bound Glc reveal retention 

of the conserved mechanism of legume lectin monosaccharide recognition. Both the α 

and β chains of LodL provide direct interactions with Glc (Table 8 and Figure 24, left), 

similar to other αβ chain Man/Glc lectins. Akin to many other legume lectins, the Asp, 

Gly, Asn triad and a conserved hydrophobic interaction play an important role in 

providing a large portion of the binding energy (Table 8 and Figure 24, left). In all four 

molecules in the AU, the complete set of nine hydrogen bonds have been retained. 

Interactions between the sugar and waters surrounding the combining site are not 

included in Table 8, although in all four molecules five to six water molecules coordinate 

with O1, O2 and O3 of the sugar. The coordinated water molecules likely aid in 
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stabilization of binding but would not prevent the Man/Glc C2 epimers, both anomers, or 

substitutions on O1 or O2 from binding. This explains the observable binding of LodL to 

both of the Man/Glc epimers and the lack of an observed anomeric preference. LodL 

displays a conserved system of monosaccharide recognition and is closely related to the 

molecular recognition of Man displayed by PSL (Figure 24, Right). 

 

Table 8: Specific interactions between each of four LodL chains in the AU and 

bound Glc. 

   Molecule 1 2 3 4 

  LOdL residue Glc 

Distance 

(Å) 

Distance 

(Å) 

Distance 

(Å) 

Distance 

(Å) 

α chain 

 

          

  Ala30 N O 2.96 2.96 2.99 2.95 

  Glu31 N O6 3.22 3.17 3.18 3.24 

  Glu31 O O6 3.40 3.40 3.34 3.41 

β Chain 

 

          

  Asp81 OD1 O4 2.57 2.54 2.58 2.56 

  Asp81 OD2 O4 3.53 3.49 3.49 3.51 

  Asp81 OD2 O6 2.72 2.74 2.78 2.71 

  Gly99 N O3 2.87 2.88 2.92 2.82 

  Phe123 Ring ~3.94 ~3.94 ~3.75 ~3.95 

  Asn125 ND2 O4 2.87 2.87 2.85 2.89 
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Figure 24: Hydrogen bonding pattern observed between LOdL and Glc compared to 

PSL and Man. 

Left: Hydrogen bonding between the combining site of LOdL and Glc shows the 

participation of both the α (blue cartoon) and β (orange cartoon) chains. Multiple 

hydrogen bonds are formed between O3, O4, O6 and the ring oxygen with both chains. 

Water molecules are coordinated to O1 through O3 of Glc. Right: Hydrogen bonding 

between the combining site of PSL and Man (PDB ID: 1BQP) displays a very similar 

binding pattern to that seen in LOdL: both the α (teal cartoon) and β (green cartoon) 

chains in PSL form interactions with O3, O4, O6 and the ring oxygen while water 

molecules coordinate to O1 through O3. 

 

Binding of PSL to Man demonstrates the canonical use of the conserved triad and 

hydrophobic interaction in the recognition of a Man/Glc sugar. Similar to binding 
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observed in LOdL (Table 8), PSL relies on nearly the identical interactions between the 

combining site and Man (Table 9). It should be noted while the exact same residues are 

involved in recognition of the sugar, two of these interactions, a weak interaction 

between Glu31 O-ManO6 and Asp81 OD2-ManO4, form weak hydrogen bonds that are 

only observed in one of two molecules in the AU for PSL (Table 9). As well, in the PSL-

Man co-structure multiple waters coordinate with O1 through O3 in a similar pattern to 

LOdL. While the similarities in specific contacts with the sugar are obvious, an 

examination of the structural superposition of PSL and LOdL would be more 

enlightening.  

 

Table 9: Specific interactions between PSL and Man (PDB ID: 1BQP). 

 

    Molecule  1 2 

  Residue Glc 

Distance 

(Å) 

Distance 

(Å) 

α chain 

 

      

  Ala30 N O 2.93 3.09 

  Glu31 N O6 3.04 3.17 

  Glu31 O O6 3.52 3.60 

β Chain 

 

      

  Asp81 OD1 O4 2.83 2.71 

  Asp81 OD2 O4  3.70 3.53 

  Asp81 OD2 O6 3.06 2.91 

  Gly99 N O3 2.90 2.73 

  Phe123 ring Ring* ~4.15 ~3.63 

  Asn125 ND2 O4 2.88 2.83 

*approximate average distance between Phe aromatic ring and sugar ring. 

 

Three-dimensional superposition of PSL and LOdL demonstrates the high 

similarity between these two lectins. Superposition of 180 Cα between LOdL and PSL 

(PDB ID: 1BQP) shows mean, root mean square (R.M.S.), maximum and minimum 
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deviations of 0.33, 0.51, 3.11 and 0.06 Å, respectively. Superposition of the Glc and Man 

sugars (12 atoms) bound by the respective structures showed mean, R.M.S., maximum 

and minimum deviations of 0.39, 0.59, 1.76 and 0.04 Å, respectively. The larger 

difference observed for the maximum deviation of the two sugars can be explained by the 

epimeric oxygen (O2) that differs between the axial and equatorial position. Overall, the 

orientation of the bound sugar and the core of the protein structure are well maintained. 

Similar methods of recognition in PSL and LOdL can also be supported by examination 

of the buried solvent accessible surface area. Both PSL and LOdL show similar levels of 

buried accessible surface area in binding as coordination of Glc by LOdL buries 103.9 

Å2, while binding of Man by PSL buries 114.6 Å2. Overall, there are large similarities 

that exist between monosaccharide coordination patterns of LOdL-Glc and PSL-Man.  

Having established a conserved monosaccharide specificity and high sequence 

similarity of LOdL and PSL, it is still unclear how these attributes relate to their method 

of oligosaccharide recognition. Analysis of PSL binding of a variety of N-linked glycans 

has demonstrated that PSL will only recognize a single mannose in a larger 

oligosaccharide structure (Rini et al. 1993). Sequence analysis shows that 89% of the α 

chain and 87% of the β chain are identical between the PSL and LOdL lectins and, as 

described previously, monosaccharide recognition is closely related with respect to both 

specific contacts and binding area. The high degree of similarity between PSL and LOdL 

supports a theory of related oligosaccharide recognition; LOdL is unlikely to recognize 

clustered Man, and a comparison with related Man/Glc lectins further bolsters this theory 

and provides an oligosaccharide recognition signature in this related family of legume 

lectins.  
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Intriguingly, despite the importance of Man/Glc lectins, there is still no broadly 

applicable method for predicting oligosaccharide specificity. With the structure of LOdL 

and several other Man/Glc legume lectins now available and often associated with 

oligosaccharide binding data or structural information, a comparative analysis of the 

requirements for oligosaccharide specificity was undertaken. Three-dimensional 

alignment of structurally conserved Man/Glc legume lectins in complex with Man 

oligosaccharides demonstrates similarities in the molecular recognition of oligomannose. 

Man/Glc legume lectins co-crystallized with oligomannose and with observable electron 

density for at least a disaccharide allows for conclusions on the molecular recognition of 

oligomannose. Analysis of the Lectin 3D database 

(http://lectin3d.cermav.cnrs.fr/search.php), a member of the Glyco3D database, was used 

to identify structurally characterized Man/Glc legume lectins. Nine lectins with at least an 

observable mannose disaccharide were compared with the equivalent LOdL residues 

(Table 10). Of the nine lectins analyzed, three demonstrated no specific contacts outside 

of the primary monosaccharide recognition (Table 10, Lathyrus ochrus lectin, PDB IDs: 

1LGB and 1LOG; and Canavalia rosea lectin, PDB ID: 2P34). In the majority of cases 

structural alignment of the Man/Glc lectins revealed the identity of an equivalent 

residues, with the exception of Platypodium elegans lectin (PDB ID: 3ZVX), Table 10. 

The P. elegans lectin displays an extended loop, specifically residues 145 and 146, which 

does not correlate well with other Man/Glc lectins. Therefore, of the nine suitable legume 

lectin structures, five allow for analysis of an oligomannose coordination signature. 

 

http://lectin3d.cermav.cnrs.fr/search.php
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Table 10: Hydrogen bonding between various Man/Glc legume lectins and 

oligomannose outside the primary recognition site, organized according to PDB ID. 

PDB ID 

Oligo-

Man 

Length 

Lectin 

Residue Chain 

Analogous 

LOdL 

Residue Man 

Distance 

(Å) 

1CVN Tri Tyr12 OH β Phe123 Man2 O4 2.82 

    Pro13 O β Tyr124 Man3 O3 2.83 

    Thr15 N β Ala126 Man3 O3 2.77 

    Thr15 N β Ala126 Man3 O3 2.77 

    Thr15 N β Ala126 Man3 O4 3.19 

    Asp16 N β Ala127 Man2 O2 2.77 

1DGL Tri Tyr12 OH β Phe123 Man2 O4 2.68 

    Pro13 O β Tyr124 Man3 O3 2.97 

    Thr15 N β Ala126 Man3 O3 2.85 

    Thr15 OG1 β Ala126 Man3 O3 2.88 

    Thr15 OG1 β Ala126 Man3 O4 2.60 

    Asp16 N β Ala127 Man3 O4 2.91 

    Asp16 OD1 β Ala127 Man3 O4 2.85 

1LGB Di NA NA NA NA NA 

1LOG Di NA NA NA NA NA 

1Q8O  Di Ser45 OG α Asp39 Man2 O4 3.02 

2EF6 Di Tyr123 OH α Val37 Man2 O2 2.85 

2FMD Di Tyr131 OH β Phe123 Man2 O1 2.46 

    Tyr131 OH β Phe123 Man2 O 2.80 

    Gln218 OE1 α Ala30 Man2 O6 2.92 

2P34 Di NA NA NA NA NA 

3ZVX Tri Asn145 OD1 NA No match Man2 O2 3.38 

    Asn145 ND2 NA No match Man2 O2 3.29 

    Ser146 OG NA No match Man2 O3 3.41 

    Ser146 OG NA No match Man2 O2 2.59 

    Glu230 OE1 α Ala30 Man2 O4 3.25 

    Glu230 OE2 α Ala30 Man2 O4 3.41 

 

Residues 123-127 of the β chain and residue 30 of the α chain are important in 

Man/Glc legume lectins that recognize oligomannose. Of the analyzed lectins in Table 

10, PAL (PDB ID: 1Q8O) and Canavalia gladiata lectin (PDB ID: 2EF6) are difficult to 

compare with the other lectins, as they each form a single specific contact to a residue not 
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used by any other lectin in this table. Yet a pattern does appear in the use of two other 

regions by multiple lectins. The entirety of residues 123 to 127 are used in the recognition 

of two additional mannose for both ConA (PDB ID: 1CVN) and Dioclea grandiflora 

lectin (PDB ID: 1DGL), with Leucomphalos mildbraedii lectin (PDB ID: 2FMD) using 

residue 123 for recognition as well (Table 10; numbering by analogous LOdL residue). 

Residue 30 of the α chain is used by both the L. mildbraedii lectin and the P. elegans 

lectin to recognize an additional Man residue (Table 10, PDB IDs: 2FMD and 3ZVX). 

Collectively, previously characterized structures highlight the importance of residues 123 

to 127 of the β chain and residue 30 of the α chain for oligomannose recognition in the 

Man/Glc legume lectin family. 

Applying this coordination signature to LOdL, it appears to lack both the 

structural conformation and specific residue side chains to bind more than a single Man 

monosaccharide, consistent with predictions based on a one-to-one comparison with PSL. 

The side chains of Gln, Tyr, Asn and Glu residues are used by the L. mildbraedii lectin 

and the P. elegans lectins (Table 10, PDB IDs: 2FMD and 3ZVX) to form hydrogen 

bonds to recognize oligomannose, while LOdL would not be able to form these 

interactions as the analogous residues are smaller or hydrophobic residues clearly lacking 

hydrogen bonding properties (Table 10). For ConA and the D. grandiflora lectin a five-

residue tract is used to form multiple interactions with the oligomannose structure (Table 

10, PDB IDs: 1CVN and 1DGL). An alignment of this region of ConA and LOdL shows 

that the conformation and residues present in LOdL are significantly different (Figure 25, 

A.). First, Tyr12 of ConA is replaced with a Phe in LOdL, which would not be able to 

retain the side chain hydrogen bond. Next, Pro13 of ConA provides an important 
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conformational change in this region and a hydrogen bond, which would be lacking in 

LOdL. Moreover, the alternate conformation would most likely prevent the formation of 

the remainder of the backbone-mediated hydrogen bonds to the sugar. PSL has already 

been confirmed to not bind more than a single mannose, and a structural alignment with 

LOdL displays their remarkable similarity in the 123 to 127 region (Figure 25, B.). Based 

on an identical sequence and near identical three-dimensional conformation in this 

important region of the β chain, as well as an identical Ala at residue 30 of the α chain, 

LOdL likely mimics PSL by lacking important interactions for oligomannose recognition. 

More broadly, analysis of this region suggests a conserved method of Man 

oligosaccharide recognition by Man/Glc legume lectins. 
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Figure 25: Comparison of oligosaccharide recognition between Man/Glc legume 

lectins. 

A. Alignment of the critical region of 123 to 127 of LOdL and ConA demonstrates a clear 

rationale of why LOdL would not bind oligomannose, since this region has been shown 

to be important for specific recognition of clustered mannose residues; superposition of 

this region for both ConA (grey) and LOdL (magenta) with the trisaccharide present in 

ConA shows that both the conformation is different and residues key to hydrogen 

bonding are not present in LOdL. B. Alignment of residues 123 to 127 between PSL 

(teal) and LOdL (magenta) with a modeled trisaccharide demonstrates their near identical 

nature, which suggests that LOdL likely mimics the inability of PSL to specifically 

recognize an oligomannose structure. 

 

The ability of Man/Glc lectins to inhibit HIV infection has been well described 

previously (Molchanova et al. 2007; Saïdi et al. 2007; Swanson et al. 2010). Both PSL 

and ConA have shown the ability to inhibit HIV infection through binding of Man 
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structures on gp120 (Lam and Ng 2011). The varying ability of Man/Glc lectins to inhibit 

infection is well known, and the inhibitory nature of these lectins is potentially linked to 

their ability to recognize higher order mannose structures with higher affinity, and 

therefore recognize oligomannose preferentially over just a primary Man 

monosaccharide. As such, understanding the mechanism of binding among these related 

lectins could shed light on their potential as inhibitors of HIV infection. The sequence 

and structural characterization of LOdL described above suggests that it likely mimics the 

inability of PSL to bind oligomannose past a monosaccharide, and would not be able to 

take advantage of the increased affinity provided by additional interactions with clustered 

Man. Analysis of available Man/Glc binding legume lectin structures described here also 

suggested a conserved mechanism of oligomannose recognition, encompassing residues 

123-127 of the β chain and residue 30 of the α chain. While LOdL does not appear to 

provide an additional method of oligomannose recognition, this work highlights the 

importance of secondary carbohydrate recognition sites, specifically residues equivalent 

to LOdL 123 to 127, in the recognition of clinically-relevant oligomannose structures.  
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 Chapter 5: Summary  

5.1 Summary of research objectives 

Carbohydrates are ubiquitous and play vital roles in numerous biological processes. 

Proteins that bind to carbohydrates are thus of particular importance, with important 

functions in everything from immunity (Neth et al. 2000; Jack, Klein, and Turner 2001) 

to signaling (Katiyar et al. 2006). The exquisite molecular recognition displayed by 

carbohydrate-binding proteins is remarkable as related sugars are often only 

differentiated by the configuration of a single hydroxyl group. The difficulty and 

necessity in distinguishing different carbohydrates leads to a direct relationship between 

the ability of carbohydrate-coordinating proteins to bind sugars specifically or display 

selective cross-reactivity and their clinical significance. Therefore, it is critical to 

understand the underlying molecular mechanism of how carbohydrate-binding proteins 

function in order to harness their potential for medicinal uses and biotechnology. With a 

focus on two highly relevant carbohydrate-binding protein groups, antibodies and legume 

lectins, this dissertation has focused on the molecular recognition deployed by these 

proteins and how it relates to their clinical relevance. 

The objectives of this work are to analyze the mechanisms of molecular 

selectivity displayed by the antibody LPT3-1 (Chapter 2) and lectins GSI-A4 (Chapter 3) 

and LOdL (Chapter 4). The goal of this summary chapter, which is separated into three 

sections based around each research objective, is to demonstrate how structural analyses 

of these carbohydrate-binding proteins has aided in understanding of their molecular 

specificity and clinical relevance. Future work for all three objectives are summarized in 

Section 5.5. 
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5.2 Selective cross-reactivity of the antibody LPT3-1 allows for recognition 

of a potential vaccine target 

A number of vaccination strategies have been used to target pathogenic N. meningitidis 

but there is currently no single broadly protective vaccine. Most vaccines towards N. 

meningitidis have targeted the capsular polysaccharide (CPS), yet certain CPS mimic 

human carbohydrate structures and so cannot be targeted (Gidney et al. 2004; Carter 

2013). Outer membrane proteins have also been targeted for vaccine production, but 

these proteins display hypervariable regions and protection is often incomplete and tied to 

geographic areas (Hill et al. 2010; Carter 2013; O’Ryan et al. 2014). Due to key issues 

with CPS and outer membrane protein based vaccines, research has focused on the inner 

core as a potential target. 

The inner core of lipooligosaccharide (LOS) from N. meningitidis contains a 

conserved hexasaccharide core with variations largely restricted to a single heptose 

residue, HepII. The number of variants is small, with a single substitution on HepII found 

in over 70% of all clinical isolates (Gidney et al. 2004; Connor et al. 2006; Wenzel et al. 

2010). A robust immune response can be raised against the inner core for a variety of 

pathogenic species, with monoclonal antibodies raised against the inner core of N. 

meningitidis in murine models (Gidney et al. 2004; Parker et al. 2014). Due to the high 

level of conservation and the ability to raise a strong immune response investigation of 

the most effective inner core epitope(s) has been carried out. 

Among a panel of six monoclonal antibodies raised against the inner core of N. 

meningitidis LPT3-1 is unique as it can bind >70% of all inner core glycoforms and 

provides partial protection against N. meningitidis infection (Gidney et al. 2004). Of 
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interest is the molecular mechanism by which it is able to selectively cross-react among 

inner core variants of N. meningitidis as it may shed light on an ideal target for 

vaccination. Due to the ability of LPT3-1 to cross-react with inner core variants while 

retaining specificity for the conserved core, this structural characterization of LPT3-1 was 

presented in this dissertation. 

LPT3-1 was crystalized in complex with the unsubstituted N. meningitidis LOS 

inner core and the structure shed light on the molecular recognition displayed by this 

antibody. Cross-reactivity displayed by LPT3-1 can be linked to dominance in the heavy 

chain and two mutations away from germline. Other antibodies have been shown to have 

a somewhat larger dependence on the heavy chain for binding, but LPT3-1 in particular 

displays a large reliance on the heavy chain with over 10 fold greater contribution in 

buried surface area from the heavy chain and no specific contacts made between the light 

chain and the antigen. It has been postulated that as the light chain is not positioned to 

sterically interfere with the known variants in the inner core, such heavy chain dominance 

aids in cross-reactivity (Gomery et al. 2012; Parker et al. 2014). Two mutations away 

from germline in LPT3-1, both Ser to Gly, likely allow for accommodation of the larger 

3-OH phosphoethanolamine (PEtn) substitution present in 70% of all inner core variants. 

Modeling of the PEtn substitution on the otherwise unsubstituted inner core showed that 

the larger Ser, unlike the smaller Gly residues, would likely sterically interfere with 

recognition of the 3-OH substitution.  

The structure of LPT3-1 in complex with the unsubstituted inner core 

demonstrated the role of three of the sugars that were key to formation of the epitope. 

Specific interactions were only formed between LPT3-1 and the species-specific GlcNAc 
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residue, and the HepII and Glc residues. These three residues also displayed lower 

R.M.S.D. and B-factors (Figure 26) than other sugars in the inner core. While three 

sugars are involved in binding, a fourth sugar, HepI, would likely be required to retain the 

structure of the epitope. The importance of the GlcNAc and HepII sugars was highlighted 

in the recent paper by Reinhardt et al. through the analysis of epitope mapping of other 

inner core specific antibodies. Unfortunately, in this study the immunodominance of Kdo 

meant that inner core variants tested for vaccination raised antibodies against Kdo instead 

of the more desirable trisaccharide (Reinhardt et al. 2015). In light of these data, the 

question remains of how to use the structural information of LPT3-1 to guide and support 

the development of an effective N. meningitidis vaccine targeting the inner core. 
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Figure 26: LPT3-1 binding of the unsubstituted inner core colored by B-factor 

highlights a critical trisaccharide in binding. 

The structure of LPT3-1 in complex with the unsubstituted inner core (PDB ID: 4C83) 

shows lower B factors for the GlcNAc, HepII and Glc sugars than the rest of the antigen. 

The surface of the light chain is displayed in translucent light grey and the heavy chain 

surface in opaque dark grey. The LOS inner core is colored in a rainbow based on B-

factor/thermal motion, with blue representing low thermal motion and red denoting high 

thermal motion.  

 

Challenges with targeting the inner core of N. meningitidis have been highlighted 

in published vaccination trials. The study that initially described LPT3-1 uncovered a 

problem with vaccination with formalin killed encapsulated N. meningitidis displaying 

truncated LOS (Gidney et al. 2004). In this case the antibodies raised appeared to bind, at 

least preferentially, to the truncated glycoform and therefore are non-functional against 

important clinical isolates. The authors maintained that this could be caused by issues 

with affinity, access to the inner core, or an inability to stimulate formation of the 
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membrane attack complex (MAC). Surface plasmon resonance performed on the 

antibodies LPT3-1, L3B5 and L216 with the unsubstituted, 3-OH PEtn substituted and 6-

OH substituted inner core antigens has shown that the affinities of these antibodies are in 

line with other functional anti-carbohydrate antibodies (personal communication from 

Gabrielle Richards). This leaves the issues of access and formation of the MAC as 

potential hurdles for the targeting of the inner core for vaccination. 

Naturally occurring bactericidal antibodies that can access the inner core with 

fully extended LOS have been found in humans. Specifically, antibodies have been 

purified from human sera that are bactericidal and specific for the inner core in wild type 

clinical isolates, displaying the viability of targeting the inner core (Jäkel et al. 2008). 

This result suggests that the MAC can be appropriately recruited and access the surface 

of N. meningitidis, which would mean that the issue of inefficient protection provided by 

LPT3-1 is likely one of access. Yet, while the inner core has been successfully targeted 

by vaccination for other bacteria, such as M. catarrhalis, issues persist with generating 

inner core vaccines for N. meningitidis (Cox et al. 2010; St. Michael et al. 2014). 

Problems with different vaccination strategies, besides the original study describing 

generation of LPT3-1, include immunodominance of inappropriate regions of the vaccine 

such as the linker or Kdo moieties, yet these regions appear to be required for an effective 

immune response (Cox et al. 2005; Cox et al. 2010; St. Michael et al. 2014). Altogether, 

the main issue reported for vaccination with the inner core of LOS from N. meningitidis 

is finding the appropriate target than can be accessed, and an answer may lie in the 

structural elucidation of immune recognition of the inner core LPS. 
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While structural elucidation of LPT3-1 is only a small part of understanding 

immune recognition of the inner core of N. meningitidis, it does provide some promising 

leads. The structure of LPT3-1 shows that all residues in contact with the unsubstituted 

inner core are of germline origin, demonstrating the viability of targeting the inner core. 

Additionally the epitope described involves a tri/tetrasaccharide that does not require the 

potentially immunodominant Kdo and lipid A portions of the LOS. As such, the structure 

of LPT3-1 demonstrates that focusing on a core saccharide including only sugars present 

in the inner core with focus specifically on HepII, the species specific GlcNAc, and Glc, 

could provide an ideal target. Issues still exist due to the fact that LPT3-1 is non-

functional against full length LOS and the problem of access has not been solved, yet the 

epitope described here has clinical potential and warrants further investigation. The 

structural work described here has been used to both advance the understanding of 

immune recognition of the inner core and describe a potential target for vaccination. 

 

5.3 Clinical relevance of the lectin GSI-A4 relies on the presence of a single 

amino acid and a conserved mechanism of GalNAc recognition 

Galactose/N-acetyl-D-galactosamine (Gal/GalNAc) specific legume lectins are an 

important group of carbohydrate binding proteins as they can recognize a range of 

clinically-significant carbohydrates. Understanding of the clinical relevance of the 

Gal/GalNAc lectins has progressed greatly over the years. Initially the Gal/GalNAc 

specificity family was tied to the ABO(H) blood groups, as certain legume lectins were 

found to differentiate between the terminal GalNAc and Gal portions of these blood 

group antigens (Loris et al. 1998; Srinivas, Reddy, et al. 2001). Over time, legume lectins 
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were found to have a role in everything from cancer detection (Fry et al. 2011) to a model 

for the immune response to xenotransplantation (Tempel, Tschampel, and Woods 2002). 

As such, understanding the mechanisms employed by these proteins to differentiate 

between Gal/GalNAc are of significance. 

The GSI lectins are closely related, but they differ in their affinity towards 

GalNAc and Gal. While sharing approximately 90% of the same sequence, the A subunit 

will bind to both Gal and GalNAc, but with a higher affinity for GalNAc, while the B 

subunit is highly specific for Gal (Delbaere et al. 1993; Lescar et al. 2002; Tempel, 

Tschampel, and Woods 2002). Examination of the small changes in sequence, and how 

they give rise to these changes in specificity, are of interest. While the structure of GSI-

B4 in complex with the xenograft antigen has been solved, structural elucidation of GSI-

A4, as described in this dissertation, would provide detailed information on the fine 

differences in molecular recognition between the related GSI subunits.  

GSI-A4 uses a conserved system of GalNAc recognition while retaining an 

affinity towards Gal roughly equal to that of the GSI-B4 lectin. Both the A and B 

subunits display very similar mechanisms to recognize the Gal moiety. In the case of the 

B subunit an additional interaction is formed between Gal and Glu106, the residue also 

responsible for closing the binding pocket and preventing the larger acetamido group 

from binding (Delbaere et al. 1993; Lescar et al. 2002; Tempel, Tschampel, and Woods 

2002). Structural elucidation of the A subunit described in this dissertation has shown this 

interaction is lost due to the Glu being replaced by an Ala residue. The similarity of 

specific interactions used by both subunits explains the closely related Ka values these 

lectins display for Gal (Goldstein et al. 1980). Meanwhile the aforementioned A subunit 
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structure displays the use of a combination of a hydrophobic patch and a weak hydrogen 

bond between the backbone nitrogen of Ala106 and the oxygen of the acetamido group to 

stabilize binding. This dissertation work shows that both the stabilization of the 

hydrophobic methyl group of the acetamido and hydrogen bond to the oxygen that 

provides the higher affinity towards GalNAc for the A subunit. Intriguingly, the key 

difference between these two lectins was unambiguously revealed by structural 

characterization to be found in a single residue, 106, that forms the basis of the molecular 

mechanism of specificity. 

The specificity and cross-reactivity present in the closely related GSI lectins 

directly correlates to their clinical relevance. As discussed in Chapter 3, the ability of 

these lectins to bind to either Gal or GalNAc allows them to be used to target partially 

overlapping sets of clinically-significant carbohydrate structures. For example, the ability 

of GSI-B4 to bind specifically to Gal enables its use as a model of the immune response 

to the xenograft antigen (Delbaere et al. 1993; Lescar et al. 2002; Tempel, Tschampel, 

and Woods 2002). While the ability of GSI-A4 to cross-react with and have higher 

affinity for GalNAc enables its use as an important probe for tumour-associated 

carbohydrate antigens (TACA) and therefore cancer detection (Lescar et al. 2002; Fry et 

al. 2011). Through the structural elucidation of GSI-A4 in complex with both Gal and 

GalNAc, we see a complete picture of the molecular recognition, as well modeling of 

GSI-A4 with the Tn antigen demonstrates that contacts to the Ser moiety of the Tn 

antigen may be present (Figure 27). These data on how the GSI lectins recognize their 

respective sugars provides insight to support their clinical uses. Also, by providing a 

complete picture of molecular recognition of these closely related lectins this dissertation 
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highlights the importance of not only the conserved triad, but also conserved methods of 

GalNAc recognition within the legume lectins. Overall, by furthering the structural 

elucidation of these closely related lectins a more complete understanding of 

carbohydrate recognition in this important family of proteins has been provided. 

 

 

Figure 27: Tn antigen docked in the combining site of GSI-A4. 

Surface representation of GSI-A4 (dark grey) in complex with a modeled Tn antigen 

(light grey sticks colored by element). Docking of the Tn antigen on the structurally 

characterized GalNAc moiety demonstrates how the Ser moiety of the glycopeptide Tn 

antigen could be easily accommodated, and in close enough proximity to form specific 

contacts with GSI-A4. 
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5.4 Sequencing and structural elucidation of the lectin from Lathyrus 

odoratus demonstrates a related sequence and oligosaccharide 

recognition to that found in Pisum sativum lectin 

Man/Glc specific legume lectins are a well described family of proteins that are clinically 

important, especially due to their ability to bind microbial, fungal and viral surfaces 

(Jack, Klein, and Turner 2001; Swanson et al. 2010). Man specific lectins have an 

integral role in host defense, from the mannose binding lectin found in innate immunity 

in humans (Jack, Klein, and Turner 2001) to an insecticidal role in plants (Fitches et al. 

2008). Man specific lectins play an important role in recognizing clustered Man 

structures on a variety of clinically-significant targets leading to the harnessing of 

particular legume lectins for an array of clinical and biotechnological uses. 

Man/Glc lectins have been investigated for their ability to affect the biological 

activity of a range of viruses. Previous research has demonstrated the ability of lectins to 

inhibit the activity of enveloped viruses such as Ebola, human immunodeficiency virus 

(HIV) and hepatitis C virus (Barrientos et al. 2003; Bertaux et al. 2007; Swanson et al. 

2010). The capacity to inhibit these viruses is thought to arise from the ability of certain 

lectins to bind clustered carbohydrates on the viral surface and inhibit function through 

such actions as steric hindrance (Barrientos et al. 2003; Swanson et al. 2010). One of the 

better-described interactions is that of Man specific lectins with the envelope of HIV, 

specifically with the heavily glycosylated gp120 or gp41.  

A number of lectins have been investigated for their ability to inhibit HIV 

infection and suitability as a topical microbicide. The ability of lectins to influence HIV 

infection can be traced to the late 1980’s (Lam and Ng 2011), and is thought to arise from 



117 

 

gp120 presenting many carbohydrate targets for lectin binding (Figure 28). A variety of 

lectins, from different lectin families, have been highlighted for the ability to influence 

HIV biological functions, although this is accomplished with marked differences in 

inhibition of infection, toxicity and negative side effects (Molchanova et al. 2007; 

Swanson et al. 2010; Lam and Ng 2011). As such, researchers have highlighted the 

importance of finding a variety of lectins that can bind to gp120 and inhibit HIV infection 

in order to isolate a lectin with the ideal combination of attributes (Swanson et al. 2010). 

Due to the variability of effectiveness and the presence of deleterious side effects 

additional Man specific lectins should be characterized. The sequencing and structural 

characterization of the Man/Glc specific legume lectin from L. odoratus (LOdL) 

described in this dissertation increases the panel of characterized Man/Glc lectins and 

provides further insight into the coordination signature of Man/Glc family lections 

capable of binding clustered Man. 
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Figure 28: Available Man on the surface of gp120. 

Examination of a structure of glycosylated gp120 demonstrates the availability of Man 

for lectin binding. The structure of gp120 core (PDB ID: 4RQS) is shown as a grey 

cartoon backbone with the non-Man sugars displayed in grey and Man displayed in teal. 

Although not all glycosylations found in gp120 are modeled in this structure, it does 

demonstrate the availability of Man for lectin binding. 

 

An approximately 88% sequence conservation between PSL and LOdL suggests 

close similarity in carbohydrate recognition, which is supported by the structural 

elucidation of LOdL described in this dissertation. Sequencing and structural 
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characterization of LOdL shows a conserved method of recognition of Man/Glc 

monosaccharides. Monosaccharide recognition by LOdL largely involves the conserved 

triad (Asp, Gly, Asn) and a conserved hydrophobic interaction. LOdL recognition of Man 

involves O3, O4, ring oxygen and O6 with waters coordinating O1 through O3. No 

selection is present for either O1 or O2 aside from water molecule coordination, 

suggesting that either anomer or epimer at these locations could be accommodated. 

Comparison of LOdL with Glc and PSL with Man revealed a nearly identical system of 

recognition. Examination of the R.M.S.D. values between PSL and LOdL and the buried 

accessible surface area used in binding shows the close relationship in Glc/Man 

coordination between these two lectins. Although LOdL shows a number of similarities 

to PSL in monosaccharide recognition, the potential for a mode of oligosaccharide 

recognition by LOdL required further investigation. 

Analysis of related Man/Glc legume lectin structures with observable electron 

density for at least a disaccharide was used to both compare the modes or absence thereof 

for oligosaccharide recognition and investigate the presence of a conserved mode of 

oligomannose recognition. Legume lectins that specifically bound multiple Man residues 

demonstrate the importance of a stretch of five amino acids in the β chain and a single 

amino acid in the α chain for specific recognition of a carbohydrate past a 

monosaccharide. A comparison between lectins previously shown to bind oligomannose 

(ConA) or only bind a primary Man (PSL) showed that the LOdL region overlaying with 

the critical oligomannose recognition region was identical in both sequence and structural 

orientation to PSL, which would only recognize a monosaccharide of Man. While it is 

possible that LOdL may employ an atypical, as yet uncharacterized mode of 
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oligosaccharide binding, these comparisons show that LOdL is likely similar to PSL in 

the ability to specifically recognize only a single Man monosaccharide and not higher 

order Man structures. 

The ability to recognize higher order Man structures has the potential to play a 

role in a lectin’s ability to inhibit HIV infection. No definitive link has yet been defined 

between the affinity of a lectin for Man and the ability to inhibit HIV infection. Although 

it could be rationalized that a higher affinity, imparted through multiple interactions with 

oligomannose outside of monosaccharide recognition, would allow for higher affinity 

interactions and aid in the efficacy. It should be noted however that PSL has been shown 

to inhibit HIV infection previously (Lam and Ng 2011), so the action of LOdL as a 

potential microbicide cannot be discounted based off of this theory. Although the analysis 

carried out in this dissertation does suggest the presence of a conserved system of 

oligomannose recognition and may in fact aid in the search for an ideal anti-HIV lectin. 

Structural elucidation of additional members of the Man/Glc family of legume 

lectins is still important today. Despite the potential role of lectins as an HIV based 

microbicide, a lectin fully suited for therapeutic development has yet to be identified. The 

fact that legume lectins often only require a simple purification process, are obtained in 

high yields, exhibit low toxicity, and are often quite stable makes them excellent 

candidates to fulfill this unmet need for a microbicide (Srinivas, Reddy, et al. 2001; Lam 

and Ng 2011). Characterization of multiple Man/Glc legume lectins may be required to 

find or generate the ideal microbicide. Overall, the elucidation of the previously only 

partially characterized LOdL and structural analysis of oligomannose recognition aids in 



121 

 

the understanding of legume lectin-carbohydrate interactions and describes another 

member of the important Man/Glc specificity family. 

 

5.5 Future directions 

Each chapter summarized here has shown that through structural elucidation and in depth 

analyses, information has been revealed that increases our understanding of these proteins 

molecular mechanisms of specificity and selective cross-reactivity. The future research 

directions inspired from the structural work in this dissertation will be split according to 

each research objective/chapter. 

Future work stemming from the data presented in Chapter 2 should focus on 

characterizing LPT3-1 in complex with other inner core antigens and the structural 

characterization of related antibodies. With a panel of antibodies raised against the inner 

core of N. meningitidis displaying differing specificities and bactericidal activity there are 

other structures that could further elucidate immune recognition of the inner core. Also, 

with natural antibodies found in human sera that can bind full length LOS while targeting 

the inner core, focusing on characterizing these antibodies could provide the necessary 

information for a more suitable N. meningitidis vaccine target. Overall, future work 

should mainly be focused on developing a better inner core vaccine target through 

structural elucidation of various antibodies that bind the N. meningitidis LOS inner core. 

Subsequent work for Chapter 3 should focus mainly on the crystallization of GSI-

A4 in complex with both an example of the Tn antigen and the carbohydrate portion of 

the Forssman antigen and point mutations of residue 106. Structural elucidation of GSI-

A4 in complex with these clinically important antigens could better describe the specific 

contacts formed between GSI-A4 and these carbohydrates, which would help to further 
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elucidate the fine specificity of this lectin and serve to reinforce its potential as a TACA 

probe. Point mutations of residue 106 could also validate the theory that Glu would 

provide specificity for Gal and Ala would allow cross-reactivity with Gal and GalNAc. 

Collectively, future work should involve co-crystallization of the GSI-A4 lectin with 

clinically important TACA and investigation of point mutants at residue 106. 

Future work on Chapter 4 should focus on validating the putative primary 

sequence and examining the oligosaccharide specificity of LOdL. Specifically, as 

sequencing by electron density cannot provide the entirety of the primary sequence, work 

should be undertaken to confirm the putative sequence through mass spectrometry 

analysis. While structural analysis suggested that the oligosaccharide recognition of 

LOdL was similar if not exactly the same as PSL, further work needs to be done to 

experimentally characterize the oligosaccharide specificity. Focusing on both the co-

crystallization of LOdL with an oligomannose structure as well as assaying the affinity of 

LOdL for various lengths of oligomannose and a mannose monosaccharide through 

surface plasmon resonance or isothermal titration calorimetry would be required. 

Altogether, future work should focus mainly on confirming the sequence of the LOdL β 

chain and fully characterizing the oligosaccharide specificity and affinity. 
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