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Abstract 

Glycosylation is an enzymatic process through which glycans attach to proteins, 

lipids and other organic molecules with huge structural diversity. This is a common 

post-translational modification found on proteins and cell surfaces and has 

significant effects on cellular functions, such as, cell adhesion, migration, 

differentiation, inflammation, immunity, structural folding and bimolecular 

interactions. Glycans of non-human origin, that are not naturally synthesised or 

expressed in humans but are introduced into the body through dietary intake or 

through biological therapeutic drugs that have been derived in non-human production 

systems have the potential to elicit an immune response.  These responses can vary 

from minor inflammation to anaphylaxis. 

There is a constant need for the identification and characterisation of specific 

recognition molecules that can be incorporated into cost effective and high-

throughput methods to specifically detect and quantify non-human glycans.  These 

assays may have utility in development and quality control of recombinant 

biopharmaceuticals that express these molecules. The development and 

characterisation of recognition molecules to two important non-human glycans: 

Galactosyl-α-(1, 3)-Galactose (Gal-α-(1, 3)-Gal) and N-glycolylneuraminic acid 

(Neu5Gc) are described here. 

Gal-α-(1, 3)-Gal is immunogenic in humans and is directly involved in hyper-acute 

rejection during xenotransplantation. Recombinant therapeutic molecules generated 

in non-human cell culture systems such as CHO, NS0 and SP2/0 cell lines can 

potentially contain Gal-α-(1, 3)-Gal.  The structural basis of the interaction of the 

anti-Gal-α-(1, 3)-Gal epitope with a previously developed scFv recombinant 

antibody fragment was analysed and key binding regions and properties among the 

amino acid residues critical in the recognition and binding of scFvs’ against the 

target carbohydrate epitopes were determined. 

Like Gal-α-(1, 3)-Gal, Neu5Gc can also be added to recombinant biopharmaceutical 

molecules when using CHO, NS0 and SP2/0 cell lines. There is also evidence that 

Neu5Gc-containing glycoconjugates occur frequently in cancer patients, and that 

tumour associated Neu5Gc facilitate tumour progression and inflammation. There 
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are very few recognition molecules produced with high specificity for Neu5Gc that 

can be used to assay for this molecule.  

Aptamers are DNA or RNA oligonucleotides which have the capacity to bind to a 

variety of molecules with high affinity and specificity. Here I describe the 

development of DNA aptamers that show high affinity and specificity allowing for 

discrimination between the non-human Neu5Gc from the human Neu5Ac form. 

These molecules will have great application in biopharmaceutical production as part 

of a quality control workflow in allowing for the identification of potentially harmful 

molecules. 
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1.1. Carbohydrates 

Carbohydrates have been shown to be ubiquitous and are present as the major 

component of the cell surface and the extra cellular matrix. These carbohydrates coat 

the cell surface and act as a barrier on the cell membrane where they provide the first 

point of cell-to-cell communication and the cellular recognition process (Varki, 

1993, Osborn et al., 2004). The interaction of cell surface carbohydrate with a protein 

ligand aids in the immuno and molecular recognition process, where they can act as 

disease determinants and can be used as biomarkers to target such diseases (Sharon 

and Lis, 1993, Svarovsky and Joshi, 2008, Rudd et al., 2001). The carbohydrate part 

of many glycoproteins and glycoconjugates possesses receptors that bind to viruses 

and play an important role in viral infections (Olofsson and Bergstrom, 2005). In 

summary, the biological roles of carbohydrates in humans vary from development, 

growth, and function to survival (Varki et al., 2009a, Varki, 1993).  

In the central dogma, DNA is transcribed into RNA, and then translated with a 

mRNA based template into Protein: DNA- RNA- Protein, which results in a limited 

diversity of proteins (Crick, 1970). However, DNA does not encode for 

carbohydrates, and there is massive diversity of carbohydrate structures present on 

the cell surface.  The synthesis of complex carbohydrate structures from basic sugar 

building blocks is driven by a diverse pathways of enzymes.  The structures can be 

linear or branched with a diversity of linkages and branching patterns within the 

carbohydrates, and this allows a huge amount of information in these dense 

structures (Laine, 1994, Schachter, 2001). The diversity and branching of these 

structures vary from cell to cell at different levels of organisation and therefore can 

play many different biological roles. 

1.1.1. Carbohydrate diversity 

Carbohydrates contain the basic elements of carbon, hydrogen and oxygen mostly in 

the ratio of Cx(H2O)y, where x and y can be different. Natural carbohydrates are 

generally built with simple carbohydrate (monosaccharide) Cx(H2O)y where x could 

be three or more.  

The carbohydrates are defined as polyhydroxyketones, polyhydroxyaldehyde and 

their derivatives, while the larger derivatives can be hydrolysed in to smaller units 
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(Varki and Sharon, 2009). The carbohydrates or the saccharides are of four different 

types: monosaccharides, disaccharides, oligosaccharides and polysaccharides. 

Monosaccharides are simpler glycans that cannot be hydrolysed further such as 

Fucose (Fuc), Mannose (Man), Galactose (Gal), Glucose (Glu), etc. The 

disaccharides are the product of condensation of two monosaccharides such as 

Lactose (Lac) made up of Glu and Gal. Oligosaccharides are formed from 3 to 9 

monosaccharides, while polysaccharides are sugars formed through more than 10 

monosaccharides, such as cellulose and chitin. The nature of carbohydrate polymers 

or polysaccharides is governed by the positions of the monosaccharides linked with e 

other carbohydrate molecule, also their order of branching and the type of residues 

linked to them. It has been calculated that the number of possible hexasaccharide 

structures for mammalian glycans after permutations and combinations of their 

branching and linkage can be up to 10
12

, however, not all of these structures exist in 

nature (Laine, 1994). Many saccharide structures differ only in the orientation of the 

hydroxyl groups (-OH); these monosaccharide structures can be classified into aldose 

or ketose forms, where an aldose consists of an aldehyde group (CH=O) formed 

through a C=0 bond (carbonyl group) at the end of the molecule. The ketose consists 

of one ketone group per molecule. The Fisher projection introduced by Herman Emil 

Fisher in 1891 is a representation of the three-dimensional saccharides into linear 

forms. The family tree of aldoses with their stereoisomers is shown in Figure 1.1. 
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Figure 1.1: Family tree of D-aldoses ranging from tri carbon to hexa carbon 

monosaccharides 

The straight-chain polyhydroxyl aldehydes and ketones are converted in to cyclic 

monosaccharide residues by the intramolecular cyclisation of linear saccharides 

(Figure 1.2). The linear D-Galactose cyclises into either the 5 carbon furanose (D-

Galactofuranose) or the 6 carbon pyranose form (D-Galactopyranose). The 

monosaccharides can transform into both linear or branched form arise due to 

nucleophilic attack with the two possible sterochemical isoform as  α and β form 

resulted in huge complexity of  glycans. For example, the two possible orientations 

for both D-Galactofuranose and D-Galactopyranose leads to α and β form (Figure 

1.2). These α and β form are anomers of each other. These anomers are epimers and 

they differ to each other in the configurational carbon at C-1 in aldoses, and at C-2 in 

case of ketoses (Figure 1.3). These cyclic monosaccharides are joined together to 

form a disaccharide through a glycosidic bond (Figure 1.4). 
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Figure 1.2: Cyclisation of aldo-D-Galactose to furanose and pyranose forms. 

 

Figure 1.3: A pyranose ring showing configurational carbon, anomeric carbon and 

anomeric oxygen. 
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Figure 1.4: Linking of two separate monosaccharides α-D-Galactopyranose to form 

disaccharide Galactose- α-(1, 3)-Galactose 

1.2. Post-translational modifications 

In eukaryotic cells, the majority of proteins are modified during or soon after 

translation called as post-translational modifications (PTMs). PTMs present on 

proteins and cell surfaces have to role to play in cell adhesion, migration, 

differentiation, inflammation, immunity and structurally, folding, and bimolecular 

interactions (Walsh et al., 2005, Freeze and Schachter, 2009, Boscher et al., 2011, 

Seo and Lee, 2004). There are more than 250 different types of PTMs found on 

proteins such as acetylation, sulphation, phosphorylation, glycosylation, etc. 

 

1.2.1. Glycosylation 

One of the most prevalent PTM that is focussed in this thesis is glycosylation; it is an 

enzymatic process through which oligosaccharide structures (glycans) attach to 
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proteins, and lipids. Usually, glycosylation of proteins occurs in the secretory 

pathway and is carried out in discrete biosynthetic steps divided between the 

endoplasmic reticulum (ER) and Golgi apparatus (Varki et al., 1999, Sesma et al., 

2009). The secretory pathway in the cells, starting with the ER and ending at the 

trans-Golgi, delivers properly folded and glycosylated proteins to the cell surface 

which is important in cell to cell communication and the development and 

homeostasis of all multi-cellular organisms (Dennis et al., 2009, Boscher et al., 2011, 

Gerlach et al., 2012, Hulsmeier et al., 2011). Unlike nucleic acids and proteins, 

glycan structures are neither template driven, nor the genes determine them. They 

follow a branching pattern, where they could be linear or branched in structure.   

1.2.2. The N-linked glycosylation process 

N-linked glycosylation is the most common and frequent form of PTMs in 

eukaryotes and vital in the process of proper protein folding and cell interactions 

(Gerlach et al., 2012, Helenius and Aebi, 2001). Since N-linked glycosylation starts 

while the polypeptide chain is still being folded in the ER and continues in the Golgi 

after the protein is folded, it is a co-translational as well as post-translational 

modification. The initial synthesis steps of N-linked oligosaccharide occur in the ER 

that are common to all eukaryotic cells. However, the specific glycan chains 

(glycoforms) found in different organisms arise due to differences in the 

oligosaccharide processing steps that take place in the Golgi complex. N-linked 

attachment of glycans requires the consensus amino acid sequence Asn-X-Ser/Thr to 

be contained within nascent proteins. Herein the N-linked glycosylation becomes 

different from O-glycosylation where the latter doesn’t require fully formed 

recognition domain.  In this consensus sequence, the amino acid, X, following Asn 

can be occupied by any amino acid except Pro. Transfer of the pre-formed fourteen-

sugar structure (GlcNAc2Man9Glc3) en bloc to the appropriate asparagines of the 

protein initiates N-linked glycosylation in the ER (Ruddock and Molinari, 2006). All  

further steps of glycan processing in the ER are catalysed by different conserved 

glucosyltransferases and glycosidases that help in correct folding of the newly 

synthesised proteins. During this process two molecular chaperon (proteins) that 

participate in the ER quality control, one soluble and one membrane bound, 

calreticulin and calnexin, assess the state of protein folding prior to allowing further 
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glycosylation modification. Both calreticulin and calnexin are carbohydrate-binding 

proteins (lectins) and their chaperoning mechanism relies on their ability to bind to 

the oligosaccharide moiety in the ER and hence assist in protein folding by 

associating with monoglucosylated oligosaccharides on the nascent protein. After 

removal of first glucose through Glucosidase I and second and third glucose residues 

from the oligosaccharide chains through Glucosidase II, UDP-glucose:glycoprotein 

glucosyltransferase (UGGT) acts as a folding sensor by interacting with both the 

glycan and the backbone of the protein being folded.  

If the protein is still unfolded, iterative reglucosylation by UGGT and 

deglucosylation by glucosidase II occur ensuring the correct folding of the target 

protein.  If it still fails to fold properly, the target protein is sent for degradation with 

additional chaperones such as EDEM and OS9 (Chen et al., 2011). Removal of the 

last glucose signifies proper protein folding and thereafter exit to Golgi. After the 

removal of glucose residues in ER, α-(1, 2) mannosidase removes one mannose to 

generate GlcNAc2Man8 structure (Avezov et al., 2008). Glycoproteins bearing 

GlcNAc2Man8 structure are then transported to Golgi complex where, further 

trimming of glycan residues take place followed by addition of monosaccharides, 

which is carried out by sugar- and linkage- specific glycosyltransferases. In 

mammalian cells, N-linked oligosaccharide chains often possess terminal sialic acid 

residues and penultimate galactose residues at the non-reducing end (Figure 1.5). 

Specific enzymes, such as sialyltransferases and galactosyltransferases, carry out 

these reactions respectively.  
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Figure 1.5: Some common N-glycan structures linked with Asn: (A) High-mannose, 

(B) Bi-antennary complex with core fucosylation and terminal sialylation, (C) tri-

antennary complex demonstrating both core and distal fucosylation, and (D) tetra-

antennary complex with similar features to C. All the structures were made on 

Glycoworkbench (Ceroni et al., 2008) using the Consortium for Functional 

Glycomics (CFG) (www.functionalglycomics.org, 2014) notations for linkages and 

monosaccharide symbols. Symbolic representation of common monosaccharides is 

shown below:   
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1.2.3. The O-linked glycosylation process 

The glycan addition to the hydroxyl group of serine or threonine amino acid residues 

is referred to as O-linked glycosylation (Stanley, 2011, Brockhausen et al., 2009, 

Peter-Katalinic, 2005). O-linked glycosylation is a post-translational modification, 

where O-glycosylation (initiation and maturation) of fully folded proteins occurs 

only in the Golgi complex. Each monosaccharide is added in a sequential manner to 

generate linear or branched oligosaccharide structures.  

There are different types of O-linked glycosylation in eukaryotic cells but among 

them mucin type glycosylation is the most common in mammals, where addition of 

N-acetyl-galactosamine (GalNAc) is to serine/threonine residue on the protein 

backbone (Figure 1.6) (Brockhausen et al., 2009, Clausen and Bennett, 1996). This 

core GalNAc residue is attaches on amino acid residues by 24 different N-acetyl-α-

galactosaminyltransferases (O-GalNAc transferases) and then further extended by 

galactosyltranferases to form higher-order O-linked structures (Dube et al., 2006).  

There are total 8 core structures in O-GalNAc glycans, of which four are the 

common glycan cores, while four other are additional designated cores. The four 

common cores (core 1-4) are present in mucins and glycoproteins are shown in 

Figure 1.6: A-D. The core 1 and core 2 structures are more common in serum 

glycoproteins and mucins, core 3 and core 4 are present in secreted mucins of 

salivary glands, colon and bronchi respectively, while core 5-8 only rarely occur in 

human tissues and mucins. The simplest of O-GalNAc glycan is the Tn antigen 

(GalNAc-Ser/Thr), while the most common form is the core 1 or T antigen, which 

forms the core of many longer structures. Both the Tn and T antigen are often 

sialylated and antigenic in nature (Brockhausen et al., 2009). The O-GlcNAc 

modification where serine or threonine hydroxyl moieties are modified by β-

linked N-acetylglucosamine was discovered in 1984 (Torres and Hart, 1984). This 

modification is present on residues of both nuclear and cytosolic proteins and is 

highly abundant in eukaryotes (Wells et al., 2001). Additional O-linked glycosylation 

modifications include O-Glu, O-Man and O-Fuc (Figure 1.6: E-G) are unusual forms 

of O-linked glycosylation where Glucose, Mannose and Fucose are directly attached 

to proteins through an O-linkage (Luther and Haltiwanger, 2009). 
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Figure 1.6: Examples of O-glycan structures possessing core structures. (A) core 1, 

(B) core 2, (C) core 3, (D) core 4, (E) O-Glu, (F) O-Man and (G) O-Fuc. All the 

structures were made on Glycoworkbench (Ceroni et al., 2008) using CFG pattern. 
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1.2.4. Glycolipids 

Glycolipids are composed of hydrophilic glycans attached through the glycosidic 

linkage to the hydroxyl group of a hydrophobic ceramide, a lipid moiety composed 

of both a waxy core and long fatty acid chains. Ceramide is synthesised in the 

smooth ER and transported into Golgi for the synthesis of glycolipids (Maccioni et 

al., 2002). Within the Golgi complex, enzymes as glycosyltransferases, sugar 

transporters and synthesis intermediates as donor sugar nucleotide (all associated 

with Golgi membrane structures) act to assemble complete glycolipids. Glycolipids 

play an important role in pathways of cellular physiology and the alteration of sugar 

arrangement during glycosylation in these pathways may be beneficial to cancer 

cells. The incomplete synthesis of the normally-expressed glycan disialyl Lewis
a
 

leads to increased expression of sialyl Lewis
a
, the over expression which increases 

cancer cell adhesion and motility, and is associated with increased metastasis 

(Durrant et al., 2012, Kannagi, 2003). The most common glycolipids are 

glycosphingolipids, and a majority of these are exclusively localised in the external 

surface of the plasma membrane (Thompson and Tillack, 1985), whereas few 

glycolipids are incorporated into the membrane of the Golgi apparatus (Fleischer, 

1977, Lannert et al., 1998). Gangliosides are other important glycolipids that also 

contain sialic residues. Gangliosides are glycosphingolipids with additional N-

acetylneuraminic acid (Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc) on their 

carbohydrate surface. Ernst Klenk in 1942 coined the term gangliosides to the lipids 

isolated from ganglion cells of the brain (Ledeen, 1966). They have been shown to 

be over-expressed in tumours of neuroectodermal origin and in malignant melanoma 

(Hamilton et al., 1993). Gangliosides play a prominent role in cell-cell interaction, 

immune recognition (Hakomori, 1981) and cell surface recognition (Schnaar, 1991). 

1.3.  Roles of glycans 

Glycosylation is an important process of the ER’s protein quality control system 

which helps in identifying improperly folded proteins for their systematic recycling. 

N- and O-oligosaccharide variants on glycoproteins (glycoforms) can alter protein 

activity or function. The presence of glycan moieties on glycoproteins are involved 

in a wide array of functions including developmental, biological and pathological 

processes ranging from increasing the solubility and stability of proteins to extending 
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their circulatory half-life in the serum and also have roles in most chronic and 

infectious diseases (Varki et al., 2009a).   

1.3.1.  Glycans in cancer 

Like normal cells, tumour cells demonstrate variations in glycosylation, which reflect 

states of activation, growth, and development. Glycosylation represents one of the 

most common PTM in current cancer research (Hakomori, 1985, Hakomori, 2002), 

and aberrant glycosylation in glycoproteins and glycosphingolipids is a result of 

initial oncogenic transformation, as well as a key event in induction of invasion and 

metastasis (Lau and Dennis, 2008).  

The famous Warren-Glick phenomenon of increasing branching in N-glycans has 

been reviewed as a molecular basis for tumourigenesis and metastasis (Kobata, 1996, 

Kobata, 1998). This phenomenon was first observed in sugar chains of plasma 

glycoproteins in malignant cells (Meezan et al., 1969). The studies following the 

discovery of this phenomenon confirmed that the expression of tri- and tetra-

antennary complex type N-linked sugar chains occurred in malignant cells (Ogata et 

al., 1976, Warren et al., 1978).  

During cancer progression and metastasis, the cellular glycosylation machinery is 

significantly altered leading to the aberrant expression of glycan epitopes (also called 

Tumour Associated Carbohydrate Antigens or TACAs) and glycan binding proteins 

that are either on the surface of the cells or secreted into the environment (Ohtsubo 

and Marth, 2006). As glycans are involved in cell-cell and cell-environment 

interaction, adhesion and migration, these changes alter tumour cell behaviour and 

the response of the physiological niche to the cells (Zhao et al., 2008). In general, 

cancer cells frequently display glycan epitopes at different levels or with 

fundamentally different structures than those observed on normal cells (Dube and 

Bertozzi, 2005). A few examples of these tumour associated glyco-epitopes are 

aberrant α-(1, 3) fucosylation, and over expression of sialyl Lewis
a
 and sialyl Lewis

x
 

(Miyoshi et al., 2008, Heimburg-Molinaro et al., 2011). Also, altered sialylation on 

the sialyl-Tn antigen plays an important role in the development of the malignant 

phenotype in gastric carcinoma (Pinho et al., 2007). It has been shown that Lewis
y
 

(Le
y
) is a biomarker of breast cancer as this glycan is associated with CD44 
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glycoprotein over-expression which is pro-oncogenic by nature (Lin et al., 2010).  

All of the cancer-associated glycan structures mentioned above are shown in Figure 

1.7. These Lewis glycans are terminations of larger structures with different cores 

and linkages. Sialyl Lewis
a
, sialyl Lewis

x
 and Le

y
 are part of either N-linked or O-

linked oligosaccharides. A few glycosphingolipids: GM2, GM3, GB3cer and Globo 

H and glangliosides: GD2 and GD3 are also TACA antigens and are highly 

expressed in cancer cells due to altered glycosyltransferase and glycohydrolase 

activity (Daniotti et al., 2013). A non-human sialic acid, N-glycolylneuraminic acid 

(Neu5Gc), has also been shown to exist in human carcinoma; this specific glycan and 

its biological importance are discussed in detail in section 1.4.2. 
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Figure 1.7: Lewis antigens associated with cancer. (A) Lewis
y
, (B) Lewis

x 
, (C) 

Sialyl Lewis
x
 , (D) Lewis

b
, (E) Lewis

a
, and (F) Sialyl Lewis

a
. All the structures were 

made on Glycoworkbench (Ceroni et al., 2008) using the CFG abbreviations for 

linkages and CFG symbols for monosaccharides. 

 

1.3.2. Glycans in congenital diseases 

Congenital disorders of glycosylation (CDGs) are diseases caused by defects in the 

biosynthesis of glycoconjugates, first reported in 1980 (Jaeken et al., 1980). These 

diseases were earlier called carbohydrate deficient glycoprotein syndromes (Jaeken 

and Carchon, 1993) but later, to include all glycoconjugate related diseases, they 

were renamed CDGs (Aebi et al., 1999). In all, there are 48 CDGs reviewed to date, 

in which 45 are diseases caused by glycoprotein glycosylation including disorders 

involving N-linked glycosylation, O-linked glycosylation and disorders with both N 

and O-linked glycosylation defects (Jaeken and van den Heuvel, 2014). They are 

classified into two groups based on the improper synthesis of glycans in the ER or 

Cytosol (Group 1) or aberrant attachment of the glycans to the glycoproteins and 

lipids in the ER and Golgi (Group 2) (Grunewald et al., 2002), respectively. 

1.3.3. Glycans in bacterial pathogenesis 

The Gram-negative pathogenic bacterium Helicobacter pylori (H. pylori) expresses 

adhesins: Blood group Ag-binding adhesin (Kelm et al.) and the sialic acid-binding 

adhesin (SabA), for recognition of carbohydrate structures in the host mucosa 

(Moran et al., 2011). These specific adhesins mediate adhesion of bacteria to the host 

tissue cells (Klemm and Schembri, 2000). The H. pylori adhesin BabA binds to the 

Lewis
b
 carbohydrate determinant (Ilver et al., 1998) and plays an important role in 

disease development (Gerhard et al., 1999, Aspholm-Hurtig et al., 2004). The 
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involvement of glycans in pathogenesis has also been elucidated in Escherichia coli 

infection in human urinary tract infection where the bacterial adhesin FimH binds to 

Man present on the human bladder epithelium (Krogfelt et al., 1990, Hull et al., 

1981). Also, the E. coli PapG adhesin binds to Gal-α-(1, 4)-Gal of the host causing 

kidney and urinary tract infections in humans (Roberts et al., 1994, Lund et al., 

1987).  

1.3.4.  Glycans in therapeutics 

Glycosylation is found on multiple classes of protein therapeutics including, 

antibodies, protein hormones, growth factors, cytokines and vaccines (Walsh and 

Jefferis, 2006). Many of the therapeutics currently on the market are glycoprotein 

based where the activity and functionality of proteins is influenced by the glycans, 

often with individual isoforms (glycoforms) behaving differently in biological roles. 

Glycosylation is known to greatly influence the efficacy, half-life and potential 

immunogenicity of recombinant biopharmaceutical proteins (Kilcoyne and Joshi, 

2007, Gerlach et al., 2011). Sialylation of glycoproteins plays an important role as 

the presence of sialic acid prevents exposure of Gal residues thereby protecting the 

protein molecule from capture and subsequent degradation. The sialylation on 

protein therapeutics improves protein stability and make them more resistant towards 

proteolytic degradation or solubility (Bork et al., 2009). Thus, the biopharmaceutical 

industry is required by the US Food and Drug Administration (FDA) and the 

European Medicines Agency (EMEA) to structurally characterise the glycans of 

recombinant therapeutic products throughout clinical trials and production 

(Fernandes, 2004, Ucakturk, 2012). A list of several glycoproteins therapeutics 

available on the market is mentioned in Table 1.1. 

Table 1.1: The list of FDA approved glycan based therapeutics, mainly glycoprotein 

therapeutics: monoclonal antibodies, cytokines, hormone, clotting factors and 

enzymes. This table is modified from the retrieved information (Ghaderi et al., 2012, 

Shriver et al., 2004). 

Drug name Disease Manufacturer 

Lovenox  Thrombosis Aventis 

Avastin Lung and bowl cancer Genentech 
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Aransep Anaemia Amgen 

Fragmin Thrombosis Pfizer 

Actemera Rheumatiod arthirits Genentech 

Sepragel Anti-adhesive Genzyme 

Herceptin Breast cancer Genentech 

Prolia Postmenopausal osteoporisis Amgen 

Humira Chrohn’s disease, ulcerative 

colitis (Anti imflammatory) 

Abbot laboratories 

Yervoy Metastatic melanoma Bristol-Myers Squibb 

Follisitism Follicle development and 

maturation during pregnancy 

Merck 

Thyrogen Hypothyroidism Genzyme 

Aransep Anaemia Amgen 

NeoRecormon Anaemia Hoffman-La Roche 

Kogenate Haemophilia A Bayer 

Advate Haemophilia A Baxter 

Elaprase Hunter syndrome Shire Pharmaceuticals 

Cerezyme Gaucher disease Genzyme 

 

1.3.5.  Glycans in immune responses 

The immune system recognises self and non-self and eliminates non-self from the 

host. Glycans are ubiquitous on the cell surface and represent the first interface 

between the host and the pathogen to facilitate both innate and adaptive immune 

recognition processes. The glycan chains of glycoconjugates and glycoproteins on 

the cell surface possess a high structural diversity. Alteration of O-linked 

oligosaccharides are associated with the development of T-cell activation, CD3, one 

of the cell surface glycoproteins present on T-cells has a majority of O-linked core 

structures and their altered sialoglycoprotein structures have played a prominent role 
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in T cell activation (Andersson et al., 1978, Piller et al., 1988). Alteration of N-linked 

glycosylation has been shown to affect immune responses such as evasion of 

immune of response in AIDS (acquired immunodeficiency syndrome) (Reitter et al., 

1998), and in immunogenic evasion of influenza virus (Wang et al., 2009, Vigerust et 

al., 2007).  

Expression of glycan binding proteins such as galectins in immune cells play 

multiple roles in innate and adaptive immunity (Marth and Grewal, 2008). The 

activated T and B cells, inflammatory macrophages, and natural killer (NK) cells 

differentially up-regulate these galectins thereby validating the expression of glycans 

in immune responses (Rabinovich et al., 2007, Koopman et al., 2003). 

1.3.6.  Non-human glycans 

Non-human glycans are those, which are not naturally synthesised or expressed in 

humans. Many glycans from non-human mammals, invertebrates, plants, yeast and 

bacteria have different monosaccharide constituents and oligosaccharide structural 

organisation than those of humans. Glycan structures from plants lack sialic acids 

and Galactose on their oligo chains (Gomord and Faye, 2004). Also, in yeast, insects 

and some plants there is not even a penultimate Gal structure available, as these 

oligosaccharides are mainly build with high mannose contents (Trimble et al., 1983, 

Lerouge et al., 1998, Wojchowski et al., 1986). Sialic acid plays an important role in 

cell recognition and the glycans without sialic acid residues are immunogenic and 

rejected by the human system. Glycoproteins and glycoconjugates having non-

human glycans such as core xylose present in plants and core α-(1, 3)-Fucose present 

in both insects and plants possess IgE subtypes, which has been reported to cause 

anaphylaxis in humans (Bardor et al., 2003). The production of recombinant 

therapeutics in either plant, insect or yeast expression systems contaminate the 

therapeutic with non-human glycans causing immunogenicity and reduces the 

efficacy of drug (Sethuraman and Stadheim, 2006). As yeast expression systems are 

used in the production of therapeutics and enzymes, however due to the presence of 

high mannose contents confers short half life of drugs and also causes 

immunogenicity in humans (Gerngross, 2004). Some mammals express Neu5Gc 

(found in non-human primates, cattle, etc) or Gal-α-(1, 3)-Gal (found in pigs, cow, 

sheep, etc.) epitopes on their cell surface, whereas humans do not naturally express 
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these epitopes. On introduction, these glycan epitopes can generate an immune 

response in humans due to the presence of natural antibodies. Within the scope of the 

work contained in this document, the non-human Gal-α-(1, 3)-Gal and Neu5Gc 

determinants were considered. 

1.4.  Galactosyl-α-(1, 3)-Galactose (Gal-α-(1, 3)-Gal) 

Gal-α-(1, 3)-Gal (or α-galactosyl epitope) is present naturally in the form of Gal-α-

(1, 3)-Gal-β-(1, 4)-GlcNAc. α-(1, 3)-galactosyltransferase [α-(1, 3)-GT] synthesises 

α-galactosyl epitope in the golgi apparatus of non-primate mammals (Betteridge and 

Watkins, 1983). The synthesis reaction resulting in the α-galactosyl epitope is shown 

below. 

 

Gal-β-(1, 4)-GlcNAc  +  UDP-Gal 

 

 

Gal- α-(1, 3)-Gal-β-(1, 4)-GlcNAc-R + UDP 

The Gal-α-(1, 3)-Gal epitope is a terminal glycan antigen not normally produced by 

humans due to the absence of α-(1, 3)-GT enzyme. However the GGTA1 gene that 

encodes for theα-(1, 3)-GT enzyme is present in humans, but during evolution, the 

GGTA1 gene became inactive as ascribed to two possible theories. One theory is that 

selective pressure for the suppression of α-Gal epitope. Another theory is linked to 

the presence of natural anti-α-Gal antibodies in humans causing an autoimmune 

response (Galili and Swanson, 1991, Koike et al., 2002). It has been estimated that 

nearly 1% of the total circulating IgGs in the humans are anti- α-Gal antibodies 

(Galili et al., 1985), which have been found to interact with the Gal-α-(1, 3)-Gal 

epitope both on glycosphingolipidis and on glycoproteins (Galili et al., 1984). The 

different biological roles of the Gal-α-(1, 3)-Gal epitope are outlined in Table 1.2. 
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Table 1.2: Sources to and consequences of Gal-α-(1, 3)-Gal epitope exposure in 

humans and bio-therapeutics 

Possible exposure routes to the Gal-α-(1, 3)-Gal 

epitope in humans 

References 

Major obstacle to successful xenotransplantation of 

porcine tissues in humans 

(Joziasse and Oriol, 1999, 

Galili, 2005) 

Contamination of CHO, SP2/0 and NS0 cell lines 

required for recombinant therapeutics with Gal-α-

(1, 3)-Gal epitope. Also contamination in case of 

Cetuximab (Erbitux) 

(Pointreau et al., 2012, 

Bosques et al., 2010) 

Initiate host pathogen interaction: Trypanosoma 

cruzi and American Leishmania (parasites) causing 

Chagas disease and American cutaneous 

Leishmaniasis. 

(Avila et al., 1989, Towbin et 

al., 1987) 

Initialisation of fungal infection as extracellular 

vesicles of Paracoccidioides brasiliensis carries 

highly immunogenic α-linked galactopyranosyl (α-

Gal) epitopes. 

 

(Vallejo et al., 2011) 

 

1.5.  Sialic acids 

Sialic acids are a class of nine-carbon, acidic monosaccharides first discovered seven 

decades ago (Blix et al., 1955, Saito, 1956). Today, over 50 types of sialic acids have 

been reported. Those found in nature usually appear to have α-(2, 3), α-(2, 6) or α-(2, 

8) linkages to Gal or N-acetylgalactosamine (GalNAc) residues on N and O linked 

glycoproteins, and free glycans. The most common are terminal linkages to the C-3 

(α-2, 3) and C-6 (α-2, 6) linked of the Galactose and to the C-6 (α-2, 6) positions 

linkage of the GalNAc residues (Varki et al., 2009b). Also, there are internal linkages 

where sialic acids are attached to other sialic acid residues via C-8 (α-2, 8) linkages 

to form poly sialic acid, this is a structure encountered frequently in neuronal tissues 

(Ledeen, 1984, Sato et al., 2002). Sialic acids are frequently present on cell surfaces 

and are involved in broad range of biological processes, including molecular and 

cellular interactions, immune response, and host pathogen interaction (Varki et al., 

2009b). Also, sialic acid epitopes bind to sialic acid biding lectins, namely siglecs 

and selectins (for more detailed information about lectins please refer section 1.7.1), 



 

 

21 

initiating cell-to-cell communication in the inflammation and immune response 

(Kelm and Schauer, 1997). The predominant form of sialic acid found on human 

glycoproteins and glycolipids is Neu5Ac, whereas in most other mammals except 

humans, Neu5Gc is also widely expressed in addition to Neu5Ac. Neu5Ac and 

Neu5Gc are synthesised from the ManNAc and ManNGc, respectively. The pathway 

for Neu5Ac and Neu5Gc synthesis is shown in (Figure 1.8): 

 

 

Figure 1.8:  Sialic acid pathways in the Golgi apparatus and nucleus. The text in red 

are the genes involved in the synthesis of precursors of sialic acids. The image is 

modified from a version by Varki, Cummings et al. (2009) (Varki et al., 2009b). 

1.5.1.  N-acetylneuraminic acid (Neu5Ac) 

Neu5Ac is the most common sialic acid found in glycoconjugates in all mammals. 

Neu5Ac is an essential component of brain gangliosides and also polysialic acid that 

modifies neural cell adhesion molecule (NCAM). Both of these play important role 

in neuronal growth, cell-cell interactions and memory formation, thus making 

Neu5Ac bound to gangliosides and glycoproteins an essential sugar for brain 

development and cognition (Wang, 2009, Svennerholm et al., 1989, Zuber et al., 

1992). It is also important in therapeutics as most protein therapeutics have 

conventional α-2, 3 and α-2, 6 sialic acid linkages whereas polysialic acids are 
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mainly chains of Neu5Ac with an α-2, 8 linkages on peptides and protein 

therapeutics have been shown to improve drug half life, retention of their activity in 

vivo and to reduce antigenicity and immunogenicity of these therapeutics 

(Gregoriadis et al., 2005, Werle and Bernkop-Schnurch, 2006). Neu5Ac has a major 

role in developing influenza virus infections in humans, hemagglutinin: a viral 

surface glycoprotein and a sialic acid receptor binding protein of influenza virus that 

recognises and binds to Neu5Ac on erythrocytes in case of influenza virus A and B, 

whereas in influenza C infection hemagglutinin recognises 9-O-acetyl-N-

acetylneuraminic acid (9-O-Ac-NeuAc) and initiate viral infection in humans (Higa 

et al., 1985, Kelm et al., 1992). Neu5Ac also provides a good substrate for bacteria 

Vibrio vulnificus for invasion and colonisation of enteropathogenic bacteria in the 

human gut (Jeong et al., 2009). 

1.5.2.  N-glycolylneuraminic acid (Neu5Gc) 

Neu5Gc is synthesised by the hydroxylation of its precursor sialic acid: Neu5Ac. The 

enzyme, Cytidine Monophosphate N-acetylneuraminic acid Hydroxylase (CMAH) 

catalyses Neu5Ac to form Neu5Gc (Figure 1.9). Neu5Gc is a widely expressed non-

human sialic acid widely expressed in mammals except humans. 

 

 

Figure 1.9: Illustration shows two different sialic acids and their conversion of 

Neu5Ac to Neu5Gc with the enzyme Neu5Ac hydroxylase.  

1.5.2.1.  Loss of Neu5Gc in humans and incorporation of Neu5Gc into humans 

It is theorised that during human evolution a frameshift mutation due to a deletion of 

92 base pairs of single strectch of sequences of a gene that corresponds to the gene 6 

in mice resulted in the inactivation of single CMAH gene (Brinkman-Van der Linden 
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et al., 2000, Varki, 2001, Hedlund et al., 2007). Due to the inactivation of this gene, 

CMAH enzyme production ceased and humans were not able to synthesise Neu5Gc 

from Neu5Ac. However, traces of Neu5Gc in humans have been reported in many 

studies. Despite being antigenic to humans, Neu5Gc is found in humans as human 

embryonic stem (Aspholm-Hurtig et al.) cells have been shown to express Neu5Gc 

when grown under standard condition (Martin et al., 2005). These cells can take up 

Neu5Gc from animal media and convert it into CMP-Neu5Gc thereby incorporating 

it using similar sialyltransferases and transporters in the Golgi as CMP-Neu5Ac 

(Varki, 2001, Tangvoranuntakul et al., 2003). Meat from sheep, pigs and cattle (red 

meat) and the dairy products from bovine sources contain Neu5Gc, which on dietary 

accumulation could allow incorporation of Neu5Gc into human glycoproteins and 

glycolipids (Tangvoranuntakul et al., 2003, Hedlund et al., 2007). The in vitro 

incorporation mechanism of glycoprotein bound Neu5Gc into human carcinoma cells 

has been demonstrated to occur via micropinocytosis and delivered through 

lysosomal sialadases and transporters in to the cytosolic compartment for conversion 

to CMP-Neu5Gc (Bardor et al., 2005).  

1.5.2.2.  Neu5Gc immunogenicity in humans 

Humans typically have detectable levels of anti-Neu5Gc antibodies which, on 

interacting with exogenous Neu5Gc present in excess amounts on glycoproteins and 

glycolipids, causes an immune response (Nguyen et al., 2005). Various pathogens 

have specificity to Neu5Gc over Neu5Ac. These pathogens could bind with 

incorporated Neu5Gc to initiate infection in humans, such as the subtilase cytotoxin 

secreted by Shiga toxigenic E. coli (STEC) (Byres et al., 2008). This toxin has been 

reported to bind to different α-(2, 3)-Neu5Gc glycoconjugates when presented to it 

on glycan arrays (Byres et al., 2008). The interaction of STEC with exogenous 

Neu5Gc in humans may cause haemolytic-uremic syndrome in the gastrointestinal 

tract and kidneys in humans (Lofling et al., 2009). The presence of Neu5Gc is a 

significant hindrance to xenotransplantation as pigs also incorporate Neu5Gc. Organs 

transplanted from pigs to humans may be rejected due to the presence of natural anti-

Neu5Gc antibodies in humans (Padler-Karavani and Varki, 2011). This Neu5Gc 

motif can contaminate embryo development cells as animal by-products (possessing 

Neu5Gc) are required to derive and culture these cells (Lanctot et al., 2007). 
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1.5.2.3.  Neu5Gc in cancer 

Although Neu5Gc is not synthesised in humans, there is evidence that Neu5Gc-

containing glycoconjugates occur frequently in the sera of cancer patients and on the 

surface of cancerous tissues (Taylor et al., 2010). Following studies on a Neu5Gc-

deficient mouse model system, it has been proposed that the interaction of tumour-

associated Neu5Gc with naturally occurring anti-Neu5Gc antibodies is involved in 

tumour progression via chronic inflammation (Padler-Karavani et al., 2011). 

Recently, it has been confirmed from the same research group that Neu5Gc from red 

meat promotes inflammation and cancer progression (Samraj et al., 2014).  Neu5Gc 

with in ganglioside GM3 represents the Hanganutziu-Deicher antigen HD-3 and has 

been reported as a colon tumour-associated antigen in humans (Higashi et al., 1985).  

1.5.2.4.   Neu5Gc in bio-therapeutics 

Recombinant proteins normally require glycosylation to maintain half-life, reduce 

required dosage and fully exert proper biological function (Sinclair and Elliott, 

2005). The glycosylation pattern comes from the organism where bio-therapeutic 

proteins are expressed. For example, Chinese Hamster Ovary (CHO) and 

recombinant human erythropoietin produced within these contain at least 1% 

Neu5Gc of the total sialic acid content (Noguchi et al., 1996). During glycosylation 

of expressed proteins, the contamination of Neu5Gc is transferred into the 

recombinant glycoprotein therapeutics from the expression system (e.g. 

erythropoietin) (Hokke et al., 1990, Noguchi et al., 1996). Recent work has shown 

that the contamination of bio-therapeutics with this non-human epitope can result in 

an immunogenic response in humans, as e.g. as occurred with Erbitux (Cetuximab), a 

recombinant monoclonal antibody preparation produced in a murine myeloma cell 

line, and Vectibix (Panitumumab) a fully human antibody produced in CHO cells 

(Ghaderi et al., 2010). The likelihood of Neu5Gc as a contaminant in different FDA 

approved bio-therapeutics for human dosage, prepared in different mammalian 

expression system has recently been extensively reviewed (Ghaderi et al., 2012). 

1.6.  Detection approaches for glycans 

Cell surface glycan structures are quantified using enzyme treatment and through 

released glycan estimation. However, analysis of cleaved glycans presents a major 
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analytical challenge, due to their inherent complexity, lack of optical properties 

useful for detection, and the existence of various isoforms (both position and 

linkage). In addition, populations of almost all glycoproteins consist of a 

heterogeneous collection of differently glycosylated variants, so the released glycan 

pool contains a range of structures. Methods which are currently in use include high 

performance liquid chromatography (HPLC), mass spectroscopy (MS), tandem MS 

(MS/MS), LC–MS, capillary electrophoresis (CE), high-performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC–PAD), lectin and 

antibody arrays, and binding assays, each of which has its own merits and limitations 

(Seo and Lee, 2004, Dalpathado and Desaire, 2008). 

1.6.1. Chromatography and Mass spectrometry 

Chromatography is the most conventional analytical method of separating and 

quantifying glycans in the complex biological samples. Thin layer chromatography 

has been in use to analyse glycan profiles (Lippiello and Mankin, 1971, Schneider et 

al., 1993) and further enhancement has been done in this method to improve 

resolution and for more accurate analyses using high performance thin layer 

chromatography (HPTLC) (Yao and Rastetter, 1985, Zlatkis and Kaiser, 2011). The 

advancement in chromatography continued when paper chromatography was 

replaced with liquid chromatography and then with the advanced version of liquid 

chromatography as High Performance Liquid Chromatography (high pressure) 

technique was implemented for separation and quantification of glycans (Harz et al., 

1990). In the last two decades further modification and improvement in HPLC 

techniques include high-pH anion exchange chromatography (HPAEC) (Bruggink et 

al., 2005), ultra performance liquid chromatography (UPLC) (Bones et al., 2010), 

and hydrophilic interaction chromatography (HILIC)  (Ahn et al., 2010) for efficient 

quantification and separation of the glycans. Databases have been developed that 

contain analytical parameters for the relative quantification of N and O-linked 

glycans (Royle et al., 2008, Royle et al., 2002). GlycoBase is a detailed database 

with an analytical tool autoGU identifies glycan residues for interpretation and 

assignment of HPLC glycan profiles (Campbell et al., 2008). 

Mass spectrometry is another analytical technique to measure mass to charge ratio of 

glycans released from glycoconjugates. MS of glycoproteins has witnessed 
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considerable advancements in recent years, mainly as a necessary-but-peripheral 

addition to the proteomics field and aimed primarily at elucidating the structural 

complexity and functionality of the oligosaccharide components of molecules. 

Several MS methods are currently employed in conjunction with chromatographic 

techniques for oligosaccharide analysis, and include graphitised carbon-liquid 

chromatography (LC)/electrospray ionisation (ESI) MS detecting deprotonated 

molecules in the negative ion mode provided acceptable quantitation. Also, detailed 

analyses of tryptic glycopeptides employing either nano LC/ESI MS/MS or 

MALDI/MS has been shown to give reliable site-specific or subclass-specific glycan 

profiles (Wada et al., 2007).  

1.6.2.  Lectin and antibody arrays 

Lectins are glycan-binding proteins, which bind specifically and reversibly, found in 

the plants, animals, and in microorganisms (Drickamer and Taylor, 1993, Rudiger 

and Gabius, 2001, Lis and Sharon, 1986). Lectins are used to detect glycans present 

on glycoconjugates in tissues and on cell surfaces (Sharon and Lis, 1989, Hebert, 

2000). Lectin array-based glycan profiling has given promising results with a range 

of sample types, including glycopeptides, glycoproteins, live mammalian cell-surface 

glycome, formalin-embedded tissue sections and bacteria (Hsu and Mahal, 2006, 

Landemarre et al., 2013, Zhou et al., 2011). In most lectin microarray-based 

experiments, the analytes (target glycans or glycoconjugates) are fluorescently 

labelled and these targets incubated to lectin microarray features (spots) are later 

detected using standard laboratory laser scanners originally developed for DNA 

microarray applications. A ratiometric two-colour approach has also been described 

in an effort to improve the ability to do relative quantification between two different 

samples on lectin arrays (Pilobello et al., 2007). Antibody arrays have also been used 

for high-throughput analysis of glycan variation on native proteins (Chen et al., 

2007). However, the lectin and antibodies arrays have limitations in glycan binding 

analyses as these arrays lack information about exact nature of glycans structures and 

their binding linkages sites. Also for high diversity glycans, it is difficult for lectins 

and antibodies to determine the sites of altered glycans (Haab, 2010). 
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1.6.3.  Binding assays 

ELISA (Enzyme Linked Immunosorbent Assays), used with antibodies raised against 

carbohydrates (Knuchel et al., 1992), and the ELLA (Enzyme Linked Lectin Assays), 

used with lectins (Lambre et al., 1991), are the most robust and convenient assays for 

the detection and quantification of free and bound glycans in biological samples 

(Gull et al., 2007, Gornik and Lauc, 2007). These assays are still widely in use and 

much progress has been made in the development of high-throughput versions of 

these assays, as in multiplex suspension arrays used to profile anti-carbohydrate 

antibodies (Pochechueva et al., 2011). Flow cytometry-based binding assays are also 

used to profile both cell surface glycans and free glycans which are immobilised onto 

beads and detected using both lectins and antibodies as probes (Yamamoto et al., 

2005). Electrophoresis and Western blots are two other conventional approaches to 

detect glycans based on their sise and charges using both lectin and antibodies as 

probes (Tabares et al., 2006). 

1.6.4.  Structural and in silico glycan binding interactions 

Protein glycosylation is not homogeneous. Furthermore, the glycosylation motifs 

present affect the physiochemical and biological properties of the glycoprotein and 

glycolipids. Therefore, structural knowledge of glycosylation is important for both 

understanding normal physiological processes and many disease states and for 

effective treatment of a range of infectious and chronic diseases. X-ray 

crystallography and NMR are used to ‘solve’ many structures of lectins, glycans and 

their complexes. These two techniques give detailed information about hydrogen 

bonding, hydrophobic sites, and van der Waals interactions, contribute to binding 

energies of lectin-glycan interaction (Weis and Drickamer, 1996). However, there are 

many newly-discovered or selected antibodies and single chain variable fragments 

(scFv) against glycans whose structure have not been elucidated and, for those 

molecules, alternative approaches such as molecular modelling and docking can be 

employed to help elucidate the nature of their interaction with carbohydrate targets 

(Imberty and Perez, 1994, Neumann et al., 2004).  
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1.7.  Glycan recognition molecules 

Alteration in glycosylation associated to many diseases and changes in immune 

responses. The evidence are now emerging to link such aberrations to disease 

properties (Goulabchand et al., 2014, Campbell et al., 2001). The availability of 

sensitive and specific reagents and tools for the detection of glycans at an early stage 

of diseases is of great importance. Glycan binding molecules could be used for 

detection, diagnosis and prognosis, and validation of therapeutic and disease 

management.  

1.7.1.  Lectins 

Lectin carbohydrate recognition domains (CRD) (Drickamer, 1988) reversibly and 

specifically interact with carbohydrates (Gabius et al., 2004). Lectins have been used 

for the characterisation of cell surface glycans and glycoproteins, based on their 

selectivity for certain glycan structures and linkages. They are involved in diverse 

biological processes including cell-to-cell communication (Gabius, 1988), clearance 

of glycoproteins in the circulatory system (Ashwell and Morell, 1977), blood group 

typing, bacterial identification, and cell selection. They are considered to be a very 

large and heterogeneous group of proteins (Goldstein and Poretz, 1986) and are 

divided into different classes based on their amino acid sequences, folding, and other 

biochemical properties. Lectins with reported affinity and specificity against sialic 

acids and α-galactose epitopes are mentioned in Table 1.3. 
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Table 1.3: Lectins with their specificities against Neu5Ac, Neu5Gc and α-Galactose 

epitope. 

Lectins name Abbreviation Specificity References 

Sambucus nigra SNA -I, EBL NeuAc-α-(2, 6)-

Gal, NeuAc-α-(2, 

6)-GalNAc 

(Taatjes et al., 

1988) 

Maackia amurensis MAA, MAL NeuAc-α-(2, 3)-

Gal, NeuAc-α-(2, 

3)-Gal-β-(1,4)-

GlcNAc/Glc 

(Sata et al., 1989) 

Limax flavus LFA NeuAc, NeuGc (Miller et al., 

1982) 

Limulus polyphemus LPA NeuAc, GalNAc, 

GlcNAc 

(Roche and 

Monsigny, 1974) 

Bandeiraea 

simplicifolia (Lectin I) 

Griffonia simplicifolia 

(Isolectin I-B4) 

GS I, GSL I, 

BS I, BSL I, 

GS-I-B4 

α-Gal, α-GalNAc (Goldstein et al., 

1981) 

(McCoy Jr et al., 

1983) 

Euonymus europaeus EEA Gal-α-(1, 3)-Gal,  

Gal-α-(1, 3)-[Fuc-

α-(1,2)-Gal] 

(Petryniak et al., 

1980) 

Maclura pomifera MPA, MPL α-Gal, α-GalNAc, 

Gal-β-(1, 3)-

GlcNAc 

(Sarkar et al., 

1981) 

Vigna radiata (Mung 

Bean lectin) 

MBL-I β-Gal (Suseelan et al., 

1997) 

Vigna radiata (Mung 

Bean lectin) 

MBL-II β-Gal (Suseelan et al., 

1997) 

Marasmius oreades 

agglutin (Mushroom 

lectin) 

 

MOA Gal-α-(1, 3)-Gal 

and Gal-α-(1, 3)-

Gal –β-(1, 4)-

GlcNAc 

 

(Winter et al., 

2002) 
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1.7.2.  Glycan binding antibodies 

Alterations in glycosylation patterns have been associated with multiple disease 

conditions, and with altered glycosylation, anti-glycan antibodies levels present in 

the serum may also vary with disease onset and progression. Within the immune 

system, antibodies are generated against pathogens including foreign glycan epitopes 

and therefore, these glycan-binding antibodies present in the serum could be used as  

biomarkers. Circulating antibodies within the serum can readily be isolated from the 

animals, for example polyclonal IgY antibodies against Neu5Gc were isolated from 

the chicken (Diaz et al., 2005) for use as a diagnostic and therapeutic purposes. 

1.7.3   Glycan binding peptides and scFv 

A number of specific glycan-binding peptides have been described recently, prepared 

by screening phage-displayed peptide libraries against the targets of interest (Table 

4). Phage Display is a well-established technique for the selection and production of 

peptides and scFvs (Smith, 1985). 

 In cancer glycobiology, the use of phage display libraries to identify peptide 

sequences that bind the T antigen was described nearly two decades ago (Peletskaya 

et al., 1997). Peptide libraries, now commercially available, have become a suitable 

method for selecting peptides against glycans with required binding properties 

(Frank, 2002, Tothill, 2009, Kriplani and Kay, 2005). scFvs are another class of 

peptides selected through phage display techniques. To produce scFvs, the DNA 

encoding the antigen-binding variable domain is cloned into a DNA phagemid vector 

and expressed in the phage as a single chain molecule in which the VL and VH 

domains of the antibody are joined by a flexible polypeptide linker (Gram et al., 

1992). They have a number of advantages over traditional antibodies for use as a 

diagnostic tools (Hagemeyer et al., 2009). Their reduced sise (typically about 25-35 

kDa, compared to monoclonal antibodies at 150 kDa), make them more suitable for 

the delivery of chemotherapeutic agents in tumour treatment (Lyu et al., 2008), for 

use as parasite therapeutics (Vukovic et al., 2002, Yoshida et al., 2003) and possibly 

for tumour vaccines (Ladjemi et al., 2011). The list of antibodies, peptides, and scFvs 

against Gal-α-(1,3)-Gal and Neu5Gc is detailed in Table 1.4. 
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Table 1.4: List of antibodies, peptides, and scFv against Gal-α-(1, 3)-Gal and 

Neu5Gc 

Type Target Source Reference  

M86 monoclonal 

antibody 

Galactosyl-α-(1, 

3)-Galactose 

Mouse (Galili et al., 

1998) 

IgY polyclonal 

antibody 

Galactosyl-α-(1, 

3)-Galactose 

Chicken (Bouhours et al., 

1998) 

Chimeric IgE scFv Galactosyl-α-(1, 

3)-Galactose 

Mouse  (Plum et al., 

2011) 

scFv Galactosyl-α-(1, 

3)-Galactose 

Chicken (Cunningham et 

al., 2012) 

IgY polyclonal Neu5Gc Chicken (Diaz et al., 2005) 

scFv Neu5Gc Chicken (Donohoe et al., 

2011) 

 

1.7.4.   Glycan binding aptamers 

Aptamers are oligonucleotides that can specifically bind proteins or small molecules 

in the same way as antibodies and, in some cases, can do so with nanomolar to 

picomolar affinity against their target molecules (Keefe et al., 2010). Their stability 

and chemical flexibility have given aptamers significant attention as a new source of 

potentially high affinity and specific recognition elements for use in biosensor and 

assay development, diagnostics and also as possible therapeutic agents (Ni et al., 

2011).  

Aptamers have been traditionally selected using an in vitro selection process, known 

as SELEX (Systematic Evolution of Ligands by EXponential enrichment) that was 

simultaneously developed by Gold and Szostak (Ellington and Szostak, 1990, Tuerk 

and Gold, 1990).  In the SELEX process (Figure 1.10), highly specific nucleic acid 

aptamers are isolated from a diverse pool of randomised nucleic acids containing 

more than 10
12 

different sequences. This involves an iterative process of binding, 

partitioning, washing, elution and amplification by polymerase chain reaction (PCR). 

Because a randomised RNA or DNA library can provide a vast number of three-
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dimensional structures to different kind of targets, aptamers have been generated 

against a wide variety of target such as ions, glycans, small compounds and proteins. 

With increasing stringency of selection in each round of SELEX, the specificity and 

affinity of the aptamers become mature. The physical factors contributing to aptamer 

affinity and specificity against a target are the electrostatic and hydrophobic 

interactions between the molecules. Hydrogen bonding and the target shape 

complementarity are other features help in aptamer recognition. Also, highly 

conformational flexibility between aptamer and target could be the important feature 

to limit aptamer affinity and specificity (Eaton et al., 1995). The structural basis for 

ligand recognition by aptamers is through the use of its purine rich loops to bind 

against ligands. Also, these purine loops engage in noncanonical base pairing 

interactions with each other to facilitate H-bond acceptors and donors and the proper 

surfaces for ligand interaction (Wilson and Szostak, 1999).  

 

Figure 1.10: Illustration of SELEX process for the generation of ssDNA aptamers. 
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1.8.  Review of aptamers reported against glycans 

Aptamers have been employed in glycobiology recently to bind and differentiate 

between the complex glycan structures (Sun et al., 2010). Although they have been 

described against carbohydrate targets, revealing the feasibility of this approach for 

the generation of specific glycan receptors, there are no reports so far of their use as 

diagnostic reagents. The list of aptamers possessing affinity and specificity against 

glycans are included (Table 1.5). 

Table 1.5: List of DNA aptamers reported against glycans. 

Target Binding motif & 

Aptamer length 

Affinity Specificity Reference 

5TRG1-4 70 mer library with 

25 nucleotides 

variable region 

18.6-34.4 

nM 

Tn antigen (Ferreira et 

al., 2006) 

GalNAc1-3 70 mer library with 

25 nucleotides 

variable region 

47.3-59.8 

nM 

N-

Acetylgalactosa

mine 

(Ferreira et 

al., 2006) 

5TR1-4 70 mer library with 

25 nucleotides 

variable region 

47.3-59.8 

nM 

MUC1-5TR (Ferreira et 

al., 2006) 

Glycoprotein 90 mer library with 

50 nucleotides 

variable region 

6.2-321 

nM 

Fibrinogen 

Deglycosylated 

fibrinogen 

Periodated 

fibrinogen 

(Li et al., 

2008) 

(1, 3)-β-D-

glucan 

95 mer library with 

60 nucleotides 

0.3 μM Dextran: -- 

Mannan: 
_ _

  

(Low et 

al., 2009) 
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variable region Endotoxin: 
_ _

 

Laminarian: ++ 

Barley Glucan: 

++ 

Curdlan: ++ 

Sialyllactose Three way junction 

with 

amino- modified  

thymidines, 60 

nucleotides 

variable region 

4.9 μM Not determined (Mehedi 

Masud et 

al., 2004) 

Cellulose G Rich Sequences 

streches, nd 

Low μM Cellulose: +++ 

Cellotetraose: 

0.6uM 

Cellobiose:< 

0.3uM 

Lactose: 
_ 
 

Maltose: 
_ 
 

Gentobiose:
_ 
 

(Yang et 

al., 1998) 

Chitin 103 nucleotides, 59 

nucleotides variable 

region 

G Rich stem loops 

n.d. Chitin: ++ 52%, 

73% 

Cellulose:+  

(Fukusaki 

et al., 

2000) 

VEGF 77 nucleotides, 30 

nucleotides variable 

region 

0.1 nM Heparin 

binding-

VEGF165++ 

 

(Ng et al., 

2006) 



 

 

35 

  

Neu5Ac 76 nucleotides, 40 

nucleotides variable 

region 

Neu5Ac 

(1.35 nM) 

Neu5Gc 

(90 nM) 

Neu5Ac++ 

Neu5Gc++ 

(Cho et al., 

2013) 

 

Neu5Gc 81 nucleotides, 40 

nucleotides variable 

region 

4.58 nM Neu5Gc++ 

Neu5Ac: n.d. 

(Gong et 

al., 2013) 

 

 

* ++ indicates the level of binding affinity, -- indicates no binding to the target. 

1.8.1.  Aptamers in Therapeutics and Diagnostics 

A number of aptamer-based therapeutics are now at various stages of preclinical and 

clinical trials. The global aptamers market is anticipated to reach $2.1 billion by 2018 

(reasearchandmarkets.com, 2014). Pegaptanib (Macugen) (Figure 1.11) is an anti-

angiogenic aptamer used for the treatment of neovascular age-related macular 

degeneration (AMD). The first RNA aptamer based drug targeted the vascular 

endothelial growth factor (VEGF), which blocks the action of VEGF resulting in the 

reduced growth of blood vessels for controlling leakage and swelling in the eye (Ng 

et al., 2006). This drug was approved and licensed to Eytech firm (Now OSI 

pharmaceuticals Inc. in USA) 2004, and in Europe 2005. Many other aptamer based 

drugs are in clinical trial stages and yet to get approval from FDA for 

commercialisation. A list of some of these aptamer-based drugs under clinical trial is 

presented in Table 1.6. 
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Figure 1.11: Pegaptanib (Macugen) – RNA based aptamer drug against VEGF165 

(Copyright license number- 3554740146757), (Ng et al., 2006). 

Table 1.6: Aptamer based therapeutics under development 

Drug 

name 

Target Disease Develop

ment 

Stage 

Company References 

AS1411 Solid and 

blood cancer 

cells 

Solid and 

blood cancer 

Phase 

IIb trial 

terminat

ed 

Antisoma (Soundararaj

an et al., 

2008) 

NOX-E36 MCP-1 

(CCL2) 

(Monocyte 

Chemoattract

ant Protein 1) 

Type II 

diabetic 

complications

, 

Diabetic 

Nephropathy 

Phase Ib Noxxon 

pharma AG 

(Anders et 

al., 2007) 

NOX-

A12 

SDF-1 

(CXCL12) 

(Stromal 

Cell-Derived 

Factor-1) 

Hematologica

l and solid 

tumours 

Phase I Noxxon 

pharma AG 

(Hoellenrieg

el et al., 

2011) 

NOX-

H94 

Hepcidin Anemia of 

inflammation 

Clinical 

trials 

Noxxon 

pharma AG 

(Schwoebel 

et al., 2011) 
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1.9.  Intellectual Property in SELEX and Phage Display 

Patent activity in the SELEX and phage display field has shown an exponential 

growth in the last five years according to the United States Patent and Trademark 

Office (USPTO). Aptamers and scFvs against several proteins and other targets 

involved in a broad range of disease causing pathogens and proteins have been 

patented for their use as biomarkers, therapeutics and in diagnostics. Archemix and 

Somalogic are the pioneers in aptamer development and they intend to transform 

medical practice through the development of aptamer-based, next generation disease 

screening, diagnosis, therapy selection and patient monitoring (Bock et al., 1992, 

Gold et al., 2003, Gold et al., 2002). However, the development of aptamers and 

scFvs in the field of glycobiology is very limited, which could be due to the 

complexity of glycan structural diversity. In addition, there are a few reports on the 

use of aptamers and phage display scFv molecules to develop carbohydrate 

biosensors in Table 1.7.    

 

 

 

E10030 platelet-

derived 

growth factor 

age-related 

macular 

degeneration 

Phase II Ophthotech (Green et al., 

1996) 

ARC1905 C5 

component of 

the 

complement 

cascade 

age-related 

macular 

degeneration 

Phase I Ophthotech (Biesecker 

et al., 1999) 

REG1 Factor IXa Acute 

coronary 

syndrome, 

percutaneous 

coronary 

intervention 

Phase 

IIb 

Regado 

Biosciences 

(Rusconi et 

al., 2002) 

REG2 Venous 

thrombosis 

indications 

Venous 

thrombosis 

indications 

prophylaxis 

Phase I Regado 

Biosciences 

(Rusconi et 

al., 2004) 
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Table 1.7: Patents on application of aptamer and scFv as glycobiomimics and 

biosensors. 

Patent 

number  

 

Description References Publication 

Date 

7,939,313 Biosensors for detecting 

macromolecules and other analytes 

(Heyduk et al., 

2011) 

10-05-2011 

7,927,547 Reagentless and reusable 

biosensors with tunable differential 

binding affinities and methods of 

making 

(Anderson et al., 

2011) 

19-04-2011 

7,910,523 Structure based and 

combinatorially selected 

oligonucleoside phosphorothioate 

and phosphorodithioate aptamer 

targeting AP-1 transcription factors 

(Gorenstein et 

al., 2011) 

22-03-2011 

7,871,785 Use of secretor, Lewis and sialyl 

antigen levels in clinical samples as 

predictors of risk for disease 

(Morrow et al., 

2013) 

22-05-2014 

12/221,429 Aptamer based point of care test for 

glycated albumin 

(Smith, 2013) 19/06/2014 

 

WO 20071

28109 A1 

Aptamers that recognise the 

carbohydrate N-

acetylgalactosamine (GalNAc)  

(Matos and Jean, 

2007) 

15-11-2007 

7,915,387 Monoclonal antibody Sc104 and 

derivative thereof specifically 

binding to a sialyltetraosyl 

carbohydrate as a potential anti-

tumour therapeutic agent 

(Durrant and 

Parsons, 2011) 

29-03- 2011 

US 

2011/0034

676 A1 

Anti-Sialic acid antibody molecules (Donohoe et al., 

2011) 

10-02-2011 

7,674,605 Antibodies recognizing a 

carbohydrate containing epitope on 

CD-43 and CEA expressed on 

cancer cells and methods using 

same 

(Lin et al., 2011) 09-03-2010 

US 2010/ 

0324271 

A1 

Phage-displaying single chain 

antibody capable of recognizing 

non-reduced mannose residue 

(Yamaguchi et 

al., 2009) 

23-10-2010 

6,727,062 Identification of target structures 

E.G. in vivo selection method for a 

phage library 

(Brodin et al., 

2004) 

27-04-2004 



 

 

39 

1.10.  Scope of thesis 

Knowledge about post-translational modifications (PTMs) of proteins, such as 

glycosylation, phosphorylation or sulphation, is proving increasingly critical for 

understanding the physiological state of cells, systems and organs and for relating 

genomic and proteomic measurements to a biological and functional context. 

Covalent attachment of oligosaccharides to the protein backbone, termed 

glycosylation, is the most common PTM on cell surface and secreted proteins and 

also the most complex.  

Chapter 1 describes the importance of post-translational modification particularly 

glycosylation. The roles of glycans and their diversity are discussed in detail. Glycan 

recognition molecules mimicking lectins and antibodies are introduced and described 

against non human immunogenic glycans Neu5Gc and Gal-α-(1, 3)-Gal. 

The wide range of random peptide libraries now available can be tapped for glycan-

binding molecules. In addition to generating lectin mimics, this approach can also 

yield glycomimetic peptides, which could be used as standards in binding assays as 

an alternative to the often very costly oligosaccharides. These peptides also have 

therapeutic potential. Recently our lab has developed an scFv that binds and detects 

Gal-α-(1, 3)-Gal epitope in both direct and competitive ELISA. 

Chapter 2 describes the in silico interaction of scFv against a range of glycans from 

monosaccharaides to trisaccharides. Structures of scFvs were modelled in silico 

based on the available crystal structures templates of closely related antibodies and 

scFvs. The glycan structures were modelled and docked with these scFv to 

understand the mechanism of scFv-glycan interaction. 

Currently, antibodies and lectins are available as recognition tools for carbohydrates, 

but they have limitations in terms of costs incurred by the production and stability. 

Owing to their complex structure, antibodies are susceptible to degradation, 

aggregation, modification (e.g. oxidation or deamidation) and denaturation. The 

overlapping specificity and toxicity of lectins limit their potential applications. Thus, 

there is a pressing need for rapid, accurate and economic alternative recognition 

elements. Aptamers fulfill these requirements and have therefore emerged as a viable 

option. These are DNA based aptamers targeting against sialic acids. Although I was 
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more interested in immunogenic non-human glycan Neu5Gc, but I also developed 

aptamers against Neu5Ac as these two sialic acid structures are closely related and 

there is no molecule available that can detect Neu5Ac in the biological sample. 

Chapter 3 describes the development of aptamers against two different sialic acids: 

Neu5Gc and Neu5Ac. The SELEX process was used to develop these aptamers, after 

enrichment of DNA pools against sialic acids; DNA pools were cloned and 

sequenced. The consensus sequences were obtained among all the DNA pools and 

their secondary structures were elucidated. 

Chapter 4 describes the characterisation of the consensus sequences (aptamers) 

obtained against select sialic acids as discussed in chapter-3. This chapter involves 

the synthesis of consensus sequences, and their binding characterisation against both 

sialic acids. Different platforms were used to demonstrate binding affinities of the 

aptamers identified which had significant specific binding to Neu5Ac and Neu5Gc. 

The kinetic constants of aptamer binding affinity against the selected sialic acids 

were estimated. The binding specificities of aptamers against a range of additional 

monosaccharides were also tested. A competitive ELISA was developed to show 

specific inhibition of aptamer binding to respective sialic acids. 

Chapter 5 The principal conclusions drawn from this research along with potential 

future research directions are discussed. 
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2.1.  Introduction  

The non-human carbohydrate Galactosyl-α-(1, 3)-Galactose (Gal-α-(1, 3)-Gal) is 

immunogenic in humans and is of major clinical significance (Macher and Galili, 

2008). Antibodies against this epitope are naturally present in human serum (Galili et 

al., 1985). This epitope is directly involved in hyperacute rejection during 

xenotransplantation (Joziasse and Oriol, 1999, Galili, 2005) and is present on a 

number of biopharmaceuticals produced in Chinese Hamster Ovary (CHO) and the 

mouse SP2/0 and NS0 cell lines. Biopharmaceutical products with this epitope can 

result in undesirable immunogenic response in patients, as seen in the case of 

Cetuximab, a recombinant monoclonal antibody (mAb) used in the treatment of 

metastatic colorectal cancer (Pointreau et al., 2012, Bosques et al., 2010). The 

presence of the Gal-α-(1, 3)-Gal  epitope in beef and pork (red meat) causes delayed 

anaphylaxis in humans (Commins and Platts-Mills, 2013). The presence of anti-Gal-

α-(1, 3)-Gal IgEs causing anaphylaxis was shown in the serum of patients treated 

with Cetuximab (Chung et al., 2008). In addition, the Gal-α-(1, 3)-Gal motif present 

on the surface of some pathogenic organisms appears to play an important role in 

host-pathogen interactions as is evident from the protozoan parasites Trypanosoma 

cruzi and Leishmania species, which cause Chagas disease and cutaneous 

leishmaniasis, respectively (Towbin et al., 1987, Avila et al., 1989), and the fungus, 

Paracoccidioides brasiliensis, responsible for paracoccidioidomycosis disease. 

(Vallejo et al., 2011).  

The occurrence of natural anti-Gal-α-(1, 3)-Gal serum antibodies has also been 

exploited in cancer immunotherapy. Modification of autologous tumour cells to 

express the epitope on their surface and subsequent immunisation of the patient with 

the cells promotes up-take of the vaccine by the antigen-presenting cells through in 

vivo opsonisation by the anti-Gal-α-(1, 3)-Gal antibodies to give a protective anti-

tumour response (Galili et al., 2003). 

Despite the importance of the Gal-α-(1, 3)-Gal epitope, relatively few methods have 

been described in the literature for its determination (Higgins, 2010). The presence of 

Gal-α-(1, 3)-Gal can be detected by analysis of enzymatically released Gal 

monosaccharide or altered oligosaccharide using HPLC and capillary electrophoresis 

with laser-induced fluorescence (CE-LIF) detection methods (Maeda et al., 2012, 
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Yagi et al., 2012). However, these methods require release of the oligosaccharides or 

Gal monosaccharide using specific enzymes followed by purification and labeling of 

the carbohydrate prior to analysis.  

Lectins are non-enzymatic proteins of non-immune origin, which bind specifically to 

certain carbohydrate motifs. Enzyme-linked lectin assays (ELLA) have been 

employed to detect intact Gal-α-(1, 3)-Gal present on glycoproteins. The lectins most 

frequently used are the B4 isolectin of Griffonia simplicifolia I (GS-I-B4), which 

binds to any α-linked terminal Gal regardless of linkage position (McCoy Jr et al., 

1983, Goldstein and Winter, 1999), and Marasmius oreades agglutinin (MOA) and 

Euonymus europaeus agglutinin (EEA), both of which also have broad binding 

specificities with α-Gal terminal structures (Teneberg et al., 2003). 

The generation of high-quality antibodies targeting specific carbohydrate motifs 

presents a significant challenge because of the generally low immunogenicity of 

carbohydrates. Natural human IgG and IgM antibodies against Gal-α-(1, 3)-Gal have 

been reported (Galili et al., 1984, Sandrin et al., 1993) and monoclonal antibodies 

(mAbs) (IgM, IgG1 and IgG3) were produced following immunisation of α-(1, 3)-

galactosyltransferase gene knockout mice with rabbit red blood cells (Nozawa et al., 

2001, Milland et al., 2007). A chicken polyclonal IgY (Bouhours et al., 1998) and a 

mouse mAb IgM (M86) (Galili et al., 1998) with specificity for Gal-α-(1, 3)-Gal 

have also been produced. The M86 antibody and GS-I-B4 have been used to detect 

and quantify Gal-α-(1, 3)-Gal in soft tissues and cells (Naso et al., 2011, Naso et al., 

2012, Z Konakci et al., 2005, Galili et al., 1998) . However, no convenient enzyme-

linked immunosorbent assay (ELISA) for biopharmaceutical products has been 

described to date using any of these antibodies. The ELISA format is a widely used 

diagnostic and quantitative tool in clinical and industrial laboratories.  

The antigen-binding (Galili et al., 1998) domain of an antibody can be expressed in 

phage as a single chain molecule in which the light (VL) and heavy chain (VH) 

domains of the antibody are joined by a flexible polypeptide linker to form a single 

chain variable fragment (scFv) (Griffiths et al., 1993). scFvs have a number of 

advantages over traditional antibodies as they are easier and cheaper to 

recombinantly produce and purify and have higher affinities, usually nM (Charlton et 

al., 2001, Rahbarizadeh et al., 2004) with few scFvs displaying affinities in pM and 
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fM (Boder et al., 2000, Hanes et al., 2000) and are used as a diagnostic tools 

(Hagemeyer et al., 2009). Due to their reduced sise compared to monoclonal 

antibodies, this makes them more suitable as chemotherapeutic agents in tumour 

treatment (Lyu et al., 2008), for use as parasite therapeutics (Vukovic et al., 2002, 

Yoshida et al., 2003) and possibly as tumour vaccines (Ladjemi et al., 2011). 

Recently, single-chain antibody fragments (scFvs) from an immunised chicken-

derived phage displayed scFv library have been described that show high specificity 

for Gal-α-(1, 3)-Gal (Cunningham et al., 2012). Two of the three characterised scFvs 

demonstrated exclusive and specific binding to the Gal-α-(1, 3)-Gal structure, and 

the scFv detection limit in competitive assay was estimated at 3.9 ng/mL, which is 

equal to 10 nM.  This is higher than the detection limits of many lectins, which is 

mainly in the μg/mL range in similar binding assays (Tateno et al., 2007). These 

scFvs, as used in the competitive assay, will provide a convenient method for 

screening of recombinant therapeutics, with a benefit for pharmaceutical industry and 

increased safety of pateints (Cunningham et al., 2012).  

Carbohydrate-specific antibodies tend to exhibit lower affinities for their targets 

usually in μM, and antibodies are most difficult to develop against carbohydrates due 

to the independent response of T-cells against carbohydrates (Heimburg-Molinaro 

and Rittenhouse-Olson, 2009). Antibodies that bind proteins and other small 

molecules have higher binding affinities, in the nM and pM range. Most lectin-

glycan interaction also show lower binding affinities than protein binding antibodies; 

generally in the order of kD 10
-3

 to 10
-7

 M (Hirabayashi, 2008). To assist in 

engineering of improved affinity and specificity of carbohydrate recognition 

molecules in the future, detailed examination of the interaction between 

carbohydrates and known binding molecules is needed. Crystal structures of α-Gal 

terminating glycans in complex with various lectins have been reported widely and 

reviewed (Yuriev et al., 2009). Two different modes of lectin-carbohydrate 

interaction were identified - groove type binding as occurs with MOA (Grahn et al., 

2009), and end-on insertion binding as described for GS-I-B4 (Tempel et al., 2002). 

No X-ray crystal structures have been described for anti-Gal-α-(1, 3)-Gal antibodies 

in complex with the target, but a mouse scFv in complex with a trisaccharide 

containing α–Gal-(α-D-Gal-(1, 2)-[α-D-Abe(l, 3)]-α-D-Manp1-OMe, where Abe is 

Abequose (the immuno-dominant sugar of the Salmonella O antigen) has been 
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reported (PDB ID- 1MFA) (Zdanov et al., 1994). This Abequose was buried deep in 

the scFv pocket, whereas Gal and Man contacted the protein surface of the scFv. In 

addition, a saturation-transfer difference (STD) nuclear magnetic resonance (NMR) 

study of human and mouse chimeric anti-Gal-α-(1, 3)-Gal IgE and affinity-purified 

human serum polyclonal anti-Gal-α-(1, 3)-Gal antibodies interaction with Gal-α-(1, 

3)-Gal-OMe has provided insight into the structural recognition (Plum et al., 2011). 

The low number of crystal structures reported for carbohydrate-recognition 

molecules are due to the difficulty of crystallisation of a very polar complex in native 

conditions and has also been attributed to the weak interaction between proteins and 

carbohydrate (DeMarco and Woods, 2008).  

Thus, in silico molecular modelling is being increasingly used to study antibody-

carbohydrate interactions (Kearns-Jonker et al., 2007, Agostino et al., 2009b). 

Homology models of the binding sites of natural human and a panel of mouse anti-

Gal-α-(1, 3)-Gal epitope mAbs were described based on the available mouse scFv-

trisaccharide crystal structure 1MFA. The human anti-Gal-α-(1, 3)-Gal 

immunoglobulin has been modelled in complex with the trisaccharide antigen of  the 

Gal-α-(1, 3)-Gal epitope where important amino acid contact residues Gal-α-(1, 3)-

Gal epitope were identified and confirmed by mutation studies (Kearns-Jonker et al., 

2007). Similarities in binding site structures of their in silico modelled anti-Gal-α-(1, 

3)-Gal antibody with the crystal structure 1MFA were also highlighted. The mouse 

mAb study was expanded from the protein and carbohydrate perspective (Agostino et 

al., 2009b) and site mapping of the antibody-carbohydrate complexes was used to 

examine van der Waals and hydrogen bonding which highlighted the role of the 

terminal  α-linked Gal in xenoreactive antibody recognition (Agostino et al., 2009b, 

Agostino et al., 2010).    

In this work, binding affinities of all three scFvs with the Gal-α-(1, 3)-Gal 

disaccharide were determined using surface plasmon resonance (SPR) and in silico 

approaches were used to determine key sites (active sites) on the scFvs and the target 

structures that were involved in recognition and scFv-glycan interaction. This in 

silico modelling approach was used to explore the molecular basis for the high 

specificity and affinity characteristics of the highly specific and selective anti-Gal-α-

(1, 3)-Gal scFvs (Cunningham et al., 2012). The amino acids involved in the active 
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site maps obtained for the anti-Gal-α-(1, 3)-Gal scFvs would provide providing 

structural insights into Gal-α-(1, 3)-Gal recognition by the scFvs and identified a 

pool of amino acids crucial for Gal-α-(1, 3)-Gal recognition. 
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2.2.  Materials and Methods 

2.2.1.  Materials 

Biacore X100 instrument from GE Healthcare Bio-Sciences AB, Uppsala, Sweden 

was used. CM 5 Dextran sensor chip was obtained from GE Healthcare Bio-Sciences 

AB, Uppsala, Sweden. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) / N-

Hydroxysuccinimide (NHS), 1M Ehanolamine-HCl, 50 mM NAOH all were 

purchased from GE Healthcare Bio-Sciences AB, Uppsala, Sweden. Gal-α-(1, 3)-

Gal-BSA was purchased from Dextra, UK. Eppendorf tubes and plastic vials were 

purchased from GE Healthcare Bio-Sciences AB, Uppsala, Sweden. Bovine Serum 

Albumin (BSA) was purchased from Sigma, UK. 10 mM sodium acetate pH 4.0, 10 

mM sodium acetate pH 5.0, 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) 

buffer pH 6.0, Phosphate Buffer Saline (PBS) pH 7.4 and 50 mM Sodium carbonate 

buffer pH 9.6 are used for pH scouting of immbolised ligand. M86 mouse 

monoclonal antibody (mAb) was purchased from Enzo Lifesciences, UK. Bradford- 

Protein Assay Kit for scFv quantification was purchased from Pierce Biotechnology, 

Inc. (Thermo Scientifc, UK). HP Pro computer terminal with - AMD Athlon II X3 

440 Processor 3.00 Ghz, Installed RAM- 3.00 GB, 64-bit operating system was 

purchased from HP, Ireland. Molecular operating environment (MOE v. 2010.10) 

was licensed from Chemical Computing Group, Canada.  

2.2.2.  ScFv preparation and quantification  

The three anti-Gal-α-(1, 3)-Gal scFvs A4, G12 and A11 were prepared as previously 

described (Cunningham et al., 2012). The scFv concentrations were quantified using 

a protein quantification method (Bradford, 1976). 5µL of each unknown scFv sample 

was pipetted into the appropriate microplate wells, then 250µL of the Coomassie 

reagent was added to each well and mixed for 30 s. After incubating the plate for 10 

minutes at room temperature (RT), absorbance of each well was measured at 595nm. 

The blank replicates average was subtracted from the scFv sample average and the 

standard curve were plotted for the BSA standard vs. scFv sample to calculate scFv 

concentrations. 
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2.2.3.  Surface Plasmon Resonance (SPR) analysis 

The interaction affinity of both scFvs’ and M86 monoclonal antibody were 

determined using a Biacore X100 SPR instrument. The temperature of the SPR 

machine was kept constant at 37 °C throughout the experiment. To determine the 

optimal pH of the ligand Gal-α-(1, 3)-Gal-BSA for immobilisation on to sensor chip, 

pH scouting of buffers was done, where five different buffers, of 55 μL each of : 10 

mM sodium acetate pH 4.0, 10 mM sodium acetate pH 5.0, 10 mM 2-(N-

morpholino) ethanesulfonic acid (MES) buffer pH 6.0, Phosphate Buffer Saline 

(PBS) pH 7.4 and 50 mM  Sodium carbonate buffer pH 9.6 were tested. Out of these 

buffers, 10 mM sodium acetate pH 4.0 had the highest response unit (Table 2.1) and 

was selected for ligand immobilisation.  

Table 2.1: Immobilisation of ligand (Gal-α-(1, 3)-Gal-BSA) pH scouting result on 

Biacore SPR X 100. 

Buffer pH Ligand  Response Unit 

(RU) 

50 mM Sodium 

Carbonate (Na2CO3) 

9.6 Gal-α-(1, 3)-Gal-BSA -1902.5 

Phosphate Buffer Saline 

(PBS) 

7.4 Gal-α-(1, 3)-Gal-BSA -15.9 

10 mM MES 6 Gal-α-(1, 3)-Gal-BSA -896.3 

10 mM Sodium Acetate 

(NaOAc) 

5 Gal-α-(1, 3)-Gal-BSA 6162.9 

10 mM Sodium Acetate 

(NaOAc) 

4 Gal-α-(1, 3)-Gal-BSA 14363.2 

 

The ligand Gal-α-(1, 3)-Gal-BSA conjugate (Dextra, UK) was covalently coupled to 

a CM 5 dextran sensor chip (GE Healthcare Bio-Sciences AB, Sweden) which 

consists of  carboxymethylated dextran covalently attached to a gold surface. Prior to 

immobilisation, a response unit (RU) of 1500 was set on each flowcell for maximum 

immobilisation of the ligand onto the chip surface. The coupling of the ligand on the 

CM5 chip was done using the standard EDC/NHS coupling procedure and capping 

by ethanolamine. The chip surface was initialised by injecting 30 μL of 50 mM 
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NaOH and then activated using 85 μL each of EDC and NHS. The ligand Gal-α-(1, 

3)-Gal-BSA was immobilised in flow cell 2, while BSA was immobilised in flow 

cell 1 as reference. After immobilisation the ligands were blocked using 126 μL of 1 

M 2-ethanolamine-HCl solution for 500 s to block the active carboxyl groups 

remaining on the sensor chip. For the kinetic analyses, the binding affinities were 

measured at 37 °C with a linear increase of 2X concentrations of the scFvs (A4, G12, 

and A11) and M86 mouse mAb prepared in binding buffer (PBS buffer) pH 7.4 from 

0 to 400 nM, with a flow rate of 20 μL/min for 300 s used throughout. The 

association phase was monitored for 100 s and the dissociation phase for 300 s. 

Sensor surfaces were regenerated after each binding cycle by subsequent injections 

of 10 mM glycine-HCl, pH 2.5 for 60 sec. After each cycle, the sensor chip was 

washed with 50 μL of washing buffer (PBS pH 7.4) at a flowrate of 25 μL/min for 

120 s. Binding responses were normalised by subtracting the response generated 

from identical injection conditions over a flow cell containing only bovine serum 

albumin (BSA) in PBS buffer pH 7.4 (flow cell 1), and double-referenced by 

subtracting the response from phosphate buffered saline (PBS), pH 7.4, injections. 

Data analysis and calculation for the dissociation constant at equilibrium KD were 

performed using BIAevaluation software (v3.2, GE Healthcare Bio-Sciences AB, 

Sweden) and Scrubber2 (BioLogic Software, Australia). Binding assays for each 

scFv were done in triplicate. 

2.2.4.  ScFv sequence analyses 

Similarity searches of all three scFv sequences were performed using the BLAST 

online program, where scFv nucleotide sequences homology search  

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSe

arch&LINK_LOC=blasthome) and translated amino acid sequence homology 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSe

arch&LINK_LOC=blasthome) were searched using these web links. Gallus gallus 

database (Taxon Id- 9801) was searched within the BLAST N program. Giving 

priority to query cover of the scFv sequences, followed by identity and then expect 

(E) value, nucleotide similarity was searched within the result output file. The default 

E value is 10 for the BLAST program, however, the lower the E-value, or the closer 

it is to zero, the more "significant" the matching sequence is. 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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Multiple sequence alignment of scFvs A4, G12 and A11 was performed using 

ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Larkin et al., 2007) with 

default conditions in the program. Complementarity determining regions (CDRs) 

across both scFvs were identified in MOE (2010.10) software (Chemical Computing 

Group, Montreal, Canada) and confirmed later by locating flanking conserved 

regions as listed on http://www.bioinf.org.uk/abs.  

2.2.5.  Molecular modelling and molecular dynamics simulations of the scFvs 

ScFvs A4 and G12 were modelled using MOE Antibody modelling suite (MOE 

2010.10), (Chemical Computing Group, Montreal, Canada). Templates were 

searched based on their structural similarity score in the Protein Data Bank (PDB) for 

the VL and VH chains of scFvs A4, G12 and A11 (Berman et al., 2000). To model the 

framework and CDRs of scFvs A4 and G12, multiple templates were used for 

assigning loops in both VL and VH regions. For the framework and CDR template 

search, BLOSUM62 substitution matrix (default in MOE) was used for alignment 

(gap start penalty set at 7; gap extend penalty set at 1). A threading approach was 

used with multiple templates searched for both framework and CDRs (Contreras-

Moreira et al., 2003, Majumdar et al., 2011). In the threading approach, templates 

were searched and selected based on the sequence similarity to the scFvs. The 

obtained multiple templates were then aligned to the individual scFv aminoacids and 

the core of the query (scFv) structure was constructed based on the alignment. After 

construction of the core model, non-conserved loops were built connecting the 

secondary structure elements (SSE) and finally the model was refined using energy 

minimisation method. The cut-off structure score as calculated in MOE for 

framework and CDR was kept at default 45 (maximum 100). The final templates 

used to predict the homology models had PDB with PDB IDs as follows: for scFv 

A4; 3GCA, 3GCD (Teplyakov et al., 2009) and 1Q1J (Stanfield et al., 2004) and for 

G12; 8FAB (Strong et al., 1991) and 3BN9 (Farady et al., 2008). scFv models were 

protonated at pH 7, 310K and 100 mM Na
++

 concentration in the Generalised Born 

electrostatic model prior to energy minimisation, and the final models were 

minimised at an Root-Mean-Square-Deviation (RMSD) gradient of 0.5 kcal/mol Å to 

achieve stable models (Labute, 2008). 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.bioinf.org.uk/abs
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The Merck Molecular Force Field (MMFF94X) was employed to generate the 

models, and Generalised Born / Volume Integral (GB/VI) scoring was used to score 

all generated models (Halgren, 1996). The highest scored models were tested using 

Ramachandran plots, the outliers were constrained and the models were further 

energy minimised. Molecular dynamics simulations were performed for both scFvs 

using an NPT statistical ensemble, maintaining temperature at 310K throughout the 

simulations. The system was initially heated at 310K for 100 ps followed by 1,000 ps 

simulation in the presence of water molecules to check the stability of the generated 

scFv models. All bonds were constrained and water molecules were considered as 

rigid bodies during the simulations. 

2.2.6.  Carbohydrate modelling and docking 

Seven different monosaccharide, disaccharide and a trisaccharide structures (Gal-α-

(1, 3)-Gal, Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc, α-D-Gal, α-L-Fuc, β-D-Xyl, Gal-α-(1, 

2)-Gal and Gal-β-(1, 4)-Gal) were selected  (Figure 2.1) using the MOE carbohydrate 

builder suite and the GLYCAM carbohydrate builder (http://www.glycam.com). 

These structures were energy minimised to attain stable conformations (Figure 2.1). 

Carbohydrates were docked flexibly into the CDRs and the active sites of the scFvs 

which were predicted using the MOE Site Finder algorithm (MOE v. 2010.10) (Del 

Carpio et al., 1993, Hendlich et al., 1997). Triangle matcher placement methodology 

was applied to generate poses by aligning ligand triplets of atoms on triplets of alpha 

spheres in a systematic manner (Rarey et al., 1996). The different conformations 

were refined for carbohydrate-scFv interactions using the MM/GBVI algorithm 

(Wojciechowski and Lesyng, 2004). The final scoring for all conformations were 

calculated using the London dG scoring function (Muegge and Martin, 1999) and the 

free energy of binding of the ligand for a given pose was estimated as implemented 

in MOE (MOE, 2010.10).  

The functional form is a sum of terms: 

                     

       

           

     

      

       

 

 

where c represents the average gain/loss of rotational and translational 

entropy; Eflex is the energy due to the loss of flexibility of the ligand (calculated from 

ligand topology only); fHB measures geometric imperfections of hydrogen bonds and 

http://www.glycam.com/
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takes a value in [0,1]; cHB is the energy of an ideal hydrogen bond; fM measures 

geometric imperfections of metal ligations and takes a value in [0,1]; cM is the energy 

of an ideal metal ligation; and Di is the desolvation energy of atom i. 

   

A     B    

 

   C      D 

 

E       
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F 

 

G 

Figure 2.1: Glycan structures, which were drawn using Carbohydrate Builder of 

MOE. These structures were further energy minimised to attain stable conformation. 

(A) α-D-Galactose, (B) α-L-Fucose, (C) β-D-Xylose,  (D) Gal-α-(1, 2)-Gal, (E) Gal-

α-(1, 3)-Gal,  (F) Gal-β-(1, 4)-Gal (G) Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc 
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2.2.7.  Carbohydrate-scFv interaction analyses 

The top 30 scoring poses for each glycan docking against scFv were considered for 

binding evaluation. Individual poses of scFvs docked with carbohydrates were 

visualised in the LigX module of MOE for interpretation of the scFv-carbohydrate 

interaction. Amino acid residues within predicted active sites at a distance of 4.5 Å 

from the ligand were displayed as visible. Interactions of scFv amino acid residues 

with the ligand (contact points) were analysed on the basis of the different types of 

interactions which may contribute to overall binding; side chain hydrogen bonds 

(donor or acceptor), backbone hydrogen bonds (donor or acceptor), ionic interactions 

and surface interactions. The van der Waals and electrostatic interactions were 

considered at a distance of < 4.5 Å from the carbohydrate ligand. The most potent of 

each of these interactions based on the lower contact distance and energy in each 

category, if present, were considered. 
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2.3.  Results  

2.3.1.  ScFv and antibody interactions against Gal-α-(1, 3)-Gal analysed by SPR 

As only ED50 values were available from previous ELISA assays (Cunningham et al., 

2012) but KD (binding affinity) values were required to validate their binding and 

verify the accuracy of in silico binding affinities. The binding of anti- Gal-α-(1, 3)-

Gal scFvs, A4, G12 and A11 and the commercial mAb M86 to immobilised Gal-α-

(1, 3)-Gal was examined on SPR. The initial concentration of scFv measured through 

Bradford assay for scFv A4, G12 and A11 were 110, 150 and 126 μg/mL, 

respectively. Therfore the calculated molar concentrations of scFv A4 (28.43 kDa), 

G12 (28.55 kDa) and A11 (28.9 kDa) were 3.87, 5.25, and 4.36 μM, respectively. 

The resulting kinetic data with detailed SPR kinetic association and dissociation rates 

of scFvs (0 – 400 nM) against Gal-α-(1, 3)-Gal at 37 °C are shown in (Table 2.2 and 

Figure 2.2).  The binding affinities for scFv-G12 and scFv-A4 at 37
o
C were in the 

range of 10
-8

 M. scFv-G12 binds against Gal-α-(1, 3)-Gal with affinities 2.27*10
-8

 M 

– 1.21*10
-8

 M (SE < 5%), and scFv-A4 having an affinity range  1.11*10
-7 

M – 

6.5*10
-8

 M (SE < 5%) (Table 2.1). Both scFv-G12 and scFv-A4 binding affinities are 

in accordance to ELISA results against Gal-α-(1, 3)-Gal reported previously 

(Cunningham et al., 2012). scFv A11 gave higher variability across replicates 

resulting in the failure to determine the binding affinity, due to the standard errors of 

kinetic rates exceeding threshold of acceptance. Previously it was reported that scFv 

A11 gave a less sensitive standard curve (ED50  = 1225 μ g/mL, 3.58 mM) than scFv 

G12 and A4 (0.46 and 0.91 mM), respectively. Using SPR, M86 antibody failed to 

show binding against Gal-α-(1, 3)-Gal within the concentration range of 0- 400 nM  

as no binding curve could be generated before using M86 antibody with the same 

concentration range as that of scFV A4, G12 and A11 (Cunningham et al., 2012). 

The affinity of A4 against Gal-α-(1, 3)-Gal target was approximately four times 

lower than G12 (mean KD 9.1 x 10
-8 

M and 1.8 x 10
-8

 M for scFvs A4 and G12, 

respectively). The difference in affinities of the scFvs for Gal-α-(1, 3)-Gal was due to 

a difference in their association rates, with G12 showing four times higher 

association constants (Ka) than A4. The dissociation constants (off rate, Kd) for both 

scFvs were very similar. These differences were consistent with the lower ED50 for 

the Gal-α-(1, 3)-Gal disaccharide given by G12 in competitive ELISA compared to 
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scFv A4 (Cunningham et al., 2012). The kinetic rate trends were consistent and 

statistically significant for both scFv A4 and G12 demonstrating the reproducibility 

of the scFvs on the SPR platform.  

 

Table 2.2: Kinetic rates of scFv association and dissociation against with Gal-α-(1, 

3)-Gal-BSA determined by SPR analysis. 

 Ka (M
-1

s
-1

) SE (Ka) Kd (s
-1

) SE (Kd) KD (M) 

 

scFv-G12 1.16*10
5
 1.6*10

3
 1.4*10

-3
 3.2*10

-5
 1.21*10

-8
 

 8.67*10
4
 3.3*10

3
 1.9*10

-3
 4.7*10

-5
 2.27*10

-8
 

 9.44*10
4
 1.4*10

3
 1.8*10

-3
 3.2*10

-5
 1.92*10

-8
 

 

scFv-A4 3.07*10
4
 3.5*10

2
 2.0*10

-3
 2.0*10

-5
 6.51*10

-8
 

 1.21*10
4
 2.5*10

2
 1.3*10

-3
 2.8*10

-5
 1.11*10

-7
 

 3.01*10
4
 7.8*10

2
 2.9*10

-3
 2.5*10

-5
 9.6*10

-8
 

 

scFv-A11 3.07*10
5
 9.4*10

3
 4.7*10

-3
 1.3*10

-4
 1.54*10

-8
 

 3.58*10
5
 5.8*10

5
 3.1*10

-3
 2.8*10

-3
 8.72*10

-9
 

 3.39*10
7
 8.6*10

6
 3.38*10

-4
 1.3*10

-3
 1.14*10

-11
 

 

Ka, association rate; Kd, dissociation rate; SE, standard error of Ka and Kd. SE 

(Standard Error) values less than 5% of their corresponding rates were deemed 

significant. KD as binding affinity is calculated as the ratio of Kd/Ka. All these 

experiments were done in triplicate. 
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A 

 

B 
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D 

 

Figure 2.2: Binding curves of Gal-α-(1, 3)-Gal-BSA against (A) G12, (B) A4, (C) 

A11, & (D) M86 mouse mAb at a concentration range from 0 – 400 nM. Binding 

responses were normalised by subtracting the response generated from identical 

injection conditions over a flow cell containing only BSA (flow cell 1), and double-

referenced by subtracting a response from PBS injections. 
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2.3.2.  ScFv sequence comparison 

The sequences of the VL and VH regions of scFvs A4 and G12 were aligned and a 

number of differences in the amino acid sequence across both the framework and the 

CDR regions were apparent (Figure 2.3). The CDRs are short amino acid sequences 

found in the variable regions of antibodies and are important in determining antibody 

specificities.  

 

The length of CDR1 and CDR3 in VL differed across the all three clones, with scFv-

A11 having an extended CDR1, while scFv-G12 has an extended CDR3 (Figure 2.4). 

CDR2 in VL contains 2 substitution sites, 1 of which is unique to scFv-A11 (Asn to 

Asp), while the second differs across all three scFv (Asn or Gln or Lys). Within the 

VH, CDR1 was conserved across the scFv clones. CDR 2 of the VH chain in scFv-

G12 contained two substitutions (Asn to Tyr and an Arg to Ser), which are not 

shared with scFv-A4 and scFv-A11 where they are conserved as Tyr and Ser, 

respectively (Figure 2.4). The overall sequence alignment for scFv-A4:A11 was 93% 

identity, whereas sequence alignment for scFv-A4:G12 and scFv-A11:G12 were both 

having 89% identity to each other. 
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(A) scFv A4  

L T Q P S S V S T N P G G T V K I T C S G G N G N Y G W Y Q Q K S P G S A P V T V I Y S N 

N K R P S D I P S R F S G S K S G S T A T L T I T G V Q V D D E A V Y F C G A Y D N T Y V G 

V F G A G T T L T V L G Q S S R S S S G G G S S G G G G S A V T L D E S G G G L Q T P G G 

G L S L V C K A S G F T F S S Y S M Q W V R Q T P G K G L E F V A G I G Y S D S Y T Y F G 

P A V K G R A T I S R D N G Q N T V R L Q L N N L R A E D T A T Y Y C A R S A D T I Y G C 

T H P W C S A D N I D A W G H G T E V I V S S T S G Q A G Q  

 

(B) scFv G12  

L T Q P S S V S A N P G E T V K I T C S G G S Y H Y G W Y Q Q K S P G S A P V T V I Y S N 

N Q R P S G I P S R F S G S T S D S T G T L T I T G V Q A D D E A V Y F C G S Y D S S N T Y 

A G I F G A G T T L T V L G Q S S R S S S G G G S S G G G G S A V T L D E S G G G F Q T P 

G G A L S L V C K A S G F T F S S Y S M Q W V R Q A P G K G L E F V A G I G N S D R Y T Y 

F G P A V K G R A T I S R D N G Q S T L R L Q L N N L R A E D T A T Y F C A R S G D S G N 

G C T H P W C S A D N I N A W G H G T E V I V S S T S G Q A G Q  

 

(C) scFv A11  

L T Q P S S V S A N P G E T V K I T C S G G G S Y G G S Y Y Y G W Y Q Q K S P G S A P V T 

V I Y S N D N R P S D I P S R F S G S T S G S T S T L T I T G V Q V D D E A V Y Y C G T Y D 

S S Y V G I F G A G T A L T V L G Q S S R S S G G G S S G G G G S A V T L D E S G G G L Q 

T P G G G L S L V C K A S G F T F S S Y S M Q W V R Q T P G K G L E F V A G I G Y S D S Y 

T Y F G P A V K G R A T I S R D N G Q N T V R L Q L N N L R A E D T A T Y Y C A R S A D T 

I Y G C T H P W C S A D N I D A W G H G T E V I V S S T S G Q A G Q  

 

VL = variable region of light chain  VH = variable region of heavy chain 

red = VL CDR1     blue = VH CDR1 

purple = VL CDR2     green = VH CDR2 

pink = VL CDR3     brown = VH CDR3 

 

Figure 2.3: Detailed translated scFv sequences. (A) scFv A4, (B) scFv G12 and (C) 

scFv A11. The sequence in bold black with underline is linker sequence. The light 

chain (VL), and heavy chain (VH) of scFvs are before and after linker sequence 

respectively. The sequences coloured in red, purple and pink are VL: CDR1, CDR2, 

and CDR3 respectively, while the sequences coloured in blue, green and dark green 

are VH: CDR1, CDR2, and CDR3 respectively.  
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Figure 2.4: Alignment of the amino acid translated scFv: A4, G12 and A11 sequences. The scFv full light and heavy chain sequences were aligned in CLUSTAL X software 

using default settings. Residues, AVFPMILW (Red) are Small (small+ hydrophobic (including aromatic)), DE (Blue) are acidic, RK (Magenta) are basic, STYHCNGQ 

(Green) are Hydroxyl + sulfhydryl + amine + G, and others (Grey) are unusual amino/imino acids. An * (asterisk) indicates positions which have a single, fully conserved 

residue. A : (colon) indicates conservation between groups of strongly similar properties. A . (period) indicates conservation between groups of weakly similar properties. 
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2.3.3.  Molecular modelling of scFvs 

The full nucleotide sequences of scFvs A4, G12 and A11 had 88 - 91% sequence 

identity with a query cover of 87% to chicken-derived scFvs by comparison with the 

chicken database of the NCBI using the BLAST-N program (Figure 2.5). However, 

no tertiary structural information has yet been reported for matched chicken scFv 

sequences. The scFv amino acid sequences were directly searched in PDB and the 

highest identity score hits reported were 2KH2, a solution NMR-derived structure of 

a mouse scFv-interleukin complex (Wilkinson et al., 2009), and 1H8N, an X-ray 

crystal structure of an mouse scFv-ampicillin complex (Jung et al., 2001), with E 

values of 1.04677 * 10
-40

 and 2.60291 * 10
-35

, respectively. Both 2KH2 and 1H8N 

were then used separately as templates for the generation of models for each of the 

scFvs using MOE antibody modeller suite criteria for the model generation, but the 

predicted structures failed the quality test (score < 45) for CDR modelling.  
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Figure 2.5 A: Screenshot of BLAST analysis of scFv A4 sequences against nucleotide database of chicken derived scFvs in Gallus gallus 

database of BLAST N.  
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Figure 2.5 B: Screenshot of BLAST analysis of scFv G12 sequences against nucleotide database of chicken derived scFvs in Gallus gallus 

database of BLAST N. 
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Figure 2.5 C: Screenshot of BLAST analysis of scFv A11 sequences against nucleotide database of chicken derived scFvs in Gallus gallus 

database of BLAST N.  
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A threading approach was then implemented using multiple templates for both 

framework and CDRs (Contreras-Moreira et al., 2003, Majumdar et al., 2011). 

Within the MOE antibody modeller suite, three framework templates were identified 

on the basis of amino acid sequence similarity with low E value scores (high 

confidence), with PDB IDs: 8FAB (E value- 6.63838E-29), 3G6A (E value- 

1.46659E-28) and 3GCD (E value-1.46659E-28), for framework modelling of scFvs 

A4 and G12. The template 3G6D is the X-ray crystal structure of human anti-

interleukin-13 mAb, 8FAB is the crystal structure of Fab fragment from the human 

anti-myeloma IgG, 1Q1J is the crystal structure of human anti-HIV mAb, and 3BN9 

is the crystal structure of human Fab-protease complex. Similarly, templates were 

selected for CDR modelling and only those templates that showed sequence 

similarity equal to or greater than 55% to their respective CDRs were considered 

(Table 2.3). Individual loops were then modelled and those that gave a quality score 

of 65 or higher based on C-α root mean square deviation (RMSD) with a resolution 

of 0.3 - 0.5 Å were clustered together. The candidate loop with the highest score 

within a cluster was selected as representative of that cluster. The structural scores of 

the loops generated from selected frameworks and CDR templates were in the range 

of 65.9 – 98.8 (Table 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

90 

Table 2.3: PDB Templates used for Homology Modelling. A threading approach 

was being used using multiple separate templates to model both framework and 

CDRs of all three scFvs. 

 Framework CDR1 CDR2 CDR3 

scFv-A4: 

VL- 3G6D.L (66.9)* 3G6D.L (69.3) 1Q1J.L (82.2) 3G6D.L (65.9) 

VH- 3G6A.H (83.2) 3G6A.H (83.9) 3G6A.H (84.0) 3G6A.H (83.7) 

scFv-G12: 

VL- 8FAB.C (93.1) 8FAB.C (94.6) 1Q1J.L (82.2) 8FAB.C (96.1) 

VH- 8FAB.D (98.8) 3BN9.F (93.5) 8FAB.D (94.8) 8FAB.D (96.6) 

scFv-A11: 

VL- 8FAB.A (93.1) 3GBM.L (90.4) 3H42.L (94.6) 3GCA.L (85.2) 

VH- 8FAB.D (98.8) 3BN9.F (93.5) 3GCD.H (70.5) 1ZA3.B (50.4) 

 

 

* Multiple templates with their PDB ID used for homology modelling of Framework, 

CDR1, CDR2 and CDR3 of light and heavy chain of scFv-A4, scFv-G12 and scFv 

A11. The parenthesis scores are structural scores of loop compared to their 

respective template. The template 3G6D is the X-ray crystal structure of human anti- 

interleukin-13 monoclonal antibody; 8FAB is the crystal structure of Fab fragment 

from the human myeloma immunoglobin IgG. 1Q1J is the crystal structure of anti 

HIV human monoclonal antibody, and 3BN9 is the crystal structure of human Fab-

protease complex. 
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In grafting the loops for the framework and CDR regions together, structures were 

energy minimised to relieve strained geometry and bring the molecules as a potential 

energy model, where the forces acting on each atom of the scFv are zero and this 

conformation of the molecule is considered to be the most stable. Thirty poses were 

generated considering appropriate numbers of poses to analyse model for each scFv, 

from which the final model was selected based on several parameters; the RMSD on 

each intermediate model, the electrostatic solvation energy, a knowledge-based 

residue packing quality function and an estimation of the effective atomic contact 

energies of each models. Protein geometries of the final models after energy 

minimisation were verified using Ramachandran plots, which showed that A4 had 

three amino acids and G12 two amino acids in the disallowed regions (Tyr 93 and 

Asn 47) (Figure 2.6). Two of three amino acid outliers in A4 were Cys 106 and Ser 

112 from VH CDR3 while the third residue was Asn 47, the same as G12. The final 

models of both scFvs were simulated in the presence of water molecules for 1,000 ps 

using the isobaric-isothermal (NPT) ensemble algorithm and the time-energy plot 

analysed. An instant increase in energy was observed when the temperature was 

brought to 310K and thereafter both scFvs had stable energies throughout the course 

of the simulation, confirming the reliability of the scFv models (Figure 2.7). The 

homology models of both scFvs with labelled CDRs and framework regions and 

predicted binding sites are shown in (Figure 2.8).  
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scFv A11 

 

Figure 2.6: Ramachandran Plots of scFv A4 and G12. Ramachandran plot of scFv-

A4, scFv-G12 and scFv-A11. Green zone indicates the core region, Yellow zone 

indicates allowed region, and total area outside these two regions are deemed as the 

disallowed region. 
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Figure 2.7: Molecular dynamics simulation of scFv A4, G12 and A11. Molecular 

dynamics simulations were performed for all three scFv (A) A4, (B) G12 and (C) 

A11 using an NPT statistical ensemble, keeping temperature constant at 310K 

throughout the simulations. The system was initially heated at 310K for 100 ps 

followed by 1,000 ps simulation in the presence of water molecule. 
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Figure 2.8: Predicted 3D structures of scFvs A4, G12 and A11. Homology scFv 

models constructed on basis of similarity scores with templates retrieved from PDB; 

heavy chain (VH) represented in green, with light chain (VL) represented in red. In 

heavy chain; blue, yellow and magenta represented CDR H1, CDR H2, and CDR H3 

respectively while in light chain; cyan, pink and brown represented CDR L1, CDR 

L2 and CDR L3 respectively. Arrow indicates the binding pocket in between CDR 

L3 and CDR H2 in scFv A4 and G12. 

2.3.4.  in silico analysis of scFv binding to carbohydrates 

The structures of seven carbohydrates, Gal-α-(1, 3)-Gal, Gal-α-(1, 3)-Gal-β-(1, 4)-

GlcNAc, α-D-Gal, α-L-Fuc, β-D-Xyl, Gal-α-(1, 2)-Gal and Gal-β-(1, 4)-Gal, were 

drawn using the MOE carbohydrate builder suite and the GLYCAM server. Two of 

these, Gal-α-(1, 3)-Gal and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc, comprised the target 

ligand while the rest of the structures should not bind to the scFvs. The structures 

Gal-α-(1, 2)-Gal and Gal-β-(1, 4)-Gal were used to compare scFv binding with Gal-

α-(1, 3)-Gal, whereas the monosaccharide structures α-D-Gal, α-L-Fuc, β-D-Xyl, 

were used to differentiate between mono and di-saccharides. The binding sites of the 

modelled scFvs were predicted using the Site-Finder package, based on three-

dimensional alpha complexes, comprising molecular surface, solvent accessibility, 
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voids and envelopes within the receptor (Edelsbrunner et al., 1995). All carbohydrate 

structures were then docked flexibly into the scFv binding sites in the presence of 

water molecules, providing accessibility to carbohydrates onto the receptors. Binding 

energies for carbohydrate-scFv interactions were calculated (Table 2.4). Although, 

there was no cutoff value for binding of glycans against scFv, the binding energy 

values are realtively compared between the glycans to validate strong binding. The 

lower (calculated more negative energy) the binding energy value, higher the binding 

affinity, comparing binding energies across the other disaccharide structures tested. 

Of the seven carbohydrates examined, the lowest binding energy was found for Gal-

α-(1, 3)-Gal-β-(1, 4)-GlcNAc, followed by Gal-α-(1, 3)-Gal with both scFvs (Table 

2.4). Both scFvs A4 and G12 showed lower binding energies with the Gal-α-(1, 3)-

Gal structure than with either the Gal-α-(1, 2)-Gal or Gal-β-(1, 4)-Gal structures, 

however in scFv A11 binding against glycans Gal-β-(1, 4)-Gal showed lower binding 

energy than Gal-α-(1, 3)-Gal. The in silico binding energy pattern of scFv A11 did 

not correlate with scFv A4 and G12 binding, this difference was also validated with 

the SPR binding results of scFv against Gal-α-(1, 3)-Gal (Table 2.2). When the 

binding energies of the two scFvs A4 and G12 with either the trisaccharide Gal-α-(1, 

3)-Gal-β-(1, 4)-GlcNAc or the disaccharide Gal-α-(1, 3)-Gal were considered, the 

binding energies of the G12 complexes were lower (or higher binding affinity) than 

the A4 complexes, which agrees with affinity parameters derived from SPR and 

reported ELISA data for these scFvs (Cunningham et al., 2012). Similarly in silico 

binding affinities of scFv All (disaccharide: -18.0 kcal/Mol, trisaccharide: -22.2 

kcal/Mol) were smaller (less negative) than that of scFv G12 (disaccharide: -31.6 

kcal/Mol, trisaccharide: -34.4 kcal/Mol) and scFv A4 (disaccharide: -25.3 kcal/Mol, 

trisaccharide: -31.4 kcal/Mol).  
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Table 2.4: Estimated binding energy between scFv molecule and selected glycan 

structures derived from the predicted structures of scFv-glycan epitope complex. 

 

* Binding energy scores of top pose of both scFvs’ against selected glycan structures 

calculated using MM/GBVI algorithm. Values are a combined determination of van 

der Waals, electrostatic energies and other calculated interactions. 

2.3.5.  Identification of scFv amino acids residues in contact with ligand 

The five lowest binding energy poses of each scFv complexes with the 

monosaccharide, α-D-Gal, the disaccharide, Gal-α-(1, 3)-Gal, and the trisaccharide, 

Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc, were examined manually to identify amino acid 

residues of the scFv that came in contact with the carbohydrates (Table 2.5). With 

both scFvs, fewer residues were deemed to make contact with the α-Gal than with 

the known binding against Gal-α-(1, 3)-Gal or Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc as 

expected. Also, there was no CDR involved in the binding of scFv A4 against α-Gal, 

however in scFv G12 binding VL CDR1 shows contacts against α-D-Gal, but VL 

CDR 1 has no role to play in binding against Gal-α-(1, 3)-Gal or Gal-α-(1, 3)-Gal-β-

(1, 4)-GlcNAc, therefore it could not be considered as a good binding contact against 

  

Binding Energy (kcal/Mol) 

Glycan/scFv scFv A4 scFv G12 scFv A11 

α-D-Galactose -16.6 -18.7 -13.0 

α-L-Fucose -10.2 -17.2 -10.3 

β-D-Xylose -15.7 -10.7 -11.1 

Gal-α-(1, 2)-Gal -19.6 -24.7 -15.8 

Gal-α-(1, 3)-Gal -25.3 -31.6 -18.0 

Gal-β-(1, 4)-Gal -21.7 -23.5 -19.9 

Gal-α-(1, 3)-Gal-β-(1, 4) 

GlcNAc 

-31.4 -34.4 -22.2 
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scFv G12 (Table 2.5 A & B). Interestingly, a greater degree of contact was noted 

between the VL and each carbohydrate structure with both scFvs and there was a 

good overlap between the residues involved in G12 and A4. The VL hexapeptide 

region between residues 35-41 (K35, P36, G37, Q38, A39 and V41) had a amino 

acid contact region for both scFvs with Gal-α-(1, 3)-Gal and Gal-α-(1, 3)-Gal-β-(1, 

4)-GlcNAc and there were also a number of common amino acid contact between 

residues 75 and 99 against scFvs A4 and G12 (Table 2.6 A and B). More contact 

points were identified between α-D-Gal and Gal-α-(1, 3)-Gal in the A4 VH compared 

to G12, while the opposite was true for Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc. 

Interaction of the A4 VH with these carbohydrates was spread over three regions: 

residues 61-65 (G61, P62 and K65), 93-95 (V93 and Y95) and 121-124 (Q121, G122 

and L124) (Table 2.5 B).   

In scFv A4, VL residue K35, G37, Q38 and V41 were the common residue contacts 

in all three α-D-Gal, Gal-α-(1, 3)-Gal, and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc 

structures, whereas in VH, residues V93, Q121 and L124 were the common contacts 

for all three carbohydrates (Table 2.5 A).  

In scFv G12, α-D-Gal did not show similar binding contacts as with other 

carbohydrates except residue E3 in VL, which was a common contact amino acid for 

all three-carbohydrate structures. Between Gal-α-(1, 3)-Gal, and Gal-α-(1, 3)-Gal-β-

(1, 4)-GlcNAc, Q3, K35, P36, Y93 and F97 in VL were the common residues that 

bound to both carbohydrates, whereas in VH CDR2 residues P62, A63, and K65 were 

the common binding contacts (Table 2.5 B).  

In scFv A11 binding against Gal-α-(1, 3)-Gal active site does not have any CDR 

amino acids involved in binding, infact light chain framwork aminoacid Asp86, 

Tyr87, Tyr 88, Cys89 and Gly101, Gly102, Gly103, Thr104, Lys105 were involved 

which were positioned just before and after light chain CDR 2 amino acids 

repectively (Table 2.5 C). 
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Table 2.5: Active site amino acid residues of scFv, (A) A4, and (B) G12 involved in binding against α-D-Galactose (monosaccharide) Gal-α-(1, 

3)-Gal (disaccharide) and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc (trisaccharide) determined by examination of the top 5 poses for proximity between 

the residue and the ligand using a cut-off of 4.5A. The CDR residues are labelled in red colour.  

 

 
 scFv 

G12 

Light chain Heavy chain 

Mono- 3 48 49 50 51 52 56 99        43 44 47          

 E N Q R P S Q G        K G W          

Di- 3 5 6 7 8 35 36 79 81 83 92 93 94 96 97 61 62 63 64 65 124       

 E T Q P P K P E D Y T Y A I F G P A V K L       

Tri- 3 9 11 35 36 38 39 67 93 97 98 99 102 104  42 43 44 49 50 56 62 63 65 66 67 87 

 E S S K P Q A R Y F G G K T  G K G A G R P A K G R R 

 

 scFv 

A4 

Light chain Heavy chain 

Mono- 35 37 38 41 77          93 121 122 124       

 K G Q V E          V G Q L       

Di- 35 36 37 38 41 75 79 88 89 90 91 92   57 58 59 61 62 65 93 103 121 124 

 K P G Q V E E D N T Y V   Y T Y G P K V Y Q L 

Tri- 3 5 34 35 36 37 38 39 41 53 55 57 77 79 34 39 41 93 95 121 122 124   

 E T Q K P G Q A V G R P E E M Q P V Y Q G L   



 

 

100 

Table 2.5: Active site amino acid residues of scFv, (C) A11 involved in binding against α-D-Galactose (monosaccharide) Gal-α-(1, 3)-Gal  

(disaccharide) and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc (trisaccharide) determined by examination of the top 5 poses for proximity between the 

residue and the ligand using a cut-off of 4.5A. The CDR residues are labelled in red colour. 

 

scFv 

A11 
Light chain Heavy chain 

Mono- 8 9 42 53 56                       2 3 5 47     

  P S G S D                       V Q Q W     

Di- 5 6 7 8 9 42 51 53 87 88 89 101 102 103 104 105 40 41 42 43 44 45 

  T Q P P S G S D Y Y C G G G T K A P G K G L 

Tri- 6 7 8 43 86 88 102 103 104 105             41 42 43 114 116   

  Q P P R D Y G G T K             P G K D I   
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2.3.6.  Anatomy of binding sites for scFv A4 and G12 Gal-α-(1, 3)-Gal and Gal-

α-(1, 3)-Gal-β-(1, 4)-GlcNAc 

As is evident from the SPR and in silico binding results, scFv A11 had the least 

binding affinity against Gal-α-(1, 3)-Gal and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc 

compared to scFv A4 and G12. Also, the in silico results demonstrated the non-

specific binding of scFv A11 against di-saccharides. Therefore, only scFv A4 and 

G12 were considered for further binding site analyses. The molecular surface of the 

binding site in both scFvs with Gal-α-(1, 3)-Gal and Gal-α-(1, 3)-Gal-β-(1, 4)-

GlcNAc showed that the majority of the area was hydrophobic (green), with many 

small patches of hydrophilic regions (red), and a few traces of mild polar region 

(white)  (Figure 2.9). Most of the amino acid residues involved in binding were from 

the CDRs of both VL and VH. The amino acids of scFv-A4 that bound Gal-α-(1, 3)-

Gal were from VL CDR3 Y87 – V92 and VH CDR2 Y57 - G66 and CDR3 Y104. 

The framework residue, Leu124, also directly interacted with the motif whereas the 

main pocket formed by CDRs from both VL and VH, detailed in (Figure 2.9; Table 

2.6). Amino acids from scFv-G12 involved in binding include VL CDR3 D88 - I96 

and VH CDR2 F60 - K65. 

According to the models generated, the interactions of scFvs A4 and G12 with Gal-

α-(1, 3)-Gal involved a number of the same residues in VL and VH CDRs. These 

included D88, N89, T90, and Y91 in VL CDR3 of scFv A4, which correspond to 

D88, N91, T92, and Y93 in scFv G12 (because of the two extra serine residues at 

positions 89 and 90 in scFv G12), and amino acids F60 - K65 of VH CDR2 in both 

scFv active sites. Also, the framework residue L124 present in the VH chains of both 

scFv’s is involved in both cases.  

For scFv A4, the binding site was formed with heavy CDR2 (Y57, Y59, F60, P62, 

and K65) and light chain CDR3 (Y85, D88, N89, Y91 and V92) (Figure 2.10 A). 

Residues hydrogen binding interaction with ligand was at maximum distance of 2.5 

Å from the ligand. Metal ligation interaction was found to be 2.6 Å from the ligand. 

Three water molecules were also involved in the hydrophilic region forming 

hydrogen bonding and two of three water molecules bridges hydrogen bonding with 

ligand and residue (F60 and Y104) (Figure 2.9 A). 
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For scFv G12, the heavy chain CDR2 (Y59 – K65) and light chain CDR3 (D88, S90, 

T92, V94, G95 and I96) were directly binding with Gal-α-(1, 3)-Gal (Figure 2.9 B). 

The ligand was fixed in to the hydrophobic pocket between the two CDRs of light 

and heavy chain. There were more hydrophilic regions than A4 and seven water 

molecules were directly interacting with the residue and ligand. Hydrogen bonding 

between the residue and ligand varies form 1.9 to 3.7 Å whereas the metal ligation 

distances were from 1.9 to 2.2 Å.  

Also, in scFv G12 complexes with trisaccharide, Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc, 

only heavy chain residues were involved in the active site, CDR residues (P62, A63, 

V64, K65, G 66 and R67)  and a few other non CDR residues (S85, R87, E89 and 

D90) (Figure 2.9 C). A single water molecule near the ligand was involved in 

binding K65 with the ligand. Solvent hydrogen bonding distance from the residue 

and the ligand was 1.7 Å and the residue hydrogen-bonding distances from the ligand 

varied from 1.9 to 3.8 Å. 
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Figure 2.9 A: shows similar residues involved in Gal-α-(1, 3)-Gal binding against 

scFv A4. In the molecular surface area of active site, which was drawn at 6 Å from 

the ligand: green, red and white colour indicates hydrophobic region, hydrophilic 

region, and mild polar region respectively. The blue colour small sise dot balls were 

shown as water molecules. White, green and red dotted lines were indicated as 

solvent hydrogen bonding, residue hydrogen bonding, and metal ligation 

respectively. 
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Figure 2.9 B:  Similar residues involved in Gal-α-(1, 3)-Gal binding against scFv 

G12. In the molecular surface area of active site, which was drawn at 6 Å from the 

ligand: green, red and white colour indicates hydrophobic region, hydrophilic region, 

and mild polar region respectively. The blue colour small sise dot balls were shown 

as water molecules. White, green and red dotted lines were indicated as solvent 

hydrogen bonding, residue hydrogen bonding, and metal ligation respectively. 
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Figure 2.9 C: shows similar residues involved in Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc 

binding against scFv A4. In the molecular surface area of active site, which was 

drawn at 6 Å from the ligand: green, red and white colour indicates hydrophobic 

region, hydrophilic region, and mild polar region respectively. The blue colour small 

sise dot balls were shown as water molecules. White, green and red dotted lines were 

indicated as solvent hydrogen bonding, residue hydrogen bonding, and metal ligation 

respectively. 
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2.3.7.  Epitope analyses of scFv A4 and G12 against Gal-α-(1, 3)-Gal and Gal-α-

(1, 3)-Gal-β-(1, 4)-GlcNAc 

The atoms on the target carbohydrates that interacted with the scFvs in the same top 

five most stable were also explored in the docked complexes (Figure 2.10 A and B). 

C-6 of Gal at the non-reducing end of each molecule (or of the monosaccharide) had 

the greatest number of contacts with amino acids of the scFv A4 and G12 binding 

sites (Figure 2.10 A and B). A higher proportion of heavy atoms at the 6
th

 carbon 

position (C and O) in the ligand Gal-α-(1, 3)-Gal, contacted amino acid residues in 

the binding sites of their respective complexes than in the case of Gal-α-(1, 3)-Gal-β-

(1, 4)-GlcNAc. This was most likely because the monosaccharide fits well into the 

scFv pocket and can potentially interact with a relatively higher number of scFv 

residues. In complexes with Gal-α-(1, 3)-Gal and Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc, 

the sugar residue facing towards the binding pocket, i.e. the carbohydrate residue at 

the non-reducing end had more contact points than the other carbohydrate residues. 

This suggested that the ligand fitted end-on into the binding pocket and the N-acetyl 

group on the GlcNAc residue at the reducing end of Gal-α-(1, 3)-Gal-β-(1, 4)-

GlcNAc also made contact with both scFvs surface and this interaction could be 

responsible for the higher measured affinity for both scFvs to the trisaccharide 

compared to the other carbohydrates tested using SPR and previously reported 

ELISA (Cunningham et al., 2012). 
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(A) scFv A4 

 

 (B) scFv G12  

 

Figure 2.10: shows ligand binding analyses of α-Gal, Gal-α-(1, 3)Gal, and Gal-α-(1, 

3)-Gal-β-(1, 4)-GlcNAc respectively against (A) scFv A4 and (B) scFv G12. 
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2.3.8. Sequence and structural Comparison between scFv A4 and G12  

The overall sequence alignment of scFvs similarities of VL and VH between the two 

scFvs showed that CDR3 of VH had the greatest differences (Figure 2.11). ScFv G12 

had 104 residues in the VL region, two more amino acids than A4. The VL CDR1 of 

G12 and A4 had three differences (Asn-Ser, Gly-Tyr and Asn-His) and G12 had an 

extended CDR3, with two additional Ser residues. There was only one difference in 

VL CDR2 (Lys-Gln). Within VH, CDR1 was conserved across both scFvs A4 and 

G12, CDR2 differed in two residues (Tyr-Asn and Ser-Arg), while VH CDR3 had 

five substitutions from A4 to G12 (Ala-Gly, Thr-Ser, Ile-Gly, Tyr-Asn and Asp-

Asn). Superimposition of VL and VH of both scFvs gave RMSD scores of 1.344 Å 

and 1.61 Å for VL and VH, respectively, which indicated a high level of structural 

similarity between the scFvs (Figure 2.11 A and B).   
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Figure 2.11 A: Light chain alignment of scFv A4 and G12. Red and green chains 

represent light chains of scFv A4 and G12 respectively. 

 

   

Figure 2.11 B: Heavy chain alignment of scFv A4 and G12. Red and green chains 

represent heavy chains of scFv A4 and G12 respectively. 

2.3.9. scFv A4 and G12 sequence comparison with commerical M86 mAb and 

engineered scFv against Gal-α-(1, 3)-Gal 

Chicken-derived scFv nucleotide sequences A4 and G12 seem to be conserved with 

sequence identity higher than 85% and few substitutions within the CDRs of VL and 

VH across A4 and G12. A sequence comparision of Chicken derived scFvs A4 and 

G12 were done against previously reported Mus musculus (mouse) anti-Gal mAbs 

M86, B1H12, B4H2 and Gal3 (Chen et al., 2000) and engineered scFv where light 

chain was developed using a non-human primate Macaca mulatta (Rhesus Macaque) 
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template and heavy chain from Homo sapines (humans) gene template (Kearns-

Jonker et al., 2007). Comparison of the chicken-derived scFv sequences G12 and A4 

with previously reported engineered scFv from human- (VH) and monkey-derived 

(VL) sequences (Kearns-Jonker et al., 2007) showed that the chicken-derived scFv 

G12 and A4 had longer sequences than the previous engineered scFvs, as the latter 

do not have CDR 3 region in either of their VL and VH chains  (Figure 2.12). The 

framework regions (FR1 and FR2) at either end of CDR1 and CDR2, respectively, in 

the VL of scFvs A4 and G12 showed higher similarity to the corresponding regions 

of VL in non human primate-derived scFv sequences, whereas in relation to human-

derived scFv VH sequences the CDR1 (S30, S31 and Y32) were identical to A4 and 

G12 sequences (Figure 2.13 C). Also, the FR 1 and FR 2 showed high similarity at 

both ends of CDR 1 and CDR 2, respectively. The comparisons were also drawn 

from the reported mouse monoclonal M86 anti-Gal-α-(1, 3)-Gal mAbs (Chen et al., 

2000). In heavy chain, VH CDR 1 residues of chicken-derived scFvs G12 and A4 

(G26, F27, T28, and F29) and in CDR 2 residues (V64, K65, and G66) were 

identical with the mouse mAbs  (Figure 2.12 D). The framework regions (FR1 and 

FR2) at either end of CDR1 and CDR2 in scFv G12 and A4, respectively, showed 

high similarity across the antibody sequences (Figure 2.12 A, B, C, and D, in purple 

shaded aminoacid). While in the VL, CDR1 of scFV A4 and G12 (S21 and G23) and 

CDR 2 (R48 and S50) had amino acid residues identical to that of mouse VL mAbs  

(Figure 2.12 B). 
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A 

 

B 

 

C 

 

D 

 

 

Figure 2.12: Alignment of chicken derived scFvs G12 and A4 against Mus musculus (mouse) antibodies, Homo sapines (humans) and non 

human primate Macaca mulatta (monkey) scFv. The amino acid sequence of the light chains of scFvs G12 and A4 aligned against light chain of 

(A) Macaca mulatta and (B) Mus musculus. The amino acid sequence of the heavy chains of chicken scFvs aligned against heavy chain of (C) 

Homo sapiens and (D) Mus musculus. The CDRs of the (A) Macaca mulatta, (B and D) Mus musculus and (C) Homo sapiens are shown in red 

while the CDRs of scFvs G12 and A4 are shown in green. The conserved amino acids in the flanking regions at either end of CDRs are shown in 

purple. 

FR1 CDR1 FR2 CDR2 FR3 CDR3 
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2.4.  Discussion 

The non-human carbohydrate epitope, Gal-α-(1, 3)-Gal is commonly found as a 

terminal motif on different glycoproteins in many species (Macher and Galili, 2008). 

It has a role in hyperacute rejection (Galili, 2005), delayed anaphylaxis (Commins 

and Platts-Mills, 2013) and biotherapeutic contamination (Bosques et al., 2010). 

Chickens are similar to humans in not being able to synthesise the Gal-α-(1, 3)-Gal 

motif and naturally generate antibodies against the epitope (Cunningham et al., 

2012). Previously, an scFv that binds selectively against both bound and free Gal-α-

(1, 3)Gal and also with Gal-α-(1, 3)-Gal epitope present on terminal of different 

glycoproteins has been reported (Cunningham et al., 2012). In this work, scFv 

characterisation and in silico approaches have been described to investigate the 

structural aspects of the interaction of these scFvs with Gal-α-(1, 3)-Gal.  

The chicken-derived scFv sequences are conserved, with sequence similarity greater 

than 85% and have few amino acid substitutions within the CDRs of VL and VH 

across A4 and G12. Comparison of these scFv sequences with human and non-

primate antibody sequences (Kearns-Jonker et al., 2007) showed that the CDR 3 

region is missing in both VL and VH of the antibodies. VH CDR 1 residues of the 

chicken scFvs (G, F, T, and F) (Figure 2.13) were identical to the mouse monoclonal 

anti-Gal-α-(1, 3)-Gal antibodies (Galili et al., 1998). The amino acids in the CDR 1 

region of heavy chain in human and mouse monoclonal antibodies are similar and 

are important participants in the binding pockets of antibodies againt Gal-α-(1, 3)-

Gal (Kearns-Jonker et al., 2007). The other two CDR regions of heavy and light 

chain of scFv A4 and G12 were not identical, nevertheless they showed high 

conservation when compared to previously known antibodies. It is known that 

sequences in the CDRs from different species can be highly variable (Ota and Nei, 

1994). Interestingly, residues of the framework region outside CDRs of both light 

and heavy chain in chicken scFvs showed high similarity with mouse, human and 

non human primate antibody sequences, suggesting that the outer residues of CDR in 

the frame work region may play an important role in the binding site formation 

(Kunik et al., 2012). 
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Unlike protein-specific antibodies, carbohydrate-specific antibodies tend to exhibit 

low affinities and this is true for most lectin-carbohydrate interaction which exhibit 

affinities in the micromolar range (Brooks et al., 2010). SPR analysis demonstrate 

binding affinities of scFvs A4 and G12 with Gal-α-(1, 3)-Gal in the order of 10
8
 M

-1
, 

which was significantly higher than the commercially available M86 monoclonal 

antibody. Most lectin-glycan interactions also show lower binding affinities. 

Affinities of several lectins (GS-I-B4, Maclura pomifera agglutinin (MPA), 

Pseudomonas aeruginosa agglutinin (PA-IL) and EEA) binding with Gal-α-(1, 3)-

Gal have been analysed using ELLA (Kirkeby and Moe, 2002). However the lectin 

receptor affinities were calculated with respect to the ligand, where KD (nanograms) 

were in the range of 6.2 – 74.7 (approximately 10
-8 

– 10
-9

 M) therefore affinities of 

scFvs against Gal-α-(1, 3)-Gal in the order of 10
8
 M

-1
 seem to be enough to detect 

this glycan epitope. 

Carbohydrate-protein interactions are important and diversified biological 

interactions that are involved in molecular and cellular recognition, chronic diseases, 

immune responses. The investigation of these interactions at molecular level will not 

only help us in understanding and elucidating the biological role of carbohydrate–

protein interaction but also modulating the activity of carbohydrates using scFvs to 

stimulate the biological environment. 

Crystal structures of terminal α-linked Gal structures in complex with various lectins, 

including GS-I-B4, EEA, MPA and PA-IL (Yuriev et al., 2009) (Tempel et al., 2002, 

Greco et al., 2006, Natchiar et al., 2006), have demonstrated the importance of 

groove-type and end-on insertion mechanism of binding in lectin-carbohydrate 

interactions. These lectins interact primarily with the terminal α-linked Gal residue 

and are unable to distinguish between specific linkage positions (e.g., these lectins 

also bind to Gal-α-(1, 2)-R, or Gal-α-(1, 4)-R in addition to Gal-α-(1, 3)-R) (Mo et 

al., 1999). Thus, these crystal structures may not be representative of specific 

interactions with Gal-α-(1, 3)-Gal or may not be very comparable to Gal-α-(1, 3)-Gal 

complexes with whole antibodies or antibody fragments. No X-ray crystal structures 

have been described for anti-Gal-α-(1, 3)-Gal antibodies in complex with its known 

target. To our knowledge there are few reports available to map human and mouse 

antibody interaction with Gal-α-(1, 3)-Gal. However, there is no crystal structure 

information for chicken scFvs that could be exploited to explore the scFv contact 
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residues between the αGal-α-(1, 3)-Gal and the scFv. This study is the first to explore 

the interaction analyses of chicken scFvs against Gal-α-(1, 3)-Gal while making an 

antigen-antibody complex.  

The structural basis of interaction of anti-Gal-α-(1, 3)-Gal scFv antibody fragments 

was suggested here based upon scFv sequence information. Models have been 

generated to define unique structural properties and specific sites relevant for optimal 

interaction of these molecules with their target epitope identified. For scFv 

modelling, a threading approach was used involving multiple templates for each of 

the scFv folds (Petrey et al., 2003, Contreras-Moreira et al., 2003). This approach has 

previously been used successfully to model antibody fragments (Hortiguela and 

Wall, 2013, Gurr et al., 2013, Xue et al., 2013). ScFv A4 and G12 share an overall 

sequence similarity of 89% to each other and the optimal templates that were 

selected in modelling of the framework and CDR regions were different for each 

scFv except for VL CDR 2 template: 1Q1J (human monoclonal antibody template). 

However, both of these scFvs were found structurally similar with the overall RMSD 

of 1.34 Å and 1.69 Å of superposed light and heavy chains respectively for scFv A4 

and G12 (Figure 2.11). For both scFvs, the models of the heavy chain CDR3s 

showed lowest scores while modelling, which is in agreement with the reports that 

3D structures of VH CDR3 are the most difficult to model using amino acid sequence 

relationships (Morea et al., 1998, Kuroda et al., 2008).  

Docking experiments have demonstrated the affinity and specificity of scFvs for Gal-

α-(1, 3)-Gal and similar glycans, including Gal-α-1-R structures. It has been 

discussed before that variation in molecular sise of ligand with differential number of 

heavy atoms changes the efficiency of ligand to bind with receptor (Reynolds et al., 

2007). Within monosaccharides, α-Gal showed higher affinity than α-Fucose and β-

Xylose in both scFv A4 and G12. Among the disaccharides tested it was evident that 

Gal-α-(1, 3)-Gal binds more favourably than other carbohydrates in both scFvs, 

which was also supported by ELISA results (Cunningham et al., 2012).  

Different poses for scFv-glycan interaction revealed that CDR residues from both 

heavy and light chain are part of the active sites. CDR3 VL and CDR2 VH together 

formed a pocket and the ligand Gal-α-(1, 3)-Gal was placed well in the groove 

formed between the two chains CDRs. Similar poses of Gal-α-(1, 3)-Gal interaction 
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with CDRs were observed in both scFv A4 and G12 (Figure 2.9 A and B). The 

binding site for both scFvs against Gal-α-(1, 3)-Gal looks like a canyon shape in 

which many residues were bound to the discaccharide (Figure 2.9 A and B) whereas 

the binding site of both scFvs against Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc had a crater 

shape binding site where two trisaccharides bound perpendicular to the binding site 

(Figure 2.9 C) (Agostino et al., 2009a).  

It was observed that water molecules also formed part of the binding site at a 

distance less that 3.5 Å from the ligand (Figure 2.10 A, B and C), playing an 

important contribution towards hydrogen bonding bridge between carbohydrates and 

the scFv residues (Tschampel and Woods, 2003). The carbohydrate-scFv interaction 

fingerprints were analysed for summarisingrizing the interactions with respect to 

carbohydrate. The C6 of α-Gal epitopes play an important role in binding to the 

scFvs, contributing to hydrophobic and van der Waals interactions and O6 to 

hydrogen bonding as reported in antibodies previously (Figure 2.10 A and B) 

(Agostino et al., 2010). 

Taken all together the modelling studies show the recognition and interaction of 

reported scFv molecules against the Gal-α-(1, 3)-Gal motif. The key binding regions 

and properties among the scFv amino acid residues were determined, which could be 

critical in the recognition and binding to the target epitope. This work also 

demonstrates the potential of this approach for identifying glycan-binding scFvs and 

will be utilised to identify lectin mimics and their interaction against other 

carbohydrate epitopes. 
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Chapter-3: Screening and selection of DNA aptamers 

against Neu5Gc and Neu5Ac 
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3.1.  Introduction 

As presented in detail in Chapter 1, sialic acids are a family of 9-carbon sugars that 

are present at the terminal ends of many glycans of glycoproteins and glycolipids. 

They act as a regulator of molecular and cellular interactions (Schauer, 2009), and 

also play a critical role in immune regulation (Varki, 2007). They act as a binding 

site for various pathogens including Helicobacter pylori, Campylobacter jejuni, 

mycoplasma, rotaviruses, SV40 virus and corona viruses (Varki, 2008). Aberrant 

sialylation of proteins and glycans on the cell surface is often reported in cancer 

cells, also, the over and under expression of sialylated glycans have been shown to 

induce metastasis of myeloma in humans (Lu et al., 2011, Samraj et al., 2014, Ma et 

al., 2014).   

Correct sialylation of drugs is known to be important for drug stability, increasing 

half-life and pharmacodynamics of drug molecules in vivo (Gregoriadis et al., 2005, 

Kilcoyne and Joshi, 2007, Byrne et al., 2007, Varki, 2008). However, the sialylation 

of recombinant glycoprotein therapeutics expressed in non-human expression 

systems such as Chinese Hamster Ovary (CHO) cells may result in the addition of 

the Neu5Gc epitope (e.g. erythropoietin) (Hokke et al., 1990, Noguchi et al., 1996). 

Recent work has shown that the contamination of biotherapeutics with this epitope 

can result in an immunogenic response such as chronic inflammation and enhanced 

angiogenesis (Hedlund et al., 2008) as e.g. occurred with Erbitux (Cetuximab), a 

recombinant monoclonal antibody preparation produced in a murine myeloma cell 

line, and Vectibix (Panitumumab) a full human antibody produced in CHO cells 

(Ghaderi et al., 2010, Ghaderi et al., 2012).  

The two most abundant forms of sialic acid in mammals are N-acetylneuraminic acid 

(Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Neu5Ac is the predominant 

form in humans and can act as a ligand to the receptors promoting cell-cell adhesion 

in viral infection including influenza H1N1, H5N1 and H3N2 infection (Yao et al., 

2008, Kumari et al., 2007). Also, the Plasmodium falciparum parasite which is one 

of the causative agents of malaria in humans recognises Neu5Ac on erythrocytes 

(Orlandi et al., 1992). In most other non-human mammals, Neu5Gc is also widely 

expressed in addition to Neu5Ac. 
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Normal human serum or other normal human tissues do not contain Neu5Gc on its 

surface and there are naturally occurring antibodies in humans, which on interaction 

with exogenous Neu5Gc creates an immune response. There is evidence that 

Neu5Gc-containing glycoconjugates occur frequently in the sera of cancer patients 

and on the surface of cancerous tissues (Taylor et al., 2010). Following studies on a 

Neu5Gc-deficient mouse model system, it has been proposed that the interaction of 

tumour-associated Neu5Gc with human anti-Neu5Gc antibodies is involved in 

tumour progression via chronic inflammation (Padler-Karavani et al., 2011, Malykh 

et al., 2001). This epitope has preference for pathogen binding such as subtilase 

cytotoxin (SubAB) produced in E. coli, which is highly toxic to eukaryotic cells 

causing hemolytic-uremic syndrome, which has a preference for α2-3-linked 

Neu5Gc present on the endothelium layer of host cells compared to α2-3-linked 

Neu5Ac (Lofling et al., 2009). 

From the above, it can be seen that there is a need for a convenient method of 

analysis of Neu5Ac and Neu5Gc to facilitate studies aimed at understanding their 

different biological roles and actions and for characterisation of biotherapeutics. The 

current analysis methods for determination of Neu5Ac and Neu5Gc are High 

Performance Liquid Chromatography (HPLC) and Mass Spectrometry (MS) (Tousi 

et al., 2011, Zaia, 2008). However, these methods are time consuming, and complex 

sample purification is required prior to analysis. MS cannot be used for absolute 

quantification of glycans, also it would be difficult to analyse unknown glycans due 

to unavailability of quality standards (Sloth et al., 2003). The detection of 

oligosaccharides using HPLC and MS are in a template based sequential manner, 

where each linkage is digested excessively to convert them into simpler glycans, 

requiring much longer time to prepare samples. Also, HPLC and MS are complicated 

instruments that require personnel expertise to run these analytical machines and to 

interpret its data. Binding assays are preferred methods over conventional HPLC and 

MS as they give rapid results and are more convenient to carry out these assays than 

HPLC and MS with minimal directions and relatively easier to interpret results for 

analytical and diagnostic purposes. For binding assays, recognition molecules are 

required that can bind and specifically detect sialic acids. 
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Lectins are natural proteins originating primarily from plant and animal sources.  

Specific lectins exist which attach to or indicate the presence of sialic acids. Their 

specificities for sialic acid linkages were discussed in Chapter 1 (Varki, 1997). 

However, none of these lectins show an ability to specifically distinguish Neu5Ac 

from Neu5Gc. Siglecs (sialic-acid-binding immunoglobulin type lectins) are other 

natural molecules that recognise sialic acids present in mammals, which are involved 

in cell–cell interactions and signalling functions in the haemopoietic, immune and 

nervous systems (Crocker, 2002, O'Reilly and Paulson, 2009). The ancestral Siglecs 

7 and 9 did bind preferentially to Neu5Gc, however, with the evolutionary loss of 

Neu5Gc, human siglecs now show more pronounced binding to Neu5Ac, as 

compared to chimpanzee siglecs which bind preferably to Neu5Gc (Sonnenburg et 

al., 2004, Angata and Varki, 2000). Lectins are one of the known glycan binding 

proteins that have been in use for many diagnostics application, however their broad 

specificities against sialic acids make them an ineffective reagent to distinguish two 

forms of sialic acid Neu5Ac and Neu5Gc.  

Naturally occurring anti-Neu5Gc antibodies circulate at variable concentrations in 

the human serum within a population. However, the levels of Neu5Gc antibodies 

also vary within individuals (Padler-Karavani et al., 2008).  

Polyclonal IgY antibodies, raised in chickens against Neu5Gc were isolated and an 

ELISA assay was developed that was able to detect Neu5Gc in recombinant 

therapeutic glycoproteins (Diaz et al., 2009, Ghaderi et al., 2010). However, 

polyclonal antibodies have its own limitations: they can produce large amounts of 

non-specific antibodies, and they can bind to multiple epitopes on a single antigen. 

Monoclonal antibodies are more advantageous than polyclonal antibody. They have 

more specific responses than polyclonal antibodies based on their homogeneity and 

specificity against single targets, but there are no reports to date of a monoclonal 

anti-Neu5Gc antibody. Also, the antibodies which are described binding to sialic 

acid do not show specificity to Neu5Ac and they do not discriminate between the 

two forms of sialic acid: Neu5Ac and Neu5Gc (Cho et al., 2013). There exists a need 

for the generation of specific affinity agents for Neu5Ac and Neu5Gc, which are 

small, stable, and deliverable (in biological systems) against these sialic acids for 

both diagnostic and potential downstream therapeutic applications.  
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Aptamers are small DNA or RNA oligonucleotides that can specifically bind target 

molecules with high specificity and affinity (Hermann and Patel, 2000, Stoltenburg 

et al., 2007). The use of aptamers instead as an alternative to lectins is desirable as 

many lectins from plant sources are toxic while aptamers are synthetic nucleic acid 

molecules that do not show any toxicity or immunogenicity in mammals (Brody and 

Gold, 2000, Min et al., 2011). The cost of production of most of the bulk lectins is 

much higher than synthetic aptamers and generally the isolation of lectin from 

natural sources leads to inconsistent activity and availability and differences in their 

purification that may not be optimal for clinical applications (Hsu et al., 2008). 

Aptamers have several advantages over antibodies, as aptamers are smaller in sise, 

they do not require an animal host for generation, and are easy to synthesise 

(Jayasena, 1999). Being a synthetic molecule, DNA aptamers are easily modifiable 

with robust structural restoration under ambient conditions (Kim et al., 2010, Kusser, 

2000), and can be highly purified and scaled up for bulk production. A major 

advantage of the use of aptamers is their very high selectivity and specificity, with as 

low as sub-nanomolar dissociation constants reported as against VEGF and 

hemagglutinin of human influenza virus H3N2 (Jellinek et al., 1994, Ruckman et al., 

1998, Misono and Kumar, 2005). The affinities of aptamers are equal to or better 

than lectins, which usually have an affinity in micromolar range, and bind non-

specifically to closely related glycans (DeMarco and Woods, 2008, Brooks et al., 

2010). These properties, combined with a relatively uncomplicated and automated 

synthetic procedure, make aptamers a highly potent and promising commercially 

viable reagent.  

They are traditionally selected using the in vitro SELEX (Systematic Evolution of 

Ligands by EXponential enrichment) process, that was simultaneously developed by 

the Gold and Szostak laboratories (Tuerk and Gold, 1990, Ellington and Szostak, 

1990). The SELEX process allow selection of specific nucleic acid aptamers from 

diverse pools of randomised nucleic acids containing typically greater than 

10
12

 unique sequences, by successive rounds of selection and re-amplification. 

SELEX involves the enrichment of desired aptamers by incubating the aptamer pool 

or library with the target, separating bound from unbound aptamers and followed by 

enzymatic reamplification of the bound fraction, leading to successive enrichment of 

binders (recognition molecule). 
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Most early aptamers were RNA, because RNA could form more complex structures 

when folded and therefore was expected to be more likely to provide desired 

recognition agents. However, because of the prevalence of RNAses, RNA aptamers 

need to undergo modifications to provide the necessary stability for use with serum 

or other biological samples. DNA aptamers have become more popular recently 

possibly due to the easier selection process, with no reverse transcription step, and 

their relative stability, and good DNA binders have been identified.  

DNA aptamers are stable, chemically flexible, and have gained significant attention 

for their uses as a source of recognition elements in biosensor and assay 

development, diagnostics and also as possible therapeutic agents (Song et al., 2008, 

Brody and Gold, 2000). They have been described against carbohydrate targets, 

including Sialyllactose (Mehedi Masud et al., 2004), Sialyl Lewis
x 

 (Jeong et al., 

2001), Cellobiose (Glc-β-(1→4)-Glc) (Yang et al., 1998), and dextran (repeating α-

(1→6) Glucosidic bonds), confirming the feasibility of this approach for the 

generation of glycan specific receptors.  

Here, the development of DNA aptamers against two sialic acids is described. These 

DNA aptamers, which bind with high affinity and specificity to Neu5Gc and 

Neu5Ac, were obtained using a SELEX approach. 
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3.2.  Materials and Methods 

3.2.1.  Materials 

Biotinylated spacer (sp-biotin), biotinylated Neu5Ac (Neu5Ac-sp-biotin) and 

biotinylated Neu5Gc (Neu5Gc-sp-biotin) were purchased from GlycoTech Inc. All 

carbohydrates were purchased from Glycotech (USA), Dextra (UK) and IsoSep 

(Sweden). MyOne streptavidin C1 Dynabeads was purchased from Life 

technologies, UK. Topo TA cloning kit was purchased from Invitrogen, UK, and 

streptavidin from Streptomyces avidinii were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Streptavidin was dissolved in 10 mM Tris-HCl buffer (pH 7.5). 

The Quant-iT OliGreen ssDNA Assay Kit was purchased from Invitrogen (Life 

Technologies). Taq polymerase, PCR buffer, 25 bp DNA ladder and dNTP were all 

obtained from Promega, UK (Thermo Scientific). Qiagen II DNA extraction kit was 

purchased from Qiagen, UK. 10% TBE-urea Gel 1.0mm * 10 well were purchased 

from, Invitrogen, UK. Luria-Bertani (LB) broth media, Isopropyl beta-D-

thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl-beta-D-     

galactopyranoside (X-Gal) and Kanamycin were purchased from Sigma, UK. 

Nuclease free water was purchased from Promega, UK. All solutions were prepared 

with deionised water (ELGA water purification system, ELGA, London, UK). 

3.2.2.  Random library and primers 

The random DNA library (5’- GCGCGGATCCCGCGC-N30-

GCGCGAAGCTTGCGC-3’) contained a central randomised sequence of 30 

nucleotides (N30) flanked by 15 nucleotide constant regions. The library was 

synthesised and purchased by Sigma-Genosys (Cambridge, UK) that was HPLC 

purified with a melting temperature of 89.6 °C. The set of primers used for the 

library amplification, were synthesised and HPLC purified by Eurofins MWG-

Operon (Ebersberg, Germany). The reverse primer was: 5’- 

GCGCAAGCTTCGCGC-3’ and the biotinylated (btn) forward primer, where 

biotinylation was at 5’ end: 5’-[btn]GCGCGGATCCCGCGC-3’. These primers were 

HPLC purified and possess a melting temperature of 63 °C. The reason to use 

biotinylated forward primers is to allow biotinylation of one strand of the aptamer 

after amplification. The biotin molecule on the biotinylated aptamer strand could be 
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easily immobilised onto streptavidin-coated Dynabeads. The ssDNA library (10 nM) 

and forward and reverse primers (100 μM) were dissolved in nuclease free water and 

stored at -20 °C. 

3.2.3.  DNA amplification and conversion into ssDNA 

Once resuspended, the synthesised DNA library (10 nM) was amplified by PCR 

using a PCR reaction mix including 0.2 μM dNTPs, 0.5 μM reverse primer, 0.5 μM 

forward primer, 5X Phusion buffer (Sigma), 0.2 μL Phusion DNA polymerase, 2 μL 

ssDNA template and nuclease free water to make a final volume 20 μL.  The PCR 

conditions used were: initial denaturation of 3 min at 94 
°
C, then 25 cycles of 40 s at 

94 °C, 40 s at 55 °C, and 20 s at 72 °C and final extension of 5 min at 72 °C with 

sample cooling at 4 °C for 15 minutes (Lou et al., 2009, Shangguan et al., 2006). The 

biotinylated forward primer was used in PCR reactions for the synthesis of 

biotinylated dsDNA. After amplification, the biotinylated dsDNA was incubated 

with streptavidin (1:10 molar ratio) for 1 h at room temperature (Pagratis, 1996). 

Non-biotinylated ssDNA strands were separated using urea-PAGE electrophoresis 

and extracted using a Phenol-Chloroform extraction of ssDNA (Sambrook and 

Russell, 2006). 

3.2.4.  Gel Preparation 

2.5 % Agarose gel and 7 M urea gel with 8% Polyacrylamide gel were used for DNA 

detection. Agarose gels were used for ds DNA detection while urea gels were used 

for ssDNA detection. 

3.2.4.1.  Agarose gel preparation and electrophoresis 

For preparation of 2.5% agarose gels, 0.75 gram of agarose, 30 mL of 1X TAE 

buffer (40mM Tris-acetate, 1mM EDTA pH 8.2), and 3 μL (1:10,000) of SYBR Safe 

DNA Gel Stain (Life Technologies). For Gel running, 1X TAE buffer was used as 

running buffer at 45V for one hour.  

3.2.4.2.  Urea Gel preparation and electrophoresis 

7M urea/8% Polyacrylamide gels were prepared by combining 2.67 mL of Protogel 

(National Diagnostics, UK) with 4.2 gm of urea (Sigma, UK) and 2 mL of 5x TBE 
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buffer. Distilled water was added to a final volume 9.89 mL and filtered with a 0.45-

μM filter membrane.  After filtration, 100 μL of 10% (10 mg/100 mL) of 

Ammonium per sulphate (APS) with 10 μL of N,N,N',N'-

Tetramethylethylenediamine (TEMED) were added in the gel mixture. The gel was 

run using 1 X TBE buffer (89mM Tris-HCl, 89mM Boric Acid and 2mM EDTA at 

pH 8.2) at 180 volts for 30 min. 

3.2.5.  DNA extraction using Qiagen kit 

DNA bands were excised from the gel with a clean sharp scalpel. Excised gels were 

weighed and 6 volumes of QIAEX I buffer to 1 volume of gel was added in each gel 

tube. QIAEX II beads were resuspended and vortexed for 30 s, 10 μL of QIAEX II 

beads were added in each tube. The mixture was incubated for 10 min to solubilise 

the agarose and bind DNA, the mixture was vortexed every 2 min to keep QIAEX II 

beads in suspension. Further, the mixture samples were centrifuged 2000 x g for 30 s 

and supernatant was carefully removed. The pellets were initially washed with 500 

μL of QIAEX I buffer and then washed twice with 500 μL of PE1 buffer. The pellets 

were air dried until they turned white. For elution of DNA, 20 μL of 10 mM Tris 

HCL pH 8.5 was added to resuspend the pellet by vortexing. DNA fragments in 

suspension were incubated for 5 min at room temperature. The suspension was 

centrifuged at 2000 x g for 30 s, and supernatant was carefully pipetted out in a clean 

tube containing supernatant with clean purified DNA. 

3.2.6.  Phenol-Chloroform Extraction of ssDNA 

ssDNA bands from the urea gel separation were excised and diffused at twice 

volume of gel weight in 0.5 M Ammonium Acetate, 10 mM Magnesium Acetate, 

1mM EDTA, 0.1% SDS with pH 8.0 (Diffusion buffer) at 50 °C for 30 min. The 

bands were vortexed and the ssDNA containing supernatant was removed. An equal 

volume of phenol/chloroform/isoamylol (25:24:1) was mixed with the ssDNA 

supernatant and centrifuged for 2 min at 2000 x g to recover the supernatant. To the 

supernatant, 2.5 volumes of ice-cold absolute ethanol and 0.1 volume of 3M NaCl 

was added for at least 2 hours at -20 °C to allow DNA precipitation The mixture was 

centrifuged at 16595 x g for 30 min at 4 °C and washed with 90% ethanol at 16595 x 

g for 10 min to recover the pellet after removing supernatant. The pellet was dried at 
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37 °C for 15 min and later suspended in 10mM Tris HCl buffer pH 7.5 and stored at 

-20 °C. 

3.2.7.  in vitro selection of aptamers 

An indirect capture method was used for screening of aptamers against Neu5Gc-

spacer-biotin (Neu5Gc-sp-biotin) and Neu5Ac-spacer-biotin (Neu5Ac-sp-biotin). 

Initially, a counter selection against spacer biotin (sp-biotin, where the sp-biotin is 

HOCH2(HOCH)4CH2NH-Biotin) was carried out. The ssDNA pool of 400 ng in PBS 

+ 5 mM MgCl2, pH 7.4 (binding buffer) (Where PBS was prepared with 10 mM 

phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4), 

was heated at 95 °C for 5 min, then quickly cooled down on ice for 10 min and 

subsequently incubated at room temperature for 10 min, prior to adding to the 

soluble target molecule. The binding reaction mixture (500 µL) contained binding 

buffer (pH 7.4), 400 ng ssDNA pools and 100 pmol of sp-biotin. The binding 

reaction mixture was incubated at 37 °C for 1 hr.  After the binding reaction sp-biotin 

was immobilised on 250 µg of MyOne streptavidin C1 dynabeads at room 

temperature for 60 min. The beads coated with sp-biotin-aptamer complex were 

separated on a magnetic separator and unbound ssDNA was desalted and 

concentrated by phenol-chloroform extraction. This counter selected ssDNA was 

amplified by PCR and converted into ssDNA pool for aptamer selection against 

Neu5Gc-sp-biotin. The selection protocol was as described above except that the 

Neu5Gc-sp-biotin bound ssDNA was eluted twice using nuclease free water at 95 
°
C 

for 5 min (as in the negative selection only unbound ssDNA was used for successive 

selection rounds). The eluted ssDNA was desalted, amplified by PCR), converted 

into another ssDNA pool, and used for subsequent SELEX rounds. The stringency of 

binding conditions during aptamer (Table 3.1 and 3.2) selection was enhanced 

gradually by decreasing target (Neu5Gc) concentration (from 100 to 50 pmol) and 

interaction time (from 60 to 25 min), and increasing salt concentration in binding 

buffer (from 137 to 157 mM) and the number of washing steps (from 0 to 2). Two 

additional counter selections were done with Neu5Ac-sp-biotin and BSA/HSA after 

Rounds 5 and 7, respectively. Similar selection process was used against Neu5Ac-sp-

biotin, except round 5, counter selection was done against Neu5Gc-sp-boitin. 

Detailed experimental conditions for aptamer selection against Neu5Gc-sp-biotin and 

Neu5Ac-sp-biotin are described in Tables 3.1 and 3.2 respectively. 
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Table 3.1: SELEX conditions during enrichment of aptamers against Neu5Gc-sp-biotin. An indirect capture method was used for screening the 

aptamer library against Neu5Gc-sp-biotin. The starting pool was a 60 bp synthetic DNA library pool with a 30 bp random variable region and 

flanking constant regions permitting re-amplification. In total, 10 rounds of solution-phase panning were carried out against Neu5Gc-spacer-

biotin and bound aptamers were isolated utilising streptavidin-coated magnetic beads. Three rounds of negative selection were also performed to 

increase further specificity of DNA binders against Neu5Gc – through panning against the spacer-biotin alone, Neu5Ac-spacer-biotin, and 

against bovine and human serum albumin (BSA and HSA, respectively). 

Rounds 1st 

Negative 

round 

1st  

Positive 

round 

2nd  

positive 

round 

3rd  

positive 

round 

4th 

positive 

round 

5th  

positive 

round 

2nd  

negative  

round 

6th  

positive 

round 

7h  

positive 

round 

3rd  

 negative 

round 

8th  

positive 

round 

9th   

positive 

round 

10th  

positive 

round 

Target 

sugar 

100 pmol 

Spacer- 

biotin 

100 pmol 

(Neu5Gc-sp 

biotin) 

100 pmol 

(Neu5Gc-

sp biotin) 

80 pmol 

(Neu5Gc-

sp biotin) 

80 pmol 

(Neu5Gc-

sp biotin) 

70 pmol 

(Neu5Gc-sp 

biotin) 

80 pmol 

(Neu5Ac –

spbiotin +  

sp biotin) 

70 pmol 

(Neu5Gc-sp 

biotin) 

60 pmol 

(Neu5Gc-sp 

biotin) 

751 pmol of 

BSA     +       

746 pmol  

of HSA              

50 pmol 

(Neu5Gc-sp 

biotin) 

50 pmol 

(Neu5Gc-sp 

biotin) 

50 pmol 

(Neu5Gc-sp 

biotin) 

ss DNA  400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 400 ng 

MgCl2 1 mM 1 mM 1 mM 1 mM 1 mM 1mM 1mM 1mM 2mM 1mM 2mM 5mM 5mM 

NaCl 5 mM 5 mM 5 mM 5 mM 7.5 mM 10mM 10mM 10mM 12.5mM 15mM 15mM 17.5mM 20mM 

Incubation  

(37 °C) 

60 min 60 min 60 min 50 min 50 min 50 min 50 min 50 min 45 min Overnight 

at 4oC 

35 min 30 min 30 min 

Washing 

(PBS) 

No 

washing 

1 washing 2  

washing 

2  

washing 

2  

washing 

2  

washing 

No 

washing 

2  

washing 

2  

washing 

No 

washing 

2  

washing 

2  

washing 

2  

washing 

Elution No elution 2  

elution 

2 

 elution 

2 

 elution 

2 

 elution 

2  

elution 

No elution 2 

 elution 

2  

elution 

No 

 elution 

2  

elution 

2  

elution 

2 

 elution 
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Table 3.2:  SELEX conditions during enrichment of aptamers against Neu5Ac-sp-biotin. An indirect capture method was used for screening the 

aptamer library against Neu5Ac-sp-biotin. The starting pool was a 60 bp synthetic DNA library pool with a 30 bp random variable region and 

flanking constant regions permitting re-amplification. In total, 10 rounds of solution-phase panning were carried out against Neu5Ac-spacer-

biotin and bound aptamers were isolated utilising streptavidin-coated magnetic beads. Three rounds of negative selection were also performed to 

increase further specificity of DNA binders against Neu5Ac – through panning against the spacer-biotin alone, Neu5Gc-spacer-biotin, and 

against bovine and human serum albumin (BSA and HSA, respectively). 
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round 
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Positive 

round 

2
nd

 

positive 

round 

3
rd
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3.2.8.  Enrichment assay of DNA pools  

 The enrichment of Neu5Gc binding DNA aptamers over the course of selection was 

monitored using a fluorescent dye (OliGreen dye)-linked aptamer assay (Wochner 

and Glokler, 2007, Huang and Chang, 2008). DNA pools obtained after round 1-10 

were examined. 100 pmol of sp-biotin or Neu5Gc-sp-biotin were immobilised on 

250 µg of MyOne streptavidin C1 dynabeads in PBS (pH 7.4) at room temperature 

for 30 min. Carbohydrate coated dynabeads were washed twice using 500 µl PBS. 

ssDNA pool of each SELEX round (60 ng) prepared in 10 mM phosphate buffer pH 

7.4, with 20 mM NaCl and 5 mM MgCl2, (binding buffer) was denatured and 

renatured as described above and incubated with target coated dynabeads for 1 h at 

37 °C. Beads were washed twice using 500 μL of binding buffer on magnetic 

separator for 2 minutes. Target bound ssDNA was eluted in 50 μL of nuclease free 

water by heating beads at 95 
°
C for 5 min. Eluted ssDNA was incubated with 150 μl 

of OliGreen dye prepared in nuclease free 10 mM Tris-HCl buffer (pH 7.5) in flat-

bottom black microtitre plates (Greiner bio-one, Belgium) and read using 

SpectraMax M5
e
 plate reader (Molecular Devices, Berkshire, UK) (excitation 480 

nm, emission 520 nm). 

3.2.9.  Cloning, and sequencing of enriched DNA pools 

LB broth media (2g of LB media in 100 mL distilled water) was used for the growth 

of bacteria. This media also allows cells to recover from the shock of transformation. 

IPTG (2 mL of 100 mM), X-Gal (1.6 mL of 50 mg/mL) and Kanamycin (500 μL of 

50 mg/mL) were added in 500 mL of LB media. Super optimally broth with 

catabolite repression (S.O.C) media (2% Tryptone, 0.5% Yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM Glucose was added 

and autoclaved. However, 10 mM MgCl2, 10 mM MgSO4, and 20 mM Glucose was 

autoclaved separately and then added to the mixture) is a nutrient rich growth media 

and used for higher transformation efficiency in plasmid. This media was stored at 

room temperature. Sterile distilled water was used in all preparation. For preparation 

of agar plates- 1.5 % agar was used in LB media. 

Selected ssDNA pools from Neu5Gc and Neu5Ac panning were used as the template 

in a PCR reaction. The PCR primers were similar to those used in the panning 
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amplification; however, the forward primer used here is non-biotinylated. The PCR 

amplification conditions were similar to those used during panning amplification. 

PCR amplified products were cloned into the pCR 4 TOPO vector (Invitrogen, UK) 

(Figure 3.1), a ligation reaction was prepared including, 4 μL of fresh PCR product, 

1 μL of salt solution from cloning kit, 1 μL of pCR 4 TOPO vector. For control 

reaction without vector, 1 μL of nuclease free water was used instead of vector. 

 

Figure 3.1: schematic representation of pCR 4-TOPO plasmid. This plasmid has a 

multiple cloning sites, genes for ampicillin and kanamycin antibiotic selection and it 

can be used for blue-white screening. 

 

Ligation reactions were used to transform chemically competent One Shot® TOP10 

E. coli cells (Invitrogen, UK), 50 μL of E. coli cells were thawed and 2 μL of ligation 

reaction was added into the cells and incubated on ice for 30 min. The cell and DNA 

mix was then heated in a water bath at 42 °C for 30 s and immediately put on ice for 

2 min.  250 μL of SOC media was added to each reaction and at 37 °C for 1 hour 

with constant shaking and then were streaked onto LB-agar plates containing 

appropriate selection reagents at 37 °C overnight. The transformed clones were 

screened using blue-white screening. 
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Ligation of DNA into vector was determined using colony PCR using M13 forward 

and reverse primers (Sigma, UK). To confirm ligation of dsDNA, control ligation 

with water instead of dsDNA template was used. Both of these ligation reactions 

were then chemically transformed into E.coli TOP 10 cells and the inoculum (50 µL 

and 100 µL) was streaked onto agar plates for incubation at 37 °C overnight.  

To confirm streaking and colony growth, three different conditions were used; for 

positive control, two plates for each round were streaked with 50 µL and 100 µL 

inoculum with kanamycin on agar plates. As a negative control, cells without any 

ligation reaction were subjected to heat shock under similar conditions as those with 

inserts and were streaked with 100 µL inoculum, with or without kanamycin. For 

PCR efficiency, heat shocked cells without DNA template amplicons ligation 

reactions were streaked with 100 µL inoculum on the agar plate. 

The PCR amplification conditions used were 94 °C for 5 minutes, then 26 cycles of 

(94°C for 30 sec, 55°C for 30 sec and 72° for 30 sec) and then an extension of 72°C 

for 7 minutes with a final temperature of 4°C for 15 minutes. A single, well-defined 

colony from the selection plate was used as the template.  The bacterial colonies 

having DNA insert were verified on agarose gel (2.5%) with a 100 bp DNA ladder 

(Sigma, UK). Positive transformants were regrown on an agar 96-well plate and sent 

for sequencing using microtitre plate sequencing (MTP) (MWG Eurofins, Germany). 

3.2.10.  Sequence extraction of sequenced DNA pools 

All the sequences were extracted from the Neu5Gc and Neu5Ac binding DNA pool 

sequencing data file (FASTA files got from Eurofins Genomics) using the plasmid 

region information from either side of the DNA insert (Figure 3.1). A PERL 

programming script was run to search plasmid region 1 “CCGCGAATTCGCCCTT" 

and plasmid region 2 "AGGGCGAATTCGT". The DNA sequence found in between 

the two plasmid regions were extracted and only DNA sequence lengths from 58-62 

bases were considered for further sequence analyses.  

3.2.11.  Sequence analyses of enriched and sequenced DNA pools 

Multiple sequence alignment was carried out using ClustalW2 (Larkin et al., 2007). 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The thirty nucleotides variable region 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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of aptamer was considered for aligning multiple sequences. For aligning multiple 

sequences, a Clustal W DNA weight matrix, with a gap open penalty of 10 and gap 

extension penalty of 0.20 with a gap distance of maximum 5 was used throughout the 

alignment.  For two sequence alignment, a slow pairwise alignment option was used 

for higher sensitivity where the gap open penalty and gap extension penalty were 

kept at 10 and 0.1 respectively. Clustal w/ numbers format was used for output view 

of both multiple and two sequences alignment.  

3.2.12.  Secondary structure prediction 

The lowest free energy secondary structures of candidate aptamers were predicted 

using the mfold program (http://mfold.rna.albany.edu/?q=mfold) (Zuker, 2003, 

Zuker, 2000). The input sequence was in FASTA format (text-based format for 

representing nucleotide sequences) (Figure 3.2).  

 

Figure 3.2: mfold web server for the prediction of DNA secondary structure. 
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To calculate the thermodynamics of aptamer folding, a free energy determination 

algorithm was used (SantaLucia, 1998) based on the equation- 

             

Where ΔG is the change in free energy, ΔH is the change in enthalpy, T is the 

temperature and ΔS is the change in entropy. 

 

Figure 3.3: screen shot of mfold DNA folding constraint and output options. 
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The conditions required in the software are the nature of DNA sequence, which was 

considered to be linear.  The folding temperature was kept constant at 37
 
 °C as used 

in panning experiments. The ionic conditions used in the software were 157 mM Na
+ 

and 5.0 mM Mg
++ 

for Neu5Gc aptamer prediction and 162 mM Na
+ 

and 5.0 mM 

Mg
++ 

for Neu5Ac aptamer structure prediction. These are the ionic condition used in 

aptamer panning experiments and efforts were made to mimic the conditions used in 

the bench experiments. 

The other conditions used were Percent suboptimality; to compute folding within the 

minimum free energy, Upper bound; to compute maximum number of secondary 

structures required within the prescribed energy requirement, Window parameter; to 

control the number of folding provided they are different from each other and the 

JPG structure format of the images of aptamer secondary structure. 

3.2.13  Statistical analysis 

The statistical analysis of data was performed using GraphPad Prism software for 

Mac versions 6.0c (GraphPad Software Inc., SanDiego, CA, USA). All data is 

represented as the mean of three replicate determinations. The results are shown as 

mean values with the standard error of mean (SEM) represented by error bars.  
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3.3.  Results 

3.3.1.  ssDNA preparation 

Prior to selection, the sise of ssDNA was confirmed by urea gel electrophoresis (60 

bp ssDNA library) and the amplified ssDNA library (ds DNA) was again tested by 

agarose gel electrophoresis. The quality and quantity of ssDNA after each round was 

analysed using urea gel electrophoresis and Nanodrop absorbance reading, 

respectively. The initial ssDNA preparation involved 2-step quality and sise check of 

ssDNA as follows: 1) after PCR amplification and 2) after streptavidin incubation on 

urea gel for both ssDNA separation and sise confirmation (Figure 3.4). As this 

protocol required 5 hours of extra agarose gel run and DNA purification using 

Qiagen kit, and also due to requirement of multiple steps of gel analysis and 

purification, there was a considerable amount of ssDNA lost after each step. 

Therefore, this protocol was further optimised to require only one step to be used in 

which PCR amplified DNA was directly incubated with streptavidin and later DNA 

strands were separated on urea gel (Figure 3.5). 
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Figure 3.4: The five steps process involved for the amplification and preparation of 

ssDNA for subsequent selection. The first step involved the amplification of DNA 

where forward biotinylated primer makes one strand of amplified dsDNA 

biotinylated. The second step involved visualisation and extraction of biotinylated 

dsDNA on Agarose gel and extraction of biotinylated dsDNA using Qiagen kit 

method. The third step involved incubation of biotinylated dsDNA with streptavidin, 

the fourth step involved separation of ssDNA strand with streptavidin-bt-DNA strand 

on urea gel. The separated ssDNA was excised and extracted in the final step. 
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Figure 3.5: The preparation scheme requiring reduced steps in the process involved 

for the amplification and preparation of ssDNA as in Figure 3.4. The agarose gel 

electrophoresis step has been omitted and the amplified ds DNA library incubated 

directly with streptavidin and separated on urea gel. 

For the 60 bases ssDNA extractions from gel, initially a commercial DNA extraction 

kit from Qiagen was used that gave less efficiency and resulted in the loss of ssDNA. 

The lower efficiency of DNA extraction was due to the small sise (60 bases) of the 

ssDNA. This method was later substituted with Phenol-Chloroform extraction 

(Sambrook and Russell, 2006), that gave higher yield and purity of the ssDNA 

(Table 3.3). To show the difference in efficiency two different gels of the same DNA 

were amplified, incubated with streptavidin and ran on urea gel (Figure 3.6- A & B). 

ssDNA from the urea gel (Figure 3.6A) was extracted using the Qiagen kit extraction 

method, while ssDNA from the urea gel (Figure 3.6 B) was extracted using the 

Phenol-Chloroform extraction method and their difference in quantity and quality of 

ssDNA was reported in Table 3.3. 
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Figure 3.6: ssDNA separation from amplified ds DNA. (A) The separated ssDNA 

bands were excised and extracted using Qiagen kit method. (B) The separated 
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ssDNA were excised and extracted using Phenol-Chloroform extraction method. In 

figure 3.6 (A) and (B) lane 1 is a 25 bp ladder, lane 2-9 have ssDNA between 75 and 

50 bp ladders, lane 10 is negative control (PCR amplicons without a ssDNA 

template) and the upper bright bands are streptavidin conjugated to single 

biotinylated DNA strand. 

 

Table 3.3: Comparison of quantity and quality of ssDNA extraction using the two 

different methods, Qiagen kit extraction and Phenol-Chloroform extraction.  

ss DNA extraction 

method 

Concentration of 

ssDNA (ng/μL) 

260/280 Volume of 

elution (μL) 

Qiagen kit extraction  2.8 1.21 100 

Phenol-Chloroform 72.1 1.83 100 

 

* ssDNA was quantified in ng/μL. 260/280 absorbance ratio was used to check the 

contamination in ssDNA elution, a ratio of 1.8 - 2.2 is considered to be without any 

contamination. Final volume of ssDNA elution was 100 μL. 

3.3.2.  SELEX cycles and enrichment for Neu5Gc and Neu5Ac binders  

The SELEX approach was used to select DNA aptamers that bind to Neu5Gc and 

Neu5Ac from the same pool of randomised 60-mer DNA oligonucleotides. A total of 

ten positive and three negative selections were undertaken to isolate binders against 

each of the targets (Tables 3.1 and 3.2) respectively. The positive selections were 

performed against the appropriate sialic acid linked to biotin via a linker. The initial 

negative selection, in each case, involved incubation of the library with biotin linked 

to the spacer (Sp-biotin) to remove non-specific binders. The second negative 

selection after five rounds of positive selections was against Neu5Ac-sp-biotin when 

selecting for Neu5Gc binders and vice versa during Neu5Ac binder selection. The 

final negative selection after round seven was done against BSA and HSA to remove 

non-specific binders against these common components of binding assay systems. 

The stringency of the binding conditions in the positive selections was increased 

gradually during the course of selection. Enrichment of binding activity to the 

appropriate sialic acid target was assessed over the ten positive SELEX rounds for 
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each target using a fluorescent dye-linked aptamer assay. A gradual increase in 

binding of DNA molecules to Neu5Gc-sp-biotin was noted over the first 7 SELEX 

rounds  (Figure 3.6). Although round 8 shows less binding than round 7, which could 

be due to an extra negative selection after round 7 (Figure 3.7), round 7 and 9 

showed highest binding. A similar trend was noted on evaluation of Neu5Ac-sp-

biotin binding enrichment, with rounds 8 and 10 showing highest binding (Figure 

3.8). 

 

 

Figure 3.7: The SELEX enrichment of ssDNA pools against Neu5Gc-sp-biotin 

obtained after rounds 1-10 (x-axis). The values on y-axis represent relative 

fluorescence unit. 
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Figure 3.8: The SELEX enrichment of ssDNA pools against Neu5Ac-sp-biotin 

obtained after rounds 1-10 (x-axis). The values on y-axis represent relative 

fluorescence unit. 

3.3.3.  Cloning and sequencing of ssDNA 

Following cloning of ssDNA from rounds 7 and 9 of Neu5Gc binding panning their 

sise and quality was checked on an agarose gel (Figure 3.9). The sise of ssDNA (60 

bp) was indicated to be correct in comparison to the standard ladder. In addition, the 

control well (last well) did not show any bands thus confirming that template used 

for amplification from round 7 and 9 is right sise ssDNA insert. 

 



 

 

150 

 

Figure 3.9: Agraose gel showing 60bp dsDNA after PCR amplification, Lane 1 and 

8 are 25 bp DNA ladder 

After confirmation of the ssDNA insert, PCR amplified dsDNA was ligated into pcr 

4.0 TOPO vector. ssDNA was subsequently cloned into pCR4.0 TOPO ahead of 

sequencing of the ssDNA insert. Colony PCR showed that most of the colonies were 

of the right sise of about 225 bp (165 bp for M13 colony PCR primers + 60bp DNA 

insert). A small number of the colonies did show faint or no DNA bands lane, which 

suggested that the colonies do not have ssDNA insert. The colonies that 

demonstrated the correct sise insert (225 bp) on agarose gels were selected for 

sequencing (Figure 3.10). 

 

Figure 3.10: shows colony PCR of white colonies grown on the agar plate. 100 bp 

DNA ladders are on each end of the gel. 
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As a few picked colonies on the agarose gel (Figure 3.10) did not show any band, 

further testing of DNA insert in colonies was validated through PCR amplification 

and these amplified samples were again run on an agarose gel (Figure 3.11). The 

samples that were PCR amplified from the colony template showed DNA bands of 

the correct sise (lane 2-5), the samples loaded directly from colony PCR stock (PCR 

amplicons having white colony as DNA template) showed thick and bright DNA 

bands (lane 6-11). The PCR amplicons used for ligation reactions showed faint bands 

as expected (12-15). These DNA band intensity differences were due to the presence 

of higher amount of dsDNA in bacterial colony than in the DNA ligation reaction. 

The control wells lane (2,3 and 6,7) also showed a DNA band, and it was therefore 

concluded that blue colonies (control colonies) also had the DNA insert in them. The 

occurrence of blue colour could be due to the presence of small sise of DNA aptamer 

(60 bp) that was not able to disrupt the β-Galactosidase expression. The disruption of 

β-Galactosidase expression is generally due to shifting of the reading frame, that can 

introduce a stop codon and therefore removing the enzymatic activity required to 

cleave X-Gal and hence produce the blue colour. In the end, randomly isolated white 

colonies from different plates were picked and sent for sequencing. 
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Figure 3.11: Testing of DNA insert in colonies after PCR amplification. Lane 1 is 

the 100 bp ladder, lane 2-5 samples amplified with colonies as their template for 

amplification, lane 6-11 samples are loaded directly from the colony PCR stock, lane 

12-15 are actual PCR amplicons used ligation and transformation in E.coli (60 bp 

sise), lane 16 is 25 bp DNA ladder. Lane 2,3 and 6,7 are the control sample (Blue 

colonies picked from the plate). Lane 4, 8, 9, 12 and 13 are from round 7, whereas 5, 

10, 11, 14 and 15 are from round 9. 

3.3.4.  Sequence analysis of enriched aptamers 

As higher binding was demonstrated against the target Neu5Gc in SELEX rounds 7 

and 9, these DNA pools were selected for cloning into pCR4.0 vector. A detailed 

sequence analysis was carried out and consensus was determined across the two 

rounds. A total of 218 sequences were extracted for round 7 and 250 sequences for 

round 9 clones were analysed. After aligning these sequences with ClustalW three 

consensus sequences occurred across the two rounds 7 and 9, accounting for the 

majority of sequences extracted (Table 3.4). The consensus sequences that have 

emerged from the 9th round of SELEX were anticipated to show higher specificity 

for Neu5Gc over other targets due to the additional positive selection rounds and the 
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negative selection rounds against non-target Neu5Ac, HSA and BSA included before 

positive round 9. 

A total of 482 clones from the Neu5Gc output pools were sent for sequencing, of 

which 468 were found to be of full-length (58-62bp). Out of these 468 sequences, 

218 and 250 sequences were extracted from rounds 7 and 9, respectively. Three 

consensus sequences emerged following detailed analysis, with two of the three 

sequences accounting for 98% of the sequences obtained (Table 3.4). For Neu5Ac, 

189 clones were sent for sequencing, of which 168 sequences were full-length, with 

five consensus sequences being observed (Table 3.5).  

 

Table 3.4: The consensus sequences of Neu5Gc binding aptamer obtained after 

sequencing round 7 and 9.  

Neu5Gc 

Copies 

across 

round 7 and 

9 

Sequence per consensus 

Gc-101 
237/468 

 

GCGCAAGCTTCGCGCCCGAACGCGAAGGTT

GTGTGTATTGTTGCGCGCGGGATCCGCGC 

Gc-224 
221/468  

 

 

GCGCGGATCCCGCGCGCAACAATACACACAA

CCTTCGCGTTCAGGCGCGAAGCTTGCGC 

Gc-239 
9/468 

 

GCGCGGATCCCGCGCGCAACATAACCGACCC

CAACCTTCGCCCGGCGCGAAGCTTGCGC 

 

* Underlined sequences on the both ends of the aptamer sequences are the constant 

regions of 15 nucleotides length; the sequences inbetween the constant regions are 

the variable regions.  

 

 

 

 



 

 

154 

 

Table 3.5: The consensus sequences of Neu5Ac binding aptamer obtained after 

sequencing round 8 and 10. 

 

Neu5Ac 

Copies 

across round 

8 and 10 

 

Sequence per consensus 

Ac_79 42/168 GCGCAAGCTTCGCGCCAAGCCGCGAAGGTT

GGGGTCTAAATGTGGGCGCGGGATCCGCG 

Ac_68 28/168 GCGCAAGCTTCGCGCCCGAACGCGAAGGTT

GTGTGTATTGTTGCGCGCGGGATCCGCG  

Ac_89 25/168 GCGCAAGCTTCGCGCCGGGCTGCGAAGATT

GGTGGTGTTGTTGGCGCGGGATCCGCGC 

Ac_94 43/168 GCGCGGATCCCGGGCCAACAACACCACCAA

TCTTCGCAGCCCGGCGCGAAGCTTGCGC  

Ac_93 26/168 CGCGGATCCCGCGCGCAACAATACACACAA

CCTTCGCGTTCGGGCGCGAAGCTTGCGC 

 

* Underlined sequences on the both ends of aptamer sequences the constant regions 

of 15 nucleotides long, the sequences in between the constant regions are variable 

region.  

3.3.5.  Sequence motif search 

The Neu5Gc binding consensus sequences Gc-224, 239 and 101 variable regions 

were aligned together (Figure 3.12). The constant regions of these sequences were 

omitted from this analysis as it was anticipated that the binding of the aptamer varies 

with the sequence change in their variable region. There were four sequence motifs 

observed after aligning The first motif is (G/C – C/G – A – A – C – A/G), the second 

A – C/A, the third G/C – A/T – C/T and the fourth TT respectively. On comparing 

Gc-224 and 239 they have a motif AACCTTCGCG, however the sample sise of Gc-

239 (9 oligonucleotides) is smaller than Gc-224 (237 oligonucleotides) (Figure 3.10). 

In Neu5Ac aptamer motif alignment, it was difficult to predict an aptamer motif 

upon comparing all five aptamer species together (figure 3.13). However, aptamer 

Ac- 68, 89 and 93 share common motifs and aptamer Ac- 94 and 93 possess common 
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motifs. Also, sequences Gc-224 and Ac-79, which were selected for further 

characterisation also aligned and there are few motifs of 2 to 3 nucleotides long 

(Figure 3.14). 

 

Figure 3.12: shows alignment of Neu5Gc binding sequence consensus, Gc-224, 239 

and 101 variable regions. 

 

Figure 3.13: shows alignment of Neu5Ac binding sequence consensus, Ac-68, 89, 

79, 94 and 93, variable regions. 

 

Figure 3.14: shows alignment of Neu5Gc binding sequence Gc-224 and Neu5Ac 

binding sequence Ac-79 variable regions.  
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3.3.6.  Secondary structure prediction 

The secondary structures of all aptamers against Neu5Gc and Neu5Ac were 

predicted after inputting the details of conditions used in the bench experiments. 

Neu5Gc binding aptamers Gc-224 and Gc-239 have similar structure, while Gc-101 

is inverted than Gc-224 and Gc-239 (Figure 3.15). Neu5Ac binding sequences have 

different structure as their stem loop sequences have different nucleotides in each 

structure (Figure 3.16). 
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Figure 3.15: Secondary Structures of (A): Gc-101, (B): Gc-224. The secondary structures of ssDNA sequences selected against Neu5Gc were 

predicted using mfold DNA model software. The conditions required in the software are the nature of DNA sequence, which was considered to 

be linear.  The folding temperature was kept constant at 37
  
°C as used in panning experiments. The ionic conditions used were 157 mM Na

+ 
and 

5.0 mM Mg
++ 

for Neu5Gc aptamer prediction.   
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Figure 3.15 (C): Secondary Structures of (a) Gc-239 structure 1 and (b) Gc-239 structure 2. The secondary structures of ssDNA sequences 

selected against Neu5Gc were predicted using mfold DNA model software. The conditions required in the software are the nature of DNA 

sequence, which was considered to be linear.  The folding temperature was kept constant at 37
  
°C as used in panning experiments. The ionic 

conditions used were 157 mM Na
+ 

and 5.0 mM Mg
++ 

for Neu5Gc aptamer prediction.   
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 Figure 3.16 (A): Secondary Structures of (a) Ac-79 structure 1, (b) Ac-79 structure 2, (c) Ac-79 structure 3. The secondary structures of ssDNA 

sequences selected against Neu5Gc were predicted using mfold DNA model software. The conditions required in the software are the nature of 

DNA sequence, which was considered to be linear.  The folding temperature was kept constant at 37
  
°C as used in panning experiments. The 

ionic conditions used were 157 mM Na
+ 

and 5.0 mM Mg
++ 

for Neu5Gc aptamer prediction.   
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Figure 3.16: (B): Ac-68, (C): Ac-89. The secondary structures of ssDNA sequences selected against Neu5Gc were predicted using mfold DNA 

model software. The conditions required in the software are the nature of DNA sequence, which was considered to be linear.  The folding 

temperature was kept constant at 37
  
°C as used in panning experiments. The ionic conditions used were 157 mM Na

+ 
and 5.0 mM Mg

++ 
for 

Neu5Gc aptamer prediction.   



 

 

161 

     

Figure 3.16 (D):  Secondary Structures of (a) Ac-94 Structure 1, (b) Ac-94 structure 2, (c) Ac-94 structure 3. The secondary structures of ssDNA 

sequences selected against Neu5Gc were predicted using mfold DNA model software. The conditions required in the software are the nature of 

DNA sequence, which was considered to be linear.  The folding temperature was kept constant at 37
  
°C as used in panning experiments. The 

ionic conditions used were 157 mM Na
+ 

and 5.0 mM Mg
++ 

for Neu5Gc aptamer prediction.   



 

 

162 

 

Figure 3.16 (E): Secondary Structures of Ac-93. The secondary structures of ssDNA sequences selected against Neu5Gc were predicted using 

mfold DNA model software. The conditions required in the software are the nature of DNA sequence, which was considered to be linear.  The 

folding temperature was kept constant at 37
  
°C as used in panning experiments. The ionic conditions used were 157 mM Na

+ 
and 5.0 mM Mg

++ 

for Neu5Gc aptamer prediction.   
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3.4.  Discussion 

There is a considerable interest in Neu5Gc, commonly found as a terminal motif on 

glycoproteins and glycolipids in a range of non-human species. The ability to detect 

and the quantification of the motif on cells is important for their roles in bio 

therapeutic contamination (Ghaderi et al., 2010, Ghaderi et al., 2012), and in cancer 

progression (Padler-Karavani et al., 2011). This information has particularly 

highlighted the need for specific binding agents and a convenient analytical method 

for Neu5Gc. Recognition molecules can be used to develop cost effective and high-

throughput methods that can be comparable to conventional carbohydrate analysis 

techniques such as mass spectrometry and chromatographic techniques (Shaw et al., 

2008, Cunningham et al., 2012). Aptamer technology can offer a source of easily 

manufactured and reproducible glycan recognition molecules, which is exploited 

during this research.  

Using SELEX, in vitro aptamer selection was performed against Neu5Ac and non-

human sialic acid: Neu5Gc. The ssDNA library used to generate aptamers was 60 

nucleotides long with a 30 base variable region, ensuring that it should neither be too 

small to generate enough diversity nor should be too long to reduce DNA product 

efficiency (Musheev and Krylov, 2006). For optimisation of the SELEX procedure, 

ssDNA preparation is an essential step to carry out successive rounds of 

amplification and selection. As it has been reported that frequent use of PCR and Gel 

electrophoresis reduces the ssDNA efficiency (Musheev and Krylov, 2006, 

Svobodova et al., 2012, Marimuthu et al., 2012, He et al., 2013), the initial ssDNA 

preparation method which involved 2-step quality and sise check of ssDNA (using 

both Agarose gel electrophoresis followed by PCR and then urea gel electrophoresis 

followed by PCR), was later optimised in to single step PCR amplification and 

ssDNA separation reducing the loss of ssDNA yield. Also, ssDNA extraction and 

purification methods were substituted and optimised that gave higher yield of ssDNA 

after subsequent rounds (Mallikaratchy et al., 2006). 

The multiple numbers of positive selections of Neu5Gc-sp-biotin and Neu5Ac-sp-

biotin were done to ensure that the strong binding DNA species should be retained 

and the low binding noise should be removed. Ten rounds of positive selections were 
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done against their respective targets a using biotin-streptavidin separation method 

based on the previous SELEX experiments (Gopinath, 2007, Svobodova et al., 2012, 

Marimuthu et al., 2012). 10 and 15 rounds of selections were done in the study of 

DNA aptamers selection against Neu5Gc and RNA aptamers selection against 

Neu5Ac, respectively (Cho et al., 2013, Gong et al., 2013). 

As the two sialic acids, Neu5Gc and Neu5Ac are structurally similar, with the only 

difference being the oxygen atom at the 9
th

 carbon, the counter selection with the 

closely related sialic acid (For Neu5Gc binding aptamer selection: Neu5Ac counter 

selection was done, and vice versa) was done to ensure specificity against the desired 

target. In the earlier DNA aptamer report against Neu5Gc-BSA, no counter selection 

against Neu5Ac was performed, they only did counter selection against BSA (Gong 

et al., 2013), and no counter selection was reported in the RNA aptamer selection 

against Neu5Ac (Cho et al., 2013). The third counter selection with HSA and BSA 

was done to ensure that during binding assays, aptamers should not show non 

specific binding against these two common blocking agents. Also, sialic acid 

conjugates of BSA and HSA will be useful for immobilisation of sialic acids in the 

binding assays. Therefore, a counter selection with BSA/HSA was done to remove 

nonspecific binding of ssDNA molecules with these proteins. The quality and 

quantity of ssDNA after each round was analysed to ensure PCR contaminant 

carryover from each round should be the smallest.  

The DNA pools demonstrating highest binding were rounds 7 and 9 against Neu5Gc-

sp-bt, whereas in the previous study, the high binding plateau was observed from 

round 13 to 15 (Gong et al., 2013). For DNA aptamer selection against Neu5Ac, 

rounds 8 and 10 showed high binding and selected for cloning and sequencing, while 

in RNA aptamer selection against Neu5Ac round 10 showed highest binding and was 

selected for cloning and sequencing (Cho et al., 2013). 

A total of 468 clones were obtained in Neu5Gc binding aptamer selection that were 

sent for sequencing, and three consensus sequences emerged, where two of the 

consensus account for more than 97% of the sequences. Previously only 36 clones 

were considered for sequencing and 13 different consensus sequences were obtained 

out of 36 cloned sequences (Gong et al., 2013). For Neu5Ac five different consensus 
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sequences were observed, however, after analysing their sequence motifs it shows 

that the entire consensus had 4-5 substitutions in their sequences and are highly 

conserved. 

The ssDNA consensus from the alignment of cloned sequences obtained from this 

chapter will be synthesised commercially from MWG Eurofins and further used to 

characterise the recognition molecules by developing binding assays against Neu5Gc 

and Neu5Ac. 
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Chapter-4: In vitro characterisation of DNA aptamers 

against Neu5Gc and Neu5Ac 
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4.1.  Introduction 

A variety of bio-analytical assays are available to analyse and measure free or bound 

sialic acid levels in the tissues or in the serum, including colourimetric (Skoza and 

Mohos, 1976) and fluorometric approaches (Shukla and Schauer, 1982).  More 

recently chromatography-based methods have been used widely for the detection and 

analyses of both Neu5Gc and Neu5Ac which include reverse phase HPLC with 

ultraviolet detection (UV), where released sialic acid in the glycoconjugates was 

hydrolysed and benzoylated for their determination (Karamanos et al., 1990), or the 

released sialic acid was o-phenylenediamine-2HCl (OPD) labelled to yield stable 

fluorescent quinoxaline derivatives for use in HPLC with fluorescence detection 

(Anumula, 1995, Kawabata et al., 2000). High-pH anion-exchange chromatography 

with pulsed amperometric detection (HPAEC/PAD), a high throughput method, was 

used to detect hydrolysed sialic acid labelled with 1, 2-diamino-4, 5-

methylenedioxybenzene (DMB) (Rohrer et al., 1998, Hurum and Rohrer, 2011).  

Chromatography in combination with mass spectrometry (MS) has also been used to 

detect sialic acids, e.g. liquid chromatography (LC) with electrospray ionisation-

mass spectrometry (ESI-MS) was used to detect DMB labelled sialic acid with high 

affinity and specificity (Klein et al., 1997, Morimoto et al., 2001). The other version 

involves direct DMB labeling followed by fluorescence chromatography. This is one 

of the most common ways to visualise and identify sialic acids (Shah et al., 2003).  

Recently, a free sialic acid quantification method for human plasma based on robust 

quinoxalinone derivatisation has been reported (Wang et al., 2014). There has been a 

tremendous advancement in the field of MS based methods and conventional HPLC, 

Gas Chromatography (GC) and GC-MS based methods have been largely replaced 

by LC-MS-MS methods (Shah et al., 2000, Kind and Fiehn, 2010). However, both 

chromatographic and MS techniques have their own disadvantages over other bio-

analytical assays. Many of the chromatographic techniques have limitations in 

detecting low abundance, hydrophobic, acidic/basic proteins and glycans (Garbis et 

al., 2005). Most of these chromatographic and MS methods are expensive, are time 

consuming to analyse samples, and they require great expertise and utmost precision 

to run these chromatographic instruments (Lee et al., 1990).  Factors such as pressure 

flow, chromatographic column quality and the capacity to absorb UV also limit the 
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true analyses of quantitative determination of target in the complex biological 

samples (Stanczyk and Clarke, 2010, Brown, 2012).  

Binding assays or immunoassays on the other hand are more convenient, easy to use, 

faster, and relatively inexpensive. Binding assays have been compared with 

chromatographic or MS based method and were found to have similar deviation of 

the target values compared to the conventional chromatographic and mass 

spectroscopy methods (Farrell et al., 2012, Janssen et al., 2012). 

Lectin based binding assays involving glycan-binding lectins have been used for the 

characterisation of cell surface glycans and glycoproteins, based on their selectivity 

for certain glycan structures and linkages present in the biological samples. One 

example of this application is the enzyme linked lectin assay (ELLA) used to detect 

sialylation of transferrin in serum samples (Gornik and Lauc, 2007). Lectins such as 

SNA-I, MAL, MAH and MAA (Geisler and Jarvis, 2011) have been used for binding 

against sialic acids but these lectins do not differentiate between the different forms 

of sialic acids. C type lectins also show binding towards the tumour associated 

sialylated Tn antigen, however, they have affinity for both, α-(2,6)-Neu5Ac-Tn and 

α-(2,6)-Neu5Gc-Tn in the micro molar range (Mortezai et al., 2013).  

Antibodies are another class of recognition molecules that can bind both free glycans 

and glycoconjugates with high affinity and specificity. A chicken polyclonal 

antibody based immunohistochemistry assay was developed that demonstrates 

selectivity between both α-(2, 3) or α-(2, 6) linked Neu5Gc on the glycoconjugates 

(Tangvoranuntakul et al., 2003). However, this assay did not report any binding and 

specificity against free sialic acids and cannot be used for the quantification of free 

Neu5Gc in the biological sample. 

A DNA aptamer which specifically binds to Neu5Gc-BSA has been used in an 

ELISA assay, showing the potential of aptamers as glycan diagnostic reagents (Gong 

et al., 2013). However, the cross-reactivity of this assay towards the closely related 

Neu5Ac sugar was not described. An RNA aptamer against Neu5Ac has also been 

reported, but it shows high cross-reactivity with Neu5Gc (Cho et al., 2013). There is 

the need to develop an aptamer-based assay that can differentiate between Neu5Gc 
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and Neu5Ac and not cross react with closely related sialic acids present on 

glycoproteins or glycoconjugates. 

This chapter describes the characterisation of Neu5Ac and Neu5Gc binding 

aptamers, identified in the previous chapter, using a variety of different binding assay 

platforms.  
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4.2.  Materials and Methods 

4.2.1.  Materials 

ssDNA aptamers obtained from SELEX were synthesised by Eurofins MWG 

(Germany). Biotinylated spacer (sp-biotin), biotinylated Neu5Ac (Neu5Ac-sp-biotin) 

and biotinylated Neu5Gc (Neu5Gc-sp-biotin) were purchased from GlycoTech Inc. 

All neo-glycoconjugates and carbohydrates were purchased from Dextra (UK) and 

IsoSep (Sweden). MyOne streptavidin C1 Dynabeads was purchased from Life 

Technologies, (UK). All solutions were prepared with deionised water purified by 

ELGA water purification system (ELGA, UK). Quant-iT
TM

 OliGreen ssDNA reagent 

was purchased from Molecular Probes, Invitrogen. Fetuin, asialofetuin from fetal calf 

serum and normal human serum (male) were purchased from Sigma-Aldrich UK. 

BSA was purchased from Sigma Aldrich, UK. Mouse serum was purchased from 

DakoCytomation (Denmark A/S). Normal human serum samples were collected with 

signed informed consents from the healthy donors. It was in agreement with the 

Research Ethics Committee, National University of Ireland, Galway for research 

purpose only. 

4.2.2.  Periodic acid treatment of BSA (Periodate BSA) 

BSA was periodate treated by dissolving BSA (5g / 100ml) in periodic acid solution 

(10 mM periodic acid in 0.1 M sodium acetate at pH 4.5) solution and incubated at 

room temperature for 6 h. The periodate-treated BSA was dialysed against four 

changes of water over two days at 4 °C. Finally, the periodated BSA was lyophilised 

and stored at 4 °C. 

4.2.3.  ELISA-based binding assays 

Neu5Gc-PAA, Neu5Ac-PAA conjugate and PAA were immobilised in individual 

wells of a NUNC Maxisorp plate at a concentration of 10 µg/mL overnight at 4 
o
C.  

Excess antigen was removed by washing with Phosphate Buffer Saline (PBS) with 

0.05% Tween-20 (PBS-T) three times and any remaining free binding sites were 

blocked with 3% periodate-treated BSA for 60 min at room temperature with 

constant shaking. The plates were then washed again three times with PBS-T. Each 

selected aptamer was prepared in Binding Buffer (PBS, 5 mM MgCl2, 25mM NaCl 
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at pH 7.4) and unfolded by heat denaturing at 95 
o
C for 5 min and cooled on ice for 5 

min and then subsequently allowed to warm up at room temperature for 10 min prior 

to assay. The aptamers were then incubated with immobilised Neu5Gc-PAA, 

Neu5Ac-PAA and PAA for 90 min on a plate shaker at room temperature. Any 

unbound aptamer was removed by wasing three times with PBS-T, and bound 

aptamer was detected with Streptavidin-poly-horseradish peroxidase (SA-Poly-

HRP, Pierce, Boston, MA, USA), 1: 8000 dilution supplemented with 0.1 % BSA, at 

room temperature for 1 h. After washing, colour was developed using 50 μL of one-

step 3,3’,5,5’ Tetramethylbenzidine (TMB), (Sigma, UK) substrate at room 

temperature for 20 min. The colour development was stopped by the addition of 50 

μL of 2 N H2SO4 and the optical density of each well was read at 450 nm (Higuchi et 

al., 2008, Ferreira et al., 2008).  

4.2.4.  Surface Plasmon Resonance (SPR) analysis 

The interaction affinity of the DNA aptamer against target sugars was determined 

using SPR utilising a Reichert SR7500DC SPR instrument (Reichert Technologies 

Life Sciences, New York, USA). Carboxymethyl Dextran Hydrogel Surface Sensor 

Chip and pre-immobilised Streptavidin/NeutrAvidin Sensor Chip were purchased 

from Reichert Technologies Life Sciences (New York, USA). All the glass tubes for 

sample preparation, and incubation were also purchased from Reichert Technologies 

Life Sciences (New York, USA). Neu5Gc-PAA and Neu5Ac-PAA were purchased 

from Dextra, UK. EDC and NHS were purchased from Sigma, UK. 

 

Flow cells were washed in a 1% TritonX-100 solution at a flow rate of 100 μL/min 

for 10 min. The prism surface was washed with an ethanol-wetted cotton 0.75 μL of 

immersion oil (1.515 refractive index matching fluid), spread onto the prism between 

the holes on either side. The sensor chip was then placed onto the prism surface and 

the clamp closed. To check correct placement of sensor chip, the detector scan data 

was checked and found to be properly overlapped with left (blue) and right (red) 

flowcell (Figure 4.1). 
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Figure 4.1:  Detector scan data showing SPR minima. The SPR minima for left flow 

cell (blue) and right flow cell (red). The coherence of SPR minima of both channels 

indicates that pressure and flow rate is similar in both channels. 

 

The temperature of the SPR machine was kept constant at 37 °C throughout all 

subsequent experiments. Buffers were prepared fresh daily, extensively degassed and 

filtered through 0.22 μM membrane which is essential to neglect any drift in the 

baseline. To optimise the pH of ligand for higher immobilisation efficiency onto the 

sensor chip surface, pH scouting for buffer was done. In pH scouting, two different 

pH buffers were used: 10 mM sodium acetate pH 4.0 (Figure 4.2A) and 10 mM 

sodium acetate pH 5.0 (Figure 4.2B). 10 mM sodium acetate pH 5.0 had a higher 

response unit (Figure 4.2B) and it was selected for ligand immobilisation.  
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Figure 4.2 A: pH scouting of 10 mM sodium acetate buffer pH 4.0 with streptavidin 

ligand immobilised on to the amine coupled carboxymethylated sensor chips. Blue 

line (left flow cell) has a ligand immobilised, red line (right channel) is a blank flow 

cell, and the pink line is a difference of left and right flow cell. This buffer showed a 

response of 7 response units (pink line). 
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Figure 4.2 B: pH scouting of 10 mM sodium acetate buffer pH 5.0 with streptavidin 

ligand immobilised on to the amine coupled carboxymethylated sensor chips. Blue 

line (left flow cell) has ligand immobilised, red line (right channel) is a blank flow 

cell, and the pink line is a difference of left and right flow cell. This buffer showed a 

response of 874 response units (pink line). 

 

Coupling of target molecules to the carboxymethylated dextran surface was carried 

out using a protocol provided by Reichert Technologies. 40 mg EDC and 10 mg 

NHS was diluted with 1 mL of water and injected over both channels for 10 minutes 

at a flow rate of 25 μ L/min. 100 μg/mL of ligand in 10 mM sodium acetate pH 5.0 

was immobilised for 10 minutes at 20 μL/min over the left channel only. 1 M 

ethanolamine HCl pH 8.5 for blocking was injected over both channels for 10 

minutes at 20 μ L/min. Sensor surfaces were regenerated after each binding cycle by 

subsequent injections of 10 mM glycine-HCl, pH 2.5 for 60 sec. After each cycle, the 

sensor chip was washed with 50 μL of washing buffer (PBS pH 7.4) at a flowrate of 

25 μL for 30 s. 
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4.2.5.  Bead-based fluorescence affinity and specificity analysis of aptamers 

For the initial evaluation of the selected aptamers, a similar assay was performed as 

that in the ssDNA pool enrichment analyses against Neu5Gc and Neu5Ac. In the 

current assay, custom synthesised aptamers were used instead of the ssDNA pool, 

and for the eluted aptamer detection, both OliGreen dye and urea gel detection was 

used (Figure 4.3). 

 

Figure 4.3: Pictorial representation of bead-based binding assay used for aptamer-

biotinylated sugar interaction.  

The target Neu5Gc-sp-biotin and control sp-biotin (2 μg/mL) were incubated with 

free ssDNA aptamer (500 nM) for 1 h at 37 °C on gentle rotation. Prior to 

incubation, each selected aptamer was prepared in binding buffer. The ssDNA was 

denatured at 95 °C for 5 min and subsequently cooled on ice for 5 min and later 

allowed to warm up at room temperature for 10 min. The ssDNA-biotinylated sugar 

complex was then immobilised onto streptavidin-coated Dynabeads for 30 min at 

room temperature on gentle rotation (approximately 40 rpm). The Dynabeads 

complex was washed 3 times with 200 μL of binding buffer. The bound ssDNA were 

then eluted using 50 μL of nuclease-free water at 95 °C for 5 min and fluorescence of 

ssDNA with OliGreen dye in TE buffer was measured at ex 485 nm and em 520 nm 

using a microtitre plate reader (SpectraMax Pro M5e, Molecular Devices). 
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4.2.6.  Bead-based fluorescence aptamer binding inhibition assay 

The target, Neu5Gc-sp-biotin (1 nmol or 2 μg/mL) was incubated with the selected 

aptamers (500nM) in the presence of free Neu5Gc ranging from 0 to 1 mg/mL in 

binding buffer for 1 h at 37 
°
C with gentle rotation. Prior to incubation, the aptamers 

were prepared in binding buffer for binding analysis by unfolding through heat 

denaturing at 95 °C for 5 min, cooling on ice for 10 min and then allowed to warm 

up to room temperature for 10 min. The aptamer-sugar complex was then incubated 

with 250 μg of streptavidin Dynabeads for 30 min at room temperature with gentle 

rotation. The Dynabead-aptamer-sugar complex was washed twice using 200 μL 

binding buffer and eluted using 50 μL of nuclease-free water at 95 °C for 5 min. 

Binding was determined using fluorescence by incubating the complex with 

OliGreen dye in TE buffer at ex 485nm and em 520 nm.  

4.2.7.  ssDNA detection on urea gel 

7M urea/ 8% Polyacryl Amide were prepared by mixing, 2.67 mL of Protogel 

(National Diagnostics, UK) with 4.2 g of urea (Sigma, UK) and 2 mL of 5x TBE 

buffer and made to a volume of 9.89 mL with distilled water and then filtered with 

0.45-μM filter membrane.  After filtration, 100 μL of 10% (10 mg/100 mL) of 

ammonium per sulphate (APS) with 10 μL of N,N,N',N'-Tetramethylethylenediamine 

(TEMED) were added in the gel mixture.  

The ssDNA was separated on the gel, where gel was run using 1 X TBE buffer 

(89mM Tris-HCl, 89 mM boric acid and 2 mM EDTA at pH 8.2) at 180 volts for 30 

min. ssDNA was detected by immersing the gel in 50 mL of 1:10,000 volume of 

SYBRSafe DNA gel stain (Life Technologies, UK) in PBS buffer for 15 minutes 

with constant agitation.  ssDNA was visualised on a ChemiDoc image analyser 

(BioRad, UK). 

4.2.8.  Biotinylation of glycoproteins 

Bovine fetuin, bovine asialofetuin (Sigma) and normal mouse serum (Dako) were 

dissolved in 0.1M  2-N-morpholino- ethanesulfonic acid (MES) buffer, pH 4.7 

(Thermo)  to 10 mg/ml.  

Glycoproteins and serum samples were conjugated with amino-PEG3-biotin (Pierce) 

for aptamer binding assay according to the manual  
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(https://www.piercenet.com/instructions/2160750.pdf, 2013). 2 mg of protein were 

incubated with 60 μL amine-PEG3-biotin (21 mg/ml) and 3ul EDC (19 mg/ml) in 

0.5ml 0.1 M MES buffer, pH 4.9 (0.01 mole or 1.95 g of MES free acid in 100 mL of 

water) for 2 hours at room temperature. The modified proteins were desalted using 

an Amicon® ultra (Millipore, UK) column through exchange with binding buffer.  

Biotinylation of the protein was confirmed by ELISA using a  commercially 

available biotinylated BSA (Thermo Scientific, UK) as control. The concentration of 

protein was quantified by Bradford protein estimation method (Peirce,Thermo 

Scientific, UK) (Bradford, 1976). 

4.2.9.  Confirmation of biotinylation of glycoprotein by ELISA 

To confirm whether glycoproteins are biotinylated, different biotinylated 

glycoproteins (bt-Bovine fetuin, bt-Bovine asialofetuin, bt-Normal mouse serum and 

bt-Human serum) were immobilised in individual wells of a NUNC Maxisorp plate 

at a concentration of 100 µg/mL overnight at 4 
o
C.  Excess antigen was removed by 

washing with Phosphate Buffer Saline with 0.05% Tween-20 (PBS-T) three times 

and any remaining free binding sites were blocked with 3% periodate-treated BSA 

for 60 min at room temperature with constant shaking. The plates were then washed 

again three times with PBS-T. The conjugated biotin was directly detected with 

streptavidin conjugated to Poly-HRP (SA-Poly-HRP, Pierce, Boston, MA, USA), 1: 

8000 dilution supplemented with 0.1 % BSA, at room temperature for 1 h. The 

aptamers were then incubated with immobilised Neu5Gc-PAA, Neu5Ac-PAA and 

PAA for 90 min on a plate shaker at room temperature. Any unbound aptamer was 

removed by washing three times with PBS-T, and bound aptamer was detected with 

Streptavidin-poly-horseradish peroxidase (SA-Poly-HRP, Pierce, Boston, MA, 

USA), 1: 8000 dilution supplemented with 0.1 % BSA, at room temperature for 1 h. 

Again, washed with  200 µL of PBS-T three times and colour was developed using 

50 μL of one-step 3,3’,5,5’ Tetramethylbenzidine (TMB), (Sigma, UK) substrate at 

room temperature for 20 min. The colour development was stopped by the addition 

of 2 N H2SO4 and the optical density of each well was read at 450 nm (Higuchi et al., 

2008, Ferreira et al., 2008).  
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4.2.10.  Statistical analysis and KD calculation 

The statistical analysis of data was performed using GraphPad Prism software for 

Mac version 6.0c (GraphPad Software Inc., SanDiego, CA, USA). All data 

represented as the average values of three replicate determinations. The results were 

expressed as mean values with standard error of mean (SEM). The KD was calculated 

by fitting the data points by the non-linear regression analysis with the help of the 

following equation using GraphPad Prism software:  

 

                   

 

 Where Y is specific binding, Bmax is the maximum number of binding sites and X is 

concentration of the aptamer (Chen et al., 2009, Tang et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

186 

4.3.  Results 

4.3.1.  Initial evaluation of selected Neu5Gc aptamers by fluorescent dye-linked 

aptamer assay 

4.3.1.1.  Neu5Gc 

The three consensus sequences that emerged following selection against Neu5Gc 

aptamers Gc-224, Gc-101 and Gc-239 were synthesised for evaluation of their 

binding characteristics. Initially, they were tested at a single aptamer concentration in 

the same assay as employed during enrichment against spacer-biotin and Neu5Gc-

spacer-biotin. Of the three sequences, aptamers Gc-224 and Gc-239 bound more 

strongly to Neu5Gc-spacer-biotin than to the spacer-biotin (Figure 4.4). Aptamer Gc-

224 gave the highest binding response and hence was selected for further binding 

characterisation experiments.  

 

Figure 4.4: Specific binding profile of aptamer Gc-224, Gc-239 and Gc-101 against 

biotinylated Neu5Gc-sp-biotin and sp-biotin. 2 μM (1 nmol) of Neu5Gc-spacer-

biotin and Spacer-biotin were immobilised on to the Dynabeads. 500 nM of aptamer 

was used for the binding reaction.   

 

Gc-224 Gc-239 Gc-101

0

100

200

300

400

sugars + aptamer

E
x
c
it

a
ti

o
n

 4
8
5
 E

m
is

s
io

n
 5

2
0

Sp-biotin

Neu5Gc-sp-biotin



 

 

 

187 

Aptamer Gc-224 was tested on urea gels to demonstrate its binding specificity to 

Neu5Gc-spacer-biotin, Neu5Ac-spacer-biotin and spacer-biotin. The aptamer Gc-224 

showed a band in Neu5Gc-spacer-biotin lane, however there was no band in the 

Spacer-biotin and low intensity band in Neu5Ac-spacer-biotin (Figure 4.5). Aptamer 

Gc-224 demonstrated only negligible interaction with spacer-biotin relative to 

Neu5Gc-sp-biotin. Also, overall binding intensity of aptamer Gc-224 was higher for 

Neu5Gc-spacer-biotin than Neu5Ac-spacer-biotin. The traces of ladder image in the 

lane 7 are due to the spill over of DNA ladder solution from lane 8 into lane 7 

(Figure 4.5). 

 

Figure 4.5: Eluted ssDNA aptamers Gc-224 and Ac-79 from the Dynabeads-based 

binding assay run on urea gel. Lanes 2 and 5, Neu5Ac-sp-biotin, lanes 3 and 6, 

Neu5Gc-sp-biotin, lanes 4 and 7, sp-biotin. Lanes 1 and 8 are 25bp DNA ladder is on 

either side of the gel. ssDNA bands of 60 bp sise are visible between 50 bp and 75 bp 

ladder. 

4.3.1.2.  Neu5Ac 

Similarly, aptamer Ac-79 was tested on urea gels to demonstrate its binding 

specificity to Neu5Gc-sp-biotin, Neu5Ac-sp-biotin and Sp-biotin. Aptamer Ac-79 
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did not show any binding to Neu5Gc-spacer-biotin and Spacer-biotin. This aptamer 

was binding specifically to Neu5Ac-spacer-biotin over other immobilised glycans 

(Figure 4.5).  

4.3.2.  ELISA-based binding assay 

Different variations of ELISA-based assays were tested to assess the binding of 

biotinylated aptamer Gc-224 against PAA and BSA conjugates of Neu5Gc. Initially, 

PAA conjugates were bound to ELISA plates and the PAA, Neu5Gc-PAA and 

Neu5Ac-PAA conjugates were incubated with and without aptamer Gc-224 (Figure 

4.6). However, the background with PAA conjugate without aptamer was higher than 

the conjugates with aptamer. Also, there was not much difference in the aptamer 

binding against Neu5Gc-PAA and Neu5Ac-PAA (Figure 4.7). 3% milk and BSA 

blocking were tried to see if there is any binding difference due to blocking of the 

immobilised targets, however, the binding pattern observed looks similar and there 

was not any significant binding differences between Neu5Gc-PAA and PAA. Also, 

two different secondary antibodies, one from R&D systems and another from 

Thermo Scientific, were used in three different dilutions of 1:500, 1:1000 and 

1:8000. Again, there was no difference in binding compared to the previous protocol 

(Figure 4.8). Finally, BSA and Neu5Gc-BSA were immobilised on the plate and 

incubated with the biotinylated Gc-224 aptamer (bt-Gc-224) (Figure 4.9). However, 

these results were similar to those of the PAA conjugates.  
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Figure 4.6: ELISA based analysis of biotinylated Gc-224 aptmer against PAA 

conjugates. (--) are the PAA conjuates incubated without aptamer. (++) are the PAA 

conjugates incubated with aptamer. 
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Figure 4.7: ELISA based analysis of biotinylated Gc-224 aptmer against PAA 

conjugates. Two different blocking conditions with 3% BSA blocking and 3% milk 

blocking were used in the assay. (--) are the PAA conjuates incubated without 

aptamer. (++) are the PAA conjugates incubated with aptamer. 
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Figure 4.8: ELISA of biotinylated Gc-224 aptmer against Neu5Gc-PAA conjugates. 

Two different secondary antibody conjugated with HRP from Thermo Scientific 

streptavidin-HRP and R&D systems streptavidin were tested. Two concentrations of 

aptamer from 0 and 1000 nM (1 μM) were used against Neu5Gc-PAA. 

 



 

 

 

192 

 

Figure 4.9: ELISA based analysis of biotinylated Gc-224 aptmer against BSA 

conjugates. Three different concentrations of aptamer from 0 to 1000 nM were used 

against Neu5Gc-BSA and BSA. 

4.3.3.  SPR analyses of glycan-aptamer interaction 

Different approaches were taken to analyse aptamer-glycan interaction, where 

streptavidin was conjugated onto carboxymethylated dextran chips and Neu5Gc-sp-

biotin was incubated with the streptavidin-coated chips, where streptavidin will bind 

to the biotinylated part of Neu5Gc-sp-biotin. On to these Neu5Gc-sp-biotin coated 

chips, unlabelled aptamers were bound to show binding responses of aptamers 

against Neu5Gc-sp-biotin. Alternatively, biotinylated aptamers Gc-224 (bt-Gc-224) 

were immobilised on to the streptavidin-coupled sensor and later free Neu5Gc 

interaction was measured against bt-Gc-224. In another approach, the Neu5Gc-PAA 

ligand was immobilised on to the carboxymethylated dextran chips and then 

unlabelled and biotinylated aptamers were bound to them. 
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A 

 
B 

Figure 4.10:  Response profile of aptamer glycan interaction on SPR. (A) 

Immobilisation of Neu5Gc-sp-biotin (100 μg/mL) on the streptavidin coated sensor 
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chip. Prior to immobilisation of NeuGc-sp-bt, streptavidin was immobilised onto 

carboxymethylated surface (B) Aptamer Gc-224 (1μM) in PBS buffer was flushed 

over biotinylated ligand at a flow rate of 20μL/min. Blue line (left flow cell) has 

ligand immobilised, red line (right channel) is a blank flow cell, and the pink line is a 

difference of left and right flow cell. 

Prior to immobilisation of ligand Neu5Gc-sp-biotin on to the sensor chip, 

streptavidin was immobilised onto the carboxymethylated surface that gave a 

response of 321 RU. The ligand Neu5Gc-sp-biotin (100 μg/mL) was immobilised on 

the streptavidin coated sensor chip, which gave a response of 124 RU, demonstrating 

that Neu5Gc was immobilised on to the chip surface (Figure 4.10 A). However, 

when unlabelled aptamer Gc-224 (1 μM) in PBS buffer was flown over the aptamer, 

there was no binding reported between aptamer and Neu5Gc as the actual response 

unit was in negative values (Figure 4.10 B).  

A 
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B 

 
C 

Figure 4.11: Response profile of aptamer glycan interaction on SPR. (A) 

Immobilisation of bt-Gc-224 (1 μM) on the streptavidin coated sensor chip. Prior to 

immobilisation of bt-Gc-224, streptavidin was immobilised onto carboxymethylated 



 

 

 

196 

surface. (B) Neu5Gc (100 μg/mL) and (C) (500 μg/mL) in PBS buffer was flown 

over biotinylated aptamer at a flow rate of 20 μL/min. Blue line (left flow cell) has 

ligand immobilised, red line (right channel) is a blank flow cell, and the pink line is a 

difference of left and right flow cell. 

In the second experiment, biotinylated aptamers were immobilised onto the 

streptavidin-coupled surface, where four different injections of bt-Gc-224 (1μM) 

were flushed over streptavidin giving a response of 1170, 470, 322 and 205 RU 

respectively (Figure 4.11 A shows four bt-Gc-224 injections). Two concentration of 

free Neu5Gc (100 μg/mL and 500 μg/mL, respectively) were injected over bt-GC-

224 to show aptamer-glycan interaction however, none of the glycan injections 

showed any binding as binding response were negative in both injections (Figure 

4.11 B and C). 

4.3.4.  Evaluation of binding affinities of aptamers, Gc-224 and Ac-79 against 

Neu5Gc and Neu5Ac respectively, using bead-based fluorescence binding 

affinity method 

4.3.4.1.  Neu5Gc 

A binding curve was established at varying concentrations of aptamer, Gc-224, from 

0 to 625 nM and KD values were estimated by linear regression. Binding intensity 

reached saturation at an aptamer concentration of approximately 500 nM and KD was 

estimated as 2.83* 10
7
 M

-1
 with a R

2
 value of 0.95 (Figure 4.12).  
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Figure 4.12: Affinity test of aptamer Gc-224 against Neu5Gc-sp-biotin. Differential 

concentrations ranging from 0- 625 nM were examined against 250 pmol of 

immobilised Neu5Gc-spacer-biotin. 

4.3.4.2.  Neu5Ac 

For Neu5Ac binders, aptamer Ac-79 was selected for affinity analysis. A direct 

binding assay with differential concentrations of aptamer ranging from 0 to 625 nM 

were incubated with immobilised Neu5Ac-spacer-biotin. This aptamer exhibited 

binding saturation against Neu5Gc-spacer-biotin at a concentration of 375 nM. The 

dissociation constant of aptamer Ac-79 was 1.14* 10
7
 M

-1
 with a R

2
 value of 0.96 

(Figure 4.13).  
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Figure 4.13: Affinity test of aptamer Ac-79 against Neu5Ac-sp-biotin. Differential 

concentrations ranging from 0- 625 nM were examined against 250 pmol of 

immobilised Neu5Ac-spacer-biotin immobilised on to the Dynabeads.  
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Figure 4.14: Detection of Neu5Gc in the glycoprotein sample using aptamer Gc-224. 

Four different glycoproteins viz: fetuin, asialofetuin, human serum (from human 

blood) and mouse serum were biotinylated before and then immobilised on to the 

streptavidin Dynabeads. Aptamer concentration used for the binding and detection of 

Neu5Gc is 500 nM.  

4.3.5.  Detection of Neu5Gc in glycoprotein samples 

To determine whether aptamer Gc-224 could recognise Neu5Gc in its native state on 

glycoproteins, a panel of glycoproteins/glycoprotein pools were biotinylated, both 

bovine fetuin and bovine asialo-fetuin were biotinylated to facilitate immobilisation 

on the streptavidin-coated magnetic beads. Aliquots of mouse and human serum, 

representing complex glycoprotein pools, were similarly biotinylated and 

biotinylation confirmed by streptavidin-HRP based ELISA. Higher binding was 

observed with fetuin than asialo-fetuin, as expected (Figure 4.14), because the latter 

had more than 99.5% of the sialic acid moieties removed during preparation. Also, 

aptamer Gc-224 showed significantly higher binding to the biotinylated mouse serum 

protein pool than the human serum protein pool (Figure 4.14). Mouse serum 

glycoproteins would be expected to contain Neu5Gc, because mice can synthesise 
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this sialic acid, whereas none or very low levels would be expected to be present on 

human serum glycoproteins. 

4.3.6.  Development of an aptamer based competitive binding assay for Neu5Gc 

and Neu5Ac respectively by bead-based fluorescence binding inhibition method 

4.3.6.1.  Neu5Gc 

A competitive binding assay was established with aptamer Gc-224 and free Neu5Gc 

as standard over the final assay concentration range of 10 ng/mL to 1 mg/mL. This 

gave a standard curve that was linear over the Neu5Gc concentration range 10 ng/mL 

to 10 μg/mL and had an IC50 value of 121 ng/mL (Figure 4.15). These results 

confirmed the specificity of the aptamer Gc-224-based competitive assay for 

Neu5Gc. When Neu5Ac was tested in the assay over the same concentration range, it 

showed only 30% inhibition of binding (B/B0 = 70%), at 1 mg/mL and therefore the 

IC50 value was greater than 1mg/mL. 

 

Figure 4.15: Binding inhibition profile of aptamer Gc-224 (500nM) against 

Neu5Gc–sp-biotin (250 pmol) using free Neu5Gc and free Neu5Ac, ranging from 0 - 

1 mg/mL (represented as Log (10) ng/mL on x-axis).  
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4.3.6.2.  Neu5Ac 

A competitive assay was also developed for aptamer Ac-79 using free Neu5Ac 

ranging from 10 ng/mL – 1mg/mL.  Free Neu5Ac at 1mg/mL inhibited 89% (B/B0= 

11%) of aptamer Ac-79 binding against Neu5Ac-spacer-biotin, and the estimates of 

50 % (IC50) of aptamer Ac-79 binding against Neu5Ac-sp-biotin was inhibited at 76 

ng/mL (Figure 4.16).  

 

Figure 4.16: Binding inhibition profile of aptamer Ac-79 (500nM) against Neu5Ac–

sp-biotin (250 p mol) using free Neu5Ac ranging from 0- 1 mg/mL (represented as 

Log (10) ng/mL on x-axis).  

4.3.7.  Evaluation of Gc-224 aptamer specificity  

The target Neu5Gc-Sp-biotin (2 μg/ml) was immobilised onto magnetic Dynabeads 

and later aptamer Gc-224 was incubated without any inhibition and also along with 

equal concentration of 1 mg/mL of inhibitory free monosaccharides: Neu5Gc, Glc, 

Gal, Fuc, Man, and Xyl. The binding fluorescence intensity of Neu5Gc-Sp-biotin 

with aptamer Gc-224 without any inhibition was considered as standard 100% 

binding (Figure 4.17). Free Glc, Gal and Man showed more than 90% binding in 

comparison to standard binding, while Fuc and Xyl showed 71.7% and 75.7% 
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binding, respectively, effectively indicating that the aptamer was not substantially 

inhibited by these sugars. On the other hand, free Neu5Gc inhibition showed only 

23.3% binding to the standard binding, which shows that free Neu5Gc at a 

concentration of 1mg/mL inhibited 76.6% of aptamer Gc-224 binding with Neu5Gc-

sp-biotin (Figure 4.17). 

 

Figure 4.17: Aptamer Gc-224 specificity profile using inhibitory free 

monosaccharaides. Six different monosaccharaides ranging from Neu5Gc, Glu, Gal, 

Fuc, Man and Xyl were used as free inhibitory glycans at a concentration of 1 

mg/mL. Aptamer 224 binding with Neu5Gc-sp-biotin without inhibition was 

considered as 100% binding. 
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4.4.  Discussion 

The ability to detect and quantify the Neu5Gc motifs on cells is important for 

determining their role in biotherapeutic contamination. The presence of this 

immunogenic motif on glycoprotein biopharmaceuticals has resulted in adverse 

reactions in patients, (Ghaderi et al., 2010, Ghaderi et al., 2012).  Neu5Gc also has an 

important role in tumour progression (Padler-Karavani et al., 2011, Samraj et al., 

2014). The above highlights the need for specific recognition reagents and a 

convenient analytical method for Neu5Gc detection and determination. Currently, 

there is no binding molecule reported that binds specifically against Neu5Ac.  

Advancements in the fields of immunology, molecular biology and biotechnology, 

have led to the development of new analytical and diagnostics assays. In this work, 

several strategies were pursued to develop appropriate assays including biotinylated 

aptamers used in ELISA type assays, and unlabelled aptamers detected with a DNA-

binding fluorescent dye in binding and inhibition assays.  

Various assay formats were assessed and adapted for determining aptamer specificity 

and affinity. Microtitre plate-based approaches were used initially for specificity and 

affinity comparison with immobilised targets and either (i) direct fluorescence 

detection of bound nucleic acid or (ii) detection of fluorescently-labelled aptamers. A 

most desirable targeted assay format would be an ELISA type assay, which would be 

transferable to high-throughput methods. The choice of label and detection method 

for monitoring the binding event is a very important issue for aptamer assay 

development. Biotin labeling of aptamers is useful in a way that it can be detected 

using an avidin or streptavidin secondary detection step, such as with an HRP 

substrate. The most successful format was the bead based assay with subsequent 

fluorescence using OliGreen dye detection of the unlabelled aptamer (Wochner and 

Glokler, 2007).  

Beads-based binding assay has been used for the detection of low molecular weight 

glycans; this assay has also demonstrated the detection of Neu5Ac using aptamer 

(Cho et al., 2013). For Neu5Ac binding aptamer; Ac-79 has shown binding affinity 

constant of 1.14* 10
7
 M

-1
 in a bead based direct binding assay (Figure 4.13), and the 

IC50 value of 76 ng/mL of free Neu5Ac in the competitive bead based assay (Figure 
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4.16). An RNA aptamer has shown a dissociation constant of 1.5 nM against 

Neu5Ac in the epoxy bead based assay (Cho et al., 2013), which is considered to be 

good binder (Mairal et al., 2008, Friedman et al., 2008), however, this aptamer also 

shows dissociation constant of 90 nM against Neu5Gc, concluding that the published 

RNA aptamer has its limitation in specific selection to Neu5Ac. Aptamer Ac-79 

however, has shown specificity against Neu5Ac in the bead-based assay followed by 

urea gel detection, in which Ac-79 shows DNA band (aptamer) in Neu5Ac-sp-biotin 

lane and no traces of DNA in Neu5Gc-sp-biotin (Figure 4.5). Aptamer Ac-79 is a 

potential aptamer that could detect Neu5Ac specifically in glycoconjugates, however 

more experiments need to be carried out to show higher specificities using a larger 

panel of sialic acids and other glycans. 

A similar aptamer-binding bead based assay was developed for Neu5Gc, showing 

high affinity and specificity of aptamer Gc-224 against Neu5Gc. The aptamer Gc-

224 can detect free Neu5Gc at the very low level of 121 ng/mL. The IC50 value of the 

previously reported Neu5Gc binding aptamer N8 in an ELISA assay was 127 ng/mL 

(Gong et al., 2013), higher than the aptamer Gc-224, (IC50 - 121 ng/mL) reported 

here. Also, aptamer N8, and five other aptamers reported in the previous chapter that 

had a different consensus sequence from Gc-224 did not show any specificity 

towards Neu5Ac. However, aptamer Gc-224 was not significantly inhibited with free 

Neu5Ac with only 30% inhibition using 1 mg/mL of free Neu5Ac. Inhibition at this 

very high concentration of free Neu5Ac is likely to be due to causes other than 

direct, specific recognition of sialic acid. 

While possessing high affinity against immobilised Neu5Gc-sp-biotin, aptamer Gc-

224 was also tested for its specificity against a range of monosaccharides in the 

competitive binding assay (Figure 4.17). Binding against the standard Neu5Gc-sp-

biotin was considered 100 % binding and inhibitory effects competing glycans was 

compared to this binding. Free Neu5Gc showed 76.6 % of inhibition at 1 mg/mL 

where no other glycans inhibited binding more than 25%, indicating that the aptamer 

Gc-224 shows high specificity to Neu5Gc. Three different sialic acid binding 

aptamer studies have reported against Neu5Ac, Neu5Gc and Sialyl lactose (Mehedi 

Masud et al., 2004, Cho et al., 2013, Gong et al., 2013), but none of these studies had 

reported specificities against such variety of glycans in any form of assays. 
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This assay has also demonstrated the detection of Neu5Gc in glycoprotein samples. It 

was important to determine whether aptamer Gc-224 could bind Neu5Gc conjugated 

to glycoproteins and can recognise Neu5Gc present on glycoprotein in the direct 

assay format. The direct assay format could later be transferred to develop point of 

care diagnostics. The glycoproteins, bovine fetuin and bovine asialofetuin were 

selected because bovine fetuin has terminal Neu5Gc, and asialofetuin is chemically 

desialylated and contains no or only trace amounts of sialic acid. Aptamer Gc-224 

showed higher binding with fetuin than asialo-fetuin (Figure 4.14), however it also 

showed low binding with asialo-fetuin as well and the reason is unknown, presuming 

it could be due to the high background. The aptamer Gc-224 showed significantly 

higher binding in mouse serum than human serum. The mouse serum contains 

Neu5Gc, and as expected, aptamer Gc-224 showed high binding to mouse serum 

demonstrating the ability of aptamer Gc-224 to detect the low levels of Neu5Gc 

present in the mouse serum. Thus the assay provides the option of either direct 

analysis of the Neu5Gc on a glycoprotein of interest or measurement of the free 

Neu5Gc in solution. 

In conclusion, this chapter has examined different assay platforms to characterise 

aptamers against their respective targets. Robust platforms like ELISA did not show 

enough binding to detect aptamer-sialic acid interaction. The only assay that worked 

well was the bead-based fluorescent assay and subsequent assay development was 

done for both Neu5Ac and Neu5Gc aptamers, respectively. The reasons for failure of 

other assays could be a glycan presentation issue, as the enrichment of aptamers 

against glycan was done in similar bead-based assays that worked well against both 

aptamers. Another reason for assay failure could be the use of streptavidin as a 

secondary conjugate step in detection of the biotinylated aptamer. In the bead-based 

assay, DNA intercalating OliGreen dye was used that is highly sensitive to detect any 

DNA in the aptamer-sialic acid interaction (Wochner and Glokler, 2007). In ELISA 

assays, biotin labeling of the aptamer is a frequently used alternative because of the 

strong streptavidin/biotin interaction, but a secondary detection step using an 

avidin/streptavidin-HRP conjugate is necessary and only strong binding against 

target in an accessible presentation can be detected using this label (Platt et al., 

2009). This could be due to inaccessibility of aptamers to bind against target glycans. 

Further optimisation in the presentation of glycans as well as aptamers on the 
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immobilisation surface is required and if needed affinity maturation methods could 

be used to enhance binding and specificity. These methods include aptamer sequence 

and structural modification both in silico and in vitro, focusing mainly on the 

variable region sequences or sequences involving the stem loop structures that could 

have higher binding affinity against the target (Nonaka et al., 2012, Soukup et al., 

2001). Also, increasing the numbers of rounds of stringent SELEX selection could be 

employed to so as to generate fewer aptamers that will have increased affinity and 

specificity and thus perform better in different assay platforms. 
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5.1.  Conclusions 

Protein glycosylation is a post-translational phenomenon that is involved in most 

physiological and disease processes. The importance of glycosylation and the 

presence of glycan motifs on cell surfaces is outlined in the beginning in chapter 1. 

Following from this, the importance of glycans in disease and recombinant bio 

therapeutics is introduced. Undesirable inclusion of non-human glycans, such as the 

Gal-α-(1, 3)-Gal motif and the sialic acid Neu5Gc, and the different detection 

methods for the identification of these glycan motifs with specific application for 

bio-therapeutics, are also introduced.  

The high diversity and complexity of the primary structure of glycan chains together 

with their conformational plasticity make analysis of glycan-ligand interactions not 

simple to accomplish. Therefore, the structural complexity and lack of suitable glyco 

profiling tools are major challenges in glycoscience. Most of the known disease-

associated glycobiomarkers were discovered individually using liquid 

chromatography and mass spectroscopy. Though valuable, there is room for 

improvement in these approaches for the discovery phase. Affinity molecules offer 

promise in the development of inexpensive, high-throughput methods that are 

complementary to traditional carbohydrate analysis techniques such as 

chromatography and mass spectrometry. Lectins are carbohydrate-binding proteins, 

which have been effectively used in many applications, however their broad and 

label-dependent specificities can make data interpretation with known structures 

difficult and their unambiguous use for analysis of unknowns impossible. There is 

also a critical need for innovative, rapid, and high-throughput (HTP) technologies to 

specifically detect and quantify non-human glycans. 

These challenges were addressed through development and characterisation of 

aptamers and scFv that could mimic glycan binding lectins. The balance of this thesis 

document details the discovery methods used for novel scFvs and aptamers and 

applications relevant to the fields of biology, biotechnology, and diagnostics. The 

modelling and discovery of new molecules specifically for the identification of non 

human glycan structures has been the main objective of this thesis work, which is 

detailed in chapters 2, 3, and 4. 
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Chapter 2 of this thesis examines the recognition and interaction of reported chicken 

scFv molecules against the Gal-α-(1, 3)-Gal motif, using in silico approaches. From a 

structural point of view, a deep understanding of the fundamentals underlying the 

interaction between glycans and their recognition scFv is essential to rationalise and 

interpret experimental binding and selectivity data at atomic/molecular level. 

Furthermore this knowledge can assist in the design or structural optimisation of 

either binding partner and so improve performance of binding assays based on these 

interactions or provide novel leads for the structure of modulators of the binding 

event.  

For protein (scFv) sequence and structural predictions, homology models of the 

scFvs were developed based on the available crystal structures of scFvs and 

antibodies, and their estimated binding affinity, which were correlating, with SPR 

affinities and previous ELISA results. The binding affinity of each scFv against 

selected glycans and the pattern observed show differential binding affinity across 

the ligands. The binding affinity pattern of the three scFvs against the ligands was 

similar in both in silico modelling and ELISA results.  

The active sites of scFvs are predicted with in this thesis, which will be useful for 

mutagenesis of scFv sequences to enhance their affinities. The determination of key 

binding regions and properties among the amino acid residues, which could be 

critical in the recognition, and binding to the target epitope. In silico study 

demonstrates the potential of this approach for identifying glycan-binding scFvs and 

it could be utilised to identify lectin mimics and their interaction against other 

carbohydrate epitopes. 

Chapter 3 of this thesis describes the aptamer development against sialic acids 

Neu5Gc, which is an important glycan motif in the context of cancer and also act as a 

contaminant in the production of recombinant therapeutics. I also developed aptamer 

against common sialic Neu5Ac to understand the binding mechanism or nucleotide 

preference of aptamer against these two closely related sialic acids. 

SELEX procedure for the aptamer generation was optimised and standardised for use 

in carbohydrate-specific (sialic acids) aptamer selection. Enrichment analyses of all 

10 rounds (pools) of selection against both sialic acids showed that round 7 & 9 and 
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round 8 & 10 demonstrated higher binding against Neu5Gc-sp-biotin and Neu5Ac-

sp-biotin, respectively. The higher binding of a pool correlates with higher number of 

diverse ssDNA molecules binding against the select sialic acids. These specific pools 

were cloned, sequenced, and evaluated for the consensus sequences. The finding was 

that, for Neu5Gc, two consensus sequences accounted for approximately 98.0% of 

the total sequences synthesised, where as in Neu5Ac, the top two consensuses have 

more than half of the total sequences synthesised. The secondary structures of all 

synthesised aptamers were also predicted based on modelling to help better 

understand the stem-loop structure of these aptamers. These predictions suggested 

that the majority of binding motifs were in the loop structures. 

The identification of aptamer sequences that bind glycan targets through the SELEX 

process represents the achievement of a key milestone in the development of an 

oligonucleotide microarray glycosignature platform. The sequences presented here 

could be included on the initial array and will also be manipulated by targeted and 

random mutations to generate a library of related aptamer sequences that will 

represent the feature space of the novel glycan-focused microarray platform.  

Chapter 4 provides a detailed description of the characterisation and assay 

development of DNA aptamers against the sialic acid, non-human Neu5Gc and 

Neu5Ac, where different assay formats were developed for the aptamers generated 

(described in chapter 3) and these were used to evaluate and characterise the 

consensus sequences identified. Different assay formats were tested and the most 

successful assay showing higher binding affinity and specificity was the bead-based 

assay with subsequent fluorescence detection of the unlabelled aptamer. This system 

provided an option of either direct analysis of the Neu5Gc content of a glycoprotein 

of interest or the measurement of the free Neu5Gc in solution. Through the bead-

based assay, high affinity and specificity of aptamer Gc-224 was shown against 

Neu5Gc. The aptamer Gc-224 could be used to detect free Neu5Gc at a very low 

level (mere ng of Neu5Gc per mL). The aptamer Gc-224 also detected Neu5Gc 

presence on glycoproteins such as those found in mouse serum and on bovine fetuin. 

Also, using this same assay, aptamer Ac-79 binds specifically to Neu5Ac and was 

able to detect free Neu5Ac at low concentrations (in the ng/mL range).  
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This to my knowledge is the first report of DNA aptamer binding assay that shows 

differentiation between Neu5Gc and Neu5Ac. By isolating aptamers that can 

distinguish between the two most common forms of sialic acid (Neu5Gc and 

Neu5Ac), it has been demonstrated that this aptamer could be used as both analytical 

and diagnostic tool for the detection of Neu5Gc and Neu5Ac in glycoprotein 

samples. Also, it has shown that oligonucleotide selection by the SELEX procedure 

is a valuable source of novel glycan recognition aptamers. These molecules will have 

great application in biopharmaceutical production as part of a quality control 

workflow in allowing for the identification of potentially harmful molecules. 
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5.2.  Future perspectives 

Following the description of valuable in silico scFv interaction modelling (chapter 

2), it is obvious that the project needs to be continued and extended to include 

mutagenesis experiments. The active sites and the specific residues which have been 

identified from this project could be used as the starting point for the mutagenesis 

experiment to generate specific mutations in new libraries (Zhang et al., 2004). These 

mutated libraries would be anticipated to show higher affinity and enhanced 

specificity towards the Gal-α-(1, 3)-Gal epitope both as free in disaccharide form and 

in trisaccharide Gal-α-(1, 3)-Gal-β-(1, 4)-GlcNAc  

Extending the work described in chapters 3 and 4, the aptamer development research 

against sialic acids, aptamer Gc-224 should be used in a competitive assay to detect 

Neu5Gc mediated inhibitions using biotherapeutics such as Eributux (cetuximab) 

that contains Neu5Gc. The detection and quantification of Neu5Gc contamination in 

recombinant bio therapeutics would be a commercial application for aptamers in the 

pharmaceutical industry. In total, 3 and 5 consensus sequences were synthesised for 

Neu5Gc and Neu5Ac, respectively. However, not all of these aptamers were fully 

tested and characterised against their respective sialic acids. Therefore, more 

complete aptamer sequence validation and characterisation must be done before 

these selected aptamers can be used in therapeutic production pipelines. In addition, 

the binding assays and their conditions developed and optimised in this thesis work 

pave the way for the use of oligonucleotide arrays as screening and glycosignaturing 

platforms. 

The other aspect of future aptamer development is to discover new modalities for 

treatment that are fast, accurate, selective and cost-effective. Nucleotide-based 

aptamers have often been highlighted as ‘the new antibodies’ due to the 

extraordinarily high sensitivity and selectivity towards their targets as they are easy 

to produce and modify, are low cost, high specificity and affinity, have long shelf life 

and can bind a wide range of molecules including whole living cells (Ismail et al., 

2013). 

An approach that has huge potential is based on aptamer engineering. That is, to use 

tailored aptamer sequences which have their unique tertiary structure, which can 
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provide distinct and highly selective interaction against carbohydrate targets. The 

aim is to increase our understanding of what it is that makes a good aptamer, by 

systematically exploring the relationship between sequence, tertiary structure and 

ligand binding.  

 

From this future work, the set of key oligosaccharides and carbohydrate targets 

identified as biomarkers and therapeutically important targets will be used as probes 

to generate and optimise aptamers using computational modelling (Eriksson et al., 

2014) and NMR spectroscopy (Lebars et al., 2007). However, there is an enormous 

lack of structural data and very little knowledge about the specific interactions 

between the aptamers generated and their targets. The exploration of the fundamental 

details in secondary structure, tertiary fold and aptamer-ligand interactions will not 

only increase our basic understanding, but also enable the construction of tailored 

nucleotide sequences for a wide range of new targets. The optimised aptamers will 

be then tested through microarray screening techniques (Cho et al., 2006, Collett et 

al., 2005) to validate efficiency in binding to these specific targets.  

The main objectives are suggested to be:  

I. To utilise de novo structure prediction tools to generate tertiary models of these 

aptamers and their glycan complexes. 

II. To verify these models of aptamers and aptamer-target-complexes by NMR. 

III. To use a combination of directed synthesis, computational modelling and NMR 

studies, to explore the sequence-structure-binding relationship for a range of 

aptamer sequences closely related to those identified above; this will provide an 

understanding of the factors that drive the observed unique sequence – ligand 

matches.  

IV. Finally, to develop an aptamer-based microarray prototypes for these specific 

glycans and test in vitro and on tissue samples.  

With a detailed understanding of the underlying factors governing the tertiary 

structures of oligonucleotide aptamers and how to optimise interactions between 

sialic acids, and a validated and accurate predictive tool, this opens up for an entirely 

new area. It will become possible to generate target-specific aptamers for 

identification/diagnostics and treatment of a wide range of indications. In addition, 
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this will provide knowledge and fundamental understanding that opens for future 

projects and developments in terms of, e.g., biomarker-DNA interactions, analytic 

tools, and new treatment modalities.  
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Selection and characterisation of aptamers against Lewis
b
 (Le

b
). 

A1. Cloning and sequencing of aptamer pool against Le
b
  

For 5th, 8
th

, 10
th

, and 12
th

 round of SELEX, the aptamer pools were amplified using 

unmodified forward primer and reverse primer as described above. These sequences 

were cloned into the pCR 4.0 TOPO vector and positive clones were selected for 

sequencing (Eurofins MWG Germany). A PERL script was used to extract the insert 

sequences in the pCR 4.0 Vector. The fetched sequences varied from 58-62 

nucleotides and were aligned with ClustalW alignment program using the default 

settings to draw a consensus. Five consensus sequences were obtained with high 

copy number. (Table1) 

Table1:  Consensus sequences obtained after microtiter plate sequencing. 

Conse

nsus 

sequen

ces 

Copies 

across 

rounds 5, 

8, 10 and 

12 

Sequences per consensus 

R12-

005 

68 GCGCGGATCCCGCGCGGAAGACCAAGCTCCAAATTS

TTACTGKGGGCGCGAAGCTTGCGCA 

R12-

063 

61 GBGCGGATCCCGCGCGCAAACAGGATTAAGGGTAAG

TCGTCAAAGGCGCGAAGCTTGCGCA 

R12-

GH04 

25 GCGCAAGCTTCGCGCCCACAGTAAGAATTTGGAGCT

TGGTCYTCCGCGCGGGATCCGCGCA 

R10-

ED12 

13 GCGCGGATCCCGCGCGTAGTTTACACTATTGACTTTG

CTATATTGGCGCGAAGCTTGCGCA 

R12-

GH12 

14 GCGCAAGCTTCGCGCCAGCGAAGGTTGGGGTGTATT

TATTGTTGGCGCGGGATCCGCGCA 

 

A2. Binding analysis of aptamers against Le
b
 

The binding behaviour of the selected aptamers was evaluated using a 8 well strip 

Maxisorp NUNC plate based assay and biotinylated aptamers. Le
b
 antigen-BSA 

conjugate (Le
b
 -BSA) and BSA was immobilised on 8 well strip (10 µg/ml) 

overnight at 4
 o

C, washed with PBST (PBS+ 0.05% Tween-20) three times and 

blocked with 3% preiodate treated BSA for 60 minutes on shaker at room 

temperature, after which they were washed again three times with PBST. Each 

selected aptamer was prepared in Binding buffer (5mM MgCl2 + 25mM NaCl + 

PBS) for binding analysis by unfolding by heat denaturing at 95
o
C for 5 min and 

cooling on ice for 5 min and allowed to warm up at room temperature for 10 minutes. 

The aptamers were then incubated with immobilised Le
b
-BSA for 90 minutes on 
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shaker at room temperature, unbound aptamer washed away three times with PBS 

with 0.05 % Tween-20, and bound aptamer detected with streptavidin conjugated to 

Poly-HRP (Fisher scientific) (1: 8000 dilution with 0.1 % BSA, room temperature 

for 1h). After washing, colour was developed using one-step TMB (Sigma; RT for 20 

minutes). The reaction was stopped by addition of 1 M H2SO4 and wells were read at 

450 nm. Three of five aptamers showed significant binding against Le
b 
 (Figure 1). 

 

 

Figure 1: ELISA of all 5 biotinylated aptamers against Le
b
 

 

A3. Specificity of aptamer bt-R12-005 against glycans 

The specificity analysis was done using same protocol mentioned above for binding 

analysis. Ten different neo-glycoconjugates: BSA conjugated and BSA (control) 

were used for analysis. 

750 nM of aptamer used in each well. Le
b
-3atom–BSA and Le

b
-APD-BSA showed 

significantly higher binding than onther glycans, however Le
x
-BSA showed 

moderate binding with bt-R12-005 (Figure 2) 
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Figure 2: Specificity analysis based on ELISA of aptamer bt-R12-005 against 

different neo-glycoconjugates. 

 

A4. Concentration dependent ELISA  

Concentration dependent ELISA was done to calculate affinity constant of aptamer 

bt-R12-005 against Le
b
. This assay was done using similar protocol mentioned above 

in binding analysis. Differential concentrations of aptamer ranging from 0 to 

1000nM were used for analysis. Aptamer bt-R12-005 showed differential increase 

from 0 to 1uM, however saturation was not achieved till this concentration (Figure 

3).  

 

 
Figure 3: Concentration dependent ELISA of bt-R12-005 against Le

b
-BSA 
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This experiment was repeated again with higher conentration till 10uM (Figure 4) 

but the intensity of absorbance was low. This might be because change in lot of 

Streptavidin-HRP, after that different Streptavidin-HRP: RandD DUSet Streptavidin-

HRP, Neutravidn: HRP with different dilution were tried to achieve higher 

absorbance intensity, but the intensity was still low. 

 
Figure 4: repeated concentration dependent ELISA of bt-R12-005 against Le

b
-BSA 

 
Figure 5: Streptavidin-HRP test with new vial of aptamer bt-R12-005 

Later, new vial of aptamer bt-R12-005 was tried at different concentration using 

Invitrogen (old) Streptavidin-HRP and Neutravidin-HRP (Figure 5), but intensity 

was higher with old streptavidin-HRP, this showed that there was problem with 

aptamer stability, rather than the Streptavidin. 
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Appendix-2: A tightknit group: Protein glycosylation, 

endoplasmic reticulum stress and the 

unfolded protein response 
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Abstract

Although the dependence upon glycosylation for protein folding and function is 
understood to be a key part of protein maturation within the endoplasmic reticu-
lum (ER), details concerning the interconnected nature of pathways associated 
with protein glycosylation, ER stress and the unfolded protein response are only 
now beginning to come to light. Changes in glycosylation may induce ER stress 
or may be induced by ER stress. It has been established that glycosylation and 
ER stress are essential in a variety of cellular processes and diseases. N-linked 
glycosylation within the ER is necessary for monitoring the state of protein fold-
ing and the state of glycosylation in the ER is a determinant for further process-
ing of proteins in Golgi or destruction of improperly folded proteins in the ER 
associated degradation (ERAD) process. This chapter explores the interdepen-
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dence of ER stress and glycosylation during protein quality control and cellular 
response to physiological stress.

Keywords

Golgi · Endoplasmic reticulum · N-glycan · O-glycan · Biopharmaceutical · 
Oligosaccharide · Lectin · Glycosidase · Chaperone · Glycosyltransferase · 
Calnexin · Calreticulin

Abbreviations

2dGlc 2-deoxy-Dglucose
Asn Asparagine
BiP immunoglobulin heavy chain-Binding Protein
CMPST CMP-sialic acid transporter
DTT Dithiothreitol
eIF2α eukaryotic Initiation Factor-2α
ER Endoplasmic Reticulum
ERAD ER Associated Degradation
ERManI ER α1–2 mannosidase I
EMC ER membrane protein complex
GalNAc N-acetyl-galactosamine
GDPFT GDP-fucose transporter
Glc Glucose
GlcNAc N-actylglucosamine
GRP78 Glucose Regulated protein 78
HA influenza hemagglutinin A
Man Mannose
Man2C1 cytoplasmic α-mannosidase
MANEA Golgi resident endomannosidase
PTMs Post Translational Modifications
TM Tunicamycin
UGGT UDP-glucose:glycoprotein glucosyltransferase
UPR Unfolded Protein Response
XBP1 XBP1

1  Introduction

In eukaryotic cells, the majority of proteins are modified during or soon after trans-
lation. These covalent modifications are collectively called post-translational modi-
fications (PTMs) and serve to provide an additional level of regulation for proteins 
as well as to allow selective participation in multiple processes [1–3]. One of the 
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most prevalent PTMs is glycosylation which is the attachment of oligosaccharide 
structures (glycans).

With few exceptions, glycosylation of proteins occurs in the eukaryotic secre-
tory pathway and is carried out in discrete biosynthetic steps divided between the 
endoplasmic reticulum (ER) and Golgi apparatus [4–9]. Unlike nucleic acids and 
proteins, glycan structures are not directly determined by genes, are not synthesized 
in a template-based manner, and may be linear or branched in structure. In some 
instances, glycans may be further modified by acetylation, sulfation or phosphory-
lation.

Glycosylation is also a fundamental part of the ER’s protein quality control sys-
tem, which sorts improperly folded proteins for systematic recycling. The secretory 
pathway, beginning with the ER and ending at the trans-Golgi, is charged with the 
delivery of properly folded and glycosylated proteins to the cell surface and this 
activity is vital in the development and homeostasis of all eukaryotes as well as cell-
to-cell communication within multi-cellular organisms [3, 5]. Glycan moieties on 
glycoproteins are also involved in a wide array of functions ranging from increas-
ing the solubility and stability of proteins to extending their circulatory half-life 
in the serum and also have roles in most chronic and infectious diseases [10]. It is 
therefore unsurprising that glycosylation pathways are profoundly influenced by 
ER stress [11]. Situations, which induce ER stress contribute to the altered regula-
tion of pathways associated with the unfolded protein response (UPR), endoplasmic 
reticulum associated protein degradation (ERAD) and protein secretion as well as 
underlying levels of transcription and translation [12, 13].

The purpose of this chapter is to introduce the process of glycosylation and ex-
plore some of the recent studies and findings instrumental in connecting observed 
changes in glycosylation with respect to ER stress, ERAD and the UPR.

2  The N-linked Glycosylation Process

Oligosaccharides attached through the amine of asparagine (Asn) within a polypep-
tide chain are termed N-glycans. Because N-linked glycosylation begins while the 
polypeptide chain is still being folded in the ER and continues in the Golgi after 
the protein is folded, it is a co-translation as well as post-translational modification. 
The initial steps of N-linked oligosaccharide biosynthesis in the ER are similar in 
all eukaryotic cells. However, there are distinct differences in the processing and 
elongation of N-glycans in the Golgi complex which lead to organism-specific oli-
gosaccharide chains (glycoforms).

N-linked glycosylation requires the consensus amino acid sequence Asn-X-Ser/
Thr within nascent polypeptide chains for attachment where X can be any amino 
acid except proline. Transfer of the fourteen-sugar structure consisting of glucose 
(Glc), mannose (Man) and N-acetylglucosamine (GlcNAc) as a complete, pre-
formed oligosaccharide unit (Glc3Man9GlcNAc2) from an ER-membrane lipid do-
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nor to the sequon marks the initiation of N-linked glycosylation [9, 14]. Further 
steps of N-glycan processing in the ER (Fig. 1) are catalyzed by specific glyco-
sylhydrolases (glycosidases) and glycosyltransferases. Glucosidase I removes the 
first Glc residue (furthest from the reducing end of the oligosaccharide) and glu-
cosidase II removes the second Glc residues from the oligosaccharide chain. Dur-
ing this process two chaperon proteins, the soluble calreticulin and the membrane-
bound calnexin, play a critical role in assessing the state of protein folding prior 
to allowing further glycosylation modification. Both calreticulin and calnexin are 
carbohydrate-binding proteins (lectins) and their chaperoning mechanism relies on 
their ability to specifically recognize the monoglucosylated oligosaccharide on the 
nascent protein while it remains within the ER. Normally, removal of the third and 
last Glc by glucosidase II is a signal of proper protein folding and exit to Golgi, 
however, further mechanisms ensure that misfolded proteins are not exported. For 
example, UDP-glucose:glycoprotein glucosyltransferase (UGGT) acts as a folding 
sensor by interacting with both the Glc-free N-glycan and the backbone of the pro-
tein being folded. If the protein is still unfolded after the removal of the last Glc, 
UGGT re-glucosylates the oligosaccharide chain and allows the protein another 
attempt at folding by associating with calreticulin and calnexin. In most cases, this 
cycle of deglycosylation by glucosidase II and reglycosylation by UGGT continues 
until the target protein is correctly folded. If it fails to fold, the target protein is sent 
to ERAD after association with additional chaperones such as EDEM and OS9 [15].

As properly folded proteins are prepared for export to Golgi, ER α1–2 manno-
sidase I (ERManI) removes one Man to generate the Man8GlcNAc2 structure, thus 
ensuring that the oligosaccharide can no longer be glucosylated [16]. Upon arrival 
in the Golgi, glycoproteins bearing the Man8GlcNAc2 structure are then further 
trimmed by glycosidases prior to the addition of monosaccharides which extend 

                  

J. Q. Gerlach et al.

Fig. 1  N-Linked glycosylation process in the ER.     GlcNAc;     Man;    Glc;    calnexin and cal-
reticulin mediated protein folding and reglucosylation by UGGT

To Golgi

ERAD



27

the oligosaccharide chains. These sequential monosaccharide additions are car-
ried out by sugar- and linkage-specific glycosyltransferases. In mammalian cells, 
N-linked oligosaccharide chains often possess penultimate galactose and terminal 
sialic acid residues at the non-reducing end (distal to the polypeptide to which they 
are attached). These reactions are carried out by galactosyltransferases and sialyl-
tranferases, respectively.

3  The O-linked Glycosylation Process

Addition of glycans to the hydroxyl group of serine or threonine amino acid residues 
is known as O-linked glycosylation [8, 17, 18] and is thought to be an exclusively 
post-translational modification. Most O-glycosylation (initiation and maturation) of 
fully-folded proteins occurs entirely within the Golgi complex. Each monosaccha-
ride is added in a sequential manner to generate linear or branched oligosaccharide 
structures. There are different types of O-linked glycosylation in eukaryotic cells 
but among them, addition of N-acetyl-galactosamine (GalNAc) to serine/threonine 
is the most common type in mammals which is commonly known as mucin type 
glycosylation [17].

4  Protein Glycosylation in Relation to ER Stress and the UPR

Together, the N- and O-linked glycosylation processes generate a very large reper-
toire of physiologically responsive glyco-epitopes. Even though protein folding and 
the influence of glycosylation during ER quality control is considered to be one of 
the better-understood cellular processes [11, 19, 20], elongation of N- and assembly 
of O-glycans in the Golgi is less completely understood and continues to complicate 
efforts to fully understand the complex ER/UPR/Glycosylation relationship. Only 
recently have the first findings concerning the effects of Golgi glycosylation on ER 
stress and the UPR been reported [21]. ER stress inducers that are routinely used 
to directly alter protein folding, such as the reducing agent dithiothreitol (DTT) or 
genetic mutation and resulting amino acid substitution, will ultimately alter gly-
cosylation within the ER or suppress export to Golgi causing prolonged ER stress 
and activation of the UPR [22, 23]. Alternatively, agents that either block transfer 
of N-glycans to nascent proteins or inhibit completion of glycosylation, such as tu-
nicamycin ™ derived from fungus or plant alkaloids which block glycosyltransfer-
ases, will lead to a surplus of unfolded proteins, thus creating prolonged ER stress, 
activation of the UPR and ultimately cell death [24, 25]. From these examples, it is 
clear that glycosylation will be affected in either situation and it is this duality that 
fogs the understanding of the specific mechanisms of glycosylation in relation to 
the UPR and how the occurrences of individual glycoforms are influenced by the 
onset and persistence of ER stress and vice versa.

A Tight-Knit Group: Protein Glycosylation, Endoplasmic Reticulum Stress



28

The current state of understanding with respect to ER stress and UPR cell biol-
ogy has recently been reviewed in detail (see Chap. 3). ER stress and initiation 
of the UPR are defined not only by the accumulation of unfolded proteins within 
the ER itself, but also by a surplus of incompletely glycosylated secreted proteins 
which are exported to expected and unexpected targets, a change in Ca2 + levels, 
occupation of resident chaperone proteins, and phosphorylation state of UPR sig-
naling proteins [26, 27]. As these changes may ultimately manifest themselves as 
differential expressions of surface glycosylation, they may therefore be central to a 
variety of physiological phenomena [5, 22].

ER stress is associated with a wide variety of conditions and pathologies [28]. 
The list includes dystroglycanopathies [29], protein mis-localization and mis-traf-
ficking [30, 31], microvascularization and tumorigenesis [32], Epstein-Barr virus 
replication [33], cardiovascular disease [34], diabetes [35], kidney disease [36, 37] 
and neuro-degenerative disorders [38], among others. It is the evidence supporting 
the association of ER stress with several human diseases, especially diabetes [35, 
39] and cancer [40], that is largely driving interest in understanding ER stress and 
related mechanisms.

5  Glycosylation, ER Stress and the Biopharmaceutical Industry

The complex relationship between glycosylation, ER stress and the UPR is also 
an important focus of the biopharmaceutical products industry [41–45]. Many 
commercial therapeutic products are glycoproteins. Excessive levels of ecto-
pic protein expression, like those encountered in large-scale biopharmaceutical 
production, can lead to ER stress and undesirable consequences for host cells, 
ultimately affecting yield and quality of recombinant products [43, 45]. Central 
to revealing more about ER stress, glycosylation and biopharmaceutical quality 
control, new analytical technologies and instrumentation have begun to enhance 
the ability of scientists and engineers to probe deeper into the cell’s biochemistry. 
The enhanced measurement of genetic expression, transcription and translational 
controls, protein covalent modifications and secretion, could allow fine-tuning 
of metabolic pathways and bioenergetics to limit stress and help ensure complete 
glycosylation.

Regulatory agencies have increased pressures requiring companies to better un-
derstand and more tightly control bioprocesses that produce commercial biothera-
peutics. As a result, the biopharmaceutical industry has increased its efforts to ex-
plore pathways which impact glycoprotein quality using systems biology approach 
combining transcriptomic, proteomic, glycomic and metabolomic measurements. 
A more thorough understanding of how inputs affect output parameters in both up-
stream and downstream process steps is necessary. Conventional bioreactor experi-
ments exploring the impacts of soluble gas ratios and changing nutrients have al-
ready lead to clues about the cellular biochemical pathways affected and how these 
in turn influence the quality and quantity of the biotherapeutic product.

J. Q. Gerlach et al.
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6  Recent Examinations of Glycosylation with Respect to ER 
Stress and the UPR

At the genetic level, there is significant overlap of key players in ER stress/UPR and 
glycosylation machinery [46–48]. RNA-based expression studies have been aimed 
at establishing links to individual secretory pathway genes for specific characteris-
tics induced by ER stress. Glycosylation pathway genes (‘glycogenes’) account for 
approximately 5 % of the total expressed genome and ER-stress related expression 
changes of these are generally moderate across studies. Although the percentage 
and fold changes may appear small, their impact is widespread because the major-
ity of the eukaryotic proteome is glycosylated. Altered expression of glycogenes 
has structural and functional implications on a large number of carrier proteins as 
well as lipids. Several expression studies [49–54] conducted over the past few years 
have aimed at establishing links to individual secretory pathway genes for specific 
characteristics induced by ER stress. Some more recent examples of these transcrip-
tomic studies have examined gene expression changes associated with ER stress 
in fungi [55, 56], plants [57–61] and animals or cultured animal cells [45, 62]. 
Variations in the chemical treatments used to induce ER stress, such as thapsigargin, 
tunicamycin [50, 54], salubrinal [33], antimycin, buformin, metformin, phenfor-
min, rotenone, versipelostatin [63] have produced different responses reflecting the 
slightly different mechanism(s) of inducing ER stress. Finally, individual cell lines 
may also demonstrate different responses to a single UPR modulator. For example, 
similar thapsigargin treatment of human medullablastoma cell lines [54] and lym-
phoblastoid cell lines [33] produced differing glycogene regulation (Table 1). All 
of these factors have contributed to a poor consensus about particular responses 
among existing data.

Within the network of genes related to ER stress and the UPR, there is still a 
number of uncertainties with respect to the necessity of individual components. A 
recent study of yeast by Bircham et al. [64] has essentially suggested that the UPR 
is non-essential within a range of non-optimal conditions because a wide margin of 
compensation mechanisms can still function to maintain homeostasis in the absence 
of a functioning UPR network. The ER membrane protein complex genes ( EMC) as-
sociated with the UPR are believed to be part of the early chaperone-driven protein 
folding functions of the ER and four of these have been previously shown to produce 
UPR activation when deleted. To evaluate the necessity of EMC genes 1 through 6 
and additional genes in the UPR, an automated confocal microscopy protocol was 
developed to monitor changes in localization of GFP-labeled plasma membrane pro-
teins as a result of UPR gene deletion and these results were compared to microarray 
analyses. Not surprisingly, the authors discovered that yeast cells were hypersensi-
tive to TM and DTT treatment as a consequence of removing the additional homeo-
static regulation afforded by the UPR, but the mutant cells still had the ability to 
recover homeostasis at low doses of these ER stress agents. Specifically pertaining 
to glycosylation, one of the most interesting outcomes of the study was the observa-
tion that GFP-modified carboxypeptidase Y produced in EMC1–6 double mutant 
cells experiencing significant ER stress had no detectable changes in glycosylation.
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The carboxypeptidase Y expressed by the mutant yeast did, however, demon-
strate a lower surface localization efficiency and a higher proportion of the tagged 
protein was improperly localized to intracellular membranes [64]. Because yeast 
naturally do not have the ability to assemble hybrid or complex N-glycan structures, 
it may be possible that similar UPR-gene deletions in higher eukaryotes would pro-
duce vastly different results with respect to glycosylation of proteins which nor-
mally display more advanced glycan structures.

In contrast, a complete and functional UPR network has been suggested to be es-
sential for the proper induction of apoptosis in some studies, including in the case of 
breast cancer treatment in a mouse model, again with the inhibitor of glycosylation, 
TM [32]. As a potential cancer treatment mechanism, TM induction of the UPR via 
ER stress was shown to effectively cause tumor cell death [32]. Findings like these 
have turned attention toward anti-tumor strategies incorporating chemical modula-
tion of ER stress and continued activation of the UPR in order to induce apoptosis 
[25, 32, 48, 65, 66, 67]. It is important to note that chemical agents which may alter 
glycosylation and induce ER stress, such as TM, have a more global influence on 
the cellular physiology and that the observations made by researchers may or may 
not be directly due to ER stress events.

Global feedback mechanisms controlling pathways directly associated with the 
building and transfer of the oligosaccharide structures as well as those governing 
translation of proteins which are being glycosylated work in concert. The already 
complex relationship between glycosylation and protein expression levels is fur-
ther complicated during ER stress. When populations of oligosaccharide structures 
demonstrate changes in the presence of ER stress inducing chemicals, including 
DTT, deoxynorjirimycin, Brefeldin A or TM, defining whether the origin of change 
is a product of translational feedback or posttranslational feedback requires that 
both systems and even those which feed into them (e.g. glycolysis and the pen-
tose-phosphate pathway) be monitored for their own respective changes [62, 68]. 
Glycoform inventory is affected not only by the control of glycosyltransporters, 
glycosyltransferases and glycosylhydrolases, it is also affected by the availability 
of substrate nucleotide sugars, and nascent polypeptides [5, 7, 69, 70]. For example, 
total oligosaccharide populations during ER stress may show that particular oligo-
saccharide structures across the cell population decrease or increase, but determin-
ing the specific origin of these changes often is not as straightforward as just being 
the result of up or down regulation of glycosyltransferase or glycosidase expression. 
The application of a systems biology approach to studies involving glycosylation, 
ER stress and the UPR will be necessary to fully address these issues.

Influences external to the secretory pathway are crucial to the ER, UPR, and 
glycosylation networks. Glycolysis, the breakdown of glucose for use as an energy 
source or material for anabolic processes, occurs in the cytoplasm of eukaryotic 
cells. Yet, treatment of immortalized cells with the glycolysis inhibitor 2-deoxy-D-
glucose (2dGlc) directly impacts glycosylation and ER stress [25]. Autophagy is a 
cellular survival mechanism which is induced along with cell death (apoptosis) dur-
ing extreme stress. In their work on autophagy and ER stress induced by 2dGlc, Xi 
and colleagues demonstrated that an increase in exogenous mannose had the ability 
to abolish autophagy and also reduce cell stress [25].
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In general, ER stress results in hypoglycosylation of which observed effects in-
clude a decrease in glyco-diversity and an increase in the relative number of high-
mannose structures on secreted proteins. As a result of interest in ER stress-related 
hypoglycosylation, ER-resident glycosidases and lectins are a popular subject of 
study [23, 71, 72]. There has been particular interest in identifying further details 
associated with the final sorting steps which ultimately decide the fate of a newly-
translated and folded proteins and whether they will be exported or degraded.

The relationship between ERAD and the UPR as a result of oligosaccharide trim-
ming by ERManI has recently been examined [23]. ERManI, as introduced at the 
beginning of this chapter, is responsible for trimming high mannose core N-linked 
oligosaccharide structures on newly-synthesized proteins which reside in the ER 
for extended lengths of time, as in situations of stalled protein export to the Golgi. 
HEK293 cells were transfected with a gene for α1-antitrypsin containing a mutation 
which causes the protein to misfold. Through pulse-chase experiments, the authors 
discovered that ERManI expression was stabilized during ER stress and the result-
ing UPR, allowing a greater percentage of misfolded α1-antitrypsin protein in the 
ER to enter the ERAD system for disposal and in turn reducing ER stress [64].

During ERAD, misfolded proteins are transported to the cytoplasm and tagged 
with ubiquitin. Proteins are then systematically deglycosylated by oligosaccharide-
specific cytoplasmic amidases and glycosidases [73]. One consequence of excessive 
ERAD activity in response to ER stress is a cytoplasmic accumulation of neutral 
oligosaccharides containing glucose (these are collectively termed free oligosaccha-
rides, or FOS) [74, 75]. By the action of select glycosidases, constituent monosac-
charides (Glc, Man, GlcNAc) accumulate as well, and these directly affect both 
processing of precursor sugars and assembly of oligosaccharides destined for ER-
localized attachment to proteins [68]. The cytoplasmic α-mannosidase, Man2C1, 
was shown to be a key component of feedback mechanisms related to the breakdown 
or accumulation of free oligosaccharide chains resulting from ERAD activity in re-
sponse to ER stress [73]. Through the use of HeLa cells overexpressing Man2C1, 
the authors demonstrated that the regulation of such glycosidase activity is tightly 
connected to the N-linked glycosylation process. Underglycosylation of GFP-tagged 
Null Hong Kong α-antitrypsin protein and β1-integrin was observed in conjunction 
with a 2.5-fold increase in transformed HeLa cells overexpressing Man 2C1 [73].

Malectin is an ER-resident lectin discovered in an African frog and later found 
to be highly conserved across metazoans [15, 76]. Because of its co-localization 
with calnexin, malectin has been hypothesized as a part of a ‘backup’ quality con-
trol mechanism which recognizes carbohydrates structures and operates during ER 
stress. In vitro, malectin has been shown to bind to di-glucosyl oligossacharides with 
high affinity; however the exact role of the lectin is not yet understood. HEK293 
cells did not show differential expression of calnexin as a result of increased malec-
tin expression and there was no change in the processing of influenza hemagglutinin 
A (HA) in cells expressing high levels of the lectin [76]. Interestingly, the amount 
of HA/malectin association in the ER was affected by folding efficiency of the viral 
protein as fully oxidized, rapidly folding molecules showed a delayed association 
with malectin in comparison to partially-oxidized counterparts. Malectin was also 

J. Q. Gerlach et al.



33

shown to preferentially associate with HA molecules sensitive to deglycosylation 
with endo-glycosidase H, thus further reinforcing that it is involved in recognition 
of specific carbohydrate structures within the ER [76].

Other mechanisms may lead to an accumulation of underglycosylated or un-gly-
cosylated proteins in the cell. The proteasome is a protein complex dedicated to the 
degradation of ubiquinated proteins during ERAD which operates in the cytoplasm. 
Prolonged ER stress chemically induced by the application of the proteasome in-
hibitor MG132 to cultured cells resulted in mis-localization of immunoglobulins 
and type I transmembrane protein, US2, and the observation of a high percentage of 
these proteins lacking N-glycans [30].

New evidence points to the existence of additional mechanisms of protein deg-
radation related to quality control that operate outside of the ER. In metazoans, 
the Golgi resident endomannosidase (MANEA) acts to remove the terminal resi-
dues (Glc-α1–2−Man α1−) attached to incomplete N-glycans. This mechanism is 
separate from the ER-resident exo-mannosidase, ERMan1, that normally operates 
after the removal of the final Glc. The removal of the terminal Glc-α1–2−Man 
α1− allows glycoproteins to escape the calnexin/calreticulin cycle and can allow 
even glycoproteins which are improperly folded access to Golgi-resident glycosyl-
ation processing and elongation [77]. A MANEA knockout Chinese hamster ovary 
(CHO-K1) cell line was transfected with an HA-tagged version of the gene for 
the mannosidase (HA-MANEA) and the localization of the enzyme traced to the 
medial-Golgi. HA-MANEA expression restored Golgi processing in CHO-K1 cells 
and reduced the overall level of FOS. However, the authors were able to detect a 
relative increase in FOS without Glc upon the introduction of the plant-derived ER 
glucosidase inhibitor N-butyldeoxynorjirimycin, effectively showing that a mecha-
nism for degradation of incompletely glycosylated proteins does exist outside of 
the ER. These observations and the implication that a second mechanism of quality 
control-related degradation is active in the Golgi also point to the existence of con-
siderable antero/retrograde trafficking of glucosylated glycoproteins between the 
ER and Golgi during conventional calreticulin/calnexin cycling [77].

Until recently, research aimed at ER stress and the UPR had largely ignored the 
effects of glycosylation carried out exclusively in Golgi. Two transporters respon-
sible for the import and localization of nucleotide sugar substrates critical for the 
assembly of elongated N- and O-glycans in the Golgi were silenced (87–95%) by 
short interfering RNA (siRNA) in HeLa cells to study the effects on protein ac-
cumulation and resulting stress responses [21]. The study targeted a GDP-fucose 
transporter (GDPFT) vital for the attachment of fucose (Fuc) and a CMP-sialic acid 
transporter (CMPST) necessary for transfer of acetylated sialic acid (Neu5Ac) to 
glycans inside the Golgi stacks. As a result of the reduced completion of glycans, 
proteins accumulated in the Golgi which ultimately led to activation of the ER stress 
response (introduced by a slowdown of traffic from ER to Golgi) and the induc-
tion of UPR as indicated by phosphorylation of the eukaryotic initiation factor 2 
(eIF2α), splicing of X-box binding protein one (XBP1) mRNA and BiP/GRP78 up-
regulation. These effects were similar to the those seen with TM treatment of HeLa 
cells without siRNA silencing of CMPST and GDPFT [21]. These results further 
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call to attention the interconnected nature of all parts of the glycosylation and secre-
tory process in relation to ER stress and the UPR.

The complete elimination of glycosylation by mutation of glycosylation attach-
ment residues may also induce the UPR. E-cadherin is a cell-surface glycoprotein 
with four reported glycosylation sites. The elimination of one of these glycosyl-
ation sites through a site-directed mutation resulted in the protein being directed to 
ERAD [78] most likely due to the continued exposure of hydrophobic domains near 
the sequon normally controlled by the presence of the hydrophilic oligosaccharide 
at Asn 633. The necessity of N-glycosylation during the folding process has been 
demonstrated in a variety of additional studies [31, 79–82]. Not all glycoproteins 
require intact glycosylation for proper folding or to move through the secretory 
pathway, however. One recent study of the maturation of sodium/potassium ATPase 
subunits in canine kidney cells included the removal of all three glycosylation sites 
from the β1 subunit had no effect on the localization of the protein to the plasma 
membrane [83]. On the other hand, the authors demonstrated that its counterpart, 
the β2 subunit, required glycosylation and chaperone-mediated folding for proper 
maturation and localization. It is important to note that while proteins may be folded 
and directed to the proper location, they may have lost function simply because the 
glycosylation is a required part of the protein’s functional apparatus such as in cell 
communication or adhesion [3].

7  Conclusions

Cellular functions which depend upon glycosylation (and their associated path-
ways) and their relationship to ER stress and protein folding are just beginning to be 
unraveled. Work to understand the intertwined nature of the ER/UPR/Glycosylation 
systems has been ongoing for some time, but individual studies still tend to focus 
on a single part of the network irrespective of the rest, often simply as a result of 
experimental necessity. It is now clear that glycosylation, which is among the most 
important PTMs, is closely associated with ER stress, ERAD, the UPR, autophagy 
and apoptosis. Considerable momentum for these areas of research has been gener-
ated by the realization that ER stress and the UPR are potential therapeutic targets 
to fight disease [40, 48, 67]. These promising areas of research will benefit from 
cross-validating several experimental approaches. By bringing systems biology 
approaches to these fields of research, integration of information about responses 
across all of the connected portions of the secretory pathway and the UPR will fi-
nally become a reality.
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a b s t r a c t

Glycosylation is found ubiquitously throughout the central nervous system (CNS). Chondroitin sulphate
proteoglycans (CSPGs) are a group of molecules heavily substituted with glycosaminoglycans (GAGs) and
are found in the extracellular matrix (ECM) and cell surfaces. Upon CNS injury, a glial scar is formed,
which is inhibitory for axon regeneration. Several CSPGs are up-regulated within the glial scar, including
NG2, and these CSPGs are key inhibitory molecules of axonal regeneration. Treatment with chondroitin-
ase ABC (ChABC) can neutralise the inhibitory nature of NG2. A gene expression dataset was mined in
silico to verify differentially regulated glycosylation-related genes in neurons after spinal cord injury
and identify potential targets for further investigation. To establish the glycosylation differential of neu-
rons that grow in a healthy, inhibitory and ChABC-treated environment, we established an indirect co-
culture system where PC12 neurons were grown with primary astrocytes, Neu7 astrocytes (which over-
express NG2) and Neu7 astrocytes treated with ChABC. After 1, 4 and 8 days culture, lectin cytochemistry
of the neurons was performed using five fluorescently-labelled lectins (ECA MAA, PNA, SNA-I and WFA).
Usually a-(2,6)-linked sialylation scarcely occurs in the CNS but this motif was observed on the neurons
in the injured environment only at day 8. Treatment with ChABC was successful in returning neuronal
glycosylation to normal conditions at all timepoints for MAA, PNA and SNA-I staining, and by day 8 in
the case of WFA. This study demonstrated neuronal cell surface glycosylation changes in an inhibitory
environment and indicated a return to normal glycosylation after treatment with ChABC, which may
be promising for identifying potential therapies for neuronal regeneration strategies.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Complex carbohydrates are found ubiquitously throughout the
CNS and are involved in many developmental and functional pro-
cesses in the nervous system, including cell–cell and cell–ECM
interactions, adhesion and axonal guidance and neuronal migra-
tion [1,2]. In vivo, they interact with lectins, non-enzymatic carbo-
hydrate-binding proteins of non-immune origin that precipitate
glycoproteins or polysaccharides and agglutinate cells [3,4]. The
expression of carbohydrates and their corresponding lectins is dif-
ferentially regulated both temporally and spatially in the develop-
ing CNS [1,2,5] and cell surface glycosylation is known to be altered
during cell differentiation [6] and disease states such as cancer [7].

After CNS injury, a glial scar is formed at the injury site which
creates an inhibitory environment for axonal regeneration and
remyelination [8]. This scar contains several growth-inhibitory
compounds including myelin-associated glycoprotein (MAG,

siglec-4), Nogo, semaphorines and CSPGs, of which NG2, neurocan
and versican are the major components [9,10]. CSPGs are a group
of molecules consisting of a protein core heavily substituted with
covalently attached GAGs. CSPGs are normally found in the ECM
and on cell surfaces, playing roles in barrier formation and axonal
guidance [8].

Potential therapies for repair and regeneration after CNS injury
include the manipulation or removal of GAGs from the injury site
[8,11] by treatment with ChABC [12]. Numerous studies have dem-
onstrated that ChABC treatment promotes functional recovery and
axon regeneration [11–13]. Perineuronal nets (PNNs) are com-
posed of CSPGs and hyaluronic acid and encase neurons in the
spinal cord. As ChABC digests GAGs, it has been hypothesised that
digestion of the PNNs contributes to the recovery of plasticity,
improving functional recovery after peripheral nerve injury [14].
In addition, dermatan sulphate disaccharide, one possible product
of ChABC degradation of CS, promoted neurite outgrowth in
immortalised rat pheochromocytoma PC12 cells and primary
cultures of hippocampal neurons and promoted neuronal survival
ex vivo and in vivo [15].
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Given the importance of glycosylation in the CNS, there has
been little attention to glycosylation changes of neurons in the in-
jured environment or to the effect of ChABC treatment upon neu-
ronal glycosylation. A multidisciplinary approach was taken to
address these questions. Initially, in silico mining of a publicly
available gene expression dataset was done to verify that glycosyl-
ation-related genes were differentially regulated after spinal cord
injury and to identify potential targets for further investigation.
An in vitro model with PC12 cells was then used to examine
glycosylation expression in simulated normal, injured and
ChABC-treated environments.

The PC12 cell line differentiates into neuron-like cells upon
treatment with neurotrophins [16], and has been extensively used
as a model for studying neuronal functions and responses includ-
ing neurite outgrowth [17,18] and neuro-protective effects
[19,20]. PC12 cells were co-cultured with various astrocytes
[17,20] (normal primary astrocytes, Neu7 astrocytes and Neu7
astrocytes treated with ChABC) to model the different environ-
ments [21]. The Neu7 astrocytic cell line is an inhibitory cell line
that has been engineered to overproduce NG2, versican and the
CS-56 antigen [22] and is used to mimic the inhibitory environ-
ment which occurs following spinal cord injury [21–23]. The glyco-
sylation expression profile of the PC12 cell surface was examined
at intervals using lectin cytochemistry. Lectins bind specifically
to distinct carbohydrate moieties, but may also contain one or
more non-carbohydrate ligand sites [24]. Plant lectins have long
been used as an analytical tool in tissue and cell histochemistry
and particular carbohydrate motifs have been associated with
otherwise indistinguishable cell types and stages of cell differenti-
ation [4,6,25].

We present in silico mining and lectin profiling results of a
healthy, injured and ChABC-treated model to profile cell surface
glycosylation of neurons and attribute any glycosylation changes
to the presence and removal of one class of glial scar inhibitory
molecule, GAGs on CSPGs.

2. Materials and methods

2.1. Materials

Culture trays, transwells and cell culture plastics were from BD
Falcon. Lectins were purchased from EY Labs (CA, USA). ProLong
Gold antifade was from Invitrogen (Biosciences, Dublin, Ireland).
PC12 cells were from ECACC (Salisbury, UK). All other reagents
were from Sigma Aldrich Co. (Dublin, Ireland) unless otherwise
indicated, and were of the highest grade available.

2.2. Cell cultures and environmental models

PC12 cells were cultured on poly-L-lysine (PLL; 10 lg/lL for 3 h)
coated cover slips in 12-well trays in Dulbecco’s modified eagle’s
medium (D-MEM, high glucose with L-glutamine) supplemented
with 10% horse serum, 5% foetal bovine serum (FBS) and 1%
penicillin and streptomycin (P/S) at 37 �C in a 5% humidified CO2

atmosphere. The medium was supplemented with nerve growth

factor (50 ng/mL) at intervals of three days for PC12 cell
differentiation.

Primary cerebral astrocytes were obtained from P2 Sprague
Dawley rat pups, purified and cultured as previously described
[21]. Neu7 astrocytes were cultured in D-MEM supplemented with
10% horse serum, 1% L-glutamine and 1% P/S.

For ‘normal’ condition simulation, PC12 cells were co-cultured
with primary astrocytes. PC12 cells were seeded at 5000 cells for
8 days in vitro (DIV), 10,000 cells for 4 DIV, and 50,000 cells for
1 DIV per PLL coated transwell in a 12-well tray. Astrocytes were
seeded at the same density as above onto sterile cover slips in a
12-well tray. The PC12 cells were grown on the transwell to allow
CSPGs secreted from the astrocytes grown in the same well to en-
ter the media and interact with the PC12 cells, but not allow the
two cell types to interact. For ‘injured’ condition, PC12 cells were
grown with Neu7 cells. The ‘treated’ model consisted of PC12 cells
grown with Neu7 cells with media treated with 0.1 unit/mL ChABC
every 2 days, i.e. treated day 0 and every two days thereafter.

2.3. Lectin cytochemistry

Lectin cytochemistry at room temperature was performed on
PC12 cells after growth at 1, 4 and 8 DIV as follows. Cells were fixed
with 4% para-formaldehyde for 10 min and washed four times in
10 mM Tris–HCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.4 (TBS). Cells were
blocked with 2% periodate-treated [26] bovine serum albumin
(BSA) in TBS for 30 min. The cells were washed four times in TBS
and then incubated with fluorescein isothiocyanate (FITC)-labelled
lectins (Table 1) for 1 h in the dark at the following concentrations:
SNA-I, MAA, PNA and ECA at 20 lg/mL and WFA at 10 lg/mL in
TBS. Inhibitory controls were also carried out in parallel by prein-
cubation of the lectins with 100 mM concentrations of the appro-
priate haptenic carbohydrates in TBS for 1 h prior to cell staining
as follows: SNA-I, MAA and PNA were prepared in lactose, ECA in
galactose (Gal) and WFA in N-acetylgalactosamine (GalNAc) and
staining was carried out in the presence of the sugar. The cells were
washed twice in TBS, counterstained with 1 lg/mL DAPI in TBS for
5 min, washed four times in TBS and mounted on glass slides with
a drop of ProLong Gold antifade.

2.4. Image and statistical analysis

Cells were imaged on an Olympus IX81 fluorescent microscope
using Perkin-Elmer Volocity� image acquisition software. Ob-
served intensity of staining for PC12 cells were tabulated using a
scale of no binding (�), slight binding (+), moderate binding (++),
intense binding (+++) and very intense binding (++++).

2.5. In silico data mining

A gene expression dataset of the response of rat motor neurons
0, 2, 7, 21 and 60 days after spinal cord injury (GeneChip rat gen-
ome 230 3.0 array, Affymetrix Inc., Santa Clara, CA) was down-
loaded from the Gene Expression Omnibus (accession number
GSE19701, www.ncbi.nlm.nih.gov/geo/) [27]. Gene expression

Table 1
Lectins and their corresponding carbohydrate binding specificity.

Abbreviation Lectin Origin Binding specificity

ECA Erythrina cristigalli agglutinin Erythrina cristagalli (coral tree) Terminal Gal-b-(1?4)-GlcNAc/Glc (LacNAc/Lac), GalNAc, Gal
PNA Peanut agglutinin Arachis hypogaea (peanut) b-Gal, Gal-b-(1?3)-GalNAc, (T-antigen), Lac
WFA Wisteria floribunda agglutinin Wisteria floribunda (Japanese wisteria) GalNAc, lactose, Gal, chondroitin sulphate
MAA Maackia amurensis agglutinin Maackia amurensis Neu-a-(2?3)-Gal-b-(1?4)-Glc(NAc), Gal-3-SO4

SNA-I Sambucus nigra lectin-I Sambucus nigra (elderberry) Neu-a-(2?6)-Gal(NAc)
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analyses were performed using GeneSpring 11.5 (Agilent Technol-
ogies, Cork, Ireland) and further detailed in supplementary data.

3. Results

3.1. In silico analysis

In silico mining was done on a study of gene expression response
of rat motor neurons following spinal cord injury [27]. After statis-
tical and gene expression analyses, 6790 out of 31,099 probes were
identified as having a 1.2-fold change above or below control day 0.
From these probes, glycosylation-related genes were extracted and
genes associated with the sialic acid pathway, glycosaminoglycans
and chondroitin sulphate proteoglycans, galactose and lectins,
including galectins, were differentially regulated and their products
have been reported to have altered expression after spinal cord in-
jury [9,28–30] (see supplementary data). Neuronally expressed b-
galactoside a-2,3-sialyltransferase (ST) genes were both up- and
down-regulated after injury, with two of the initially up-regulated
post-injury genes down-regulated again at 21 days post-injury.
Only one a-2,6- and one a-2,8-ST were extracted and both were
down-regulated at all timepoints post-injury (Fig. 1A). N-acety-
lgalactosaminyltransferases (GalNAcTs) and galactosyltransferases
(GalTs) were both significantly up- and down-regulated post-injury,
with one GalNAcT going from up- to down-regulated at 7 days
post-injury and returning to up-regulated by 21 days. One GalT (a
b-1,3GalT) went from initial down-regulation at day 2 to subse-

quent up-regulation at all later timepoints and conversely, the only
significant a-1,3GalT (AI178222) went from initial up-regulation to
down-regulation from 7 days onwards (Fig. 1B).

C-type lectin family genes were all up-regulated at all time-
points, confirming the presence of carbohydrate recognition do-
mains on cell surface. Galectins are b-galactoside binding lectins
[1,31]. The majority of extracted galectin genes were up-regulated
at all timepoints following injury except for a soluble galectin-3
(NM_031832), which was down-regulated at day 7 post-injury
but up-regulated at all other timepoints, and a galectin-related
protein (NM_057187), which was down-regulated at all timepoints
but up-regulated at day 7 post-injury (Fig. S1, supplementary).

3.2. In vitro profiling

The cell surface glycosylation changes of differentiated PC12
cells were analysed after 1, 4 and 8 DIV using fluorescently-
labelled lectins selected to detect sialic acid-, galactose- and
chondroitin sulphate-related motifs. The intensity of staining was
recorded and tabulated (Table 2). All lectin cytochemistry was also
carried out in parallel in the presence of haptenic sugars. A reduc-
tion in binding intensity was noted in these cases (not shown),
demonstrating that lectin binding was carbohydrate-mediated
[25].

Slight staining of PC12 cells with ECA was observed at 1 and
8 days in the ‘healthy’ primary astrocyte co-culture (Fig. 2A and
G, respectively), but increased staining intensity was observed at

Fig. 1. Up- and down-regulated glycosylation-related genes compared to control day 0. (A) Sialic acid pathway related genes where the accession numbers of b-galactoside a-
2,3-STs are blue, a-2,6-ST is red, a-2,8-ST is green and others which include sialic acid transporters are black. (B) Galactose-related genes where the accession numbers of
polypeptide GalNAcTs are black, GalNAcTs are blue and GalTs are red. See supplementary data for full assignment of GenBank accession numbers (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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4 days (Fig. 2D and Table 2). Cells grown in the ‘inhibitory’ environ-
ment (Fig. 2B) showed more intense staining than cells growing in
a normal astrocyte environment at 1 DIV, and maximum staining

intensity was reached at 8 DIV (Fig. 2H), delayed compared to
the ‘healthy’ environment. The ChABC-treated group showed no
change in intensity of staining over time. At 1 DIV in the ‘treated’
environment, the staining intensity was moderate and highest
intensity was observed on the cell surface, at ‘caps’ on the cells
(Fig. 2C). At 4 DIV, the intensity remained moderate but was dis-
persed throughout the cell and was increased by 8 DIV, comparable
to 4 DIV in the normal environment (Table 2 and Fig. 2F and I).

PNA staining of PC12 cells was observed under all conditions, at
all timepoints, differing in intensity and staining dispersal and was
similar to that of ECA for normal condition. Cells grown in ‘normal’
and ‘treated’ conditions stained slightly and very slightly, respec-
tively, at 1 DIV. The intensity increased by day 4 and decreased
again to moderate binding by day 8. Day 4 of ‘normal’ co-culture
cells appeared to have maximal binding at the cell surface, espe-
cially where cells touched one another (Fig.S2 and Table 2). In con-
trast, cells grown in ‘injured’ conditions only reached maximal
intensity by day 8.

In the ‘normal’ co-culture group, WFA bound with moderate
intensity to PC12 cells at 1 DIV, with greatest intensity observed
where cells touched one another. Binding intensity decreased to
slight binding at day 4 and increased to very intense at 8 DIV, in
common with both injured and treated environments (Fig. S3
and Table 2). The binding intensity variation of the injured and
treated environments were similar, with very slight intensity

Table 2
Intensity of lectin binding to PC12 cells. ‘Normal’ condition was simulated by PC12/
primary astrocyte co-culture, ‘injured’ condition by PC12/Neu7 astrocyte co-culture
and ‘treated’ condition by treatment of media of PC12/Neu7 astrocyte co-culture with
ChABC.

Day Lectin Normal Injured Treated

1 ECA + ++ ++
4 +++ + ++
8 + +++ +++
1 PNA + + +
4 ++++ + +++
8 ++ +++ ++
1 WFA ++ ± +
4 + + ++
8 +++ ++ +++
1 MAA + + +
4 + ++ +
8 ++++ ++ +++
1 SNA-I � � �
4 � � �
8 � ++ �

� No binding; + slight binding; ++ moderate binding; +++ intense binding; ++++
very intense binding.

Fig. 2. Photomicrographs of ECA–FITC stained PC12 cells at 1 (A–C), 4 (D–F) and 8 DIV (G–I) co-cultured with primary astrocytes (‘normal’), Neu7 cells (‘injured’) and Neu7
cells treated with ChABC (‘treated’), respectively. Scale bar = 30 lm.
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binding of WFA at 1 DIV, slightly increased binding at day 4 and
greater intensity observed where cells touched one another in
the ‘injured’ environment (Fig. S3E), and moderate to intense bind-
ing at day 8. The slight binding intensity observed at 4 DIV in the
‘injured’ co-culture environment was most apparent at the point
where the cells touched or at the cell surface.

MAA stained PC12 cells under all conditions at each timepoint,
and staining intensity increased over time reaching greatest inten-
sity at 8 DIV for all environments (Fig. S4 and Table 2).

SNA-I did not stain the PC12 cells at any timepoint or condition
(Fig. 3A–G and I), except at 8 DIV (Fig. 3H and Table 2) in the
‘injured’ co-culture group where cell bodies and neurites were
moderately stained.

4. Discussion

The retrieved genes from the in silico analysis verified that the
expression of glycosylation-related genes was altered at various
timepoints post-injury and identified STs, GalNAcTs, GalTs and
galectins as potential targets for differential expression in injury
conditions. The in vitro model used to simulate normal, injured
and ChABC-treated environments suggested that neuronal glyco-
sylation changes occurred in these conditions.

The lectin ECA binds with greatest affinity to unsialylated ter-
minal N-acetyllactosamine (LacNAc) structures, which are a major

component of glycoprotein N-linked oligosaccharides and glycolip-
ids (Table 1). Zhang, et al. [28] found that ECA binding increased
after brain injury in mice, correlating to our observations at
8 DIV in the ‘injured’ environment. ECA staining where the cells
touch may indicate a role for this carbohydrate motif in cell–cell
adhesion. Galectins are involved in cell–cell interactions, adhesion,
differentiation, apoptosis and axonal guidance [1,31], and bind to
motifs elucidated by ECA. The majority of galectins with altered
expression post-injury were up-regulated at all timepoints.
Expression of the potential galectin receptor evidenced by ECA
binding seemed to be time-dependent, and reached a maximum
in the ‘healthy’ culture at day 4, which may in turn reflect temporal
expression of galectins in the CNS. However, expression of this
receptor appeared to be delayed in the injured environment as
maximum expression was at day 8, in common with the treated
environment.

In common with ECA, PNA also stained at areas of cell–cell con-
tact and staining intensity was temporally regulated, except for the
treated environment which was more similar to the healthy condi-
tion rather than the injured (Table 2). In the in silico analysis, all
significant b-GalTs were up-regulated by day 7 post-injury, which
may correlate with the intense PNA and ECA staining of the PC12
cells at 8 DIV.

WFA lectin is commonly used as a marker for PNNs [11,32]. In
all three culture conditions maximal WFA intensity was noted at
the latest timepoint, and was most intense where the cells

Fig. 3. Photomicrographs of SNA-I-FITC stained PC12 cells at 1 (A–C), 4 (D–F) and 8 DIV (G–I) co-cultured with primary astrocytes (‘normal’), Neu7 cells (‘injured’) and Neu7
cells treated with ChABC (‘treated’), respectively. Scale bar = 30 lm.
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touched, which may indicate a role for the elucidated motif in
adhesion. However, by day 7 post-injury, only one b1,4GalNAcT
(BF561001) was up-regulated in the in silico analysis but the
majority of CSPG-related significant genes were up-regulated at
all timepoints post-injury (supplementary data).

Sialic acids are the mainly terminal residues of complex N- and
O-linked oligosaccharides of glycoproteins and glycolipids and com-
prise polysialic acid in an a-(2,8)-linkage on neural cell adhesion
molecule (NCAM). Sialylated motifs on the cell surfaces of verte-
brates are involved in cell–cell communication, development and
adhesion [33], interacting with siglecs and galectins [31]. The lectins
MAA and SNA-I have binding specificity for a-(2,3)- and a-(2,6)-
linked sialic acid, respectively, and MAA is also known to bind to
Gal-3-SO4 [34] (Table 1). In the brain, the occurrence of a-(2,3)-
linked sialic acid is predominant with little to no a-(2,6)-linkage
expected [2]. SNA-I binding was observed in the ‘inhibitory’ environ-
ment at 8 DIV, but was not seen in the ChABC-treated condition,
where cell glycosylation was comparable to the ‘normal’ environ-
ment. The altered expression of significant a-2,6- and a-2,3-STs
post-injury did not correlate with staining intensities, and interest-
ingly, expression of the a-2,8-ST, relevant to PSA synthesis, was
down-regulated at all timepoints. Electrical signalling in neurons,
skeletal muscle cells and cardiomycetes is modulated by the sialic
acid content of particular isoforms of ion channels [35]. Altered or
aberrant sialic acid expression could impact neuron polarisation
[35], which may be consistent with altered excitability of neurons
post-injury [33]. Exposure of a-(2,6)-linked sialic acid and binding
to SNA-I has been observed on apoptotic and necrotic cells [36],
and a-(2,6)-sialylation has been identified as blocking binding to
galectins, hence functioning as a biological ‘off switch’ [31]. Interest-
ingly, the expression of a-2,6-ST was down-regulated at all time-
points post-injury while galectin-1 expression, which has been
associated with pathogenesis in the injured spinal cord [30], was
up-regulated.

ChABC treatment promotes functional recovery and reduces the
inhibitory effect of CSPGs but anatomical regeneration post-
treatment is limited [28]. This may be due in part to the potentially
immunogenic carbohydrate ‘stub’ structures created by ChABC ac-
tion [13]. The NG2 protein core has also been suggested to have an
inhibitory effect on axonal growth [9]. However, in the model sys-
tem, treatment with ChABC appeared to be successful in returning
the neuronal glycosylation to normal conditions at all timepoints
in the case of MAA, PNA and SNA-I staining, and by day 8 in the
case of WFA.

A multidisciplinary approach allowed the in silico verification of
differentially regulated glycosylation-related genes in neurons and
targeting of altered carbohydrate motifs. The model system dem-
onstrated neuronal cell surface glycosylation changes in an inhibi-
tory environment and may be the first indication of the occurrence
of abnormal sialylation in an injured environment. The limited
number of cell types in a controlled environment can help attribute
any changes to specific molecules and their degradation products
alone, and help fit this information into a wider injury picture. In
addition, this model indicated a return to normal neuronal glyco-
sylation after treatment with ChABC which may be promising for
identifying points of intervention or potential therapies for neuro-
nal regeneration strategies.
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