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Abstract 

Protein glycosylation with O-linked N-Acetylglucosamine (O-GlcNAc) is a post-

translational modification of serine and threonine residues in nucleocytoplasmic 

proteins.  Alterations in the glycosylation pattern of O-GlcNAc has been shown to 

play a role in many different cellular processes and O-GlcNAcylation is often found 

at sites that are also known to be phosphorylated.  Unlike phosphorylation, the 

addition and removal O-GlcNAc are regulated by only two enzymes, O-GlcNAc 

transferase (OGT) and O-GlcNAc hydrolase (O-GlcNAcase or OGA).  So far, no 

obvious consensus sequence has been found for sites of O-GlcNAcylation; 

additionally, O-GlcNAcase acts on all O-GlcNAcylated proteins, seemingly 

independent of their sequence.  Despite the importance of this modification, very 

little is known about the structural relationship between these enzymes and their 

substrates.  Nor is it clear, how only a single hydrolase is capable of removing O-

GlcNAc from all GlcNAcylated proteins, independent of the protein sequence.    

Here a combination of computational and experimental techniques is employed to 

develop an understanding of the interactions between an inactive point mutant of 

OGA and its substrate, in an aim to designing an OGA-based receptor with enhanced 

affinity for O-GlcNAc. The key interactions involved in binding have been identified 

computationally, and are separated into residues which are directly responsible for 

the specificity of the complex (hot residues) and those whose mutation may increase 

the affinity (tepid residues). An inactive human OGA, which was engineered using 

site directed mutagenesis to knock out the nucleophile, was used to construct a 

combinatorial library in bacteriophage by saturation mutagenesis of the tepid 

residues. This library has been screened leading to the discovery of a single clone 

showing high affinity and specificity for O-GlcNAc. Reagents of this type are 

termed Lectenz®, and may be important diagnostic tools for the detection of enzyme 

substrates, such as O-GlcNAcylated proteins. 

In addition, five models of O-GlcNAcylated peptides in complex with a bacterial 

OGA were generated and assessed in terms of conformational dynamics and binding 

contributions in an aim to understand how OGA recognizes O-GlcNAc in situ.  The 

results show that each of the five glycopeptides bind to OGA in a similar fashion, 
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forming OGA-peptide interactions primarily, but not exclusively, with peptide 

backbone atoms, thus explaining the lack of sensitivity to peptide sequence.  

Nonetheless, differences in peptide sequences, particularly at the -1 to -4 positions, 

lead to variations in predicted affinity, consistent with observed experimental 

variations in enzyme kinetics.  The potential exists therefore to employ the present 

analysis to guide the development glycopeptide-specific inhibitors, or conversely, 

the conversion of OGA into reagents that could target specific O-GlcNAcylated 

peptide sequences. 
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Chapter 1.  

Introduction 

 

Glycosylation 

 

The central dogma of molecular biology states that a protein is encoded by a single 

gene, and that through transcription of DNA to RNA, the genetic information is 

translated to a protein [1].  However, over the past two decades it has become 

apparent that the final structure of a protein, and thus its function, involves a far 

more complex set of processes, including RNA splicing, and post-translational 

modifications (PTMs), including phosphorylation [2], methylation [3], acetylation 

[4], and glycosylation [5].  

Glycosylation refers to the enzyme-mediated modification of proteins through the 

addition and subsequent processing of carbohydrates. The terms carbohydrate, sugar, 

oligosaccharide, polysaccharide, and glycan are used somewhat interchangeably; 

however, when regarding carbohydrates attached to proteins the term glycan is most 

often used.  There are two main types of protein glycosylation; either through the 

amide nitrogen atom of an asparagine side chain (N-linked) or through the hydroxyl 

group of serine or threonine side chains (O-linked) [6].   

Protein glycosylation is one of the most abundant and structurally diverse PTMs, 

with over half of all mammalian proteins undergoing this modification [7].  These 

glycoconjugates are primarily made in the lumen of the endoplasmic reticulum (ER), 

and the Golgi apparatus [6]. However, it is important to note that this fails to include 

the modifications of nuclear and cytoplasmic proteins by O-linked N-

acetylglucosamine (O-GlcNAc) [8].  Glycosylation is thought to be the most 

complex post-translational modification because of the large number of enzymatic 

steps involved [9], during which cells also rely on the combined actions of adjunct 

proteins working together to make the final glycan product.  The complete set of 

glycans and glycoconjugates, made by a cell or organism, is referred to as the 
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glycome.  The diversity of the glycome is generated by several hundreds of genes 

that encode various enzymes, including transferases, glycosidases and epimerases, 

[10,11].   

 

Glycosylation and disease 

The primary extracellular location of complex glycans places them is a position to 

mediate cell adhesion and mobility, pathogenic infection, and immunity, as well as 

extracellular signalling events (Figure 1.1).  As such glycans are involved in many 

biological processes, and play a role in nearly all human disease [12].  The 

importance of these glycans, in both healthy and diseased cells is now well 

documented [13]; additionally it has been shown that the modification of 

nucleocytoplasmic proteins by O-GlcNAc is required for survival at the single cell 

level.  The importance of glycosylation in general is evident, not only by the lethal 

effect of mutations in glycan biosynthetic enzymes, but also by the associated 

phenotypes, including diverse physical and mental deficiencies, which often occur as 

a result of malfunction when those cells do survive [8].  To date at least 16 

congenital disorders of glycosylation (CDG Syndrome) have been classified, which 

are often the result of a single mutation in the gene encoding for a 

glycosyltransferase [13,14]. 

Similarly it is now well known that the alterations of cell surface glycans is a 

universal feature of malignant tumour transformation and progression [15].  Tumour 

cells arise from mutations in proto-oncogenes and tumour suppressors that normally 

control the cell cycle and effect DNA repair [16].  Several glycans are known to 

affect certain pathophysiological events during tumour progression [17].  These 

serve to promote deregulation of the cell cycle and aid in cell proliferation.  

Specifically, alterations in the patter of O-GlcNAcylation, of nuclear and cytosolic 

proteins, is thought to play a key role in the development of neurodegenerative 

diseases, cancer, and diabetes mellitus, due in part to the interplay between O-

GlcNAcylation and phosphorylation [8,18,19].  
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Figure 1.1.The role of glycans in the cell [12]. Image reproduced with permission 

from Elsevier. 

 

O-GlcNAcylation 

 

Since its discovery [20], the post-translational modification of proteins by O-

GlcNAc has generated significant interest in the field of glycobiology.  The 

modification occurs on nuclear and cytosolic proteins as well as oncogenes, tumour 

suppressors, transcription factors, nuclear hormone receptors, signal transduction 

molecules, kinases, phosphatases, metabolic enzymes, chaperones, cytoskeletal 

proteins, viral proteins and actin regulatory proteins [21,22,23,24,25], many of 

which modulate cell signalling [26,27].  Additionally, O-GlcNAc rapidly cycles on 

and off proteins on a time scale similar to that of 

phosphorylation/dephosphorylation, and thus an interplay has been shown to exist 

between protein phosphorylation and O-GlcNAcylation [19,28,29,30,31].  Unlike 

phosphorylation, which is controlled by numerous kinases and phosphatases, the 

addition and removal of O-GlcNAc is controlled by only two enzymes.   
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O-GlcNAc transferase (OGT) is a 110 kDa enzyme which catalyses the addition of 

GlcNAc, from UDP-GlcNAc, to serine/threonine residues on nucleocytoplasmic 

proteins.  The protein is highly conserved between species and is encoded by only a 

single gene [32].  Three isomers of OGT have been identified to date which differ by 

the length of the tetratricopeptide (TPR) domain and their intracellular location [8] 

(Figure 1.2 (A)).  Recently solved crystal structures of human OGT (hOGT) [33] and 

the corresponding TPR domain [34], show that the N-terminal TPR repeats form a 

superhelix whilst the C-terminal domain possesses the glycosyl-transferase activity 

(Figure 1.2 (B)).  
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Figure 1.2. A) Three isoforms of hOGT. B) Cartoon representation of hOGT 

(PDBid 3PE4) aligned onto the TPR domain structure (PDBid 1W3B). 

 

O-GlcNAcase (OGA) is a 103 kDa enzyme that removes O-GlcNAc from 

serine/threonine residues.  OGA is a member of the hexosaminidase family, GH84, 

and consists of two domains: an N-terminal hydrolase catalytic domain belonging to 

[35] and a C-terminal domain that has been proposed to possess histone 

acetyltransferase (HAT) activity [36].  OGA differs from other hexosaminidases in 

A 

B 
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that it only cleaves GlcNAc and not GalNAc, and has a pH optima of ≈ 5.7 – 7.0.  

Like OGT, the OGA isoforms, which have been identified to date, are encoded by a 

single gene, and differ by the presence of the HAT domain (Figure 1.3 (A)).  Unlike 

OGT, there is currently no human OGA (hOGA) 3D crystal structure available, 

however structures have been reported for a number of bacterial OGAs; B. 

thetaiotaomicron and C. Perfringens (Figure 1.3 (B)), all of which belong together 

with hOGA in the glycoside hydrolase family GH84 [35].  The residues in the 

binding sites are highly conserved [37] between the species, with BtOGA having the 

highest overall sequence identity to hOGA (> 40 % [37]). 

 

 

 

Figure 1.3. A) The full and short isoforms of hOGA. B) Cartoon representation of 

bacterial OGA BtOGA (PDBid 2VVS) aligned onto CpOGA (PDBid 2CBJ). 



Chapter 1 
 

7 
 

 

Biological significance 

Tissue culture studies indicate that most of the functions of the complex glycan 

structures are at the multicellular level.  This is in contrast to the modification of 

proteins by O-GlcNAc, where cells modified to prevent the addition of O-GlcNAc, 

through mutation of the gene encoding OGT, die within one cell cycle, thus it is 

essential even at the single cell level [38].   It is thought that deregulation of this 

modification may be involved in neurodegenerative diseases, cancer, and diabetes 

mellitus [8,18,19].  

 

O-GlcNAcylation: a potential biomarker for cancer? 

The role of O-GlcNAc in cancer metastasis is diverse.  The alteration of proto-

oncogenes by post-translational modification can cause cell proliferation, either 

through increased protein expression or loss of regulation.  For example, the addition 

of O-GlcNAc to threonine residue 58 in the c-Myc proto-oncogene protein is known 

to promote cell proliferation in a manner similar to that caused by phosphorylation of 

the same residue [17].  Similarly, GlcNAcylation of tumour-suppressor proteins, 

which serve a number of functions including gene repression, programmed cell death 

and DNA repair, can result in a loss or reduction in function, thereby allowing the 

cell to progress to cancer.  Specifically, the modification of the tumour-suppressor 

protein p53 at serine 49 appears to block the protein’s ability to bind to crucial 

regions of DNA, thus resulting in increased cell growth [39].  Tumour necrosis 

factors (TNFs) are also known to inhibit cancer proliferation by controlling cell 

death (apoptosis).  Transforming growth factor β-activated kinase 1 (TAK1) plays a 

key role in the production of TNFα.  The activity of TAK1 is suppressed by 

phosphorylation of its regulatory subunit, TAK1-binding protein 1 (TAB1), which is 

thought to be regulated by O-GlcNAcylation of TAB1 at serine 395 [40].  Another 

example of how alterations in post-translational modifications affect protein function 

is the modification of the chromatin packaging proteins; the histones.  Modifications, 

such as acetylation, phosphorylation, methylation, and O-GlcNAcylation, work 
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together to regulate cellular processes such as gene transcription, DNA replication, 

and DNA repair [41].  As such, irregular patterns of histone modification, which 

affect chromatin-DNA contacts, have been associated with a large number of human 

malignancies.  Specifically, modification of lysine 9 on histone H3 has been shown 

to regulate immediate-early gene activation, expression and repression.  Regulation 

is controlled by modifications on and around lysine 9.  It is thought that O-

GlcNAcylation of serine 10, results in lysine 9 methylation, by blocking 

phosphorylation [42,43].  Similarly, it has also been proposed that the interplay 

between phosphorylation and GlcNAcylation regulate other PTMs on histone H3.   

Current methods that are used to facilitate cancer diagnosis, track recurrence, or 

provide a measure for therapeutic response involve measuring the serum 

concentration of certain glycans on the surface of tumour cells.  However, given the 

broad spectrum of glycans that can affect tumour proliferation it is likely that 

biomarkers that can assign a particular modification to a specific site on a protein 

will allow for higher sensitivity and specificity for the early detection of cancer [13].  

It is therefore of interest to develop a biomarker that is specific for a particular 

glycosylated protein. 

 

Universal detection of O-GlcNAcylation 

“The most important impediment to research on O-GlcNAc is the lack of sensitive 

and easy-to-use tools for its detection, quantification and site localisation” [8]. 

There are two general approaches for the detection of terminal GlcNAc. The first 

involves enzymatically tagging O-GlcNAc with radiolabelled galactose [44], 

followed by subsequent release of the modified GlcNAc via β-elimination.  

However, this technique can require large amounts of purified protein and direct 

observation of O-GlcNAc in mass spectrometry has proven difficult due the labile 

nature of the linkage [45,46]. 

The second involves the use of glycan binding proteins such as lectins and antibodies 

(Abs) [47].  Previous reports [48,49,50] indicate that the current commercially 
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available antibodies (RL2 (IgG) [51], CTD110.6 (IgM) [52], HGAC85 (IgG) [53]), 

which are used for the detection of terminal O-GlcNAc residues or the O-GlcNAc 

modification, are non-specific and display weak affinity towards O-GlcNAc.  In 

addition, both RL2 and HGAC85 only recognise a particular subset of O-GlcNAc 

modified proteins [54].  Notably, anti-carbohydrate antibodies are hard to raise 

because glycans do not stimulate a T-cell response.  Alternative approaches, such as 

selecting antibodies by biopanning require careful controls to ensure appropriate 

specificity.  Lastly, any non-human antibodies must be further transformed in order 

to employ them as therapeutic agents.   

Lectins, which are defined as carbohydrate binding proteins that are neither 

antibodies nor enzymes, are one of the most common reagents employed for the 

detection of glycans on proteins.  Succinylated wheat germ agglutinin (sWGA), for 

use in affinity chromatography provides an alternative method to antibodies that can 

be used for both enriching and detecting O-GlcNAc modified proteins [55], care 

however is required with this method as in the absence of succinylation WGA will 

also recognize sialic acid [56].  Also lectins are limited in their use due to generally 

broad reactivities, weak affinities, and toxicities [57].   

Based on these limitations, correlating variations in glycosylation with changes in 

cell proliferation has so far proved difficult.   

 

Detection of site-specific O-GlcNAcylation 

The majority of current techniques profile glycans following their release from 

proteins, which means that any information regarding the protein glycosylation site 

is lost [12].  The ability to detect these sites would have significant implications, for 

example in the early detection of cancer [13].  One strategy that has been developed 

involves marking the site of the O-GlcNAc modification, following β-elimination, 

with a more stable modification, such as dithiothreitol (DTT) [58,59,60].  The use of 

DTT allows O-GlcNAcylated proteins of interest to be enriched by thiol affinity 

chromatography. Although this technique offers a practical approach for mapping 

sites of glycosylation, β-elimination can also affect phosphate and other O-linked 
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glycans, necessitating the use of non-GlcNAcylated control proteins, and or 

phosphatase pre-treatment. Subsequent protein sequencing, such as by Edman 

degradation or mass spectroscopy, are required to map the DTT-modified sites, 

requiring expert knowledge and involving the use of specialist facilities. 

 

O-GlcNAc Lectenz®  

 

In this thesis, the creation of a reagent for the universal detection of O-GlcNAcylated 

proteins and peptides is reported, based on the conversion of OGA into a Lectenz® 

(Figure 1.4).  Secondly, the design of a Lectenz® specific for the recognition of O-

GlcNAc in four biologically relevant O-GlcNAcylated peptides is presented.  As 

hOGA is highly specific for its natural substrate O-GlcNAc, it is proposed that 

mutation of certain key residues, which are minimally involved in binding, will 

result in a high-affinity reagent whilst maintaining the inherent specificity of OGA 

for O-GlcNAc.  
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Figure 1.4.  Engineering of O-GlcNAcase (OGA) into an inactive high-specificity, 

high-affinity reagent for GlcNAc (blue square) and specific sites of GlcNAcylation. 

hOGA is inactivated by single point mutation (D174A or D174N).  Once the enzyme 

is inactive a set of clones can be subjected to directed evolution to optimize the 

affinity, through saturation mutagenesis (STM), firstly, for an O-GlcNAc specific 

reagent and secondly, for a site specific GlcNAc reagent.  

 

Using structurally guided directed evolution, residues in and around the OGA 

binding site can be categorised as being either essential (hot) for binding or proximal 

to the binding site, but non-essential (tepid).  Mutation of only the tepid hOGA 

residues reduces the number of clones to a minimum number that are likely to be 

important for affinity enhancement.  This approach also ensures the creation of a 

library with optimal diversity, and leads to enhanced efficiency in library screening.   

The library was screened for high-affinity clones, which were then characterised for 

specificity through a monoclonal ELISA and competition ELISA. 
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Potential value and application of Lectenz technology 

There is currently a lack of reagents which are capable of direct and reliable 

detection and quantification of protein glycosylation.  Specifically, the absence of a 

specific high-affinity reagent for the detection of O-GlcNAc has hindered many 

aspects in the field from the discovery of new O-GlcNAc-related diseases to the 

purification of glycoproteins and glycopeptides. An OGA-based Lectenz could 

complement, and even surpass, that offered by current Abs to enable more accurate 

detection and quantification of O-GlcNAc.  Such a reagent may also aid in the 

development of glycosylation profiling tools as well as establishing standards for 

glycosylation characterization.  Overall, this Lectenz will allow for a more thorough 

investigation on the effect of this posttranslational modification on proteins and will 

be essential for aiding the field in the detection of O-GlcNAc, thereby having a 

broad commercial base.  Moreover, as this reagent is derived from hOGA it has the 

potential to serve as a therapeutic in vivo in treating disease in many applications 

where O-GlcNAc is up-regulated, such as targeted drug delivery.  The development 

of reagents, such as monoclonal Antibodies (MAbs), for both diagnostic and 

therapeutic use, is one of the fastest growing areas in the biopharmaceuticals 

industry with sales expected to reach $67.6 billion by 2015 [61]. 

The techniques applied for the conversion of OGA, for use as either a reagent or 

therapeutic, through a combination of computational and experimental library 

design, are described below.  
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Computationally guided protein library design 

 

Generating the protein-ligand structure 

A structural knowledge of protein-ligand complexes can aid in the design of directed 

evolution protein libraries.  The identification of specific potentially-beneficial 

mutation sites, using structural data, has been previously described in the 

engineering of enhanced protein variants [62,63].  This technique reduces the 

potential size of these variant libraries, compared to random mutation strategies, to a 

number that is suitable for in vitro mutagenesis (10
9  

clones
 
or fewer) [64].  However, 

the quality of the initial structural information can have a massive impact on the 

potential of the library to produce a clone with the desired characteristics [65]. 

The protein data bank (PDB) is an archive of 3D protein structures which, as of 

September 2013, contains 93,970 structures. The atomic coordinates of the structures 

in the PDB are determined principally by X-ray crystallography with far fewer by 

NMR spectroscopy [66].  

 

X-ray crystallography   

In this method a protein crystal is subjected to an intense beam of X-rays, during 

which the beam is diffracted by the atoms into a characteristic pattern of spots. This 

pattern is then analysed to determine the distribution of electrons in the protein, 

which is then interpreted to determine the location of each atom.  Currently over 

90% of the structures in the PDB archive have been derived through X-ray 

crystallography. This includes proteins in complex with their respective ligands, co-

factors etc., as well as apo-proteins.  The resulting structures can be used to study 

proteins at the atomic level, which provide information on protein function. There 

are however several drawbacks of this technique, the first of which is that the protein 

crystals needed for crystallography require large amounts of purified protein (≈1–20 

mg).  Also accurate X-ray structures of protein-glycan complexes are difficult to 

obtain due to the highly dynamic nature of glycans.  Lastly, a single structure, even if 
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it is the structure of the global energy minimum, is not sufficient to deduce many 

macroscopic properties. This is particularly important for glycans which are highly 

dynamic. 

 

Nuclear magnetic resonance (NMR) 

In NMR spectroscopy, a protein is placed in a strong magnetic field and exposed to a 

second oscillating magnetic field.  Some nuclei are affected by the magnetic field 

and the observed resonances can be interpreted to give a list of atomic nuclei that are 

close together and to characterise the conformation of bonded atoms.  These distance 

restraints are then used to build a model of the protein that shows the location of 

each atom.  NMR is used as an alternative technique for determining the 3D 

structure of proteins [67], however as with crystallography large quantities of 

purified protein are required and the complex data sets are often difficult to interpret 

in terms of 3D structure.  Furthermore, as NMR averages the contributions from all 

of the conformational states observed, care must be taken when deriving the 3D 

structure of highly dynamics molecules such as glycans [66]. 

 

Molecular docking 

Molecular docking is a technique suited to generating protein-ligand complexes, and 

can complement existing structural information.  However, care is required in its 

execution and in the subsequent analysis of the data.  Moreover, the accuracy of the 

docked model is reliant on the 3D structure of the free protein.  Advances in 

molecular docking make it possible to generate a desired complex, by docking a 

carbohydrate ligand of interest into the active site of an X-ray derived protein 

structure [68].  Molecular docking consists of two stages: firstly an algorithm 

generates a large number of different models for the complex and then the strength 

of the interaction is evaluated and ranked using a scoring function.  The docking 

program, Autodock Vina (AD Vina) [69], employs the iterated local search global 

optimizer algorithm [70,71], where prior results are used to guide the evolving 
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search.  The algorithm attempts to cover the translational, rotational, and 

configurational degrees of freedom of the ligand relative to the receptor.  Unlike 

other docking programs [72] that use physics based scoring functions such as vdW 

interactions and electrostatic energies, Vina implements a scoring function, derived 

from the PDBbind data set, which has been generated using a “machine learning” 

approach [69].  This new approach to scoring has been shown to improve the speed 

and accuracy of docking compared to older versions of Autodock [72]. 

Typically, docking simulations do not generate a single complex model; rather they 

generate an ensemble of low energy poses.  As such more rigorous post-docking 

techniques must be employed to generate additional data for carbohydrate-protein 

complexes.  Molecular dynamics (MD) is a method used to model the dynamics of 

large macromolecules, such as protein-carbohydrate complexes.  However, it is 

important to note that the flexibility and complexity of carbohydrates can hinder the 

accuracy of MD derived models, when compared to experiment.  MD must therefore 

be used in combination with a  molecular mechanics force field that is appropriate 

for both proteins and carbohydrates [73].   

 

Molecular Mechanics 

Molecular mechanical methods enable the study of large macromolecules that 

require lengthy simulations for accurate prediction of molecular structure.  In this 

approach atoms are treated as hard spheres whose interactions are based on simple 

harmonic functions, such as Hooke's (spring) Law and classical potentials.  Most 

molecular modelling force fields can be interpreted in terms of four simple 

components.  The first two terms apply energetic penalties when bonds (Vbonds) and 

angles (Vangles) deviate from their reference value, an additional term describes how 

bond rotation (Vdihedral) affects the potential energy and the final term describes the 

interaction between non-bonded parts of the system by calculating pairwise 

electrostatic interaction (VCoul) and Lennard-Jones (LJ) repulsion–dispersion 

potentials.(VLJ).  Consequently, the potential energy of a system V(r
N
) can be 

expressed in classical mechanics as a function of atomic positions (Equation 1.1): 
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Several force fields have been developed for use, specifically for carbohydrates [74] 

or proteins [75], which differ in the approach used in determining the values of the 

parameters  in each term.  

 

MD simulations 

MD simulations can provide insight into the dynamics associated with carbohydrate-

protein complexes, once a starting structure has been obtained.  The most important 

feature of MD simulations is that they enable statistically converged data sets to be 

generated for molecules under simulated physiological conditions.  This is in stark 

contrast to protein structures obtained from X-ray diffraction, which are snapshots of 

molecular shapes often determined at very low temperature. 

MD simulations predict the motion of the atoms in a molecular system by applying 

an iterative series of calculations involving the force field, as well as classical 

equations of motion and force.  A classical equation of motion (equation 1.2) 

predicts the future position (r) of an object, such as a car, or a person, or an atom, 

after an elapsed time (Δt), based on its current position (rt), its instantaneous velocity 

(vt) and its acceleration (at). 

                
 

 
             [1.2] 

This equation may be recast so as to replace the velocity term by introducing a 

previous position (rt-Δt), leading to equation 1.3. 

                               [1.3] 
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In this form, all that is required is knowledge of the current and previous position 

and the acceleration. This has an advantage in MD simulations because the 

accelerations may be directly computed from the potential energy (V) of the 

molecule, as defined by the force field equation 1.1.   

Given a 3D structure for a molecule, the forces acting on the atoms may be 

computed as the derivative of the potential energy (dV), with respect to change in 

position (dr), according to Equation 1.4.  In order to ensure the accuracy of these 

calculations, it is essential that the differences in the forces on the atoms at 

consecutive positions are small, so as to maintain the approximate equality in 

equation 1.4.  This is practically achieved by choosing a timestep that is small 

enough that the atoms have not moved significantly between time steps.  The time 

step is therefore defined by the highest frequency motions in the molecule, which are 

usually associated with the vibration of covalent bonds, and leads to a typical time 

step of 2 fs. 

   
   

  
 

   

  
                                                                      

Given the forces on the atoms the atomic accelerations (a) may then be computed by 

Newton’s second law (Equation 1.5) 

                                                                               

Once the accelerations are computed, they may be combined with the atomic 

positions (according to equation 1.3) to calculate how the positions of each particle 

will change over time.  This popular approach to incorporating the accelerations with 

atomic positions in MD simulations is known as the Verlet algorithm [76].   

The potential energy at the new position is then determined, followed by calculation 

of new forces and accelerations.  This process is repeated iteratively until sufficient 

time has elapsed to achieve the desired sampling of the molecular motion.  The 

resultant time-dependent collection of atomic shapes is referred to as a time series or 

trajectory. 
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To simulate 1 μs (1x10
-6

 s) of real time motion, given a 2 fs (2x10
-15

 s) theoretical 

time step, this MD cycle would have to be repeated 500 million times.  The time it 

takes the computer to repeat each cycle depends heavily on the number of atoms in 

the simulation.  Thus, there is a trade-off between the desire to simulate a long 

period of a molecules motion and the practical time required to do so.  In practice, 

most MD simulations are rarely performed for more than one continuous month, 

resulting in simulated motion times of less than 1 μs.  In the present work, most 

simulations were performed for approximately 0.1 μs, requiring approximately three 

weeks of computer time. 

Given an MD trajectory of sufficient length, it is possible to compute many physical 

properties of the system, including ligand binding energies. 

 

Binding free energy calculations 

Binding energy is defined as the difference in energy between the complex and the 

individual receptor and ligand (Equation 1.6) 

                (                  )                                     

           

Once MD has been performed with the appropriate considerations, such as starting 

conformation, force fields etc., and assuming it has been performed long enough to 

obtain convergence, binding energies may be computed.  Binding free energies may 

be calculated from a single trajectory run, i.e. from a simulation of only the complex, 

rather than separate MDs of the ligand and receptor.  This approximation assumes 

that no major conformational changes will occur upon binding, with the resulting 

advantage that the internal energies will be cancelled out.  Binding free energies can 

be calculated for an ensemble of snapshots extracted from the MD trajectory, 

enabling the statistical confidence or convergence of the computed energies to be 

determined (Equation 1.7) 

                  (                      )             [1.7] 
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where the angled brackets indicate ensemble average properties. 

The free energies are usually described as changes in the intermolecular interactions 

obtained from the force field, together with estimates of the desolvation and entropy 

(Equation 1.8).   

                                                              [1.8] 

 

where ΔEMM is the change in the molecular mechanics energy, consisting of the 

internal, electrostatic, and van der Waals energies and ΔGsol is the change in the 

solvation free energy. The effect of explicit solvent, which is removed prior to 

calculating the interaction energies, can be approximated by solving either the 

Poisson-Boltzman equation (PBSA) or the generalised Born method (GBSA). 

 

                                                       [1.10] 

 

One of the major advantages of using a computational method to calculate binding 

energies of protein-ligand complexes is that the binding contribution from each 

residue in the complex can also be approximated by performing a per-residue 

decomposition calculation.  This can allow the user to quickly identify protein 

residues that make either favourable or unfavourable interactions with the ligand, 

when compared to experimental approaches, which involves generating multiple 

alanine mutants to study the energetic contribution of each residue. 
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Experimental protein library generation 

 

The increasing demand for proteins, including antibodies and enzymes, which have 

an improved performance for a desired function, such as increased specificity, 

stability, affinity, and activity has driven the protein community to develop 

engineering techniques to generate enhanced protein variants [77].  The advent of the 

polymerase chain reaction (PCR) and the increased knowledge of structure function 

relationships have made it possible to produce large repertoires of proteins variants.  

Such techniques include random mutagenesis; which has been used to varying levels 

of success [78,79], as well as recombination of entire genes [80].  Such improvement 

in protein function is known to routinely require more than just modifications at a 

single site [62,81] and multiple site-saturation mutagenesis can often be required.   

 

Multiple site-saturation mutageneses  

The more recent design of focussed directed evolution libraries based on protein 

structure and function [77], has allowed for structurally guided protein evolution by 

identifying residues that contribute to the desired function.  As such, saturation 

mutagenesis (STM) can be performed on a set of key residues, thus reducing the 

required diversity of the protein library.  STM involves the replacement of one or 

more codons by one that encodes for all 20 amino acids.  Each of the 20 natural 

amino acids are represented by different numbers of codons (1-6) and thus the use of 

the degenerate codon (NNN), which contains all 64 natural codons including three 

stop codons, can lead to biased protein diversity.  Therefore the simplest way to 

encode the amino acids is through the use a codon that represents only 32 unique 

codons (NNS or NNK; where N is any nucleotide, S is C or G, and K is G or T), 

including one stop codon (TAG).  Although there are many methods for performing 

STM at multiple positions, they can be limited by transformation efficiency [82] or 

by only enabling mutations that are in close proximity to the active site [83].  An 

alternative multi-site saturation mutagenesis strategy, based solely on PCR, has been 

developed [84], which is more attractive to previous methods based on the simplicity 
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of primer design and a reduction in the number of PCR reactions to be performed.  

The saturation mutagenesis fragment can then be cloned into any linearized vector, 

via complimentary 15 bp overlaps at the 5’ and 3’ ends of the vector and DNA 

fragment, using the In-Fusion HD Cloning Kit (Clontech) [85] and transformed into 

competent E. coli cells.  As such a large library of protein variants is obtained, which 

can then be screened for the required characteristics. 

 

Screening and selection 

Whilst guided evolution does reduce the required diversity of a library when 

compared to other techniques, the theoretical diversity of saturation-mutagenesis 

protein libraries increases exponentially with the number of residues to be 

randomised [86].  These libraries can potentially contain billions of clones and 

consequently, a screening and selection strategy must be employed to single out 

clones with the desired function.  Various molecular display technologies are 

available for use in screening and selection, such as phage display [87], yeast display 

[88], bacterial display [89], mRNA display [90] and ribosome display [91]. Their use 

depends on a number of factors, including the size of the DNA library, the properties 

of the protein being displayed and the desired function of the clone.  Both mRNA 

and ribosome display are cell-free methods and have the potential to generate large 

libraries (≈10
13

) when compared to cell based systems such as yeast (≈10
8
) and 

bacterial (≈10
9
) display.  However display on mRNA has been shown to interfere 

with the function of the displayed protein, whilst ribosome display can result in a 

high background from the  large number of unrelated proteins linked to the mRNA 

i.e. ribosomes with all their associated RNAs and proteins [92].  Phage display has 

the potential to produce libraries that match the size of those obtained from cell free 

systems (≈10
12

), whilst also offering the advantage of creating an enormous diversity 

of protein variants. Furthermore, phage display is highly adaptable and selection can 

be performed in vivo or in vitro, without the need for specialist facilities [93,94].  

 

Phage display 
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Phage display, first introduced in 1985 [87],  allows for the simultaneous screening 

and selection of millions of protein variants by displaying proteins on the coat 

proteins of filamentous bacteriophage. In contrast to other phages, filamentous 

bacteriophages (f1, M13, fd) replicate and assemble without causing cell lysis [95]. 

Filamentous bacteriophages infect the bacterial host cell via the tip of the F 

conjugate pilus on the surface of male cells. The expression of proteins, antibodies or 

peptides on the phage surface is achieved by cloning the gene encoding fragment 

into the phage genome, which is fused with a coat protein (pIII, pIV or pVIII).  The 

resulting phage particles display the proteins on their surface and also contain the 

encoding DNA.  The result is a physical link between the phenotype and genotype of 

the expressed protein (Figure 1.5).   

 

 

Figure 1.5. Protein displayed on the minor coat protein (pIII) of KM13 phage 

 

Initially phage vectors, which carried all the genetic information required for the 

phage lifecycle, were used for display [86,96] but they were limited in their use by 

the size of the molecule that could be displayed.  The use of phagemids [97], which 

are a type of plasmid containing origins of replication for both single and double 

stranded replication, has circumvented this problem and allowed for larger proteins 

to be displayed [94].  The double stranded origin of replication allows phagemids to 

be used as cloning vectors and transformed into a bacterial host. However, when the 

host bacterium is infected with "helper" phage, for example KM13, the single 

stranded phagemid DNA is replicated along with the phage DNA and packaged into 

filamentous phage-like particles.  As phagemids also contain a resistance marker 
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bacteria infected with this phage can be selected via their antibiotic resistance. In 

addition, KM13, has a defective packaging signal so single-stranded phagemids are 

packaged preferentially and secreted into the culture medium [98].  Phagemid DNA 

can be further propagated by infection of the bacteria with helper phage.   

 

Selection is usually achieved through bio-panning, during which the phage-displayed 

proteins are enriched for their specific target, by successive rounds of binding, 

washing and elution. Various selection techniques can be used for capturing the 

desired clones, including antigen coated solid support systems, such as 

immunotubes.  However, the use of solution based selection, such as antigen coated 

magnetic beads, offers several advantages over solid support capture, especially 

when working with small biotinylated targets where binding requires optimal 

molecule orientation.  Phages that display relevant binding proteins will be retained, 

while non-adherent phage will be washed away.  The propensity for identifying a 

high-affinity clone is therefore increased with each round.  Three rounds of panning 

should suffice to enrich phage of 10
12

, after which only highly specific high-affinity 

binders for the target should remain.  The enriched clones can then be characterised 

for specificity/affinity for their target by enzyme-linked immunosorbent assay 

(ELISA), using a HRP conjugated anti-M13 antibody.  A polyclonal ELISA is first 

performed to establish whether a target-specific clone has been enriched throughout 

the panning process.  In principle the last round of panning should produce the 

highest binding phage-displayed proteins.  To identify monoclonal phage proteins, 

the phagemids must be rescued individually, after which a monoclonal ELISA can 

be performed to identify specific clones with the required characteristics.  The ability 

of these clones to bind specifically to the target can then be tested using a 

competitive ELISA.   
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Chapter 2.   

Rationale for the design of an O-GlcNAc specific reagent 

 

Introduction 

Since its discovery [1], the post-translational modification of proteins by O-linked 

N-acetylglucosamine (O-GlcNAc) on serine or threonine residues has gained 

significant interest in the field of glycobiology.  The modification occurs on nuclear 

and cytosolic proteins, many of which modulate cell signalling [2,3].  It is also 

thought that deregulation of this modification may be involved in neurodegenerative 

diseases, cancer, and diabetes mellitus [4,5].  Additionally, the O-GlcNAc 

modification has been found both on, and adjacent to, phosphorylation sites, and thus 

has been shown to interplay with protein phosphorylation [6,7,8,9].  The addition 

and removal of O-GlcNAc is controlled by only two enzymes; O-GlcNAc 

transferase (OGT) is responsible for the transfer of GlcNAc, from UDP-GlcNAc, to 

Ser or Thr residues on proteins, whilst O-GlcNAcase (OGA) removes it.   

The detection of O-GlcNAcylated proteins, to date, involves the use of 

antibodies[10], however none of the antibodies have been subjected to screening 

against other glycans to confirm their specificity for terminal β-linked O-GlcNAc 

(GlcNAcβ).   Previous reports [11,12,13] indicate that the current antibodies (RL2 

(IgG) [14], CTD110.6 (IgM) [15], HGAC85 (IgG) [16]) available for the detection 

of terminal O-GlcNAc residues or the O-GlcNAc modification, are non-specific and 

display weak affinity towards O-GlcNAc.  In addition, both RL2 and HGAC85 only 

recognise a particular subset of O-GlcNAc modified proteins [17]. 

To further examine the specificity of these antibodies, and to establish the extent to 

which there exists a need for a pan-specific probe for O-GlcNAc, we subjected 

samples of the three commercially-available antibodies (RL2 (IgG)[14], CTD110.6 

(IgM)[15], HGAC85 (IgG)[16]), developed for the detection of O-GlcNAc, for 

screening against the Consortium for Functional Glycomics (CFG) glycan array 

version 4.2.  The array contained more than 500 human glycans, typical of those 
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found on human tissue, and includes both N- and O-linked structures, including 

terminal β-linked O-GlcNAc.  However, it is important to note that the CFG 

microarray does not contain glycopeptides with terminal β-linked GlcNAc (O-

GlcNAc), which in the context of a peptide determinant might be recognized 

differently.  When screened against this array, any reagent that is meant to be 

specific for β-linked O-GlcNAc should bind exclusively to terminal β-linked O-

GlcNAc (also known as terminal GlcNAcβ). 

The results from the glycan array screening suggest that the current reagents are not 

specific for GlcNAcβ.  As such we set out to engineer a highly specific high-affinity 

reagent for the detection of O-GlcNAc.  Because of its specificity for GlcNAcβ, an 

inactive form of the human OGA enzyme was selected for conversion into a high-

specificity reagent for the detection of its natural substrate O-GlcNAc (Figure 2.1).  

A point mutation of OGA, using site-directed mutagenesis to knock out the 

nucleophile (D174A/N), is known to inactivate the enzyme, but retains substrate 

binding specificity [18,19].   

The inactive human OGA will be optimized for affinity by computational 

simulations; used to identify a subset of residues in the D174A/N mutants, whose 

mutations are likely to lead to increased affinity.  This subset of residues will be 

randomised by saturation mutagenesis to create a library of OGA clones.  The library 

will be screened in an aim to produce a reagent specific for O-GlcNAc.  

Additionally, a second library can be engineered, based on those OGA residues in 

close proximity to residues on either side of the glycosylation site in the 

GlcNAcylated protein, to produce a reagent which is site-specific for 

GlcNAcylation.  This type of reagent, which is termed a Lectenz®, could be an 

important diagnostic tool the detection of O-GlcNAcylated proteins (See Chapter 1, 

Figure 1.2). 
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Methods 

CFG screening of commercially available O-GlcNAc binders 

Murine mAbs RL2 (IgG) [14] and HGAC85 (IgG) [16] were purchased from 

Thermo Scientific (MA1-071, MA1-076 2mg/ml), murine Ab CTD110.6 (IgM) [15] 

was purchased from Sigma (O7764 2mg/ml). A microarray presenting 511 different 

glycans (mammalian printed array version 4.2) was used to evaluate the specificity 

of CTD110.6, HGAC85 and RL2.  The microarray is set up within the CFG [20] 

(Request ID 2092).  The antibodies were sent to the CFG as commercially supplied 

stocks, each diluted to an appropriate concentration (10, 25, and 100 μg/ml) in 

standard binding buffer (PBS, 1% BSA and 0.05% Tween 20).   

The arrays were prepared as previously described [21] and the data was analysed 

with regard to what glycan structures the antibodies should bind, as well as what 

structures it should not bind.  This comparison provides information on binding 

specificity for each of the three antibodies.  
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Results 

The data from the screening are presented in both Figure 2.1 and Table 2.1, and are 

displayed in Relative Fluorescence Units (RFU), for six glycan replicates per single 

experiment.  The screening indicates that mAbs CTD110.6 and HGAC85 showed 

broad specificity for a number of glycans containing terminal β-linked GlcNAc, 

whilst the data for mAb RL2 was considered too low, by the CFG, to be conclusive. 

Specifically, results from glycan array screening of anti-O-GlcNAc mAb RL2 (IgG) 

showed that, even at a relatively high concentration of 100 μg/ml, RL2 showed low 

RFUs for all glycans on the array. The complete lack of binding of RL2 may be due 

to a number of reasons, including problems with the secondary Ab.  However it is 

also known that RL2 only recognises a particular subset of O-GlcNAc modified 

proteins [17] and that binding to O-GlcNAc is dependent on the peptide backbone 

[14,17].  As the array does not contain glycopeptides with terminal β-linked 

GlcNAc, this may also be a reason for the lack of binding. 

Conversely both CTD110.6 (IgM) and HGAC85 (IgG), at a lower concentration of 

10 μg/ml, showed high binding towards GlcNAcβ-Sp8, with maximum RFU values 

of approximately 47,000 and 28,000 respectively (shown in red).  However, both 

mAbs also showed higher binding to different subsets of glycans containing a 

terminal O-GlcNAc residue (shown in black), and each showed cross-reactivity with 

glycans containing non-terminal GlcNAc or non-GlcNAc containing glycans, such 

as Fucose (shown in blue).   

 

The results are in agreement with others [11], who have reported the lack of 

specificity of CTD110.6, having found it to cross-react with N,N′-diacetylchitobiose 

[(GlcNAc)2], the main degradation product from chitin.  The results cast doubt on 

the reliability of the glycosylation status of proteins previously classified as O-

GlcNAc-modified proteins according to their reactivity with CTD110.6. 

Interestingly, neither mAb bound Glycan #20 (containing four terminal GlcNAc 

residues) on the array, or many of the other glycans containing terminal GlcNAcβ1-

4Man.  This correlates well with previous reports, which suggest that, like RL2, 

HGAC85 only recognises a particular subset of O-GlcNAc modified proteins [17].  
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It has also been reported that in addition to being cross-reactive towards other 

glycans, the antibodies have been seen to cross-react with peptide sequences that 

mimic GlcNAc residues [13], as well as showing some dependence on the peptide 

backbone [14,17]. 
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Figure 2.1. Binding of anti-O-GlcNAc antibodies on the CFG mammalian printed 

glycan array A) mAb HGAC85 and B) mAb CTD110.6.  Values are Relative 

Fluorescence Units (RFU), averaged over six replicates, for the best glycan binders.   
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Table 2.1. Binding of two commercially available anti-O-GlcNAc antibodies on the 

CFG mammalian printed glycan array. Values are in RFU, averaged over six 

replicates.   

 

Chart 

Number 
Glycan Structure RFU 

 
HGAC85 

 
173 GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 40023 

179 GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp8 38476 

174 GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAcβ-Sp8 36793 

175 GlcNAcβ1-3GalNAcα-Sp8 36756 

307 GlcNAcβ1-4GlcNAcβ-Sp10 36530 

177 GlcNAcβ1-3Galβ-Sp8 36209 

178 GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 33928 

405 GlcNAcβ1-6(GlcNAcβ1-3)GalNAcα-Sp14 32169 

181 GlcNAcβ1-3Galβ1-4Glcβ-Sp0 30322 

187 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-Sp8 30310 

390 
GalNAcα1-3(Fucα1-2)Galβ1-3GalNAcα1-3(Fucα1-

2)Galβ1-4GlcNAcβ-Sp0 
30091 

308 GlcNAcβ1-4GlcNAcβ-Sp12 28937 

176 GlcNAcβ1-3GalNAcα-Sp14 28824 

17 GlcNAcβ-Sp8 28381 

191 GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp8 23068 

 
CTD110.6 

 
307 GlcNAcβ1-4GlcNAcβ-Sp10 50012 

17 GlcNAcβ-Sp8 47581 

174 GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAcβ-Sp8 45387 

300 Galβ1-4GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAc-Sp0 44834 

173 GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 44812 

405 GlcNAcβ1-6(GlcNAcβ1-3)GalNAcα-Sp14 43145 

189 GlcNAcβ1-6GalNAcα-Sp8 42209 

80 Fucβ1-3GlcNAcβ-Sp8 40116 

16 GlcNAcβ-Sp0 39811 

177 GlcNAcβ1-3Galβ-Sp8 39060 

98 GalNAcβ1-4GlcNAcβ-Sp8 38066 

130 Galβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 37997 

6 Fucα-Sp8 37049 

190 GlcNAcβ1-6GalNAcα-Sp14 36254 

187 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-Sp8 35909 
The monosaccharide GlcNAc is highlighted in red; glycans containing a non-reducing terminal 

GlcNAc are in black; glycans either absent of GlcNAc or have a non-terminal GlcNAc are 

highlighted in blue. Sp0=CH2CH2NH2, Sp8=CH2CH2CH2NH2, Sp9=CH2CH2CH2CH2CH2NH2, 

Sp10=NHCOCH2NH, Sp12=Asparagine, Sp14=Threonine  
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Discussion 

 

The screening suggests that HGAC85 and CTD110.6 mAbs both bind to many 

glycans with terminal β-linked GlcNAc; however the antibodies have a rather broad 

specificity for a number of glycans that do not contain a terminal GlcNAc.  In 

addition, neither mAb was seen to bind Glycan #20 which contains four GlcNAc's, 

on the array or many of the other glycans containing terminal GlcNAcβ1-4Man.  In 

contrast mAb RL2 displayed much lower binding on the array and as such was 

considered too low to be considered conclusive data.  This may suggest that binding 

of RL2 is dependent on the peptide backbone. 

The results from the glycan array screening, as well as those reported by others, 

bring into question the ability of the current reagents to function as specific reagents 

for detecting terminal β-linked GlcNAc in glycoproteins.  However, care must be 

taken when interpreting the binding data from the CFG as currently the microarray 

does not contain glycopeptides with terminal β-linked GlcNAc (O-GlcNAc), which 

in the context of a peptide determinant might be recognized differently.  

Furthermore, the lack of a positive control means that no quantitative comparison 

can be performed.  As such, the RFU values, from even the top binders in the CFG 

data, may actually be considerably lower than those found if using a GlcNAcylated 

peptide, for example. In addition, the approach is limited in that at a high enough 

concentration of antibody some non-specific binding will occur.  The CFG data is 

therefore used to both assess the specificity of the antibodies which can then be 

compared to other reagents pertaining to be specific for terminal β-linked GlcNAc.  

There is now a considerable motivation to generate a universal high-affinity GlcNAc 

specific reagent as well as a site-specific GlcNAc reagent.  Current techniques for 

the detection of O-GlcNAc on proteins and tissues involves the use of Abs to 

confirm the presence of the modification, however, due to their non-specific nature, 

multiple Abs are often required.  Other techniques involve modifying the 

glycosylation site in an attempt to map the sites of O-GlcNAcylation on proteins, 

however further analysis is required which involves more elaborate techniques, such 

as Edman degradation and Mass Spectroscopy.   
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Conversely, a GlcNAc specific Lectenz® has the potential to specifically confirm 

the presence of GlcNAc, without the need for specialist skills or facilities on a time 

scale comparable to techniques which involve the use of Abs.  This reagent could 

establish relationships between O-GlcNAc regulation and any associated disease 

states, such as cancer. The specificity of a GlcNAc specific Lectenz® can be 

confirmed by screening against the CFG array and compared to the data from 

antibody screening. It is expected that the GlcNAc specific Lectenz® should not 

display any of the cross-reactivity seen among the antibodies, due to the endogenous 

choice of the enzyme scaffold. 

 

 

Conclusions 

The need for a GlcNAc specific reagent has been shown, due to the lack of current 

techniques for the specific detection of the modification on all O-GlcNAcylated 

proteins.  The conversion of an inactive OGA into an O-GlcNAc specific reagent has 

been proposed and offers several advantages over current techniques. The following 

two chapters will detail both the computational design and library generation and 

screening, with the aim to produce a highly specific high-affinity Lectenz® for the 

detection of O-GlcNAc. 
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Chapter 3.  

Computationally guided design of a Lectenz® specific for O-linked 

N-acetylglucosamine. 1. Identification of positions for saturation 

mutagenesis 

 

Introduction 

The accurate detection of the O-GlcNAc modification on proteins is severely limited 

by the lack of specificity of the commercially available reagents (Chapter 2).  Here 

we aim to engineer hOGA into a high affinity reagent, Lectenz®, specific for O-

GlcNAc, by utilising the naturally evolved specificity of the enzyme for the 

substrate.  The first step in converting an enzyme into a high affinity reagent requires 

the identification and characterisation of each of the residues that are proximal to the 

ligand in the complex.  The key residues involved in binding can be identified as 

those both in close proximity to the substrate and which also make a significant 

energy contribution to binding.  These residues are predicted to be directly involved 

in the specificity of the complex and are defined as hot residues.  Conversely, 

residues, which although are proximal to O-GlcNAc, but are minimally involved in 

binding are defined as tepid residues.  It is proposed that mutation of the tepid 

residues may lead to an increase in the affinity of OGA for O-GlcNAc.  

Although there is no three dimensional (3D) structure available for hOGA, structures 

have been reported for a number of bacterial OGAs, all of which belong together 

with hOGA in the glycoside hydrolase family GH84 [1].  The residues in the binding 

sites are highly conserved [2], having only a single Trp-Phe change, between the 

species.  Of OGAs that have solved 3D structures, B. thetaiotaomicron (BtOGA) has 

the highest overall sequence identity with hOGA (> 40 % [2]), as such, its 3D 

structure was selected as a suitable model from which to infer the properties of the 

hOGA-substrate complex. 

Several inhibitors of human and bacterial OGAs have been reported [3], and co-

crystallized with BtOGA [4,5,6,7].  For this study a model for the conformation of 
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O-GlcNAc in the binding site of BtOGA was generated based on the atomic 

coordinates of the inhibitor PUGNAc, a transition state mimic and O-GlcNAc-

analogue [7].  In order to provide a structural and dynamic interpretation, the 

complex was subjected to fully solvated MD simulations (100 ns), followed by direct 

binding free energy calculations.    

The results from this analysis can be applied to the design of a hOGA library, 

through saturation mutagenesis of the tepid residues, in an aim to identify a highly 

specific high-affinity O-GlcNAc binder. This class of reagent, which are termed 

Lectenz®, will be an important diagnostic tool the detection of O-GlcNAc.  

 

Computational methods 

Generating the OGA-β-OMe-GlcNAc complex 

The crystal structure of the bacterial OGA from Bacteroides thetaiotaomicron in 

complex with the transition state mimic inhibitor PUGNAc (PDBid 2VVS) [8], was 

selected as the basis for all computational modelling.  The conformation of the native 

O-GlcNAc ligand was unambiguously determined based on PUGNAc (Figure 1 (A). 

It has previously been shown that the anti-conformation of the oxime of PUGNAc 

does not fit into the binding site of a similar bacterial OGA homologue [9], thus the 

NAc group of the GlcNAc was rotated from the common anti-orientation to the syn- 

( C1-C2-N-C = -60°) in the BtOGA complex (Figure 3.1 (B)).  This conformation 

was not restrained during the subsequent simulations, but remained stable 

throughout.  
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Figure 3.1. A) β-Me-O-GlcNAc was built, using GLYCAM-Web [10], in the trans 

(E) conformation, B) The cis (Z) conformation was generated by flipping the NAc 

group 180 degrees, C) The appropriate ring conformation was generated using the 

coordinates from PUGNAc 

 

Molecular Dynamics of the OGA- β-OMe-GlcNAc complex 

Molecular Dynamics (MD) simulations were performed on the β-OMe-GlcNAc 

transition state conformation in complex with OGA.  All MD simulations were 

performed using version 4.04 of the GROMACS [11] software package.  The N-

terminal domain between L5 and P125, located between 28 Å and 54 Å from the 

binding site, was removed to reduce the system size.  The N- and C-terminal residues 

(Ser126 and Ala586) were capped with acetyl and N-methyl groups, respectively.  

Aside from residue D243 (D175 in hOGA), which is known to be protonated [12], 

the protonation state of all other ionizable residues was chosen to reflect their 

standard protonation at pH = 7.  All crystallographic water molecules were removed 

and missing hydrogen atoms were added to the structure using pdb2gmx.  Where 

possible, protonation of His residues at the ε- or δ- nitrogen atoms was based on 

optimal hydrogen bonding interactions; otherwise a default of His-δ was assumed.  

All calculations were performed using the AMBER99SB [13] parameters for the 

protein and GLYCAM06g [14] parameters for the carbohydrate.  The overall 

negative charge was neutralized by addition of Na
+
 counterions.  Each system was 

solvated with TIP3P water [15] in a cubic simulation box (120 Å per side). The 

positions of all water molecules, counterions, and all hydrogen atoms were 

optimized through 10,000 steps of steepest descent energy minimization.  During 
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energy minimization and MD equilibration the non-hydrogen atoms were restrained 

with a force constant of 1,000 kJ/mol/nm
2
.    

A step-wise protocol was employed for MD equilibration, beginning with heating in 

the NVT ensemble from 5K to 300K over 100 ps.  Subsequently, water, hydrogen 

atoms, and counterions were equilibrated for a further 200 ps in the NPT ensemble at 

300K at a pressure of 1 bar.  The restraints were then removed from the sidechains of 

the BtOGA and the system was equilibrated for a further 1 ns.  During the final 

equilibration phase (2 ns), all atoms were released from positional restraints, after 

which MD was continued for 100 ns.  In all simulations, the linear constraint solver 

(LINCS) was used to constrain all hydrogen-containing bonds [16], permitting an 

integration step of 2 fs.  The temperature was held constant at 300 K by a Langevin 

thermostat, with a coupling time constant of 0.1 ps.  Electrostatic interactions were 

treated with the Particle-Mesh Ewald algorithm [17].  Cut-off values for Coulomb 

interactions were set to 12 Å, while van der Waals interactions were switched off 

between 10 and 11 Å.   

 

Computational analysis 

An analysis of the hydrogen bond network in the complex was carried out using 

VMD [18].  A percentage occupancy analysis of the hydrogen bonds present during 

the simulation was carried out using a distance cut-off of 3.5 Å with a minimal 

percentage occupancy cut-off of 5%.  The OGA-glycan interactions were visualized 

using Ligplot [19].  Binding free energies were calculated with the single-trajectory 

Molecular Mechanics–Generalized Born Surface Area (MM-GBSA) method [20,21], 

with average values computed from an ensemble of uncorrelated snapshots collected 

every 1 ns from the 100 ns trajectory.  Before the analysis, all water molecules were 

removed from the complex.  The solvation energy was then approximated through 

the generalised Born (GB) implicit solvation model (igb =2) [22].  This approach has 

been applied by us [23,24] and others[25] to the analyses of carbohydrate-protein 

binding.  Only residues within a 6 Å radius of the ligand were considered for 

mutation, as this is the maximum distance for possible van der Waal interactions.  Of 



Chapter 3 
 

45 
 

those, OGA residues with a binding energy contribution of > 0.5 kcal, based on 

thermal energy at room temperature, were considered as significant for binding. 
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Results 

Contact analysis  

A hydrogen bond analysis from the 100 ns simulation identified those OGA residues 

that interact with the β-OMe-GlcNAc motif.  Hydrogen bonds, formed for over 5% 

of the total simulation time, were found between six OGA residues and the glycan.  

Of those, five hydrogen bonds were observed to be through sidechain interactions, 

specifically between OGA residues D344, N339, D242, K166 and H433, and the 

glycan.  The remaining hydrogen bond identified was through a backbone interaction 

between OGA residue G135 and the glycan (see Table 3.1).   

 

Table 3.1.  Per-atom hydrogen
b
 bond percentage occupancy for the BtOGA-GlcNAc 

complex 

Donor H-X Acceptor Occupancy
c
 Distance

d
 

GlcNAc-O4 D344-Oδ2 95.6 2.6(0.1) 

N339-Nδ2 GlcNAc-O2N 86.6 2.9(0.1) 

GlcNAc-O6 D344-Oδ1 85.3 2.6(0.1) 

GlcNAc-N2 D242-Oδ2 56.4 3.1(0.2) 

K166-Nζ GlcNAc-O3 32.3 2.9(0.1) 

GlcNAc-O3 G135-O 22.5 2.8(0.1) 

H433-Nε2 GlcNAc-O6 _7.1 3.2(0.2) 
a
Average hydrogen bond distance between GlcNAc and BtOGA, over the 100 ns simulation. 

b
Hydrogen bonds are defined as those with a donor-acceptor distance of 3.5 Å or less, with standard 

deviations shown in parentheses.  
c
A minimum cut-off of 5% occupancy was applied. 

 

Additionally, the Ligplot programme [19] was used to identify both hydrogen bonds 

and hydrophobic contacts in the BtOGA-GlcNAc complex.  The 2D schematic 

diagram of the interactions between the OGA-glycan complex identified four 

additional OGA residues which make interactions with the glycan.  Specifically, 

three hydrophobic interactions were observed for OGA residues V314, Y282, and 

C278, whilst one additional hydrogen bond was observed between OGA residue 

N372 and the glycan (Figure 3.2 and Table 3.3). 
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Figure 3.2. Schematic diagram of GlcNAc-OMe (purple) in complex with BtOGA 

(cyan).  Image generated by Ligplot [19] 

 

Binding free energy analysis 

Binding free energy calculations (MM-GBSA) were carried out to identify which 

OGA residues contributed at least 0.5 kcal/mol to binding.  In agreement with the 

contact analysis of OGA in complex with β-O-GlcNAc, the MM-GBSA analysis 

showed that the five OGA residues, namely D344, N339, D242, K166 and H433, 

which make sidechain interactions with the glycan, all rank amongst the highest 

contributors to binding (Table 3.2).  Additionally, a further six OGA residues 

showed a significant energy contribution towards the glycan, including Y282, N372, 

W337, Y137, V314, and V342.  Our results suggest that the contributions from these 

11 residues are crucial for binding the glycan, and as such we have termed them as 

hot residues.  Indeed, previous work [2,12] has shown that the catalytic pair, D242 

and D243 (D174 and D175 in hOGA), are critical for catalysis in both the bacterial 

and hOGA homologues.  Additionally, the mutations  Y137F and Y282F, as well as 
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N372N, have been shown to result in a significant reduction in catalytic efficiency 

[2].  Conversely, the analysis showed that eight OGA residues, namely, D243, T310, 

I315, Y345, C278, W286, F136, and F240 have an energy contribution of less than 

0.5 kcal, but are also within a 6 Å radius of the glycan.  The analysis indicates that 

mutation of these eight residues, which we have termed as tepid, may increase the 

affinity of OGA for GlcNAc without altering the specificity. 

 

Table 3.2. Average
b 

contribution to the interaction energies from the key
a
 BtOGA 

residues in complex with O-GlcNAc 

Residue 
<ΔE van der 

Waals> 

<ΔE Direct 

electrostatic> 

<ΔG Polar 

desolvation> 

. <ΔG Non-polar 

desolvation> 

<ΔG 

Binding> 

Critical for 

binding 

    Asp 344 1.7 -19.4 12.2 -0.1 -5.6(1.0) 

Asn 339 -1.0 -3.3 1.2 -0.1 -3.2(0.4) 

Trp 337 -2.1 -1.0 1.0 -0.1 -2.2(0.3) 

Tyr 282 -1.7 -0.1 0.2 -0.1 -1.7(0.3) 

Asp 242 -0.9 -3.8 3.2 -0.1 -1.6(0.6) 

Lys 166 -0.3 -3.9 2.7 0.0 -1.6(0.6) 

Asn 372 -0.6 -1.8 0.9 0.0 -1.5(0.4) 

Tyr 137 -1.5 0.3 0.2 -0.2 -1.2(0.4) 

Val 314 -1.0 -0.3 0.4 -0.1 -1.0(0.2) 

Val 342 -0.7 0.1 -0.2 0.0 -0.8(0.2) 

His 433 -0.6 -0.9 1.0 -0.1 -0.7(0.5) 

Selected For 

Mutation 

    Ash 243 -1.3 0.5 0.4 -0.1 -0.5(0.4) 

Thr 310 -0.5 -0.3 0.3 0.0 -0.5(0.1) 

Ile 315 -0.4 -0.1 0.1 0.0 -0.4(0.1) 

Tyr 345 -0.6 0.4 -0.3 0.0 -0.4(0.1) 

Cys 278 -0.3 -0.1 0.1 0.0 -0.3(0.0) 

Trp 286 -0.3 -0.1 0.2 0.0 -0.2(0.1) 

Phe 136 -0.2 0.0 0.0 0.0 -0.1(0.0) 

Phe 240 -0.1 0.0 0.0 0.0 -0.1(0.0) 

Percentage 

of total 90.7 97.9 91.6 100.0 98.8 
a
Any residue identified in the hydrogen-bonding analysis or that contributes >0.5 kcal/mol to 

<ΔGBinding>. 
b
Calculated from an ensemble of uncorrelated snapshots collected from the 100 ns MD simulation.  

c
Relative to the total contributions from all of the residues in the protein. 
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Table 3.3. Summary of the distance, contacts and, energy analysis between OGA 

residues and β-OMe-GlcNAc. OGA residues are ranked according their per-residue 

energy value 

Residue
a
 Direct contacts

b
 Direct/indirect contacts

c
 <ΔG Binding>

d
 

344   -5.6 

337 

  
-4.0 

339   -3.2 

282 



e
 -1.7 

166   -1.6 

242   -1.6 

372 


 -1.5 

137 

  
-1.2 

314 

 
 -1.0 

342 

  
-0.8 

433   -0.7 

243 

  
-0.5* 

310 

  
-0.5* 

315 

  
-0.4* 

345 

  
-0.4* 

278 

 
 -0.3* 

286 

  
-0.2 

136 
  

-0.1* 

240 

  
-0.1* 

135   0.0 

Total 6 10 19 
a
OGA residues within 6 Å of the ligand 

b
Identified from hydrogen bond analysis 

c
Identified from Ligplot 

d
Per-residue contributions from MM-GBSA in kcal/mol

 

e
Non-direct hydrophobic contacts

 

*Residues chosen for inclusion in the library 

 

 

Given the high level of identity within the binding sites of all homologs, the hot and 

tepid residues, identified from the computational analysis of the BtOGA-β-OMe-

GlcNAc complex, can be aligned onto the sequence of the hOGA homolog (Figure 

3.3).  The identification of these key residues can thus aid in the design of a hOGA 

library, which can be screened to identify high affinity hOGA clones specific for O-

GlcNAc. 
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. 

Figure 3.3.  Top) Sequence alignment of bacterial (BtOGA, CpOGA and human 

(hOGA). OGA residues within 6 Å of the glycan (β-OMe-GlcNAc) (grey shading), 

residues critical to ligand binding based on computational analysis (red), residues 

defined as tepid (blue); will be used for the saturation mutagenesis library. Bottom) 

Structural representation showing the tepid residues (blue sticks) in and around the 

OGA binding pocket (grey surface), with β-OMe-GlcNAc (cyan sticks). 

hOGA       GAAVAGAAGG--------------------------ARRFLCGVVEGFYGRPWVMEQRKE 80 

BtGH84     EIVLAGNDERGTYYALQTFAQLLKDGKLPEVEIKDYPSVRYRGVVEGFYGTPWSHQARLS 169 

CpNagJ     KIAIEGKDGDGTFYGVQTFKQLVKESNIPEVNITDYPTVSARGIVEGFYGTPWTHQDRLD 170 

             .: *                              .     *:****** **  : * . 

 

hOGA       LFRRLQKWELNTYLYAPKDD-YKHRMFWREMYSVEEAEQLMTLISAAREYEIEFIYAISP 139 

BtGH84     QLKFYGKNKMNTYIYGPKDDPYHSAPNWRLPYPDKEAAQLQELVAVANENEVDFVWAIHP 229 

CpNagJ     QIKFYGENKLNTYIYAPKDDPYHREK-WREPYPESEMQRMQELINASAENKVDFVFGISP 229 

            ::   : ::***:*.**** *:    **  *. .*  ::  *: .: * :::*::.* * 

 

hOGA       GLDITFSN---PKEVSTLKRKLDQVSQFGCRSFALLFDDIDHNMCAADKEVFSSFAHAQV 196 

BtGH84     GQDIKWN----KEDRDLLLAKFEKMYQLGVRSFAVFFDDISGEGTNPQKQ-----AELLN 280 

CpNagJ     GIDIRFDGDAGEEDFNHLITKAESLYDMGVRSFAIYWDDIQDK--SAAKH-----AQVLN 282 

           * ** :.     :: . *  * :.: ::* ****: :***. :   . *.     *.    

 

hOGA       SITNEIYQYLGEPETFLFCPTEYCGTFCYPNVSQSPYLRTVGEKLLPGIEVLWTGPKVVS 256 

BtGH84     YIDEKFAQVKPDINQLVMCPTEYNKSWSNPNGN---YLTTLGDKLNPSIQIMWTGDRVIS 337 

CpNagJ     RFNEEFVKAKGDVKPLITVPTEYDTGAMVSNGQPRAYTRIFAETVDPSIEVMWTGPGVVT 342 

              : ::: :   : : ::  ****      .* .   *   ..:.: *.*:::***  *:: 

 

hOGA       KEIPVESIEEVSKIIKRAPVIWDNIHANDYDQKRLFLGPYKGRSTELIPRLKGVLTNPNC 316 

BtGH84     -DITRDGISWINERIKRPAYIWWNFPVSDYVRDHLLLGPVYGNDTTIAKEMSGFVTNPME 396 

CpNagJ     NEIPLSDAQLISGIYNRNMAVWWNYPVTDYFKGKLALGPMHGLDKGLNQYVDFFTVNPME 402 

            :*. .. . :.   :*   :* *  ..** : :* ***  * .. :   :. . .**   
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Discussion 

BtOGA residues, that are proximal to O-GlcNAc have been separated into, those 

with a significant energy contribution to the complex, and those that do not 

contribute significantly to the binding energy. A saturation mutagenesis library has 

been designed with an aim to increase the affinity of hOGA to the substrate 

(discussed in detail in Chapter 4).  Residues defined as critical for binding to β-OMe-

GlcNAc are defined as those with an energy contribution higher than 0.5 kcal/mol; 

altering any of these residues may have a negative effect on the affinity of the 

complex.  Specifically, seven residues namely; D344, N339, W337, Y282, D242, 

K166 and N372 all have binding energies greater than 1.5 kcal and contribute to 

binding the glycan through a combination of van der Waals and hydrophobic 

interactions or direct hydrogen bonding; these residues appear to contribute to the 

specificity of the complex.  The four remaining residues, which have contribution 

energies of over 0.5 kcal, appear to be primarily involved in weaker van der Waals 

interactions.  These eleven residues are therefore defined as critical for binding, 

which have been defined as hot residues, and will not be mutated in the saturation 

mutagenesis library.  The notable exception to this is the catalytic nucleophile D242 

which will be mutated to both an Asn or an Ala, to inactivate the enzyme.   

Residues, for which the O-GlcNAc specific library design will be based on, are 

defined as those residues, located within a 6 Å radius of the glycan, which do not 

make any direct contacts with the glycan and also have energy contribution of less 

than 0.5 kcal/mol.  The fact that these residues lie in such close proximity to the 

binding site but are not necessary for binding means that their mutation may increase 

the affinity OGA for O-GlcNAc without having any effect on binding specificity. 

Seven residues fit these criteria, and are referred to as tepid residues, namely D243, 

T310, I315, Y345, C278, F136, and F240 (Table 3.3).  Although W286 was weaker 

than the 0.5 kcal mol
-1 

energy threshold, it was decided to leave it unchanged due to 

its position on OGA, as the potential exists for it to make contacts with O-

GlcNAcylated proteins.   
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Conclusions 

The potential exists to enhance the affinity of an inactive hOGA for O-GlcNAc 

through mutation of hOGA residues, which are proximal to O-GlcNAc but are 

minimally involved in binding.  As the binding site of hOGA and BtOGA are highly 

conserved, the 3D structure of the BtOGA homologue was used to model the 

interactions of the OGA-GlcNAc complex.  Seven residues, which fit these criteria, 

have been identified. 

The results from this analysis can be applied to the design of a hOGA library, 

through saturation mutagenesis of the tepid residues, in an aim to identify a highly 

specific high-affinity O-GlcNAc binder.  This analysis has reduced the potential 

number of clones from an intractable value of 20
19

 to a more practical value of 20
7
, 

which equates to a required library size of approximately 1x10
9
, suited to in vitro 

screening.  The following chapter details the experimental library generation and 

screening, as well as the functional characterisation of the clones via ELISA.  
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Chapter 4.   

Computationally guided design of a Lectenz® specific for O-linked 

N-acetylglucosamine. 2. Construction, screening and 

characterisation of the phage display library 

 

Introduction 

 

The increasing demand for proteins, including antibodies and enzymes, which have 

an improved performance for a desired function, such as increased specificity, 

stability, affinity, and activity has driven the protein community to develop 

engineering techniques to generate enhanced protein variants [1].  Such techniques 

include random mutagenesis; which has been used to varying levels of success [2,3], 

as well as  recombination of entire genes [4].   Such improvement in protein function 

is known to routinely require more than just modifications at a single site [5,6] and, 

as such, saturation mutagenesis at multiple sites can be required.  The more recent 

design of focussed directed evolution libraries, based on protein structure and 

function [1], has allowed for structurally guided protein evolution by identifying 

residues that could potentially contribute to the desired function.  The theoretical 

required size of saturation-mutagenesis protein libraries increases exponentially with 

the number of residues to be randomised [7], thus guided evolution serves a key role 

by focussing the library on the minimum number of sites, thus reducing the required 

size.  Nevertheless, these libraries can potentially contain billions of clones, and a 

screening and selection strategy must be employed to select clones with the desired 

function.  Phage display, introduced in 1985 [8],  allows for the simultaneous 

screening and selection of protein variants by displaying protein clones on the coat 

proteins of filamentous bacteriophage.   

Here, O-GlcNAcase (OGA), which is  specific for its natural substrate O-GlcNAc, 

has been selected as a target for structurally guided directed evolution, in an aim to 

enhance its affinity, for use as an O-GlcNAc specific reagent; discussed in detail in 

the preceding chapters.  The enzymatic activity of OGA was first knocked out by 
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site-directed point mutation of the nucleophile at position 174 to either D174A or 

D174N.  The key interactions involved in binding have been identified 

computationally (see Chapter 3) and have been separated into residues that are 

directly involved in the specificity of the receptor (hot residues) and those that are 

minimally involved in binding, whose mutation may therefore lead to an increase in 

the affinity (tepid residues).  The results from the analysis are applied now to the 

design of mutagenesis library, through saturation mutagenesis of the tepid residues, 

in an aim to engineer a highly specific high-affinity O-GlcNAc reagent.   In addition 

as the clone is derived from a human OGA the potential exists for it to be used as a 

therapeutic in many applications such as targeted drug delivery.  

The first step in performing a library screen is to generate an ensemble of sequences 

experimentally, which is typically performed at the DNA level.  Here, the 

generation, screening, and selection of a highly diverse library, derived from an O-

GlcNAcase scaffold, using a combination of focussed oligonucleotide-directed 

saturation mutagenesis and phage-display, is reported 

The positions to be randomised include seven tepid residues proximal to the O-

GlcNAc binding site.  In addition, the activity of the enzyme was knocked out by site 

directed mutagenesis of the catalytic aspartic acid residue (D174) to both an Asn and 

an Ala residue [9,10].  As such two libraries (A and N) were generated, with primers 

designed to randomly mutate seven positions.  A protein library of 20
7 

= 1.3 x 10
9 

requires a library size of ≈ 1.6 x 10
11 

to ensure a reasonable probability of 

representing all possible amino acid combinations of the seven positions; a size 

suited to the diversities accessible through phage-display (10
11

) [11].  The two 

generated phage-displayed hOGA libraries (A and N) were combined and screened 

against the target, O-GlcNAc. The clones were enriched with each round of panning, 

after which they were characterised for ligand binding by ELISA. 

The results from the both screening and sequencing of the phage-displayed hOGA 

clones, from the final round of panning, indicate that one hOGA clone was enriched, 

and that this clone displayed both a high affinity and high specificity for O-GlcNAc.  

The inhibition assays suggest that this clone is inhibited by free GlcNAc, and that it 

is specific for O-GlcNAc when compared to two structurally similar 
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monosaccharaides; glucose and galactose. This clone may now be cloned into a 

suitable expression vector and characterised further for use as a reagent specific for 

the detection of O-GlcNAc. 
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Materials  

 

A truncated version of hOGA (≈ 47 kDa protein): consisting only of the glycosidic 

domain, was amplified from a hOGA construct (kindly provided by Lance Wells, 

University of Georgia)  

The following;  

T-phage resistant E. coli. TG1: for propagation of phage (TG1Tr) (K12 Δ(lac-

proAB) supE thi hsdD5/F' traD36 proA+B lacIq lacZΔM15), E. Coli. HB2151: for 

expression of protein fragments (K12 ara Δ(lac-proAB) thi/F' proA+B lacIq 

lacZΔM15), Helper Phage KM13[12]: (~100 μl with 10
7
 pfu/ml), pIT2 phagemid 

vector: from Human Single Fold scFv Libraries I + J (Tomlinson I + J) were 

obtained from the Medical Research Council (MRC), Cambridge, England [13,14] 

1 x M9salts [15]: Na2HPO4 (12.8 g), KH2PO4, (3 g), NaCl (0.5 g), and NH4Cl (1 g) 

were dissolved in double distilled (dd) H2O (500 ml) and autoclaved at 121°C 

M9 minimal media broth [16]: the following filter sterilized solutions; Glucose 

(20% Solution, 20 ml), MgSO4 (1 M, 2 ml), CaCl2 (1 M, 0.1 ml), Thiamine (0.5% 

w/v, 0.1 ml) were added to 1 x M9 salts (500 ml) 

Agar (3 %): Bacto-Agar (15 g) was dissolved in ddH2O (500 ml) and autoclaved at 

121°C 

M9 minimal agar plates: [16]: Sterilized solutions of; Glucose (20% Solution, 20 

ml), MgSO4 (1 M, 2 ml), CaCl2 (1 M, 0.1 ml), Thiamine (0.5% w/v, 0.1 ml) were 

added to 1 x M9 salts (500 ml) and combined with 3% agar (500 ml) 

H-top agar: Tryptone (1 g), NaCl (0.8 g) and Bacto-Agar (0.7 g) were dissolved in 

ddH2O (100 ml) 

TYE plates: Bacto-Agar (15 g), NaCl (8 g), Tryptone (10 g), Yeast Extract (5 g) 

were dissolved in ddH2O (1 litre) (antibiotic and glucose added as required) 

2xTY: Tryptone (16 g), Yeast Extract (10 g) and NaCl (5 g) were dissolved in 

ddH2O (1 litre) (antibiotic and glucose added as required) 
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LB broth: Yeast Extract (5 g), Tryptone (10 g) and NaCl (10 g) were dissolved in 

ddH2O (1 litre) (antibiotic and glucose added as required) 

LB agar: Yeast Extract (5 g), Tryptone (10 g), NaCl (10 g) and Bacto-agar (15 g) 

were dissolved in ddH2O (1 litre) (antibiotic and glucose added as required) 

20 % Glucose: Glucose (200 g) was dissolved in ddH2O (1 litre) and filtered (0.2 

μm) 

PEG/NaCl: PEG 6000 (20 g), NaCl (14.6g) were dissolved in ddH2O (100 ml) 

PBS: NaCl (5.84 g), Na2HPO4 (4.72 g) and NaH2PO4.2H20 (2.64 g) were dissolved 

in ddH2O (1 litre) and brought to pH 7.2 

PBST: NaCl (5.84 g), Na2HPO4 (4.72 g) and NaH2PO4.2H20 (2.64 g) were dissolved 

in ddH2O (1 litre) with Tween 20 (0.05 %) and brought to pH 7.2 

PBSB: NaCl (5.84 g), Na2HPO4 (4.72 g) and NaH2PO4.2H20 (2.64 g) were dissolved 

in ddH2O (1 litre) with Bovine Serum Albumin (2 %) and brought to pH 7.2 

PBSF: NaCl (5.84 g), Na2HPO4 (4.72 g) and NaH2PO4.2H20 (2.64 g) were dissolved 

in ddH2O (1 litre) with Fish Gelatin (2 %) and brought to pH 7.2 

Trypsin: Type XIII from Bovine Pancreas (Sigma Cat# T-1426) 

Bovine serum albumin:  Bovine Serum Albumin (BSA) (Fraction V), heat-shock 

treated (Fisher Cat# BP1600-100) 

Fish gelatin: Gelatin from cold water fish skin (Sigma Cat# G7041) 

Trypsin stock (10 mg/ml): trypsin (50 mg) was dissolved in 5 ml Tris-HCl (50 

mM) and  CaCl2 (1 mM) and brought to pH7.4 (stored at -20°C) 

Kanamycin: Dissolve kanamycin powder at 50 mg/mL in ddH2O. Filter through 0.2 

mM filter (store at -20 °C) 

Carbenicillin: Dissolve ampicillin powder at 100 mg/mL in ddH2O. Filter through 

0.2 mM filter (store at -20 °C) 
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Biotinylated GlcNAc: GlcNAcb-Sp(CH2CH2NH3)-LC-LC(Long-chain))-Biotin 

(B121 supplied by the Consortium for Functional Glycomics (CFG)) 

β-GlcNAc-Sp: 5 mg (M5) supplied by the CFG diluted in PBS 

β-OMe-Glucose: 5 g Sigma  Cat# M0779  

β-OMe-Galactose: 1 g Sigma  Cat# M0285  

Streptavidin coated Dynabeads: Invitrogen Cat# 110.47 

Streptavidin coated 96-well plates: VWR Cat # B735-0544 

HRP/Anti-M13: Monoclonal Conjugate Horseradish Peroxidase conjugated to anti-

M13 Monoclonal Antibody with Mouse ascites fluid (GE Healthcare Code: 27-9421-

01) 

TMB ELISA substrate: TMB 3,3',5,5'-tetramethylbenzidine (Sigma Cat# T4444 

100 ml)  
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Methods 

 

Production of helper phage 

Performed as per Tomlinson I+J [13].  TG1Tr was grown overnight (12 – 16 hrs) at 

37°C on a minimal media plate, after which a bacterial colony was transferred into 5 

ml of 2xTY and grown for an additional night at 37°C.  The next day the overnight 

culture was diluted (1:100) into fresh 2xTY medium and grown shaking (200rpm) at 

37°C until OD 600 was 0.4 (1.5-2 hrs).  200 μl of TG1 at an OD 600 of 0.4 was 

infected with 10 μl of 100-fold serial dilutions of trypsin-sensitive KM13 helper 

phage in a 37°C water bath (without shaking) for 30 min.  The culture was added to 

3 ml molten H-top agar (42°C) and poured onto warm TYE plates (no antibiotic); 

once set the plate was incubated overnight at 37°C. The following day a small plaque 

was picked into 5 ml of fresh TG1 (OD 0.4) and grown for 2 hrs shaking at 37°C. 

The phage infected E. coli was diluted in 500 ml 2xTY and grown for 1hr shaking at 

37°C. Kanamycin was added to a final concentration of 50 μg/ml and the culture was 

left overnight shaking at 30°C.  After overnight incubation the culture was 

centrifuged at 10,800 g for 15 min.  The supernatant (400 ml) was transferred to a 

new flask and 100 ml of PEG/NaCl (20 % polyethylene glycol 6000, 2.5 M NaCl) 

was added and left on ice for 1 hr.  The mixture was centrifuged at 10,800 g for 30 

min and the pellet collected. The pellet was resuspended in 8 ml PBS and 2 ml 

PEG/NaCl, mixed, and left for 20 minutes on ice. The mix was centrifuged at 3,300 

g for 30 min and the supernatant discarded; this was repeated to ensure no PEG/NaCl 

remained. The phage pellet was resuspended in 5 ml PBS and spun at 11,600 g for 

10 min in a micro centrifuge to remove any remaining bacterial debris. The helper 

phage was stored at 4°C for short term storage or in PBS with 15 % glycerol for 

longer term storage at -70°C. 

To titer the helper phage, 5μl of trypsin stock solution was added to 45μl phage and 

incubated for 30 mins at 37 °C.  1μl of trypsin treated phage was diluted in 1ml PBS 

and five 100 fold serial dilutions were prepared in 1ml aliquots of PBS.  50μl of the 

six dilutions were added to six separate tubes containing 1ml of TG1 at an OD 0.4 

and mixed.  3 ml of molten H-Top agar was added and poured evenly onto TYE 
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plates. As a control, the same dilutions were prepared using 1μl of non-trypsin 

treated phage.  Helper phage was made up to a final stock concentration of 2x10
12

. 

 

Construction strategy for the multi-site saturation mutagenesis hOGA library 

Primers (hOGA fragments) 

PCR amplified hOGA, was cloned into NcoI and NotI linearized pIT2 phagemid 

vector using the Quick Ligation Kit (NEB) (Figure 4.1).  Chemically competent E. 

coli cells were prepared as previously described [17,18]. The ligated hOGA-pIT2 

construct was transformed into chemically competent E. coli HB2151 cells via the 

heat shock method [19].  Using this construct, D174A and D174N inactive mutants 

were generated via site-directed mutagenesis using the QuikChange Site-Directed 

Mutagenesis Kit (Agilent).   

 

Figure 4.1. hOGA was cloned into NcoI and NotI linearized pIT2 phagemid 

 

Starting from the D174A and D174N inactive templates, degenerate primers were 

designed to introduce saturation mutagenesis at specific sites in four separate PCR 

reactions (Table 4.1).  The target codons were replaced with an NNK sequence in 

forward primers F68Xfor, (N)D175Xfor, (A)D175Xfor, C215Xfor, T250-V255for 

and an MNN in reverse primers (N)D175Xrev, (A)D175Xrev, C215Xrev, T250-
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V255 rev Y286Xrev.  The targeted codons were placed in the centre of the 

degenerate primers with the 15bp sequence upstream and downstream of the 

NNK/MNN left identical to those of the wild-type gene (Figure 4.2). 

 

 

Figure 4.2.  Construction strategy for the multi-site saturation mutagenesis hOGA 

library.   A) Starting from the D174A and D174N inactive templates, degenerate 

primer (solids coloured arrows; NNK encoded) amplification generates hOGA DNA 

fragments with randomizations (coloured “x”) at key positions in four separate PCR 

reactions.   B) PCR 1-4 products are gel excised, purified and combined at 1:1 molar 

ratio for the first pull-through PCR reaction (i.e.  5A and 5B) joining PCR fragments 

1 + 2 and 3 + 4.  C)  A second pull-through PCR reaction is done as above to join 

PCR products 5A and 5B.    
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Table 4.1. Primers used to introduce mutations at the required sites in both hOGA 

libraries (A and N) 

*K=G or T; M=A or C; N = A, A, G or T 

 

 

Primer name Sequence Application 

Library A   

F68Xfor 
5’ GGT GTG GTG GAA GGA NNK TAT 

GGA AGA CCT TGG 3’ 

PCR 1, 5A, 

and 5C  

(A)D175Xrev 
5’ ATT ATG GTC TAT MNN GGC AAA 

MNN CAA AGC AAA TGA 3’ 
PCR 1  

(A)D175Xfor 
5’ TCA TTT GCT TTG NNK TTT GCC NNK 

ATA GAC CAT AAT 3’ 
PCR 2 

C215Xrev 
5’ ACA GTA TTC TGT GGG MNN GAA 

GAG GAA AGT TTC 3’ 

PCR 2 and 

5A  

C215Xfor 
5’ GAA ACT TTC CTC TTC NNK CCC ACA 

GAA TAC TGT 3’ 

PCR 3 and 

5B  

T250-V255 rev 
5’ AAT TTC TTT AGA MMN AAC TTT 

GGG ACC MNN CCA AAG CAC TTC 3’ 
PCR 3  

T250-V255for 
5’ GAA GTG CTT TGG NNK GGT CCC 

AAA GTT NKK TCT AAA GAA ATT 3’ 
PCR 4  

Y286Xrev 
5’ CAG TCT CTT CTG ATC MNN ATC ATT 

AGC ATG AAT 3’ 

PCR 4, 5B 

and 5C  

Library N   

F68Xfor 
5’ GGT GTG GTG GAA GGA NNK TAT 

GGA AGA CCT TGG 3’ 

PCR 1, 5A, 

and 5C  

(N)D175Xrev 
5’ ATT ATG GTC TAT MNN GTT AAA 

MNN CAA AGC AAA TGA 3’ 
PCR 1  

(N)D175Xfor 
5’ TCA TTT GCT TTG NNK TTT AAC NNK 

ATA GAC CAT AAT 3’ 
PCR 2 

C215Xrev 
5’ ACA GTA TTC TGT GGG MNN GAA 

GAG GAA AGT TTC 3’ 

PCR 2 and 

5A  

C215Xfor 
5’ GAA ACT TTC CTC TTC NNK CCC ACA 

GAA TAC TGT 3’ 

PCR 3 and 

5B  

T250-V255 rev 
5’ AAT TTC TTT AGA MMN AAC TTT 

GGG ACC MNN CCA AAG CAC TTC 3’ 
PCR 3  

 

T250-V255for 
5’ GAA GTG CTT TGG NNK GGT CCC 

AAA GTT NKK TCT AAA GAA ATT 3’ 
PCR 4  

 

Y286Xrev 
5’ CAG TCT CTT CTG ATC MNN ATC ATT 

AGC ATG AAT 3’ 

PCR 4, 5B 

and 5C   
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Saturation mutagenesis PCR (hOGA) 

Four PCR reactions were carried out using primer pairs; F68Xfor/(A)D175Xrev (A 

library) and F68Xfor/(N)D175Xrev (N library) for PCR1, (A)D175Xfor/C215Xrev 

(A library) and (N)D175Xfor/C215Xrev for PCR2, C215Xfor/T250-V255 rev for 

PCR3 and T250-V255for/Y286Xrev for PCR4 (Table 4.1).  For each PCR 10 x 50 µl 

reactions were made-up, each containing 1 x HF reaction buffer, 200 µM dNTP, 50 

ng of template DNA, 50 pmol of each primer, 0.5µl Phusion DNA Polymerase (0. 02 

U/ µl) and 37. 2 µl ddH2O were heated at 98 °C for 60 s, followed by 30 cycles of 

98°C for 10 s, 53°C for 45 s and 72°C for 30 s.  The reactions was incubated for a 

further 10 min at 72°C and finally held at 4°C.  

PCR clean-up (hOGA) 

PCR 1- 4 products were purified using the NucleoSpin® Extract II Kit (Clontech).  

Briefly, a 1:2 ratio of PCR product to NT buffer was mixed and loaded into a 

NucleoSpin® Extract II column.  The mixture was centrifuged for 1 min at 11,000 x 

g and the flow-through discarded.   700 µl of Buffer NT3 was added to the column.  

The mixture was centrifuged for 1 min at 11,000 x g and the flow-through discarded.   

The column was centrifuged for a further 2 min at 11,000 x g and incubated at 70°C 

for 5 min to completely remove any residual ethanol.   The column was placed into a 

new 1.5 ml microcentrifuge tube, 50 µl of pre-warmed ddH2O (65 °C) was added 

and incubated for 1 min.   The DNA was eluted by centrifuging for 1 min at 11,000 x 

g.  As DNA has a peak absorbance of UV light at 260 nm, the concentration can be 

measured using the Nanodrop Spectrophotometer which uses Beer‐Lambert law to 

draw a direct correlation between absorbance and concentration.  The molecular 

weight of each PCR product was confirmed using Agarose gel electrophoresis.   

Pull through PCR (hOGA) 

Two pull-through reactions (i.e.  5A and 5B) were carried out by combining PCR 

fragments 1 + 2 and 3 + 4, with a short overlap, at a 1:1 molar ratio using the same 

PCR conditions as above.  Finally a pull-through PCR reaction was done as above to 

join PCR products 5A and 5B using primers F68Xfor and Y286Xrev to generate the 
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final hOGA fragment 5C.  The fragment was purified using the NucleoSpin® 

Extract II Kit as described.  

Primers (pIT2 vector) 

Primers were designed to linearise the vector by selecting sites at both the 5’ and 3’ 

end which contained a 15 bp complimentary sequence to that of the hOGA fragment 

(Table 4.2).   

 

Table 4.2.  Primers used for linearised vector PCR 

Primer name Sequence Application     

Linvec- rev 5’ TCC TTC CAC CAC ACC GCA GAG 3’ Reverse infusion rxn 

Linvec-for 5’ GAT CAG AAG AGA CTG TTT CTG GGC 3’ Forward infusion rxn 
*K=G or T; M=A or C; N = A, A, G or T 

 

 

PCR (linearised pIT2 vector) 

A 2-step PCR reaction was carried out using primer pair Linvec-rev/Linvec-for.  A 

50 µl reaction mix containing; 1 x buffer, 0. 2 mM dNTP, 1mM MgSO4, 50 ul of 

each primer, 1 x enhancer buffer, 0.4 μl of Platinum® Pfx DNA Polymerase, 10ng of 

template DNA and 36. 1 µl of ddH2O, was heated at 94 °C for 5 min, followed by 30 

cycles of 94 °C for 15 s and 68°C for 5 min.  The reaction was incubated for a 

further 5 min at 72°C and finally held at 4°C.   The fragments were purified and 

measured as above.  

 

 

Cloning (In-fusion reaction) 

The saturation mutagenesis hOGA fragments was cloned into PCR linearized pIT2 

vector, via complimentary 15 bp overlaps at the 5’ and 3’ ends of the vector and 

hOGA fragment, using the In-Fusion HD Cloning Kit (Clontech), described here 

[20].   For each reaction, purified PCR fragment (100 ng) from each library (A and 

N) and linearized vector (150 ng) were mixed with 5X In-Fusion HD Enzyme 

Premix (2 μl) and brought up to 10 μl with ddH2O (Table 4.3).  The mixtures were 

then incubated for 15 min at 50 °C before storing for short term use at -20 °C.   
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Table 4.3.  In-Fusion reaction components
a
 to join the linearized vector and hOGA 

constructs 

Rxn component 
Cloning 

Library A 

Cloning 

Library N 

Negative 

Control 

Positive 

Control 

5X In-Fusion HD 

Enzyme Premix 
2 μl 2 μl 2 μl 2 μl 

Linearized Vector  1.2 μl 1.6 μl 1 μl 
2 μl of control 

vector 

Purified PCR Fragment  0.8 μl 0.67 μl - 
1 μl of control 

insert 

dH2O  6 μl 5.7 μl 7 μl 5 μl 

Total Volume  up to 10 μl up to 10 μl up to 10 μl up to 10 μl 
a
In-Fusion® Molar Ratio Calculator; based on an insert of 687 bp and a vector of 5100 bp an 

Insert/Vector ratio of 5:1 was used. 

 

 

The reactions were pooled into 50 μl aliquots (i.e. 5 x 50 μl for library A and 5 x 50 

μl for library N) and were purified using the NucleoSpin® Extract II Kit (Clontech) 

as explained above and eluted in 50 μl ddH2O each for libraries A and N.  

Purification at this step, either through a spin column or phenol/chloroform 

extraction and ethanol precipitation, was essential in maximizing the number of 

transformants (i.e. library size).  

 

 

Transformation/library generation 

Chemically competent E. coli cells were prepared as previously described [17,18]. 

The mutagenised hOGA – pIT2 purified plasmid constructs were transformed into 

chemically competent E. coli TG1 cells as follows.  Fifty transformations,  via heat 

shock [19], were carried out for both library A and N.  For each transformation 

reaction 50 µl of chemically competent E. coli cells were thawed on ice and mixed 

gently with 1 µl (125 ng) of the purified In-fusion reaction plasmid DNA.  The 

mixture was placed on ice for 30 minutes, followed by heat shock at exactly 42 °C 

for 60 s, and again placed on ice for a further 2 min.  The cells were recovered 

initially in 2 ml 2xTY and transferred to 15 ml polypropylene tubes followed by 

incubation for 2 hr at 200 rpm at 37 °C.  An additional 4 ml of 2 x TY was pre-
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warmed, containing 20 µg/ml carbenicillin, and was added to the 2 ml culture.  The 6 

ml culture was incubated for a further 1 h as above.  To estimate the library size 10 

μl, 1 μl, 0.1 μl and 0.01 μl from five randomly selected 6 ml cultures were plated 

onto LB carbenicillin plates and incubated overnight at 37°C, serial dilutions of the 

culture were performed so that a volume of 100 μl was plated.  After 1 hr another 3 

ml of pre-warmed 2 x TY containing 50 µg/ml carbenicillin was added and again 

incubated for 1 h as above.  The 50 x 9 ml cultures each for library A and N were 

pooled and centrifuged at 4,200 rpm for 20 min.  The pellets from library A and N 

were each suspended in 13 ml 2 x TY.  To determine the total library size, 10 μl, 1 

μl, 0.1 μl, 0.01 μl, and 0.001 μl from the 13 ml culture were plated onto LB 

carbenicillin plates and incubated overnight at 37°C, serial dilutions of the culture 

were performed so that a volume of 100 μl was plated.  Both the 13 ml cultures were 

centrifuged at 4,200 rpm for 30 min, until the supernatant was clear, the pellets were 

resuspended in 2.5 ml 2 x TY with 15% glycerol and stored at -80°C as library 

stocks A and N.  

 

 

Library diversity 

In order to determine the diversity of the libraries, colonies were plasmid prepped 

and sequenced as follows.  Fifteen colonies were picked at random from the each of 

the O/N plates from A and N (total of 30 picked) and inoculated into 5 ml LB 

containing 50 μg/ml carbenicillin and grown overnight at 250 rpm at 37°C.   Each 

culture was plasmid prepped using the QIAprep Spin Miniprep Kit (QIAGEN).  For 

each culture, the bacterial cells were harvested by centrifugation at 8000 rpm in a 

conventional table-top microcentrifuge for 3 min at room temperature (≈ 21°C).  The 

pelleted bacterial cells were resuspended in 250 μl Buffer P1 and transferred to a 

microcentrifuge tube.  250 μl Buffer P2 was added and mixed thoroughly by 

inverting the tube 4–6 times.  Next, 350 μl Buffer N3 was added and mixed 

immediately and thoroughly by inverting as above.  The mixture was centrifuged for 

10 min at 13,000 rpm after which the supernatant was applied to the QIAprep spin 

column and again centrifuged for 60 s at 13,000 rpm.  The QIAprep spin column was 

washed by adding 0.5 ml Buffer PB followed by centrifuging for ≈ 45 s.  The flow-
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through was discarded.  The QIAprep spin column was further washed by adding 

0.75 ml Buffer PE followed by centrifuging for ≈ 45 s.  Again the flow-through was 

discarded and the column was centrifuged for an additional 1 min to remove residual 

wash buffer.  The purified DNA was eluted in 50 μl of warm dH2O by centrifuging 

at 13,000 rpm for 1 min, and stored short term at 4°C.  

 

 

Sequencing 

For all samples above, 10 µl of purified DNA (100 ng/μl) was mixed with 4 µl (5 

pmol/µl, 5 µM) of LMB3 primer for forward sequencing and/or 4 µl (5 pmol/µl, 5 

µM) of pHEN primer for reverse and submitted for sequence analysis to LGC-

Genomics (Table 4.4).  The resulting DNA sequences were translated using the Gene 

Runner program, available online, and aligned to the wild-type hOGA using the 

online Blast alignment tool.  

 

Table 4.4.  Primers used for hOGA sequencing 

Primer name Sequence Application     

LMB3 5’ CAGGAAACAGCTATGAC 3’ Forward sequencing 

pHEN 5’ CTATGCGGCCCCATTCA 3’ Reverse sequencing 

*K=G or T; M=A or C; N = A, A, G or T 
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Growing the phage-hOGA libraries 

The libraries were grown essentially as described in Tomlinson I + J [13], with the 

following exceptions.  A total of 2.5 ml each of glycerol stocks of hOGA libraries A 

and N were added to two flasks containing 500 ml 2 x TY containing 100 µg/ml 

carbenicillin and 1% glucose and incubated with shaking at 37°C until an optical 

density of 0.4 at 600 nm (OD600) was obtained.  1 x 10
12 

of KM13
3
 helper phage was 

added to 50 ml of this culture and incubated without shaking for 30 min in a 37°C 

water bath.  Subsequently, infected cells were collected by centrifugation at 4,200 

rpm for 10 min.  The pellet was resuspended in 100 ml 2 x TY containing 100 µg/ml 

carbenicillin, 50 µg/ml kanamycin, and 0.1% glucose and was grown shaking at 

30°C overnight.  The overnight culture was centrifuged at 4,200 rpm for 30 min.  20 

ml of PEG/NaCl (20% Polyethylene glycol 6000, 2.5 M NaCl) was added to 80 ml 

supernatant, mixed well and left for 1 hr on ice.  The mix was centrifuged at 10,000 

rpm for 60 min and the supernatant discarded.  The pellet was resuspended in 4 ml 

PBS and spun at 13,000 rpm for 10 min in a micro centrifuge to remove any 

remaining bacterial debris.  1 ml aliquots of the phage were stored at 4°C for short 

term storage (x2) or in PBS with 15% glycerol for longer term storage at -70°C (x2).  

To titre the phage-hOGA stock, 1 µl of phage was diluted in 100 µl PBS, five further 

serial dilutions were made of which 100 µl of each was added to 900 µl of 

exponentially growing TG1 (OD 0.4) and  incubated for 30 min in a 37°C water 

bath.  10 µl spots of each dilution were spotted onto TYE plates containing 100 

µg/ml carbenicillin and 1% glucose and were grown overnight at 37°C.   

Inactive hOGA mutants D174A/D174N were also grown up and infected with helper 

phage, as described.  The inactive mutants were used for comparison of binding to 

the library mutants.  

 

 

Panning against O-GlcNAc target 

 

Negative selection 
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Phage-hOGA libraries A and N were combined and taken through a negative round 

of selection, followed by three rounds of panning using the Dynabeads® Biotin 

Binder Kit (Invitrogen) (4 × 10
8
 beads/mL in phosphate buffered saline (PBS), pH  

7.4, containing 0.1% bovine serum albumin (BSA) and 0.02% sodium azide as a 

preservative) (Figure 4.3).  Briefly, equal volumes, 100 µl each (1 x 10
12

), of the 

rescued phage libraries were mixed with 800 µl of 2% PBSB (PBS containing 2% 

bovine serum albumin) in a 1.5 ml centrifuge tube and equilibrated with gentle 

agitation for 60 min at room temperature.  Whilst the phage-hOGA were pre-

incubating 200 µl of streptavidin-coupled Dynabeads® were prepared for the 

negative-selection cycle to deplete and avoid anti-streptavidin binders (the volume of 

beads was reduced to 125 µl for round one and 12.5 µl for rounds two and three).  

The beads were washed by pipetting the required volume into a 1.5 ml 

microcentrifuge tube, using a magnet the beads were drawn to one side, the buffer 

was removed and the beads were resuspended in 1 ml 2% PBSB.   The mix was 

equilibrated with gentle agitation for 2 hr at room temperature to block the beads.  

For the negative selection round the phage-hOGA were pre-incubated with 

streptavidin-coupled Dynabeads® alone for 1 hr.  The beads were drawn to the side 

of the tube with a magnet, the non-bound phage were then pipetted out and 

transferred to a fresh tube.   

 

Selection of specific O-GlcNAc binders 

Biotinylated β-GlcNAc (500 nM) was incubated with 1 ml of the depleted phage-

hOGA for the first round of positive selection, with gentle agitation for 60 min at 

room temperature.  Concurrently the equilibrated beads were drawn to the side of the 

tube with a magnet and the buffer was removed.  The beads were then resuspended 

in the original volume of PBSB containing 0.1% Tween 20 (i.e. 125 µl for round 1 

and reduced to 12.5 µl for rounds two and three).  Dynabeads® were added after the 

60 min incubation of the phage-hOGA/biotinylated-GlcNAc mixture and incubated 

on rotator for 15 min at room temperature.  The beads were washed six times with 1 

ml PBSB, and six times with 1 ml PBSB containing 0.1% tween and twice with 1 ml 

PBS (the number of wash steps was increased for each subsequent round) before 

eluting the phage.  Panning was repeated twice with increased selection stringency; 
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the concentration of biotinylated-GlcNAc was reduced to 50 nM for rounds two and 

three.  Bound phage-hOGA in each round were eluted following gentle agitation for 

10 min at room temperature using two separate sequential elutions of 1 mg/ml 

trypsin in PBS; followed by one 0.2M glycine elution (pH 2.2) (neutralised with 75 

µl 1M Tris, pH 9.1).  Elutions were amplified separately by infection into 1.75 ml of 

exponentially growing TG1 followed by incubation for 30 min at 37°C in a water 

bath without shaking.  The phage was tittered using 10 µl of each to make four serial 

dilutions from each elution, of which 10 µl were spotted onto TYE plates containing 

100 µg/ml carbenicillin and 1% glucose and grown overnight at 37°C at 200 rpm.  

The remaining TG1 cultures were centrifuged at 13,000 rpm for 5 min, the pellets 

were resuspended in 50 µl 2 x TY and plated onto TYE plates for overnight 

incubation, as described.  After overnight growth 2 ml of 2 x TY containing 15% 

glycerol was added to the regular plates and colonies were loosened and mixed 

thoroughly with a sterile spreader.  50 µl from each elution (i.e. trypsin, trypsin, 

glycine) was added to 50 ml 2 x TY containing 100 µg/ml carbenicillin and 1% 

glucose and grown at 37 °C at 200 rpm until an OD of 0.4, the remaining was stored 

at -70°C in 15% glycerol as library panning stocks.  10 ml of the culture was 

superinfected with 1 x 10
12 

helper phage.  The phage were grown and purified as 

discussed in ‘growing the libraries’ above.  Once the purified phage was titred it was 

used as the input for the next round of panning.  After all three rounds of panning, 

the purified phage was stored at -70°C in 15% glycerol in 50 µl aliquots.  Phage 

clones from the enriched library were analysed for specific binding to the target by 

polyclonal phage ELISA.  
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Figure 4.3.  Steps involved in bio-panning.  Following amplification phage-

displayed OGA clones were precipitated and enriched for high affinity binders 

through a series of capture/wash steps.  Phage-displayed OGA were incubated with 

streptavidin (SA) coupled magnetic beads for an initial round of negative selection 

thus removing any non-specific SA binders.  The unbound phage were separated out 

and then incubated with the biotinylated target ligand O-GlcNAc.   Only phage 

specific to the target ligand should bind.  The phage/biotinylated ligand mixture was 

then incubated with fresh beads for 1hr.  The beads were washed 6-8 times therefore 

only high affinity binders remain whilst non-binders are washed off.  Phage were 

then eluted from the beads by trypsin (x2); due the use of trypsin-sensitive helper 
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phage and glycine (x1) this reduces the pH and also competes for binding with the 

glycine rich spacer.  Phage were then re-infected into TG1 for further rounds of 

selection 

 

Polyclonal phage ELISA 

The ability of selected phage-displayed hOGA to bind O-GlcNAc was assessed by 

polyclonal phage ELISA.  Wells from columns 1 through 6 (lanes A, B and C) of a 

96 well streptavidin coated BioBind™ plate (Thermo Scientific) were coated 

overnight with 100 µl per well of biotinylated GlcNAc (5 µg/ml) in PBS at 4°C, lane 

D was left as a background control (100 µl PBS).  After overnight incubation the 

wells were rinsed three times with PBS and blocked for 2 hr at room temperature in 

250 µl of 2% fish gelatin-PBS per well.  The wells were emptied and washed twice 

with PBST (PBS with 0.1% Tween 20) followed by one PBS wash.   All 24 wells 

were filled with 99 µl 2% fish gelatin-PBS.  To the upper well of a column of wells 1 

µl of PEG-precipitated phage (10
9
)  from the stored aliquots (rounds 1, 2, 3, A and 

N) was added in quadruplicate from rows A, B, C and D; column 6 was used as a 

control.  The plate was incubated for 1 hr at room temperature, and washed as above 

prior to adding 100 µl per well of a 1:5000 dilution of HRP-anti-M13 (GE 

Healthcare) in 2% fish gelatin-PBS and incubated for 1 hr at room temperature.  The 

plates were washed as described and 100 µl of 3,3’,5,5’ Tetramethylbenzidine 

(TMB) substrate was added to each well.  Colour development was performed for 2 - 

10 min (a blue colour developed), and the reaction was stopped with 50 µl of 1M 

sulphuric acid (resulting in a yellow colour).  OD450 was measured with an automatic 

microplate reader (Thermo).  

 

 

Monoclonal screening 

A monoclonal phage ELISA was performed to identify individual clones from the 

hOGA-phage library.  A total of 96 individual colonies from round three of panning 

were inoculated into 100 µl 2xTY containing 100 µg/ml carbenicillin and 1% 

glucose in a 96-well plate shaking (200 rpm) overnight at 37°C.  Using a multi-
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channel pipettor 5 µl from each well of the overnight culture was transferred to a 

second 96-well culture plate containing 200 µl of 2xTY with 100 µg/ml carbenicillin 

and 1% glucose per well and grown shaking for 2 hr at 37°C (A glycerol stock of the 

original plate was made by adding glycerol to a final concentration of 15%; the 

“master plate” was stored at -70°C).  Each well of the second plate was infected with 

1 x 10
9
 of helper phage in 25 µl of 2xTY, containing 100 µg/ml carbenicillin and 1% 

glucose, and incubated for 30 min at 37°C without shaking followed by 1 hr shaking 

(200 rpm).  The plate was spun at 1,800 x g in a table-top VWR® PCR Plate Spinner 

for 10 min.  The pellets were resuspended in 200 µl of fresh 2 x TY containing 100 

µg/ml carbenicillin and 50 µg/ml kanamycin and the plate was grown overnight at 

30°C shaking (200 rpm).  Following overnight incubation the plate was spun at 

1,800 g and the supernatant collected.   The phage was titered after which 5 µl (10
10

 

to 10
12

) of the supernatant was used for phage ELISA, as described above.  The top 

48 clones were selected and the ELISA was repeated using half the plate as a 

negative control (no GlcNAc) to eliminate false positive binders.  Clones that 

showed absorbance above the average absorbance value were classed as O-GlcNAc 

binders and were assayed in triplicate, to identify the top binder.  

 

 

Monoclonal sequencing 

To determine if sequence enrichment occurred throughout the panning rounds, the 

top binding 48 clones from round 3 were sequenced (LGCGenomics).  Briefly, a 

small amount from each well of the “master plate” (prepared above) was scraped and 

inoculated into a 96-well plate containing 200 µl LB agar with 5 µg/ml carbenicillin.  

The plate was incubated overnight at 37°C.  The following day, the plate was sent 

for sequencing (LGCGenomics) along with 10 µl (5 pmol/µl, 5 µM) of LMB3 

primer (Table 4.4).  

 

Competitive ELISA 
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A competitive ELISA was performed to determine the specificity of the top binding 

OGA clone (identified from the monoclonal ELISA) for GlcNAc, over two similar 

glycans (glucose and galactose).  Firstly, three rows of a 96-well streptavidin-coated 

BioBind™ plate (Thermo Scientific) were coated overnight with 100 µl per well of 

biotinylated GlcNAc (2 µg/ml) in PBS at 4°C; with the fourth left as a background 

control (100 µl PBS).  Phage were serially diluted and binding was measured to 

determine an optimal phage concentration, equating to a phage concentration giving 

≈ 50% of the ELISA signal at saturation.  Next, three rows each on three 96 well 

plates were coated and blocked, with the fourth row left as a control, as described 

above.  After overnight incubation the plates were rinsed and blocked, as described 

previously.   Concurrently, 2 µl of phage/well (10
9
) was blocked in 2% fish gelatin-

PBS for 1 hr at 25°C.   Following blocking, the phage were pre-incubated in the 

presence of decreasing amounts of free GlcNAc, glucose and galactose (10 – 0.03 

µM) for an additional hour at 25°C.   Subsequently, 100 µl/well of each mixture was 

transferred to the respective antigen coated plate for 1 hr, again at 25°C.   The plates 

were washed and bound phage were probed by HRP-anti-M13 and developed with 

tetramethylbenzidine (TMB), as described for the poly-clonal ELISA.  
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Results 

 

Mutagenesis and cloning 

A multisite saturation mutagenesis strategy was employed to introduce mutations at 

seven positions in both the D174A and D174N inactive OGA mutants.  The seven 

tepid residues, F68, L172, D175, C215, T250, V255, and Y286, previously identified 

through computational analysis (see Chapter 3), were generated using four separate 

PCR reactions, to produce PCR fragments, 1A/1N, 2A/2N, 3, and 4.  Overlap PCR 

was employed to produce fragments 5AA (1A + 2A), 5AN (1N + 2N), and 5B (3 + 

4).  A final overlap PCR was performed to produce fragments 5CA (5AA + 5B) and 

5CN (5AN + 5B).  Analysis by agarose gel electrophoresis confirmed the size of 

each PCR fragment.  Bands corresponding to PCR fragments 1A/1N (351 bp), 

2A/2N (159 bp), 3 (150 bp), and 4 (138 bp) can be clearly seen in their respective 

lanes (Figure 4.4). Similarly, overlap fragments 5AA (474 bp), 5AN (474 bp), 5B 

(246 bp), as well as final overlap products, 5CA (687 bp), 5CN (687 bp) can be seen 

at in their respective lanes (Figure 4.5) 

 

 

Figure 4.4. Agarose gel PCR products used for generating the hOGA library.  1% 

agarose gel showing fragments from PCR reactions 1-4.  Lanes 1-6:  DNA fragments 

from PCR reaction 1A (351 bp), 1N (351 bp), 2A (159 bp), 2N (159 bp), 3 (150 bp), 

4 (138 bp).  Lane 7: Low MW DNA ladder (Invitrogen).  

 

 

1           2           3           4         5           6           7  

400bp  

200bp 
200bp  

200bp 

 1A      1N       2A       2N        3         4        ML   

4     4     
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Figure 4.5. PCR products used for generating the hOGA library.   (A) 1% agarose 

gel showing fragments from PCR reactions 5A, 5B and 5C.  Lanes 8-12:  DNA 

fragments from pull-through PCR reaction 5AA (1+2; 474 bp), 5AN (1+2; 474 bp), 

5B (3+4; 246 bp), 5CA (5AA+5B; 687 bp), 5CN (5AN+5B; 687 bp).  Lane 13: Low 

MW DNA ladder (Invitrogen).  

 

 

PCR fragments, 5CA/5CN, were joined with the linearised pIT2 vector (including 

hOGA N and C terminals), via 15 bp complementary extensions, using an In-

Fusion® reaction.  Based on an insert size of 687 bp and a vector size of 5,100 bp an 

Insert/Vector ratio of 5:1 was used. The reaction was purified, prior to 

transformation into E. coli TG1 cells, using the NucleoSpin® Extract II Kit 

(Clontech) (Figure 4.6).   A titre of the transformants confirmed a library size of > 

10
9 

and > 10
10

, for A and N respectively (Eqn. 4.1) 

  

  8             9          10            11          12         13          

400bp  

200bp 

600bp  

200bp 

 5AA      5AN       5B        5CA       5CN       ML           

4     4     
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Library Size = ((Number of colonies*Culture volume)/Plating volume)             [4.1] 

 

Where: 

Number of colonies = 350(A) and 1,000(N) 

Total culture volume = 13,000 μl 

Plating volume = 0.001 μl 

 

Total Library A = 4.6 x 10
9 

Total Library N = 1.3 x 10
10 

 

 

Fifteen colonies, each for libraries A and N, were plasmid prepped, one of which 

was  characterised by NcoI and Not1 restriction enzyme digest and analysed by 

agarose gel electrophoresis to confirm the size of all fragments.  Three bands can be 

clearly seen for, the full OGA sequence (1.2 kb), the pIT2 vector (4.6 kb) and the 

OGA-pIT2 construct (5.8 kb) (Figure 4.6).   

 

 

 

 

 

ML  Digest  



Chapter 4 
 

80 
 

Figure 4.6.  The hOGA fragment, following saturation mutagenesis, was cloned into 

the  PCR linearized pIT2 vector, via complimentary 15 bp overlaps at the 5’ and 3’ 

ends of the vector and hOGA fragment (purple and orange bars), using the In-Fusion 

Dry Down PCR Cloning Kit (Clontech).   The mutagenised hOGA –pIT2 plasmid 

constructs are then transformed into E. coli TG1tr cells.  The bands shown on the 

agarose gel represent; the full OGA sequence (1.2 kb), the pIT2 vector (4.6kb) and 

the OGA-pIT2 construct (5.8 kb).  
 

 

Library diversity 

To analyse the diversity of the repertoire and the quality of the primary library, the 

thirty randomly selected clones were sequenced.  Sequencing confirmed that all 

mutations occurred at the correct positions, and that no stop codons were present in 

the translated protein sequences.  These results indicated that the full-length wild-

type hOGA DNA sequence has undergone saturation mutagenesis at the required 

sites.  The frequency of amino acids at each position in the hOGA sequences, as a 

result of multiple sequence alignment, are represented using a graphical sequence 

logo [21], as implemented by WebLogo [22].  The height of each character is 

proportional to the frequency of the amino acid at that position (Figure 4.7).    The 

diversity of both libraries, based on the frequency of amino acids at each of the seven 

positions, was calculated to be 80-85%, for libraries A (10
9
) and N (10

10
) 

respectively.  The diversity of this library ensures a reasonable probability that all 

possible amino acid combinations will be represented in the phage-OGA library. 

 

 
 

Figure 4.7. Frequency plot of hOGA mutants after saturation mutagenesis.  Inactive 

mutants D174A/D174N (position 3) were generated by site-directed point 
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mutagenesis.  Saturation mutagenesis was performed at seven positions, therefore a 

total of eight positions were mutated from wild-type for the hOGA libraries. Wild-

type sequence and positions (in hOGA numbering) are shown below the plot.  Image 

generated by Weblogo [22]. Amino acids are coloured according to their chemical 

properties: polar amino acids (G,S,T,Y,C) are green, amide (Q,N) purple, basic 

(K,R,H) blue, acidic (D,E) red and hydrophobic (A,V,L,I,P,W,F,M) amino acids are 

black 

 

 

Panning of the Phage-display hOGA library 

The quality of KM13 helper-phage was determined by comparing the infectivity of 

trypsin treated helper phage to non-treated helper phage.  Titering confirmed that the 

trypsin treated helper phage were 10
5
-10

8
 lower than for the non-trypsin treated 

phage (Table 4.5). KM13 helper phage is sensitive to tryptic digestion, due to a 

modified gene 3 protein (pIII), therefore phage containing the pIII-protein fusion are 

not cleaved during the digest and remain infective for E. Coli amplification.  hOGA 

libraries, A and N, were infected with helper phage (2 x 10
11

).  Phage-displayed 

hOGA was purified by PEG precipitation and titering revealed the number of phage 

as 1 x 10
13 

and 2 x 10
11

, for A and N respectively, sufficient for at least 8 rounds of 

selection.  To identify a high affinity binder for O-GlcNAc from the libraries, equal 

volumes of libraries A and N were mixed and panned against the O-GlcNAc target.  

In addition, the inactive hOGA mutants D174A/D174N were grown up and infected 

with helper phage and subsequently used for comparison of binding to the library 

mutants.  

 

Table 4.5.  Infectivity of both trypsin treated helper phage and non-treated helper 

phage was compared by tittering 

Trypsin treated Helper Phage (pfu/µl) Non-treated Helper Phage (pfu/µl) 

2x10
7
 1x10

13
 

 

 

Panning was performed by exposing phage-displayed hOGA to the biotinylated O-

GlcNAc target in solution. Selection in solution prevents a loss in conformation, 

which is often seen when targets are coated onto solid surfaces and is also known to 
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avoid the problem of steric hindrance.  Phage that bound to the biotinylated target 

were captured with streptavidin-coupled magnet Dynabeads, which were drawn out 

using a magnet.  Panning of the phage-displayed hOGA against the biotinylated O-

GlcNAc allowed for the simultaneous screening and enrichment of the highest 

affinity clones.  To deplete streptavidin binders from the A and N libraries, a 

negative selection round was performed by incubating the phage with the 

streptavidin-coupled Dynabeads alone.  Bound phage were discarded as non-specific 

binders whilst unbound phage were incubated with biotinylated GlcNAc, in the 

presence of 2% PBSB.  For improved selection, the panning stringency was 

increased after each round by simultaneously decreasing the concentration of 

biotinylated-GlcNAc by 10-fold for rounds two and three and increasing the number 

of wash steps.  A total of three rounds of selection were performed, after which 

polyclonal phage-displayed hOGA were eluted from the beads, using trypsin-trypsin-

glycine.  

 

Polyclonal analysis 

The phage eluates from each round were pooled and their binding, at a concentration 

of 10
9
, to immobilised O-GlcNAc (5 µg/ml) was measured by ELISA and compared 

to the inactive D174A/D174N mutants. Backgrounds values of non-coated wells 

were subtracted from binding for each round.  The absorbance values from the 

polyclonal ELISA clearly shows an increase in binding from round one to three, with 

round three showing higher affinity to O-GlcNAc over both the inactive 

D174A/D174N mutants (Figure 4.8).  The data indicates that O-GlcNAc specific 

clones were enriched throughout panning.  Monitoring of the phage input to output 

ratios also confirms enrichment from round to round, with a 100-fold increase from 

round one to three (Table 4.6). 
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Figure 4.8.  Polyclonal Phage ELISA.  Iterative selection for phage clones against 

GlcNAc target.  ELISA results for phage pools from each of three rounds of 

selection (R1–R3) and inactive OGA mutants (D174A and D174N) for binding to 

GlcNAc.   Bound phage clones were detected with an anti-M13 phage antibody 

conjugated to HRP.  Backgrounds values of non-coated wells were subtracted from 

binding for each round.  Control data were obtained in the absence of phage.  Error 

bars represent the standard error of the mean of the sample.  
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Table 4.6. Recovery of phage during panning was monitored by comparing the input 

to output ratios 

Panning round Input
a 

Output
a 

% Bound
b 

1 2 x 10
12

 9 x 10
8 

0.045 

2 1 x 10
12

 2 x 10
10

 2 

3 1 x 10
12

 1 x 10
11

 10 

    

 

100 fold increase 

 
a
Number of phage expressed as colony forming units per millilitre (cfu/ml).  

   
b
% phage bound = (output/input) x 100.   

     

 

Monoclonal analysis 

Based on the results from the polyclonal ELISA, 96 colonies from round three were 

selected at random and tested for binding to immobilized O-GlcNAc (5 µg/ml) by 

monoclonal phage ELISA.  Three ELISAs were carried out to identify specific high-

affinity clones.  The first in the series was used to identify the top 48 binders (Figure 

4.9),  thus reducing the number of clones to be assayed further.  These 48 clones 

were plasmid prepped and sequenced, firstly to more accurately determine if 

sequence enrichment occurred throughout panning, and secondly to correlate 

sequences to binding data for the remaining ELISAs.  Sequencing confirmed that 43 

out of 46 clones continained the full-length hOGA contruct and enrichment of the 

phage-displayed hOGA library for the O-GlcNAc target, with one dominant clone, 

“FQAGWVGL” at hOGA positions 68, 172, 174, 175, 215, 250, 255 and 286 

respectively, present  in over 67% of the sequences (Figure 4.10).   
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Figure 4.9. Monoclonal phage ELISA.  96 clones from round three were tested for 

binding to the O-GlcNAc target by monoclonal phage ELISA.  Bound phage clones 

were detected with an anti-M13 phage antibody conjugated to HRP   

 

 
 

Figure 4.10. Frequency plot of OGA enrichment (round three).  Image generated by 

Weblogo [22] 

 

 

A second monoclonal ELISA was performed on the top 48 strongest binding clones, 

identified from the previous ELISA, to test for O-GlcNAc specific clones, using the 

remaining 48 wells in the plate as a control to eliminate false positive binders.  As 

each phage only encodes one protein, the absorbance from the monoclonal ELISAs 
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are directly correlated to the strength and specificity of binding.  As expected, the 

background subtraction resulted in a lower overall absorbance when compared to the 

first 96 clone ELISA. This however should correlate to more specific clones being 

identified.  The average absorbance, of the 48 clones, was measured (0.204) and high 

affinity clones were defined as those with an absorbance value above the average 

(Figure 4.11).  From this analysis 11 clones were selected as specific high-affinity 

binders for O-GlcNAc and were assayed in a third ELISA, in triplicate with 

backgrounds subtracted, to identify the top clone.  One clone, “C26”,  gave an 

absorbance value appoximatley three times higher than the other ten and as such it 

was selected as the top binder from the phage –displayed hOGA library (Figure 

4.12). hOGA clone, C26, was identifed as “FQAGWVGL”, from the sequencing 

analysis, thus confirming enrichment of the top binder from the hOGA library. 

 

  

Figure 4.11. The top 48 clones, identified from the  monoclonal phage ELISA, were 

again assayed to eliminate false positive binders.  Bound phage clones were detected 

with an anti-M13 phage antibody conjugated to HRP.  Backgrounds values of non-

coated wells were subtracted from binding for each round.  High affinity clones are 

defined as those with an absorbance value that is above the average value (0.204; 

represented as a dashed line on the graph). 
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Figure 4.12. The top 11 clones, identified from the  monoclonal phage ELISA, were 

repeated in triplicate, to more accurately identify the top binding phage-displayed 

OGA clone to O-GlcNAc. Bound phage clones were detected with an anti-M13 

phage antibody conjugated to HRP.  Backgrounds values of non-coated wells were 

subtracted from binding for each well.  Error bars represent the standard error of the 

mean (S. E. M): STDEV/SQRT of sample size.  The clone chosen as the top binder 

is indicated with a star. 

 

Competitive ELISA 

To determine an optimal concentration of the phage-displayed hOGA clone C26 to 

use for the inhibition ELISAs a standard curve was established by adding serial 

dilutions of clone C26 (10
10

 - 10
8 

cfu/ml) to immobilised O-GlcNAc (2 μg/ml) in 

triplicate.  The standard curve (Figure 4.13) indicates that phage at a concentration of 

10
9
 is an optimal phage concentration for the inhibition ELISAs.  In order to 

determine the specificity of hOGA clone C26 for O-GlcNAc an indirect competitive 

ELISA was performed by pre-incubating hOGA clone C26 with reducing 

concentrations of free O-GlcNAc (10 – 0.03 μM).  The assay was repeated using two 

structurally similar glycans to O-GlcNAc; glucose and galactose, as controls, thus 

allowing comparison of the potential of each of the three glycans to inhibit hOGA 
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clone C26.  By observing the relationship between the concentration of inhibitor and 

the level of binding (Abs), separately for each of the three glycans, it can be seen that 

binding of the OGA clone C26 to the bound GlcNAc is inhibited by free β-GlcNAc, 

with a significant drop in absorbance from 2.5 to 1.1 (Figure 4.14 (A)).   In contrast, 

the binding of the OGA clone, to bound GlcNAc, is unaffected by the presence of 

both glucose and galactose, as seen from the linear relationship.  The data was 

normalised and converted to percentage inhibition to quantitatively compare the 

inhibitory effects of the three glycans.  The percentage inhibition plot clearly shows 

that only free GlcNAc inhibits binding, with a maximum inhibition of 57%, 

compared to only 23% and 12% for glucose and galactose respectively (Figure 4.14 

(B)). The analyses suggest that hOGA clone C26 is specific for GlcNAc.    

 

  

 

Figure 4.13. Standard curve ELISA. Phage-displayed OGA clone C26 was serially 

diluted in triplicate to determine an optimal concentration of phage for use in the 

inhibition assays.  Bound phage clones were detected with an anti-M13 phage 

antibody conjugated to HRP.  Backgrounds values of non-coated wells were 

subtracted from binding for each well.  Error bars represent the standard error of the 

mean of the sample.  
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Figure 4.14. Inhibition ELISA. A) Phage-displayed OGA clone C26 was incubated 

with serial dilutions of three glycans in triplicate; GlcNAc, glucose, and galactose, to 

assess the potential for each of them to inhibit binding of OGA clone 26 to 

immobilised GlcNAc (2 μg/ml).  Bound phage clones were detected with an anti-

M13 phage antibody conjugated to HRP.  Backgrounds values of non-coated wells 

were subtracted from binding for each well.  Error bars represent the standard error 

A 

B 
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of the mean of the sample. B) The data was normalised and is presented in 

percentage inhibition to allow for a quantitative comparison of the potential of the 

three monosaccharaides to inhibit the hOGA clone C26. 

 

Structural Analysis of the Mutations 

As described in the previous chapter, residues in the OGA binding sites are highly 

conserved between hOGA and BtOGA [9].  To gain a structural understanding of the 

increased affinity/specificity of hOGA clone C26 over the wild-type hOGA, the 

corresponding positions of the seven tepid residues, as well as the nucleophile D174, 

in BtOGA (Figure 4.15 (A)) were mutated to those seen in hOGA clone C26 (Figure 

4.15 (B)), using the Maestro modelling suite [23].  Computational mutation of the 

catalytic pair D174/D175 to the corresponding clone C26 residues, alanine and 

glycine respectively, shows that neither residue appears to be in a position to make 

any direct contacts with O-GlcNAc.  As such, the ability of the enzyme to cleave its 

substrate is lost. 

Interestingly, hOGA residue F68, which was selected as a tepid residue, based on 

both binding free energy and contact analyses, reverts back to wild-type during 

selection and therefore appears to play a role in binding O-GlcNAc.  As this residue 

points away from the glycan and therefore does not make any direct contacts, it is 

possible that it is involved in maintaining the conformation of the protein fold in this 

location.  The fold at this location is particularly important as the adjacent hOGA 

residue (Y69) has been identified to be critical for binding both computationally (see 

Chapter 3) and experimentally [9,24].   

Also of interest is the mutation of hOGA residue C215 to a tryptophan, which 

presumably contributes to the increased net affinity of hOGA clone C26 over the 

inactive D174A clone.  The position of this residue places it ideally to make 

hydrophobic interactions with the glycan, thereby potentially increasing the affinity 

of the clone.  In addition, the larger size of a Trp residue at this position may affect 

the specificity for clone C26 for O-GlcNAc by preventing the OGA clone from 

binding to other glycans.  To investigate this further, a statistical analysis was 

performed using the GlyVicinity webtool [25] to identify the statistical likelihood of 
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a Trp residue occurring proximal to O-GlcNAc.  Interestingly, the probability of a 

Trp residue being located close to O-GlcNAc is higher than for any other amino acid 

residue, occurring 1,242 times out of a total of 8,432 O-GlcNAc-protein complexes 

(Table 4.7).  Thus, Trp residues seem to have an important role in binding O-

GlcNAc in the majority of cases.  Notably, the second most common residue 

proximal to O-GlcNAc is Tyr, reinforcing the notion that the Trp is likely forming a 

hydrophobic interaction with the O-GlcNAc. 

 

Table 4.7. Probability of a Trp residue occurring proximal
a
 to O-GlcNAc from a 

total of 8,432 protein-GlcNAc complexes 

Residue Count Probability Residue Count Probability 

Asp 413 4.9% Pro 94 1.1% 

Glu 576 6.8% Thr 677 8.0% 

Lys 195 2.3% Tyr 1,040 12.3% 

Asn 1,016 12.0% Val 141 1.7% 

Arg 378 4.5% Cys 25 0.3% 

Gln 230 2.7% Met 83 1.0% 

His 118 1.4% Trp 1,242 14.7% 

Gly 972 11.5% Phe 282 3.3% 

Ser 201 2.4% Leu 145 1.7% 

Ala 228 2.7% Ile 376 4.5% 
a
Residues located within a 4 Å radius of GlcNAc 

 

The remaining four mutations (L172Q, T250V, V255G and Y286L) do not introduce 

any significant structural differences between the residues in the wild-type hOGA 

and the mutant hOGA clone C26.  However, in general hydrophobic residues seem 

to be preferable at positions 68, 174, 215, 250 and 286, whilst hydrophilic residues 

appear to be favourable at positions 172,175 and 255 of hOGA. 
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As the hOGA phage display library was selected against GlcNAc-Sp-LC-LC-biotin, 

rather than the more biologically relevant target of a GlcNAcylated peptide, 

GlcNAc-Ser was superimposed onto GlcNAc-OMe in the BtOGA binding site 

(Figure 4.15 (C)). The analysis shows that none of the mutations in hOGA clone C26 

would potentially interfere with the binding of C26 to a GlcNAcylated peptide.    



Chapter 4 
 

93 
 

 

Figure 4.15. Structural representation of the BtOGA binding site (hOGA numbering 

is shown in parentheses). A) Wild-type BtOGA in complex with GlcNAc-OMe, with 

the tepid residues chosen for saturation mutagenesis in blue sticks and the 

nucleophile D174 in red. B) Mutant BtOGA in complex with GlcNAc-OMe, with the 

residues mutated to those in the hOGA clone C26 in orange sticks. C) Mutant 

BtOGA in complex with GlcNAc-Ser, with the residues mutated to those in the 

hOGA clone C26 in orange sticks  
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Discussion 

 

Inactive hOGA was used a scaffold to engineer a highly specific high-affinity 

reagent for the detection of O-GlcNAc.  The evolution of this enzyme was directed 

by identifying residues in the hOGA binding site that may lead to increased affinity 

for the target through mutation, without affecting the specificity of hOGA for its 

natural substrate.  Using a structurally similar bacterial homologue (BtOGA), seven 

residues were found whose mutation may increase the affinity of OGA to O-GlcNAc 

(see Chapter 3).  The corresponding residues in hOGA were mutated by saturation 

mutagenesis, after which the library was displayed on the pIII phage coat protein of a 

filamentous bacteriophage.  Phage display allowed for the simultaneous selection 

and screening of the hOGA library in an aim to identify a specific high affinity clone 

for O-GlcNAc.  The polyclonal ELISA confirmed enrichment from round to round; 

suggesting that phage-displayed hOGA, isolated from round three contained a larger 

population of high affinity binders, compared to the other rounds.  The ELISA also 

indicated that round three contained clones that were higher in affinity when 

compared to the inactive hOGA mutants D174A/N.  Sequencing confirmed that the 

clones from round three contained the full-length hOGA contruct, and enrichment of 

the phage-displayed hOGA library for the O-GlcNAc target, with one dominant 

clone, “FQAGWVGL”, present  in over 67% of the sequences.  Similarly, a series of 

monoclonal ELISAs identified that the same clone “C26” displayed the highest level 

of binding compared to  the other clones.  The ELISA data indicate that clone C26 is 

correctly folded, and is a positive binder for O-GlcNAc.  To confirm the specificity 

of this clone an indirect competitive ELISA was performed to measure the potential 

of free O-GlcNAc to inhibit the binding of clone C26 to immobilsed GlcNAc.  The 

potential of two other structurally similar monosaccharides, glucose and galactose, to 

inhibit hOGA clone C26 was also assessed.  The competitive ELISA showed that 

significant inhibition was only observed with free GlcNAc, thereby indicating C26 is 

more specific for GlcNAc over the other two monosaccharaides.  The data shows 

that hOGA clone C26 can differentiate between these three structurally similar 

monosaccharaides, and that the inhibitory effects of the three are related to their 

structure, with the order of inhibition being GlcNAc > glucose ≈ galactose.  
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Interestingly, hOGA position 68, which was randomized, reverted to wild-type Phe, 

indicating that it is likely significant for binding O-GlcNAc.  

A structural comparison between the wild-type OGA and clone C26, using a 

structurally similar BtOGA homologue, was performed.  However as MD 

simulations of the C26 mutant were not performed, these conclusions are 

preliminary.  The data suggests that F68 is involved in maintaining the conformation 

of the protein fold in this location.  This is of particular importance due to the 

adjacent presence of  hOGA residue Y69, which has been identified to be critical for 

binding both computationally by us and experimentally by others [9,24].  The 

structural comparison also indicates that the mutation C215W may lead to increased 

specificity/affinity of the clone due to possible hydrophobic interactions with the 

glycan.  

 

Conclusions 

 

Through a combination of computationally guided directed evolution and library 

generation, one clone of an inactive hOGA showed enhanced specificity and affinity 

towards O-GlcNAc over the wild-type.  Because this clone was derived from an 

enzyme that specifically recognizes the O-GlcNAc modification in nature, it is 

probable that the clone will retain the same specificity.  Thus, in contrast to existing 

reagents, this clone should recognize O-GlcNAc in its biologically-relevant contexts.  

In addition, as the clone is derived from a human enzyme, there is potential for its 

use in vivo, potentially in targeted drug delivery or as an imaging reagent, etc.  

Lectenz® derived from human enzyme homologues are an attractive alternative to 

mAbs, which frequently require humanization.  These mAbs can lead to hyper acute 

immune responses, or allergic reactions, which limit their effectiveness as 

therapeutics [26]. 
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On-going/Future work 

 

A small scale test expression and purification of hOGA clone C26 has been 

performed in order confirm its ability to act as an O-GlcNAc specific reagent.  

Briefly, the hOGA clone was grown at 37 °C in 250 ml LB, to an optical density of 

600 nm, after which expression was induced with 0.15 mM IPTG and grown at 16 

°C at 150 rpm for a further 18 hrs.  The cells were harvested by centrifugation and 

resuspended in 25 ml of 50 mM phosphate buffer, 500 mM NaCl, 10 mM imidazole 

at pH 8.0. Sonication was performed on ice for 20 min, combining short pulses (20-

30 sec) with pauses of (20-30 sec).  Cell debris was removed by centrifugation at 

13,000 rpm for 30 min at 4 °C.  The supernatant was loaded onto a 5 ml HisTrap FF 

Crude column (GE Healthcare) and the protein was eluted off with increasing 

amounts of imidazole; up to 500 mM.  The peaks were collected for analysis by 

SDS-PAGE and Western Blot to determine the purity of the samples (Figure 4.16). 

The gel shows a dominant band, from each peak, running at a molecular weight of ≈ 

50kDa (Figure 4.16 (A)). As the hOGA construct has a known molecular weight of 

47 kDa, it was assumed that this band was hOGA, which was confirmed by Western 

Blot using an anti-hOGA antibody (Figure 4.16 (B)).  

 

  

Figure 4.16. (A) SDS-PAGE of hOGA clone expressed and purified in E. coli 

HB2151 strain Lanes: 1; EZ-run protein ladder (10-170kDa), 2; 5% imidazole, 3; 

10% imidazole, 4; 20% imidazole (B) Western Blot of SDS-PAGE gel Lanes: 1; EZ-

run protein ladder (10-170kDa), 2; 5% imidazole, 3; 10% imidazole, 4; 20% 

imidazole 
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However, as with the inactive D174A/N clones, the expression yields are currently 

too low to allow sufficient rounds of purification to be performed.  In addition, the 

detection of the hOGA clones has proven difficult and western blots have failed to 

detect the presence of hOGA consistently.  Until now the clones have been expressed 

in the pIT2 cloning vector, which is optimised for use as a phagemid vector and 

allows for both double stranded and single stranded replication.  However other 

vectors and optimised for high protein expression yields and as such transformation 

into a more suitable expression vector may lead to higher yields of the clones.  Once 

the expression and purification of the clones has been optimised they can be sent for 

glycan array screening to access their specificity, compared to the commercially 

available mAbs, for the detection of O-GlcNAc. 
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Chapter 5.  

Defining the Structural Origin of the Substrate Sequence 

Independence of O-GlcNAcase Using a Combination of Molecular 

Docking and Dynamics Simulation  

 

Introduction 

 

The post-translational modification of  nuclear and cytosolic proteins [1,2] by  O-

GlcNAc [3] is thought be involved in many diseases such as neurodegenerative 

diseases, cancer, and diabetes mellitus [4,5].  Additionally, O-GlcNAc rapidly cycles 

on and off proteins on a time scale similar to that of 

phosphorylation/dephosphorylation, and thus an interplay has been shown to exist 

between protein phosphorylation and O-GlcNAcylation [6,7,8,9].  Unlike 

phosphorylation, the addition and removal of O-GlcNAc is controlled by only two 

enzymes.  O-GlcNAc transferase (OGT) is responsible for the transfer of GlcNAc 

from UDP-GlcNAc to the protein, whereas O-GlcNAcase (OGA) removes it.  

Despite the importance of this modification, very little is known about the structural 

relationship between these enzymes and their substrates.  Nor is it clear, how only a 

single hydrolase is capable of removing O-GlcNAc from all proteins, independent of 

the protein sequence.   The following chapter describes the interactions of OGA with 

for four biologically relevant O-GlcNAcylated proteins; c-Myc, Histone H3, p53 and 

TAB1. The interaction details can aid in the understanding of how OGA is capable 

of cleaving O-GlcNAc from all proteins and may aid in the development of a site-

specific O-GlcNAc reagent or diagnostic. 

To gain an understanding of the molecular interactions responsible for the ability of 

OGA to tolerate multiple substrate sequences, we modelled the structure of bacterial 

OGA, B. thetaiotaomicron GH84 (BtOGA) in complex with four O-GlcNAcylated 

peptides of biological interest.  Notably, the OGAs have been grouped together into 

the same glycoside hydrolase family GH84 [10] based on the similarity of their N-

terminal sequence domains.  Specifically, BtOGA and human OGA (hOGA) share 
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an overall sequence identity of over 40% [11], with the same overall 3D structure.  

As a result of this, the details found from the BtOGA model can be applied to hOGA 

for the development of therapeutic reagents. 

Five glycopeptides, 10 residues in length, were built from each of the following O-

GlcNAcylated systems: the tumour suppressor protein p53 (O-GlcNAcylated at 

Ser149 [12]), the DNA packaging protein histone H3 (O-GlcNAcylated Ser10 [13]), 

a transforming growth factor binding partner TAB1 (O-GlcNAcylated at Ser395 

[14]), as well as c-Myc, a regulator of gene transcription (O-GlcNAcylated at Thr58 

[15]).   Additionally, a synthetic O-GlcNAcylated polyalanine (poly-Ala) peptide 

was included as a reference. 

It has been shown that OGA uses a substrate assisted catalytic mechanism, in which 

the N-acetyl group of O-GlcNAc adopts a syn-conformation, where the amide proton 

eclipses the proton at C2, that aids the sugar to form the oxime transition state 

[11,16].   Several inhibitors of OGA have been reported [17,18,19,20], and have 

been co-crystalized with the enzyme.  For this study a model for the conformation of 

O-GlcNAc in the binding site of BtOGA was generated based on the atomic 

coordinates of the inhibitor PUGNAc, a transition state mimic and O-GlcNAc-

analog [21].  The peptides were then conjugated to the bound monosaccharide 

through a combination of molecular docking and molecular dynamics (MD) 

simulation.  

In order to provide a structural and dynamic interpretation of the observed ability of 

OGA to deglycosylate a variety of glycopeptides, each of the complexes was 

subjected to fully solvated MD simulations (350 ns), followed by direct binding free 

energy calculations.   We have focussed on the conformational properties of these 

complexes, rather than on the mechanism of deglycosylation, as we are particularly 

interested in the ability of the enzyme to recognize O-GlcNAc in a variety of protein 

contexts.  We compared the conformation of the bound O-GlcNAcylated peptides to 

a recently solved  bacterial OGA homologue from C. perfringens (CpOGA) in 

complex with an 8 residue O-GlcNAcylated p53 peptide (PDBid 2YDR) [22].  In 

addition, p53 (PDBid 1TUP) [23] is the only structurally characterised protein where 
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the O-GlcNAcylation site is positioned in a fully defined loop thus allowing us to 

further compare our results [22].  
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Computational methods 

Molecular dynamics simulations 

All MD simulations were carried out using version 4.04 of the GROMACS [24] or 

AMBER12 [25] software packages.  All calculations employed the AMBER99SB 

[26] parameters for the protein augmented by the GLYCAM06g [27] parameters for 

the carbohydrate.  The total charge was neutralized by addition of explicit Na
+
 or Cl

-
 

counter ions as required.  Each system was solvated with TIP3P water [28] in a cubic 

simulation box (120 Å per side). The positions of all water molecules, counterions, 

and all hydrogen atoms were optimized through 10,000 steps of steepest descent 

energy minimization.  During energy minimization and MD equilibration the non-

hydrogen atoms were restrained with a force constant of 1,000 kJ/mol/nm
2
.    

A step-wise protocol was employed for MD equilibration beginning with heating in 

the nVT ensemble from 5K to 300K over 100 ps.  Subsequently, water, hydrogen 

atoms, and counter ions were equilibrated for a further 200 ps in the nPT ensemble at 

300K at a pressure of 1 bar.  Restraints were then removed from the sidechains of the 

protein-ligand complexes and the system equilibrated for a further 1 ns.  During the 

final equilibration phase (2 ns), all atoms were released from positional restraints.  In 

all simulations, the linear constraint solver (LINCS) was used to constrain all 

hydrogen-containing bonds [29], permitting an integration step of 2 fs.  The 

temperature was held constant at 300K by a Langevin thermostat with a coupling 

time constant of 0.1 ps.  Electrostatic interactions were treated with the Particle-

Mesh Ewald algorithm [30].  Cut-off values for Coulomb interactions were set to 12 

Å, while van der Waals interactions were switched off between 10 and 11 Å.   

Protein coordinates were obtained from the crystal structure of the bacterial OGA 

from Bacteroides thetaiotaomicron (BtOGA), in complex with the GlcNAc 

transition state mimic inhibitor PUGNAc (PDBid: 2VVS) [31].  The N-terminal 

domain between L5 and P125, located between 28 Å and 54 Å from the binding site, 

was removed to reduce the computational demand.  The N- and C-terminal residues 

(Ser126 and Ala586) were capped with acetyl (ACE) and N-methyl (NME) groups, 

respectively.  Aside from residue D243 (D175 in hOGA), which is known to be 
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protonated [32], the protonation state of all other ionizable residues was chosen to 

reflect their standard protonation at pH = 7.  All crystallographic water molecules 

were removed and missing hydrogen atoms were added to the structure using 

pdb2gmx [33].  Where possible, protonation of His residues at the ε- or δ- nitrogen 

atoms was based on optimal hydrogen bonding interactions; otherwise a default of 

His-δ was assumed.   

 

Generation of the glycopeptide – BtOGA complexes 

The conformation of the bound native GlcNAc ligand was unambiguously 

determined based on the PUGNAc coordinates.  It has previously been shown that 

the common anti- conformation of the NAc group in PUGNAc (H2-C2-N-H = 180°) 

does not permit it to fit into the binding site of the BtOGA [34], thus the NAc group 

of the GlcNAc residue was rotated to the syn-conformation (H2-C2-N-H = 0°) 

comparable to that seen for the oxime in the BtOGA – PUGNAc complex (Figure 

5.1 (A)).  A 3D structure for GlcNAc-β-O-Ser was built using the GLYCAM 

webtool [35] and modified using Maestro [36] to generate three rotamers of the 

serine side chain (χ1 = 40.7°, 170.6°, and -49.1°, see Figure 5.1 (B)),  as identified 

from the Dynameomics database [37,38,39,40].  The N- and C-terminal residue was 

capped for all glycopeptides with an acetyl (ACE) or N-methyl (NME) group, 

respectively.  To determine the preferred conformation of the GlcNAc-β-O-Ser 

linkage, three initial MD simulations of this glycopeptide in complex with BtOGA 

were carried out.  Each simulation was initiated with the χ1 angle of the Ser sidechain 

in one of the three possible stable rotamers.  
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Figure 5.1. A) β-OMe-GlcNAc(z), shown as sticks with pink carbons, was 

superimposed onto PUGNAc, shown as grey sticks, in the OGA (PDBid 2VVS) 

binding site,  shown as grey cartoon. B) The three β-Ser-O-GlcNAc(z) g+ (green), t 

(cyan), g- (pink) rotamers, prior to MD. C) β-Ser-O-GlcNAc(z) rotamers after 10 ns 

simulation. 

 

Following MD simulations, the most populated GlcNAc-β-O-Ser rotamer was 

identified (φ/ψ/χ1 ≈ -61.3/-179.5/-77.9°; see Figure 5.1 (C) and Supplementary 

Figure 1), and used to define an initial orientation of the GlcNAc moiety relative to 

the peptide backbone for use in docking each of the GlcNAcylated peptides (c-Myc', 

Histone H3', p53', TAB1', and a poly-Ala') to BtOGA.  

Molecular docking was performed with Autodock Vina (AD Vina) [41], employing 

the iterated local search global optimizer algorithm [42,43].  Structures for the five 

fully extended glycopeptides were generated using Maestro [36], and docked into the 

BtOGA structure, while maintaining the GlcNAc-β-O-Ser linkage at the preferred 

rotamer values, as defined above.  All other backbone and sidechain torsion angles in 

the glycopeptides were allowed to be flexible. The graphical user interface program 

AutoDock Tools [44] was used to prepare the structures for all docking simulations.  

To prepare the BtOGA crystal structure for docking, crystallographic water 

molecules, as well as the co-crystallised inhibitor, PUGNAc, were removed.  Polar 

hydrogen atoms were added where necessary with AutoDock Tools.  The docking 

region was selected by centering a grid box (35 Å per side) on the Cα atom of the 

nucleophile residue D243.  The optimal glycopeptide conformation from each of the 

five dockings was determined by searching the ranked docking poses for the lowest 



Chapter 5 
 

106 
 

energy structure; in which the GlcNAc was placed in a pose comparable to that seen 

in the MD simulations of the GlcNAc-β-O-Ser complex (Figure 5.3 (B)).  The five 

BtOGA – glycopeptide complexes were employed for subsequent MD simulations.   

Simulations of the free glycopeptides were initiated from the most populated 

conformation of the bound glycopeptides and were performed by my colleague; Dr. 

Keigo Ito, at the CCRC, UGA. 

 

Analysis 

The conformational properties of each of the five peptides was analysed in terms of 

root-mean-square deviation (RMSD) of the peptide backbone atoms (Cα, N, C, O) 

employing VMD [45].  The RMSD values for each peptide was calculated relative to 

the first time step of the MD simulation, and also with reference to the experimental 

coordinates reported recently for the p53 glycopeptide bound to CpOGA.  Clustering 

analyses of the peptide conformations were performed using the GROMACS tool 

g_cluster, employing the Gromos Algorithm [46] using an RMSD cut-off of 1.0 Å.  

An analysis of the hydrogen bond network was carried out for each complex using 

VMD [45] with a distance cut-off of 3.5 Å and a minimal occupancy of 5%.  Binding 

free energies were calculated with the single-trajectory Molecular Mechanics–

Generalized Born Surface Area (MM-GBSA) method [47,48], with average values 

computed from an ensemble of 100 uncorrelated snapshots collected every 3.5 ns 

from the 350 ns trajectory.  Before the analyses, all water molecules were removed 

from each complex, and the solvation energy approximated through the generalised 

Born (GB) implicit solvation model (igb = 2) [49].  This approach has been applied 

by us [50] and others [51,52] for the analyses of carbohydrate-protein affinity.  
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Results 

Structural stability of the BtOGA – glycopeptide complexes 

Over the course of the 350 ns MD simulations, performed with no restraints on either 

the protein or glycopeptides, the protein fold remained stable; the Cα RMSD of the 

BtOGA in all cases reached an equilibrium value of between 0.84 – 0.93 Å (c-Myc': 

0.93 Å, histone H3': 0.84 Å, p53': 0.88 Å, poly-Ala': 0.91 Å and TAB1': 0.84 Å).  

The glycopeptides in all cases remained bound to the protein, with the GlcNAc 

adopting equivalent orientations in the binding site in each case (Supplementary 

Figure 2).  The dihedral angles of the GlcNAc-Ser linkages (Φ, Ψ, χ) as well as the 

NAc conformation were monitored throughout the simulations. The analysis showed 

that the GlcNAc-Ser linkages, in each of the five glycopeptides, populated 

comparable rotamers, whilst the NAc group remained stable in the syn-orientation 

throughout (Table 5.1).  Additionally, the average dihedral values for these angles in 

the simulated p53' and TAB1' – glycopeptide complexes were in close agreement 

with those seen in the crystal structures of CpOGA complexed with these ligands 

(Table 5.1).   

 

Table 5.1. Average dihedral angles for GlcNAc-Ser/Thr linkages in each of the five 

glycopeptide-BtOGA complexes. 

 Φ
a
 Ψ

a
 χ

a
 NAc 

c-Myc' -51.3 (8) 168.3 (9) -57.1 (8) -67.2 (7) 

Histone H3' -78.2 (10) -176.8 (7) -63.7 (8) -64.1(9) 

p53' -73.3 (9) -174.0 (8) -57.8 (9) -59.2 (9) 

p53 X-ray
b
 -74.6 173.2 -52.4 -52.7 

Poly-Ala' -74.8 (13) 176.2 (18) -63.7 (11) -63.3 (9) 

TAB1' -86.9 (10) 173.7 (8) -64.3 (9) -62.1(8) 

TAB1 X-ray
b
 -67.8 165.8 -52.8 -56.5 

a
Φ = O5-C1-Oγ-Cβ, Ψ = C1-Oγ-Cβ-Cα, χ = Oγ-Cβ-Cα-N, in degrees, with standard 

deviations in parentheses. 
b
From the p53 and TAB1 glycopeptide – CpOGA complexes [22]. 

c
Dihedral angle C1-C2-N-C. 
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GlcNAc: A comparison of the hydrogen bond interactions between the GlcNAc and 

OGA residues for GlcNAc-OMe as well as all five glycopeptides is presented in 

Table 5.2.  Hydrogen bonds were found between six OGA residues and the glycan.  

Of those, five involved sidechain interactions (D344, N339, D242, K166, and H433), 

whilst the remaining was through a backbone interaction involving OGA residue 

G135.  The interactions between the GlcNAc residue and OGA, in both the p53' and 

TAB1' – BtOGA glycopeptide complexes, were in good agreement with those seen 

in the recently reported crystal structures for the corresponding glycopeptides in 

complex with CpOGA [22] (Table 5.2). The similarity of the crystallographic and 

modelled complexes provided independent validation of the computational approach. 
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Table 5.2. Intermolecular hydrogen bond occupancies and average distances
a
 

between BtOGA and the GlcNAc moiety in GlcNAc-OMe and in the five 

glycopeptides. 

Donor H-X Acceptor 

Occupancy 

(MD) 

Distance 

(MD) 

Distance 

(X-ray)
b
 

GlcNAc-OMe 
GlcNAc-O4 D344-Oδ2 95.6 2.6 (0.1)  

N339-Nδ GlcNAc-O 86.6 2.9 (0.1)  

GlcNAc-O6 D344-Oδ1 85.3 2.6 (0.1)  

GlcNAc-N D242-Oδ2 56.4 3.1 (0.2)  

K166-Nζ GlcNAc-O3 32.3 2.9 (0.1)  

GlcNAc-O3 G135-O 22.5 2.8 (0.1)  

H433-Nε GlcNAc-O6 _7.1 3.2 (0.2)  

Histone H3' 
GlcNAc-O6 D344-Oδ1 94.6 2.6 (0.1)  

GlcNAc-O4 D344-Oδ2 93.6 2.6 (0.1)  

H433-Nε GlcNAc-O6 71.6 3.1 (0.2)  

GlcNAc-N D242-Oδ2 46.3 3.0 (0.2)  

K166-Nζ GlcNAc-O3 37.8 2.9 (0.2)  

GlcNAc-O3 G135-O 19.1 2.8 (0.1)  

N339-Nδ GlcNAc-O5 14.7 3.2 (0.1)  

N339-Nδ GlcNAc-O _7.7 2.9 (0.1)  

p53' 
GlcNAc-O4 D344-Oδ2 96.7 2.6 (0.1) 2.7 

GlcNAc-O6 D344-Oδ1 90.8 2.6 (0.1) 2.6 

N339-Nδ GlcNAc-O 85.2 2.9 (0.1) 2.7 

GlcNAc-N D242-Oδ2 60.3 3.1 (0.2) 2.9 

K166-Nζ GlcNAc-O3 50.6 2.9 (0.1) 2.8 

GlcNAc-O3 G135-O 21.6 2.8 (0.1) 3.9 

H433-Nε GlcNAc-O6 _6.5 3.0 (0.2) N/A
c 

TAB1' 
GlcNAc-O4 D344-Oδ1 93.7 2.6 (0.1) 3.8 

N339-Nδ GlcNAc-O 65.6 2.9 (0.1) 2.6 

K166-Nζ GlcNAc-O3 43.7 2.9 (0.1) 3.1 

GlcNAc-N D242-Oδ2 38.8 3.0 (0.2) 2.9 

GlcNAc-O6 D344-Oδ1 34.9 2.8 (0.2) 2.7 

GlcNAc-O3 G135-O 33.1 2.8 (0.1) 2.6 

GlcNAc-N D242-Oδ1 _8.6 3.3 (0.2) 4.9 

Poly-Ala' 
N339-Nδ GlcNAc-O 79.1 2.9 (0.1)  

GlcNAc-N D242-Oδ2 48.4 3.1 (0.2)  

GlcNAc-O6 D344-Oδ1 38.1 2.8 (0.3)  

GlcNAc-O4 D344-Oδ1 37.0 2.7 (0.3)  

GlcNAc-O4 D344-Oδ2 36.9 2.7 (0.3)  

GlcNAc-O6 D344-Oδ2 36.0 2.8 (0.3)  

K166-Nζ GlcNAc-O3 27.5 2.9 (0.2)  

GlcNAc-O3 G135-O 17.9 2.8 (0.2)  
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H433-Nε GlcNAc-O6 16.4 3.1 (0.2)  

GlcNAc-N D242-Oδ1 12.4 3.1 (0.2)  
a
Based on a maximum donor-acceptor distance of 3.5 Å with a minimum occupancy 

of 5%.  Distances in Å, standard deviation in parentheses.   
b
From the p53 and TAB1 glycopeptide – CpOGA complexes [22]. 

c
BtOGA residue H433 is not conserved in the CpOGA homologue 

 

 

Poly-Ala': The hydrogen bond analysis of the BtOGA – poly-Ala' complex showed 

that the most stable hydrogen bond (26% occupancy) was formed between the 

sidechain of OGA residue D243 with the backbone of Ala at the +2 position 

(Ala(+2)) of the glycopeptide (positional numbering is relative to the site of 

glycosylation, Figure 5.3 (A)).  Lower-occupancy hydrogen bonds were observed 

between D243 and Ala(+1) position, and OGA Y137 and Ala(-2) (see Table 5.3).  It 

is notable that no long-lived hydrogen bonds were seen between poly-Ala' and OGA.  

c-Myc': In the case of the c-Myc' glycopeptide, the most stable intermolecular 

hydrogen bond (31.5% occupancy) was observed between the backbone of L56(-2) 

and OGA residue D243, but unlike the case of poly-Ala', here the interaction 

involved only the backbone of D243.  Weak (16.8% occupancy) backbone-only 

interactions were also seen between E54(-4) and OGA residue S245.  The remaining 

hydrogen bonds are almost exclusively through peptide backbone interactions and 

OGA; none of these were present for over 8.1% of the total simulation time. 

Histone H3': The strongest intermolecular hydrogen bond (31.1% occupancy) in the 

histone H3' glycopeptide – OGA complex was seen between the backbone of 

G12(+2) of the glycopeptide and the sidechain of OGA residue D243.  This 

interaction and occupancy is analogous to that seen in the case of poly-Ala' complex. 

The second strongest hydrogen bond (25% occupancy) was observed between the 

backbone atoms of R8(-2) and the sidechain of OGA residue R347.  Additional weak 

hydrogen bonds were observed between D167, Y137, H433, and D243 of OGA and 

the peptide; stable for a maximum of 19.2% of the total simulation time. 

p53': Glycopeptide p53' formed a weak intermolecular hydrogen bond (32% 

occupancy) between the sidechain of W146(-3) and Y550 of OGA.  Recent 
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crystallographic data [22] found that the W146(-3) in the p53 glycopeptide – 

CpOGA (PDBid 2YDR) complex formed a stacking interaction with protein residue 

N298 (BtOGA D243).  This interaction was not observed in the MD simulations, in 

which W146 pointed predominantly outwards from the BtOGA surface. A 

comparison, of the crystallographic and MD-derived conformations of the p53 

glycopeptides with the crystal structure of the full length p53 protein (PDBid 1TUP) 

[23], indicated that the W146 orientation from the MD results was in good 

agreement with the conformation seen in the intact p53 protein (Figure 5.2). The 

backbone conformation of the MD-derived p53' glycopeptide gave rise to an average 

RMSD of 1.4 Å relative to the same region in the intact protein, whereas the data 

from CpOGA crystal structure resulted in an RMSD value of 2.2 Å.  Other OGA 

residues predicted by MD to make hydrogen bonds to the p53' peptide include H433, 

D243, Y137, and K166; however, these were again short lived. 

 

Figure 5.2. Ribbon representation of both, the most populated p53' glycopeptide 

(blue) and the p53 glycopeptide from the CpOGA complex 2YDR (yellow) were 

aligned onto the corresponding sequence (Leu 145 to Gly 151) in the p53 protein 

crystal (PDBid 1TUP) (grey). Trp 146 of p53 (-3 position in the glycopeptides) is 

shown in stick with the GlcNAc residue removed for clarity.  

 

TAB1': As seen in the case of poly-Ala', in TAB1' the most stable intermolecular 

hydrogen bond (24.3% occupancy) was again a peptide backbone interaction, 

specifically between A397(+2) and the sidechain of OGA residue D243.  No other 

interactions existed for greater than 8% of the total simulation time.  
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Table 5.3. Intermolecular hydrogen bond occupancies and average distances
a
 

between BtOGA and the peptide moieties for each of the five glycopeptide-OGA 

complexes. 

Donor H-X Acceptor Occupancy 

                 c-Myc' 

L(-2)-Main D243-Main 31.5 

S245-Main E(-4)-Main 16.8 

E(-4)-Main S245-Main _8.1 

H433-Side T*(0)-Main _7.5 

P(+1)-Main D243-Side _7.1 

S245-Side E(-4)-Side _6.5 

                   Histone H3' 

G(+2)-Main D243-Side 31.1 

R347-Side R(-2)-Main 25.4 

R(-2)-Side D167-Side 19.2 

Y137-Side S*(0)-Side 13.5 

H433-Side S*(0)-Main 10.9 

T(+1)-Main D243-Side _5.4 

                   p53' 

W(-3)-Side Y550-Side 31.9 

H433-Side T(+1)-Side 18.3 

L(-4)-Main D243-Main 14.8 

Y137-Side S*(0)-Side _8.3 

W(-3)-Side K166-Main _7.8 

V(-2)-Main Y137-Side _6.7 

T(+1)-Side H433-Side _5.9 

                  Poly-Ala' 

A(+2)-Main D243-Side 26.0 

A(+1)-Main D243-Side _5.5 

A(-2)-Main Y137-Side _5.4 

                   TAB1' 

A(+2)-Main D243-Side 24.3 

H433-Side Y(-1)-Side _7.9 

Q(+3)-Side W286-Side _6.9 

Y137-Side S*(0)-Side _6.7 
a Based on a maximum donor-acceptor distance of 3.5 Å with a minimum occupancy 

of 5%.   
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Structure and dynamics of the bound glycopeptides 

To assess the presentation and conformation of each of the glycopeptides, obtained 

from the MD simulations, with that seen in the crystal structure of the p53 

glycopeptide – CpOGA complex [22], the glycan atoms in the glycopeptides were 

aligned onto the crystallographic coordinates of GlcNAc in the complex (Figure 5.3 

(C)).  
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Figure 5.3. A) Five polypeptides were built in extended conformations using the 

Maestro builder from Schrödinger [36].  Sites of glycosylation are indicated with a 

star and are positioned at Thr58 (c-Myc), Ser10 (histone H3), Ser149 (p53), Ser5 

(poly-Ala), and Ser395 (TAB1). B) The top-ranked docked conformation of each 

peptide was used as a starting point for MD. C) Ribbon representation of the peptide 

structures from the 350 ns simulation aligned onto the GlcNAc residue from the 

bound p53 glycopeptide – CpOGA crystal structure [22]. The snapshots have been 

selected every 3.5 ns. The peptides are coloured as follows; c-Myc' (purple), histone 

H3' (red), p53' (blue), poly-Ala' (green), and TAB1' (cyan), with the p53-crystal 

glycopeptide in yellow.  

 

This alignment indicated that in all cases, despite the difference in sequences, each 

peptide backbone adopted a similar “V” shaped conformation; comparable to that 

seen for glycopeptide fragments of p53, TAB1, and hOGA in complex with CpOGA 

[22].  This “V” shaped conformation is likely stabilised by a combination of 

intermolecular interactions, between the peptides and those BtOGA residues 

identified from the hydrogen bond and binding interaction analyses, as well as 

intramolecular bonds within the glycopeptide.  In addition to the intermolecular 

interaction, discussed previously, an analysis of intramolecular interactions showed 

that all glycopeptides, with the exception of poly-Ala', form, primarily, but not 

exclusively, mainchain hydrogen bonds between residues at the -1 or -2 positions 

with opposing residues at the +1, +3 or +4 positions in the glycopeptide (see Table 

S1).  Specifically, in the complex of BtOGA with the p53'-glycopeptide, a hydrogen 

bond was observed (3.0 Å, 76% occupancy) between the carboxylate of D(-1) and 

the mainchain nitrogen atom of T(+1).  A similar interaction has been reported in the 

crystal structure of the p53-glycopeptide with CpOGA (2.5 Å) [22].  That this 

interaction formed spontaneously in the MD data, which was initiated independent of 

the CpOGA – p53 complex, adds to the credibility of the general approach taken 

here to model the BtOGA – glycopeptide complexes.  Similarly, a bond was 

observed (2.9 Å, 53% occupancy) in the TAB1' glycopeptide complex between the 

mainchain carbonyl oxygen atom in Y(-1) and the sidechain hydroxyl in S(+1)  of 
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the glycopeptide.  Interestingly this interaction is not seen in the crystal structure of 

the TAB1-glycopeptide in complex with CpOGA (average distance 6.7 Å) [22]; 

most likely due to the glycopeptide terminating at Ser at the +1 position, as opposed 

to being part of a longer peptide (10 residues) in our model.  In the histone H3' 

glycopeptide, a weak hydrogen bond was seen (3.0 Å, 20% occupancy) between the 

-1 position (K, mainchain N) and the -4 position (T, mainchain carbonyl).  Similarly 

in the c-Myc' glycopeptide a weak hydrogen bond was predicted to exist (3.1 Å, 26% 

occupancy) between the backbone atoms at the -2 position (L, mainchain carbonyl) 

and the +3 position (L, mainchain N).  In contrast to the cases of p53' and TAB1', in 

which the hydrogen bond spans only the glycosylated residue, in Histone H3' and c-

Myc' the hydrogen bond spans three residues, presumably weakening the interaction 

in the latter cases.  With regard to intramolecular glycan-peptide interactions, it is 

notable that in each case a hydrogen bond was formed between the hydroxymethyl 

group (GlcNAc-O6) and the backbone of the glycosylated Serine (Ser-N).  This 

hydrogen bond (3.4 Å) was also seen in the p53' glycopeptide –CpOGA complex  

[22].  GlcNAcylation via Threonine, as in c-Myc', appears to abolish this interaction. 

An analysis of the RMSD of the peptide backbones was performed to quantify the 

conformational distribution for each peptide (Figure 5.4 (A)), relative to the initial 

structure in the MD simulations.  This analysis indicated that Poly-Ala' was the most 

flexible glycopeptide, with the average RMSD values being: 1.0 Å (poly-Ala'), 0.8 Å 

(c-Myc'), 0.6 Å (Histone H3'), 0.6 Å (p53'), and 0.5 Å (TAB1').   The RMSD 

analysis (Figure 5.4 (B)), relative to the conformation of the p53-glycopeptide in 

complex with CpOGA [22], indicated that the backbone conformations of each of 

the glycopeptides are similar: 2.6 Å (c-Myc'), 1.9 Å (histone H3'), 2.0 Å (p53'), 1.5 

Å (poly-Ala'), and 1.8 Å (TAB1').  
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Figure 5.4.  Backbone atom (CA, C, O, N) RMSD values for each peptide 

throughout the 350 ns MD as a function of time. A) Average RMSD of each peptide 

relative to its starting conformation. B) Each peptide relative to the backbone 

conformation of the p53 glycopeptide conformation from the crystal structure 

(PDBid 2YDR). The RMSD values are coloured as follows; c-Myc' (purple), histone 

H3' (red), p53' (blue), poly-Ala' (green), TAB1' (cyan). 

 

Additionally, to identify similar conformational features sampled during the 

simulation of each glycopeptide, a clustering analysis was performed on the five MD 

data sets. The cluster analysis revealed that the top three clusters from each peptide 

cover over 75% of the total conformational space sampled.  Of all of the 

glycopeptides, poly-Ala' and c-Myc' displayed the highest degree of structural 

diversity significantly populating at least two clusters (see Table 5.4), whereas all of 

the other glycopeptides could be characterized by a single dominant cluster.  The 

RMSD of each peptide, from the most populated cluster, relative to the conformation 

of the p53-glycopeptide in complex with CpOGA [22],  was comparable to those 

seen in the average RMSD analyses, and also showed that the peptide backbone 

conformations are all within 1.7 Å of each other (Table 5.4). 

 

  



Chapter 5 
 

117 
 

Table 5.4.  Clustering analysis
a
 for each of the five glycopeptides 

Cluster Cluster Population RMSD 

c-Myc 

1 56 2.9 

2 30 2.3 

3 6 3.0 

Total 91  

 Histone H3  

1 79 1.9 

2 9 1.7 

3 5 2.0 

Total 92  

p53' 

1 92 1.9 

2 5 2.2 

3 2 2.2 

Total 99  

Poly-Ala' 

1 36 1.4 

2 27 1.4 

3 12 1.3 

Total 75  

TAB1' 

1 91 1.8 

2 5 1.5 

3 2 1.5 

Total 98  
a
Relative to the backbone conformation of the p53-glycopeptide in complex with 

CpOGA [22] and the structure with the median RMSD in the cluster.  Populations in 

percent, distances in Angstroms.  
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Structure and dynamics of the free glycopeptides 

To gain an understanding of the extent to which the free glycopeptides in solution 

exist in conformations appropriate for binding to the BtOGA, independent MD 

simulations (500 ns) were performed on each of the five glycopeptides.  An analysis 

of the intramolecular hydrogen bonds in each system indicated that p53' and TAB1' 

displayed transient interactions for approximately 29% of the simulations (see Table 

S2).  The other glycopeptides appeared to be even less ordered.  The interactions 

within p53' were similar to those seen in the bound peptide, whereas in TAB1' they 

were unique to the free peptide.  Thus, only in the case of p53' does the free peptide 

appear to populate to some extent conformations comparable to those seen in the 

bound state.  It is notable also that intramolecular interactions between the glycan 

and residues at the +1 or -1 positions were observed in the free glycopeptides, 

similar to those seen in the bound forms, but that even in the case of p53' these 

interactions were transient. 

To further quantify the conformational similarities between the bound and free 

glycopeptides, the bound conformation of each peptide, as extracted from the 

dominant cluster, was compared to the solution conformations.  The resulting RMSD 

plots for the free glycopeptides, relative to the bound conformation, indicate that 

p53' exhibits relatively low RMSD values (of approximately 2 -4 Å), further 

supporting the idea that the p53' glycopeptide exists in a conformation similar to that 

of the bound (Figure S3).  In contrast in the case of TAB1', the internal hydrogen 

bonds for the free glycopeptide are associated primarily with a conformation that is 

significantly different from that seen in the bound state (RMSD approximately 4 -5 

Å).  Neither histone H3’ nor poly-Ala appear to adopt conformations similar to the 

bound forms, however, c-Myc’, despite the absence of stable internal hydrogen 

bonds, also adopts conformations in solution that are similar to the bound form 

(RMSD approximately  2 - 5 Å). 

 

Binding free energy analysis 
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Per-residue binding free energy calculations (MM-GBSA) were carried out on 

GlcNAc-OMe in complex with BtOGA, as well as the five glycopeptide – BtOGA 

complexes.  This allowed us to separate and quantify the contributions made by the 

GlcNAc and the peptide portions of the glycopeptides, as well as to identify which 

BtOGA residues make a significant contribution to glycopeptide affinity. 

BtOGA per-residue binding energy contributions: In agreement with the hydrogen 

bond analysis of the OGA – glycopeptide interactions, the MM-GBSA data showed 

that the five BtOGA residues (D344, N339, D242, K166, and H433), which make 

sidechain interactions with the glycan, rank amongst the highest contributors to 

binding affinity (Figure 5.5 and supplementary Table 3).  Additionally, the MM-

GBSA analysis for the OGA – GlcNAc-OMe complex found that protein residues 

(W337, Y282, N372, Y137, V314 and V342) contribute towards binding GlcNAc 

through a combination of van der Waals and hydrophobic interactions. Other 

residues that were predominantly associated with the peptide portion of the 

glycopeptides were also identified; for example D243 (see Figure 5.5 and Table S3).  

Notably, residue Y137 showed a markedly greater contribution to binding for all 

glycopeptides, compared to that seen for its interaction with GlcNAc-OMe alone.  

Further, the contribution from Y137 varied among the glycopeptides, making a 

significantly stronger interaction with p53' (-8.6 kcal/mol), which may be compared 

to values for histone H3' (-5.5 kcal/mol), c-Myc' (-5.0 kcal/mol), TAB1' (-4.5 

kcal/mol), poly-Ala' (-3.9 kcal/mol), and GlcNAc-OMe (-1.2 kcal/mol).  This 

enhancement stems from hydrogen bonding with the glycosylation site Ser or Thr 

residues, common to each glycopeptide, as well as through van der Waals 

interactions with glycopeptide residues at the -2 and -3 positions. Similarly, residue 

W286 contributes to peptide binding in all cases, principally through van der Waals 

interactions with residues at the +2 to +4 positions (TAB1' (-5.0 kcal/mol) > poly-

Ala' (-3.7 kcal/mol) > p53' (-3.1 kcal/mol) histone H3' (-2.0 kcal/mol) > c-Myc' (-1.3 

kcal/mol) > GlcNAc-OMe (-0.2 kcal/mol)).  Residue H433 also contributes to 

binding in all of the peptides; interestingly the interactions with H433 ranks the 

glycopeptides in an inverse order relative to that seen for W286, namely c-Myc' (-2.6 

kcal/mol) > histone H3' (-2.5 kcal/mol) > p53' (-1.7 kcal/mol) > TAB1' (-1.3 
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kcal/mol) > poly-Ala' (-1.0 kcal/mol) > GlcNAc-OMe (-0.7 kcal/mol).  This suggests 

that W286 and H433 counter balance each other in terms of peptide specificity. 

Certain BtOGA residues were also found to be of particular importance to a subset of 

glycopeptides (Figure 5.5).  For example, residues Y550 (-2.9 kcal/mol), R347 (-2.3 

kcal/mol), and S245 (-2.3 kcal/mol) each contribute significantly to the affinity of 

Histone H3'.  Residue Y550 interacts favourably with histone H3' residue R(-2), 

primarily through van der Waals interactions.  As might be expected, the interaction 

between R347 and R(-2) is electrostatically repulsive, however it is predicted to be 

net favourable, as a result of desolvation effects.  This suggests that mutation of 

R347, to either D or E, or to an aromatic residue, may lead to increased binding 

specificity for histone H3'.  As in the case of histone H3', residue Y550 also 

contributes to the affinity of p53' (-1.7 kcal/mol), primarily through van der Waals 

interactions with W(-3).  Finally, residues S245 (-2.4 kcal/mol) > I244 (-2.7 

kcal/mol) > Q210 (-1.8 kcal/mol) are each involved in favourable interactions with 

c-Myc' at E(-4). 

 



Chapter 5 
 

121 
 

 

Figure 5.5. The middle structure from each cluster analysis, of c-Myc' (purple), 

Histone H3' (red), p53' (blue), poly-Ala' (green) and TAB1' (cyan) are shown in 

complex with OGA.  The per-residue binding interactions for the OGA residues are 

represented as a colour scale; from lowest (most attractive) (red) to highest (least 

attractive) (grey) binding interaction energy value. The OGA residues that are most 

significant to peptide binding are shown for each complex. 
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Glycopeptide per-residue binding energy contributions: In order to define the 

contributions from each residue in the five glycopeptides, a per-residue 

decomposition of the MM-GBSA data was performed (see Table 5 for total energy 

interactions and Supplementary Table 4 for the per-residue breakdown).  

Specifically, over 50% of the total binding free energy for each of the five 

glycopeptides comes directly from interactions involving O-GlcNAc.  Interestingly, 

the binding energy from the GlcNAc falls into two distinct categories.  For the 

glycopeptides; c-Myc', histone H3', and p53', the GlcNAc contributed essentially 

equivalent interaction energies (-27.0 – -27.9 kcal/mol), whereas for the poly-Ala' 

and TAB1' glycopeptides, the glycan contributed -22.9 and -23.8 kcal/mol, 

respectively (see Table 5).  The loss in affinity for in the latter two cases is a direct 

result of weakened electrostatic interactions (decreased by 4-5 kcal/mol) with the 

glycan.  The analysis of the hydrogen bond interactions for these systems, suggests 

that this is a result of weaker interactions specifically with residues D344 and N339, 

as indicated by both slightly lower occupancy and larger distances of the hydrogen 

bonds (Table 2).  Closer inspection indicates that the glycan, in the poly-Ala' and 

TAB1' glycopeptide complexes, is more mobile than in the other three complexes; 

the average positional RMSD for the non-hydrogen atoms in GlcNAc for the poly-

Ala' (0.82 Å) and TAB1' (0.61 Å) complexes are slightly higher than for the GlcNAc 

in the other three complexes (c-Myc': 0.53 Å, histone H3': 0.41 Å, and p53': 0.51 Å).   
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Table 5.5.  Total component binding free energies
a
 for each of the five 

glycopeptides.  

Moiety 

Van der 

Waals 
Electrostatic 

Polar 

Desolvation 

Non-polar 

Desolvation 

Total 

Interaction 

c-Myc' 

GlcNAc -13.0 -45.9 34.3 -2.4 -27.0(2.2) 

Peptide -21.8 37.9 -32.5 -2.9 -19.1(6.0) 

Histone H3' 

GlcNAc -12.9 -46.8 34.2 -2.3 -27.9(1.7) 

Peptide -25.9 -175.6 180.7 -3.8 -24.4(7.5) 

p53' 

GlcNAc -13.1 -45.6 33.6 -2.3 -27.4(1.7) 

Peptide -31.0 51.2 -39.8 -4.6 -24.2(7.0) 

Poly-Ala' 

GlcNAc -12.3 -41.5 33.2 -2.3 -22.9(4.7) 

Peptide -23.8 -3.8 12.2 -3.5 -18.7(7.6) 

TAB1' 

GlcNAc -13.5 -40.4 32.4 -2.3 -23.8(1.9) 

Peptide -27.0 -13.6 20.4 -4.2 -24.4(7.9) 
a
In kcal/mol with standard deviation in parentheses. 

 

The peptides (not including the GlcNAc) contribute (-18.7 to -24.4 kcal/mol) to the 

total interaction energy; or up to approximately 50% of the total binding affinity.  As 

might be expected on the basis of  relative flexibilities, the interaction energies 

associated with the GlcNAc residues are much less variable that those of the 

peptides.  These data suggest that peptide residues in the vicinity of the glycosylation 

site (± 5 residues) can enhance glycopeptide affinity, and also that loss of the glycan 

from the peptide, by enzymatic cleavage, would markedly reduce the affinity of the 

products.  Notably, as in the case of the GlcNAc residues, the glycosylation site 

contributed similar values in each complex (an average of -2.9 ± 0.7 kcal/mol), with 

no significant differences being observed for Ser or Thr (c-Myc') residues.  In the 

poly-Ala' reference system, the residues in the +1 to +5 positions, relative to the 

glycosylation site, contribute approximately -10 kcal/mol to the binding interaction.  

In the cases of the other four glycopeptides, residues in the +1 to +5 positions make 

weaker interactions with BtOGA (histone H3': -8.0 kcal/mol, p53': -7.8 kcal/mol, c-

Myc': -4.9 kcal/mol), relative to poly-Ala', with the exception of TAB1' (TAB1': -
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11.1 kcal/mol).  In contrast, relative to poly-Ala' (-6.2 kcal/mol), residues in the -1 to 

-4 positions consistently contribute significantly to the interaction energies (p53': -

16.0 kcal/mol, histone H3': -13.0 kcal/mol, c-Myc': -11.5 kcal/mol, TAB1': -10.3 

kcal/mol).  

 

Discussion  

The computational analyses indicate that each of the five glycopeptides can adopt 

comparable conformations when bound to the enzyme, and that the interaction 

energies of each complex were remarkably similar, spanning a range of less than 5 

kcal/mol.  The bound complexes are in good agreement with recently reported data 

for the complex between the bacterial OGA homologue from C.  perfringens 

(CpOGA) in complex with an O-GlcNAcylated p53 peptide (PDBid 2YDR) [22].  

The fact that poly-Ala' behaved similarly to the other four natural glycopeptides 

suggests that the interactions with BtOGA are structurally non-specific.  The 

occupancy analysis of the hydrogen bond network revealed that none of the peptides 

formed stable inter- or intramolecular hydrogen bonds.  This is not unexpected, 

given the highly dynamic nature of the peptides.  Nevertheless, the analyses 

suggested that the “V” shaped conformation of each of the glycopeptides was 

stabilized to greater or lesser extents by weak intramolecular interactions spanning 

the glycosylation site, as well as by a limited number of intermolecular interactions.   

A per-residue analysis of the energetic contributions of BtOGA to binding, from both 

hydrogen bonding and non-polar interactions, indicated that a small subset of 

residues (D344, N339, D242, K166, H433, W337, Y282, N372, Y137, V314, and 

V342) are responsible for binding the glycan.  Similarly, the analysis indicated that 

four BtOGA residues (Y137 > D243 ≈ W286 > H433) were predominantly 

responsible for binding the peptide portion for all of the glycopeptides.  Our results 

are in good agreement with the experimentally observed loss of enzymatic activity 

observed for BtOGA mutants (D242A/N, D243A/N, N372A, Y137F, and Y282F) 

[11], as well as CpOGA mutant D401A (BtOGA D344) [34].  It has also been 

reported that mutation of the conserved Y69 in hOGA (BtOGA Y137) to any residue 
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other than F led to a loss in enzymatic activity [22].  Given that the remaining 

peptide residues contribute to affinity through both backbone and sidechain 

interactions, it is unclear to what extent mutations at these positions would affect 

affinity or modulate enzyme Km values.  The per-residue analysis also identified 

residues which contributed specifically to affinity for each of the glycopeptides.  

Such data enable the prediction of sites whose mutation may lead to significant 

preferences for one substrate over another,  For example, mutation of BtOGA R347 

to either a negatively charged, or aromatic, residue could potentially lead to an 

increased affinity and specificity for histone H3'. 

Taken together, the MM-GBSA data indicate that the affinity for substrate varies as a 

function of peptide sequence, despite the fact that there are no strong recognition 

motifs associated with any of the peptides.  This observation would be expected to 

lead to variations in the enzyme Km values, as observed experimentally [22].  

Consistent with interpretations of the crystal structures [22], affinity contributions 

are made by peptide residues near the GlcNAc site, but here we also see significant 

contributions from residues as distal as the -4 position.  Although the glycopeptides 

all adopted grossly similar “V” conformations, none displayed persistent internal 

hydrogen bonds.  Thus it is uncertain to what extent internal structuring of the 

peptide contributes to the affinity of the interactions, or to the Km of the enzyme, as 

has been proposed [22]. 

 

Conclusion 

Here we have presented an atomic-level analysis of the structure and dynamics of the 

binding interaction between a bacterial OGA homolog in complex with five 

GlcNAcylated peptides of biological interest.  The primary motivation for the 

research was to develop an understanding of the unique lack of substrate sequence 

specificity displayed by OGA.  The MD simulations show that despite the 

differences in sequence, all of the glycopeptides adopted a similar conformation 

when bound to OGA, consistent with limited experimental data [22], but 

nevertheless retain considerable internal flexibility.  This flexibility is also thought to 
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occur in the region spanning the sites of known O-GlcNAcylated proteins, and as 

such there are currently no protein structures available, with the exception of p53 

(PDbid 1TUP), where these regions are fully defined [22].  This observation has 

implications not only for the action of the hydrolase OGA, but also potentially for 

the specificity of its cognate partner, the transferase OGT. 

The theoretical approach taken here enabled us to quantify the relative importance of 

specific and non-specific interactions.  The data show that the specificity of OGA for 

the GlcNAcylated peptides arises primarily from strong conserved interactions with 

the glycan, nevertheless non-specific interactions with the peptidic component of the 

substrates contribute significantly to affinity.  This observation provides a clear 

explanation for the ability of this enzyme to tolerate a range of polymorphisms in the 

vicinity of the glycosylation site in the substrate.  The analysis also indicates that 

variations in observed Km values [22] are a natural consequence of affinity 

contributions from non-specific interactions with the substrate. The potential exists 

therefore to employ the present analysis to guide the development glycopeptide-

specific inhibitors, or conversely, the conversion of OGA into a reagent that could 

target specific O-GlcNAcylated peptide sequences.  
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Supplementary Material 

 

Table S1.  Hydrogen bond properties
a
 for intramolecular interactions in each of the 

five glycopeptides in complex with BtOGA. 

Donor Acceptor Occupancy
b
 Distance 

c-Myc' 

L(+3)-N   L(-2)-O  25.9% 3.1 

S(+4)-Oγ   E(-4)-Oε1  8.1% 2.8 

S(+4)-Oγ  E(-4)-Oε2  5.6% 2.9 

Histone H3' 

S*(0)-N   GlcNAc-O6  49.2% 3.2 

K(-1)-Nζ   T(-4)-O  17.0% 2.9 

K(-1)-N   T(-4)-O  13.1% 3.1 

p53' 

T(+1)-N   D(-1)-Oδ2  58.2% 2.9 

S*(0)-N   GlcNAc-O6  40.2% 3.3 

T(+1)-N   D(-1)-Oδ1  18.7% 3.1 

T(+1)-Oγ1   D(-1)-Oδ1  6.4% 2.8 

T(+1)-Oγ1   D(-1)-Oδ2  5.9% 2.9 

TAB1' 

S(+1)-Oγ   Y(-1)-O  53.0% 2.9 

S*(0)-N   GlcNAc-O6  36.3% 3.1 

S(+1)-Oγ   S(-4)-O  9.5% 3.1 

T(+5)-N   Q(+3)-Oε1  6.6% 3.1 

Poly-Ala' 

S*(0)-N   GlcNAc-O6  10.3% 3.0 
a
Based on a maximum donor-acceptor distance of 3.5 Å.   

b
A minimum cut-off of 5% occupancy was applied, or the hydrogen bond with the 

highest occupancy is listed. 
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Table S2.  Hydrogen bond properties
a
 for intramolecular interactions in each of the 

five glycopeptides free in water. 

Donor Acceptor Occupancy
 

Distance 

c-Myc' 

GlcNAc-O6 P(-1)-O 7.9% 2.8 

GlcNAc-O6  L(-3)-O 6.9% 2.8 

L(+3)-N E(-4)-O 6.4% 2.9 

Histone H3' 

T(+1)-N  GlcNAc-O5 12.5% 3.0 

S*(0)-N
 

GlcNAc-O
b
 10.4% 3.1 

S*(0)-N T(-4)-O 9.4% 2.9 

G(+2)-N S*(0)-Oγ 8.7% 3.2 

K(+4)-N T(+1)-O 7.4% 3.1 

A(+5)-N G(+2)-O 7.0% 3.1 

G(+2)-N R(-2)-O 5.4% 2.9 

T(+1)-N R(-2)-O 5.4% 3.0 

p53' 

T(+1)-N GlcNAc-O5 29.8% 3.0 

GlcNAc-N2 W(-3)-O 18.2% 2.9 

T(+1)-Oγ1 D(-1)-Oδ2 18.0% 2.7 

T(+1)-Oγ1 D(-1)-Oδ1 17.1% 2.7 

T(+1)-N D(-1)-Oδ2 16.7% 3.0 

T(+1)-N D(-1)-Oδ1 16.2% 3.0 

GlcNAc-O6 T(+1)-O 8.8% 2.8 

T(+1)-N D(-1)-O 5.7% 3.0 

TAB1' 

A(+2)-N Y(-1)-O 29.1% 3.1 

Q(+3)-N S*(0)-O 24.3% 3.1 

S(+4)-N S(-4)-O 18.7% 3.0 

S*(0)-N S(-4)-O 14.1% 3.0 

V(-3)-N  Y(-1)-O 12.5% 2.9 

S(-4)-N S*(0)-Oγ 10.8% 3.0 

S(+4)-N S(+1)-O 10.0% 3.1 

Y(-1)-N T(+5)Oγ1 7.3% 3.2 

Q(+3)-Nε2 S(+1)-O 7.1% 3.0 

Q(+3)-N S(+1)-Oγ 5.5% 3.2 

Q(+3)-Nε2 S*(0)-O 5.5% 3.0 

Poly-Ala' 

A(+1)-N A(-4)-O 15.5% 2.9 

A(-1)-N  GlcNAc-O
b
 12.3% 2.9 

S*(0)-N  A(-4)-O 10.7% 3.0 

A(-4)-N S*(0)-Oγ 8.6% 3.1 

A(+2)-N A(-1)-O 7.6% 3.1 

A(+1)-N GlcNAc-O5 7.5% 3.0 

A(+1)-N GlcNAc-O6 6.1% 3.1 

A(+4)-N A(+1)-O 5.7% 3.1 
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A(+5)-N A(+2)-O 5.7% 3.1 

A(-4)-N GlcNAc-O5 5.7% 3.1 
a
 Based on a maximum donor-acceptor distance of 3.5Å, with a minimum occupancy 

of 5%. 
b
Amide oxygen atom. 
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Table S3. Average binding free energy contributions
a
 from each of the key

b
 BtOGA 

residues; in complex with GlcNAc-OMe and each of the five glycopeptides 

Residue 
Van der 

Waals 
Electrostatic 

Polar 

Desolvation 

Non-polar 

Desolvation 

Total 

Interaction 

GlcNAc-OMe 

Asp  344 1.7 -19.4 12.2 -0.1 -5.6 (1.0)
c
 

Asn  339 -1.0 -3.3 1.2 -0.1 -3.2 (0.4) 

Trp  337 -2.1 -1.0 1.0 -0.1 -2.2 (0.3) 

Tyr  282 -1.7 -0.1 0.2 -0.1 -1.7 (0.3) 

Asp  242 -0.9 -3.8 3.2 -0.1 -1.6 (0.6) 

Lys  166 -0.3 -3.9 2.7 0.0 -1.6 (0.6) 

Asn  372 -0.6 -1.8 0.9 0.0 -1.5 (0.4) 

Tyr  137 -1.5 0.3 0.2 -0.2 -1.2 (0.4) 

Val  314 -1.0 -0.3 0.4 -0.1 -1.0 (0.2) 

Val  342 -0.7 0.1 -0.2 0.0 -0.8 (0.2) 

His  433 -0.6 -0.9 1.0 -0.1 -0.7 (0.5) 

c-Myc' 

Asp 344 1.3 -13.2 6.6 -0.1 -5.4 (1.1) 

Tyr 137 -5.6 0.7 0.6 -0.7 -5.0 (0.7) 

Ash 243 -4.8 -1.6 4.0 -0.5 -3.0 (0.9) 

Asn 339 -1.0 -2.9 1.3 -0.1 -2.7 (0.5) 

Ile 244 -2.1 -3.5 3.0 -0.1 -2.7 (0.8) 

His 433 -1.5 -3.1 2.2 -0.3 -2.6 (0.7) 

Ser 245 -1.8 -4.7 4.6 -0.5 -2.4 (1.5) 

Asp 242 -1.3 4.5 -5.2 -0.1 -2.0 (0.8) 

Trp 337 -1.7 -0.8 0.7 -0.1 -1.8 (0.4) 

Gln 210 -2.2 0.8 0.0 -0.3 -1.8 (0.5) 

Tyr 282 -1.8 -0.2 0.6 -0.1 -1.5 (0.5) 

Lys 166 -0.8 -10.1 9.6 -0.1 -1.5 (0.8) 

Val 314 -1.5 0.0 0.1 -0.1 -1.5 (0.3) 

Asn 372 -0.5 -1.6 0.8 0.0 -1.4 (0.4) 

Trp 286 -1.6 0.2 0.4 -0.3 -1.3 (0.5) 

Gly 135 0.2 -2.2 0.8 0.0 -1.2 (0.7) 

Val 342 -0.8 0.2 -0.2 0.0 -0.8 (0.1) 

Tyr 345 -0.9 0.6 -0.3 0.0 -0.7 (0.2) 

Phe 136 -0.7 1.0 -0.8 0.0 -0.5 (0.2) 

Histone H3' 

Asp 344 0.0 -67.8 61.4 -0.1 -6.6 (1.0) 

Tyr 137 -5.8 -0.2 1.1 -0.6 -5.5 (0.7) 

Ash 243 -3.3 -5.8 5.7 -0.4 -3.8 (0.9) 

Tyr 550 -3.0 -1.4 2.0 -0.5 -2.9 (0.5) 

Asn 339 -1.1 -3.6 2.2 -0.1 -2.6 (0.6) 

His 433 -1.8 -0.9 0.5 -0.3 -2.5 (0.6) 

Arg 347 -0.8 44.6 -46.0 -0.1 -2.3 (0.7) 
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Ser 245 -1.4 -3.0 2.5 -0.3 -2.3 (1.0) 

Trp 337 -2.0 -0.6 0.6 -0.1 -2.0 (0.4) 

Asp 242 -1.3 -42.3 41.6 -0.1 -2.0 (0.8) 

Trp 286 -2.2 -0.6 1.1 -0.3 -2.0 (0.7) 

Tyr 282 -2.1 1.6 -1.2 -0.1 -1.8 (0.3) 

Asn 372 -0.7 -1.2 0.3 0.0 -1.7 (0.4) 

Tyr 345 -1.9 -0.2 0.7 -0.2 -1.7 (0.3) 

Lys 166 -0.8 35.6 -36.4 -0.1 -1.6 (0.8) 

Asp 167 0.0 -51.9 50.6 -0.2 -1.5 (1.3) 

Gly 246 -0.8 -1.7 1.2 -0.2 -1.4 (1.0) 

Val 314 -1.4 1.3 -1.1 0.0 -1.3 (0.2) 

Gly 135 0.1 -2.6 1.6 0.0 -0.9 (0.7) 

Asn 249 -0.9 -0.1 0.3 -0.2 -0.9 (0.6) 

Val 342 -0.9 0.3 -0.3 0.0 -0.9 (0.2) 

Phe 136 -0.6 0.5 -0.5 0.0 -0.6 (0.4) 

Ile 244 -1.0 -0.9 1.4 -0.1 -0.6 (0.3) 

p53' 

Tyr 137 -8.5 -1.5 2.3 -0.8 -8.6 (1.2) 

Asp 344 0.2 -1.8 -4.5 -0.1 -6.2 (0.9) 

Trp 286 -3.3 -0.6 1.3 -0.6 -3.1 (0.9) 

Asn 339 -1.2 -3.3 1.5 -0.1 -3.1 (0.4) 

Lys 166 -1.4 -15.6 14.3 -0.2 -2.9 (0.8) 

Trp 337 -2.2 -1.2 1.2 -0.1 -2.3 (0.3) 

Tyr 345 -2.3 1.1 -0.6 -0.3 -2.2 (0.3) 

Ash 243 -4.2 2.1 0.6 -0.5 -2.0 (0.8) 

Val 314 -2.0 -0.6 0.8 -0.2 -2.0 (0.4) 

Tyr 282 -2.4 -0.1 0.6 -0.1 -2.0 (0.4) 

Asn 372 -0.7 -2.4 1.3 0.0 -1.8 (1.1) 

His 433 -1.0 -4.4 3.9 -0.2 -1.7 (0.5) 

Tyr 550 -1.8 -0.3 0.8 -0.4 -1.7 (0.7) 

Asp 242 -1.4 7.9 -8.1 -0.1 -1.7 (0.5) 

Gly 135 -0.1 -1.6 0.7 0.0 -1.0 (0.4) 

Ile 244 -1.2 0.3 0.1 -0.1 -0.9 (0.1) 

Val 342 -0.8 0.3 -0.3 0.0 -0.9 (0.3) 

Phe 136 -0.8 0.2 0.0 0.0 -0.7 (0.3) 

Poly-Ala' 

Asp 344 0.3 -20.3 16.0 -0.2 -4.2 (2.3) 

Tyr 137 -4.2 0.2 0.6 -0.6 -3.9 (1.1) 

Trp 286 -4.1 -0.7 1.7 -0.5 -3.7 (0.7) 

Ash 243 -4.1 -2.7 3.7 -0.6 -3.7 (1.0) 

Asn 339 -1.0 -3.0 1.3 -0.1 -2.9 (0.5) 

Trp 337 -2.0 -1.0 1.0 -0.1 -2.1 (0.4) 

Tyr 282 -2.3 0.3 0.1 -0.1 -2.0 (0.4) 

Val 314 -1.8 0.0 0.2 -0.2 -1.8 (0.3) 
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Asn 372 -0.5 -1.7 0.7 -0.1 -1.5 (0.5) 

Lys 166 -0.7 0.6 -1.3 -0.1 -1.5 (0.8) 

Asp 242 -1.5 -8.0 8.2 -0.1 -1.4 (1.0) 

Thr 280 -1.6 0.0 0.6 -0.2 -1.2 (0.5) 

Tyr 345 -1.3 0.2 0.2 -0.2 -1.1 (0.7) 

His 433 -0.9 -0.9 0.9 -0.2 -1.0 (1.1) 

Gly 135 -0.1 -2.0 1.0 0.0 -1.0 (0.6) 

Thr 249 -1.0 -0.3 0.5 -0.2 -0.9 (0.6) 

Ile 244 -1.1 0.3 0.1 -0.1 -0.8 (0.5) 

Tyr 293 -0.9 -0.3 0.6 -0.1 -0.7 (0.4) 

Phe 136 -0.6 0.7 -0.7 0.0 -0.5 (0.3) 

TAB1' 

Asp 344 -1.1 -20.9 16.4 -0.3 -5.9 (1.4) 

Trp 286 -5.0 -1.9 2.4 -0.6 -5.0 (1.0) 

Tyr 137 -4.9 0.8 0.2 -0.6 -4.5 (0.6) 

Ash 243 -3.8 -5.2 5.3 -0.4 -4.0 (0.8) 

Asn 339 -1.2 -3.2 1.5 -0.1 -3.0 (0.5) 

Trp 337 -2.2 -0.7 0.8 -0.1 -2.3 (0.3) 

Tyr 282 -2.3 0.3 0.0 -0.1 -2.0 (0.3) 

Asp 242 -1.4 -9.1 8.5 -0.1 -2.0 (0.6) 

Val 314 -1.8 0.3 -0.1 -0.2 -1.8 (0.3) 

Asn 372 -0.5 -1.7 0.6 0.0 -1.6 (0.4) 

Lys 166 -0.6 2.2 -3.1 -0.1 -1.6 (0.7) 

Tyr 345 -1.6 0.2 0.1 -0.2 -1.4 (0.3) 

His 433 -1.5 -0.8 1.2 -0.2 -1.3 (0.5) 

Gly 135 0.1 -2.4 1.2 0.0 -1.1 (0.6) 

Ile 244 -0.6 -1.6 1.1 -0.1 -1.0 (0.8) 

Tyr 550 -1.0 0.2 0.2 -0.2 -0.8 (0.4) 

Thr 249 -0.9 -0.3 0.5 -0.2 -0.8 (0.6) 

Ile 315 -0.8 0.1 0.0 -0.1 -0.8 (0.4) 

Thr 280 -0.9 -0.3 0.5 -0.1 -0.8 (0.4) 

Val 342 -0.8 0.3 -0.2 0.0 -0.8 (0.2) 

Ser 245 -0.8 -1.0 1.3 -0.2 -0.6 (0.5) 
a
In kcal/mol.  

b
Any residue identified in the hydrogen-bonding analysis or that contributes more 

than 0.5 kcal/mol the total interaction energy.   
c
Standard deviation in parentheses. 
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Table S4.  Average binding free energy contributions
a
 from each of the glycopeptide 

residues in each of the five complexes with BtOGA 

Residue 

Van der 

Waals 
Electrostatic 

Polar 

Desolvation 

Non-polar 

Desolvation 

Total 

Interaction 

c-Myc' 

GlcNAc -13.0 -45.9 34.3 -2.4 -27.0 (2.2)
b
 

Glu -4 -2.6 35.8 -33.8 -0.4 -1.0 (1.1) 

Leu -3 -4.4 -2.4 2.6 -0.7 -4.9 (0.8) 

Leu -2 -3.1 -3.2 3.2 -0.5 -3.6 (0.6) 

Pro -1 -2.4 -0.8 1.3 -0.2 -2.0 (0.5) 

Thr* 0 -3.8 10.5 -9.0 -0.5 -2.7 (0.9) 

Pro 1 -2.0 -0.5 0.6 -0.3 -2.1 (0.4) 

Pro 2 -2.5 -0.9 1.3 -0.3 -2.4 (0.5) 

Leu 3 -0.4 0.4 -0.1 0.0 -0.1 (0.2) 

Ser 4 -0.2 0.0 0.2 0.0 0.0 (0.5) 

Pro 5 -0.4 -1.0 1.2 0.0 -0.3 (0.5) 

Total Peptide -21.8 37.9 -32.5 -2.9 -19.1 (6.0) 

Histone H3' 

GlcNAc -12.9 -46.8 34.2 -2.3 -27.9 (1.7) 

Thr -4 -0.4 0.8 -0.3 0.0 0.1 (0.1) 

Ala -3 -1.4 0.0 1.0 -0.3 -0.6 (0.3) 

Arg -2 -6.2 -84 83.2 -1.3 -8.2 (2.6) 

Lys -1 -5.3 -56.7 58.5 -0.6 -4.1 (0.7) 

Ser* 0 -4.3 9.6 -8.5 -0.4 -3.6 (0.5) 

Thr 1 -1.8 -2.2 2.6 -0.1 -1.4 (0.6) 

Gly 2 -1.9 -1.7 2.3 -0.4 -1.7 (0.6) 

Gly 3 -1.5 -0.7 1.0 -0.2 -1.5 (0.5) 

Lys 4 -1.7 -39.8 39.6 -0.3 -2.2 (1.0) 

Ala 5 -1.4 -0.9 1.3 -0.2 -1.2 (0.7) 

Total Peptide -25.9 -175.6 180.7 -3.8 -24.4 (7.5) 

p53' 

GlcNAc -13.1 -45.6 33.6 -2.3 -27.4 (1.7) 

Leu -4 -4.6 -2.1 2.8 -0.8 -4.8 (0.9) 

Trp -3 -6.6 -2.5 4.5 -1.1 -5.6 (0.9) 

Val -2 -4.4 -2.5 2.9 -0.7 -4.7 (0.6) 

Asp -1 -3.2 50.7 -46.3 -0.3 0.9 (0.7) 

Ser* 0 -3.4 10.5 -9.0 -0.2 -2.2 (0.7) 

Thr 1 -2.0 -2.3 3.0 -0.4 -1.8 (0.8) 

Pro 2 -0.9 1.5 -1.2 -0.1 -0.6 (0.6) 

Pro 3 -2.8 -1.9 2.2 -0.5 -3.0 (0.8) 

Pro 4 -2.5 -0.1 0.8 -0.4 -2.2 (0.6) 

Gly 5 -0.6 -0.1 0.5 -0.1 -0.2 (0.5) 

Total Peptide -31.0 51.2 -39.8 -4.6 -24.2 (7.0) 

Poly-Ala' 

GlcNAc -12.3 -41.5 33.2 -2.3 -22.9 (4.7) 

Ala -4 -2.0 -0.8 1.4 -0.3 -1.6 (1.4) 

Ala -3 -1.9 -1.3 2.1 -0.3 -1.4 (0.5) 
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Ala -2 -2.1 -1.8 2.4 -0.4 -1.8 (0.6) 

Ala -1 -1.9 -1.3 1.9 -0.2 -1.4 (0.7) 

Ser* 0 -3.6 8.7 -7.2 -0.4 -2.5 (0.7) 

Ala 1 -1.6 -2.1 2.5 -0.2 -1.5 (0.7) 

Ala 2 -3.0 -1.1 2.4 -0.4 -2.1 (0.7) 

Ala 3 -3.1 -1.6 2.7 -0.4 -2.4 (0.6) 

Ala 4 -3.5 -2.5 3.4 -0.7 -3.3 (1.0) 

Ala 5 -1.1 0.0 0.6 -0.2 -0.7 (0.9) 

Total Peptide -23.8 -3.8 12.2 -3.5 -18.7 (7.6) 

TAB1' 

GlcNAc -13.5 -40.4 32.4 -2.3 -23.8 (1.9) 

Ser -4 -0.2 -0.3 0.8 0.0 0.3 (0.1) 

Val -3 -2.1 -1.2 1.7 -0.3 -2.0 (0.4) 

Pro -2 -3.6 -2.5 3.1 -0.7 -3.8 (0.7) 

Tyr -1 -5.4 -1.5 3.4 -0.8 -4.2 (0.7) 

Ser* 0 -3.9 8.1 -7.6 -0.3 -3.6 (0.6) 

Ser 1 -1.5 -2.9 3.3 -0.1 -1.2 (0.5) 

Ala 2 -2.6 -2.2 2.4 -0.4 -2.7 (0.6) 

Gln 3 -3.7 -3.7 5.5 -0.6 -2.5 (0.9) 

Ser 4 -2.0 -3.4 4.3 -0.5 -1.7 (1.1) 

Thr 5 -2.0 -4.0 3.5 -0.5 -3.0 (2.4) 

Total Peptide -27.0 -13.6 20.4 -4.2 -24.4 (7.9) 
a
In kcal/mol.  

b
Standard deviation in parentheses. 
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Supplementary Figure 1.  Time series for A) the φ-glycosidic torsion angles, B) the 

ψ-glycosidic torsion angles, and C) the serine χ1-sidechain torsion angles, from three 

simulations of GlcNAc-β-O-Ser in complex with BtOGA.  Each simulation was 

initiated with three different values for the serine sidechain χ1-angles (g+ (blue), t 

(red), g- (green).  After approximately 8 ns all of the χ1 angles have converged (g-), 

and the φ- and ψ-angels have converged in two of the three simulations, to 

approximately -60° and 180°, respectively. 
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Supplementary Figure 2. Representative GlcNAc-β-O-Ser conformations for each 

of the five glycopeptides (c-Myc' (purple), Histone H3' (red), p53' (blue), poly-Ala' 

(green) and TAB1' (cyan)) in the BtOGA binding site, selected from the most 

populated cluster. 
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Supplementary Figure 3. Time series for the Cα RMSD values in each of the five 

glycopeptides, free in solution. The RMSD values are relative to the most populated 

peptide conformation in the relevant glycopeptide-BtOGA complex. The backbone 

conformation of the peptide, extracted every 50 ns, is traced in cyan showing the 

glycosylation site in red. 
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Chapter 6. 

Conclusion 

 

Alterations in the pattern of protein O-GlcNAcylation in vivo have been associated 

with various diseases, therefore, the ability to accurately detect and quantify O-

GlcNAcylated proteins is essential and could aid in the detection of early stage 

cancer.  

Currently the most common methods used for the detection of O-GlcNAc involve 

the use of antibodies; however screening against the Consortium for Functional 

Glycomics glycan array indicated that none of the antibodies were specific for O-

GlcNAc and in addition each bound to a different subset of glycans.  This array 

contains more than 500 human glycans, typical of those found on human tissue, and 

includes both N- and O-linked sequences, including terminal β-linked O-GlcNAc.  

The screening data show that there is a need for a reagent capable of specifically 

detecting the O-GlcNAc modification. 

An alternative strategy has been proposed here for developing an O-GlcNAc specific 

reagent by exploiting the naturally evolved specificity of an enzyme responsible for 

the cleavage of this modification (hOGA).  As hOGA is highly specific for O-

GlcNAc and is capable of removing O-GlcNAc without any known dependence on 

protein sequence, it was proposed that certain mutations of the enzyme could remove 

the catalytic activity of the enzyme whilst enhancing its affinity for O-GlcNAc.  In 

view of this an inactive hOGA mutant library was generated through structurally 

guided directed evolution, from which one clone was identified for use as a potential 

O-GlcNAc specific reagent.  This clone can be expressed and purified and compared 

for specificity against the commercial antibodies through CFG screening.  Western 

blot, using anti-OGA from the small-scale test expression and purification of the 

hOGA clone shows a band at the expected molecular weight, although detection at 

this weigh has been inconsistent.  As such, both the expression and purification 

require further optimisation, after which, the clone can be screened for both 
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specificity using the CFG array and binding affinity using surface plasmon 

resonance. 

The origin of the sequence independence of O-GlcNAcase was also examined by 

modelling five O-GlcNAcylated peptides in complex with the hOGA bacterial 

homologue BtOGA.  The results show that despite the differences in sequence, all of 

the glycopeptides adopted a similar conformation when bound to OGA. Thus 

explaining how hOGA lacks a unique substrate sequence specificity.  Nevertheless, 

the affinity of each peptide was predicted to vary, as a function of peptide sequence, 

consistent with experimental observations of significant variations in enzyme 

activity.  Lastly, having gained a structural understanding of the interactions between 

OGA and substrate glycopeptides, the potential exists to employ the analysis to 

guide the development glycopeptide-specific inhibitors, or conversely, the 

conversion of OGA into a reagent that could target specific O-GlcNAcylated peptide 

sequences. 

 


