
 

Role of O-GlcNAc Transferase in 
metabolic order and disorder 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AFSHAN SIDDIQUI 
 

35-PhD-Bio-2009 

 

INSTITUTE OF INDUSTRIAL 
BIOTECHNOLOGY 

 

 
 

 
GC UNIVERSITY LAHORE



   i 
 

 

 
 
 
 
 

A Thesis Titled 
 
 
Role of O-GlcNAc Transferase in metabolic order and 

disorder 
 

Submitted to G.C University Lahore 
In partial fulfillment of the requirements 

For the award of degree of 
Doctor of Philosophy  

 
In the Subject of 

Biotechnology 
 

By 
 

Afshan Siddiqui 
 

3 5 - PhD - BIOT  - 0 9 
 

 
Session: 2009-2012 

 
 

INSTITUTE OF INDUSTRIAL BIOTECHNOLOGY 
G.C UNIVERSITY LAHORE 

 



   ii 
 

 

DECLARATION 
 
 
 
 
 

I Ms. Afshan Siddiqui Roll No. 0035-Ph.D-Bio-2009 student of PhD in the 

subject of Biotechnology and Bio-informatics, hereby declare that the matter 

printed in this thesis titled “Role of O-GlcNAc transferase in metabolic order 

and disorder” is my own work and has not been printed, published and submitted 

as research work, thesis or publication in any form in any university, research 

institution, in Pakistan or abroad. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Date:       
    Signatures of Deponent



iii 
 

 
 

 
RESEARCH COMPLETION CERTIFICATE 

 
 
 

 
Certified  that  the  research  work  contained  in  this  thesis  titled 

“Role of O-GlcNAc transferase in metabolic order and disorder” has been 

carried out and completed by Ms. Afshan Siddiqui Roll No. 0035-Ph.D-

Bio-2009 under our supervision. 

 
 
 
Dated:___________________                 ___________________    
                                                                  Supervisor   
                                                                  (Prof. Dr. Ikram-ul-Haq, SI) 
                                                                    Institute of Industrial Biotechnology 
                                                                  G. C. University, Lahore. 
 
 
 
 
 
Dated:___________________                 ___________________    
                                                                    Co-Supervisor  
                                                                    (Prof Dr. Nasir-Ud-Din)  

Institute of Molecular Sciences and 
Bio-informatics 

 
  
 
 
 
 
Submitted through  
Prof. Dr. Ikram-ul-Haq, SI        
Institute of Industrial Biotechnology 
G. C. University Lahore 
                                                                   _____________________________  

           Controller of Examination  



iv 
 

 
 

 
ACKNOWLEDGEMENTS 

 
I am grateful to Prof. Dr. Muhammad Khaleeq-ur-Rahman, Vice 

Chancellor, GCU, and Lahore for providing me this opportunity to work in his 

esteemed institute. It is my privilege and honor to express my deepest gratitude to my 

respected teachers and research supervisors Prof. Dr. Ikram-ul-Haq, SI (Director, 

Institute of Industrial Biotechnology, GCU, Lahore) and Prof. Dr. Nasir-ud-Din, SI 

(Director, Institute of Molecular Sciences and Bio-informatics, Lahore) for their 

invaluable advice, constant encouragement, keen interest and distinguished guidance 

which enabled me to accomplish the objectives of my research without any 

difficulties. 

 

 It has also been a great privilege for me to have had the opportunity to work 

with two great scientists Prof. Dr. Daniel C. Hoessli (Adjunct Professor, Panjwani 

Center for Molecular Medicine and Drug Research, University of Karachi), Prof. Dr. 

Lars K. Poulsen (Head of research, Allergy Clinic, Gentofte Sygehys, Copenhagen, 

Denmark) for their invaluable and generous support and guidance during my research 

work.  

 

I am indebted to Prof. Dr. Sabiha Mansoor, Vice-Chancellor, LCWU and 

Prof. Dr. Kausar J. Cheema, Dean of Natural Sciences, LCWU for their cooperation 

and encouragement to complete my Ph.D. I am grateful to Dr. Mohammad Nauman 

Aftab and all honorable teachers of Institute of Industrial Biotechnology, GCU, 

Lahore for their admirable suggestions of problems, lots of courage and affectionate 

behavior, which helped me during my research work. I am also thankful to Mr. 

Zeeshan Iqbal (Research officer, Institute of Molecular Sciences and Bio-



v 
 

 
 

informatics), to the head of the Institute of Public health and to all my colleagues, 

Zoology Department, LCWU for their generous help and support. 

 

My heartiest thanks to all my Ph.D. fellows for their encouragement and moral 

support during the course of my research work. Special thanks to my family members.  

I could not have gone through this without their encouragement and support. 

 

      

    AFSHAN SIDDIQUI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vi 
 

 
 

Turnitin Originality Report 
Thesis by Afshan Kaleem 
From PhD Thesis (PhD) 

 Processed on 28-Nov-2013 15:02 PKT 
 ID: 378197718 
 Word Count: 19825 

  
Similarity Index 
16% 
Similarity by Source 
Internet Sources: 

6% 
Publications: 

13% 
Student Papers: 

3% 
sources: 
1 
1% match (publications) 
Ishtiaq Ahmad. "Phosphoproteome sequence analysis and significance: 
Mining association patterns around phosphorylation sites utilizing MAPRes", 
Journal of Cellular Biochemistry, 09/01/2009 
2 
1% match (Internet from 02-May-2012) 
http://www.genomique.iric.ca/resources/files/Understanding_qPCR_results.pd
f 
3 
1% match (publications) 
Kamath, K.S.. "Proteomic databases and tools to decipher post-translational 
modifications", Journal of Proteomics, 20111210 
4 
1% match (publications) 
Dagmar Nolte. "Human O-GlcNAc transferase (OGT): genomic structure, 
analysis of splice variants, fine mapping in Xq13.1", Mammalian Genome, 
01/01/2002 
5 
< 1% match (publications) 
Iqbal, Zeeshan, Daniel C. Hoessli, Afshan Kaleem, Jawaria Munir, 
Muhammad Saleem, Imran Afzal, Abdul Rauf Shakoori, and Nasir-ud-Din. 
"Influence of the sequence environment and properties of neighboring amino 
acids on amino-acetylation: Relevance for structure-function analysis", 
Journal of Cellular Biochemistry, 2013. 
6 
< 1% match (publications) 
Afshan Kaleem. "Immediate-early gene regulation by interplay between 
different post-translational modifications on human histone H3", Journal of 
Cellular Biochemistry, 02/15/2008 
7 
< 1% match (Internet from 13-Nov-2010) 
http://microarray.imb.uq.edu.au/docs/RNeasyMini.pdf 



vii 
 

 
 

 
CONTENTS 
 
Minor contents                                            Page No. 
Title i 
Declaration ii 
Research Completion Certificate iii 
Acknowledgements iv 
Contents vii 
List of Tables ix 
List of Figures x 
Abbreviations xii 
Abstract xv 
 
Major contents 
Chapter# 1 : INTRODUCTION 1 
Objectives 8 
Chapter# 2: LITERATURE SURVEY 9 
2.1 Post-translational modifications 9 
2.2 O-GlcNAc modification 10 
2.3 O-GlcNAc transferase 12 
2.4 The relationship between O-GlcNAc modification and phosphorylation 20 
2.5 The relationship between multiple post-translational modifications 24 
2.6 Proteomics and bio-informatics 27 
Chapter# 3 : EXPERIMENTAL WORK 33 
3.1.Materials 33 
3.2. Methods 34 
3.2.1: Experimental investigations of OGT isoforms 34 
3.2.1.1: Retrieval of mouse organs 34 
3.2.1.2: Storing of tissues in stabilization buffer 34 
3.2.1.3: RNA-Isolation 35 
3.2.1.3.1: Isolation of Total RNA from Fibrous Tissues: Heart, Aorta and 
skeletal muscle 

37 

3.2.1.3.2: Isolation of Total RNA from Protein and Lipid-rich Tissues: 
Brain 

37 

3.2.1.3.3: Isolation of Total RNA from Nucleic Acid and Nuclease Rich 
Tissues: Spleen and Thymus 

37 

3.2.1.3.4: Isolation of Total RNA from hard tissue: Bone 38 
3.2.1.3.5: Procedure for RNA isolation using Qiagen RNeasy Mini Kit 38 
3.2.1.3.6: Determination of RNA concentration 39 
3.2.1.3.7: Production of cDNA 40 
3.2.1.3.8: Amplification of cDNA by qPCR 41 
3.2.2: Bio-informatic investigation of mammalian OGT isoforms  42 
3.2.2.1: Investigation of OGT gene, in silico 42 
3.2.2.2: Design of control Primers 43 
3.2.2.3: Design of mouse OGT primers 44 
3.2.3: Determination of PTMs of mammalian proteins, in silico 46 
3.2.3.1: Retrieval of PTM data 46 



viii 
 

 
 

3.2.3.2: Arrangement and analysis of PTM data 47 
3.2.3.3: Data validation 47 
3.2.3.4: Prediction methods for O-GlcNAc modification 48 
3.2.3.5: Prediction methods for phosphorylation 48 
3.2.3.6: Prediction methods for acetylation 48 
3.2.3.7: Prediction methods for methylation 48 
Chapter # 4: RESULTS AND DISCUSSION 49 
4.1: In silico investigation of the mammalian OGT gene 49 
4.2: Experimental investigation of OGT isoforms 56 
4.2.1: Quantification of RNA 56 
4.2.2: Relative expression of OGT 56 
4.2.3: Relative quantification of mouse OGT 64 
4.2.4: Validation of the real-time qPCR method 70 
4.2.5: Comparison of Exon 2A and Exon 2B 74 
4.3: In silico investigation of PTMs in mammalian proteins 77 
4.3.1: Preference estimation around modified sites 81 
4.3.2: Determination of preference around modified sites using WebLogo 88 
4.3.3: Validation and statistical analysis of association patterns mined by 
MAPRes 

93 

Discussion 96 
Conclusion 104 
Chapter # 5: REFERENCES 106 
Appendix  
 



ix 
 

 
 

 
LIST OF TABLES 
 
Table 

 
Title of Table 
 

Page 
 

3.1 Amount RNAlater added per mg tissue. 36 
3.2 Expected RNA yield  in 10 mg tissue 36 
4.1 Different mammalian transcript using exon 2A and 2B, in silico. 55 
4.2 Quantitation of RNA in various tissues collected from mice 58 
4.3 Relative expression of OGT with reference to GADPH and β-actin 66 
4.4 RQ-values of all mouse tissues investigated 68 

4.5 
Serial dilutions of cDNA and its corresponding CT values of OGT 
and β-actin 72 

4.6. 
Validation of relative expression  of specific OGT gene products in 
different mouse tissues 73 

4.7 
Total number of modified amino acids collected from various 
databases 79 

4.8 
Number of modified and non-modified amino acids in proteins 
collected 80 

4.9 
Significantly preferred vicinal sites around pSer, pThr, pTyr and O-
GlcNAc modified Ser and Thr residues in mammalian proteins 84 

4.10 

Significantly preferred vicinal sites around acetylated, non-
acetylated, methylated Lys and methylated Arg residues in 
mammalian proteins 85 

4.11 Statistical validation of association patterns mined by MAPRes 95 



x 
 

 
 

LIST OF FIGURES 
 
 
Figure 
 

Title of Figure 
 

Page 
 

4.1 Chromosomal location of OGT in human, mouse and rat 50 

4.2 
Multiple alignment of Human transcript 1-3 (region 1-530) with 
Mus musculus transcript 53 

4.3 
Multiple alignment of 21 mammalian OGT sequences (region 1-
100) 54 

4.4 (a) 
Amplification plot for all tissues (except ear ) with GADPH as 
control gene and OGT gene 59 

4.4 (b) 
Relative expression of OGT and GADPH as control gene for all 
tissues (except ear) 59 

4.5 (a) 

Amplification plot of mouse Liver, Heart, Kidney, Testis, Lung, 
Spleen and Ear tissue (Exon 2A, Exon 2B and β-actin as control 
primer) 60 

4.5 (b) 

Relative expression of mouse Liver, Heart, Kidney, Testis, Lung, 
Spleen and Ear tissue (Exon 2A, Exon 2B and β-actin as control 
primer) 60 

4.6 (a) 

Amplification plot of mouse Stomach, Intestine, Bone, Aorta, 
Brain, Skeletal muscle and Tail tissue (Exon 2A, Exon 2B and β-
actin as control primer) 61 

4.6 (b) 

Relative expression Amplification plot of mouse Stomach, 
Intestine, Bone, Aorta, Brain, Skeletal muscle and Tail tissue 
(Exon 2A, Exon 2B and β-actin as control primer) 61 

4.7 (a) 
Amplification plot for all tissues with GADPH as control gene and 
OGT (nucleotide 38-67) 62 

4.7 (b) 
Relative expression for all tissues with GADPH as control gene 
and OGT    (nucleotide 38-67) 62 

4.8 
Relative expression of OGT(a), Nucleotide 38-67 (b), Exon 2A (c) 
and Exon 2B (d) in various mouse tissues 69 

4.9 Determination of the efficiency of the target and reference genes 72 

4.10 
The variations between different real time PCR experiments run 
under different conditions. 73 

4.11 (a) 

The amino acid and nucleotide sequence of OGT exon 1, exon 2A 
and  exon 2B (first 14 amino acids). (b) Secondary structure of 
OGT TPR domain 1 (exon 2A) and (exon 2B) 75 

4.11 (b) 
Secondary structure of OGT TPR domain 1 (exon 2A) and (exon 
2B) 76 

4.12 
Significantly preferred vicinal amino acids around modified 
phosphorylated Ser (a), Thr (b) and Tyr (c) 86 

4.13 
Significantly preferred vicinal amino acids around modified O-
GlcNAc modified Ser (a), Thr (b) 86 

4.14 
Significantly preferred vicinal amino acids around acetylated (a) 
and non-acetylated Lys (b) 87 

4.15 
Significantly preferred vicinal amino acids around methylated Lys 
(a) and Arg (b) 87 

4.16 Sequence logoes generated by Weblogo for various modifications 90 



xi 
 

 
 

4.17 
Sequence logos generated by Weblogo for predicted Yin Yang 
sites. Ser (a), Thr (b) 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

 
 

Abbreviations 

AP  Association patterns 

β-actin  Beta-actin  

CAMK  Calcium/calmodulin dependent kinase 

CAMKIV  Calcium/calmodulin dependent kinase IV 

CDI  Catalytic domain I 

CDII  Catalytic domain II 

CDK  Cyclin-dependent kinase 

CL  Confidence level 

CREB  cAMP-response element-binding transcription factor 

CT  Relative expression 

CTD  C-terminal domain 

EGF  Epidermal growth factor 

EGFR  Epidermal growth factor receptor 

ER  Endoplasmic reticulum 

GABA(A)  Neurotransmitter gamma-aminobutyric acid  

GADPH  Glyceraldehyde 3-phosphate dehydrogenase  

GRIF-1  GABA(A) receptor- interacting factor-1  

GT-B  Glycosyltransferase-B 

HBP  hexosamine biosynthesis pathway 

HCF-1  Host cell factor-1 

HIPK1  Homeodomain interacting protein kinase 1 

HKMT  Lys methyl transferase 

IGF  Insulin growth factor 

IRS1  Insulin receptor substrate 1 



xiii 
 

 
 

IRS2  Insulin receptor substrate 2 

hOGT Human O-linked N-acetylglucosamine transferase (O-

GlcNAc transferase) 

HDAC  Histone deacetylase  

KAT  Lys acetyltransferase 

KDAC  Lys deacetylase 

mOGT Mammalian O-linked N-acetylglucosamine transferase (O-

GlcNAc transferase) 

MAPK  Mitogen-activated protein kinase 

MAPRes Mining Association Patterns among preferred amino acid 

residues in the vicinity of amino acids targeted for post-

translational modifications 

MS  Mass spectrometry 

mcOGT Mitochondrial O-linked N-acetylglucosamine 

transferase (O-GlcNAc transferase) 

ncOGT Nuclear O-linked N-acetylglucosamine transferase (O-

GlcNAc transferase) 

O-GalNAc  GalNac transferase 

O-GlcNAc   O-linked N-acetylglucosamine 

OGN  O-GlcNAse 

OGT  O-linked N-acetylglucosamine transferase (O-GlcNAc 

transferase) 

OIP106   OGT-interacting protein 106 

PLK1  Polo-like kinase  

PRMT  Arg methyl transferase 



xiv 
 

 
 

Pdx-1  Pancreas duodenum homeobox-1 

PGC-1α  Proliferator-activated receptor coactivator 1α 

PIP3  Phosphatidylinositol (3,4,5)-trisphosphate 

PK  Protein kinase 

PKC  Protein kinase C 

PP  Protein phosphatases 

pSer  Phosphorylated Ser 

pThr  Phosphorylated Thr 

PTM  Post-translational modification 

pTyr  Phosphorylated Tyr 

qPCR  Quantitative PCR 

RQ  Relative quantification 

SD  Standard deviation   

SH2  Src homology 2 

SPS  Significantly preferred sites 

TK  Tyrosine kinase 

TPR  Tetratricopeptide repeat 

UDP  Uridine diphosphate 

 

 

 

 

 

 

 



xv 
 

 
 

ABSTRACT 

The O-GlcNAc modification is, akin to phosphorylation, an abundant 

modification which plays an important role in cellular processes. The addition of O-

GlcNAc to proteins is regulated by the O-GlcNAc transferase (OGT). This enzyme is 

ubiquitously expressed in mammals. The human OGT spans approximately 43 kb of 

genomic DNA, and to date, 3 OGT isoforms have been sequenced (two nuclear and 

one mitochondrial). In mammals, OGT exist as different isoforms, such as in the rat 

and the mouse, differing by 30 nucleotides in their N-terminal (exon 2) . In this study, 

the mouse OGT isoforms were investigated. In addition, the expression of the full 

OGT transcript and various transcripts was studied by real-time PCR in mouse tissues 

(liver, heart, kidney, testis, lung, spleen, ear, stomach, intestine, bone, tail and brain). 

The highest level of full length mouse OGT was found in spleen followed by testis 

and lung. The human OGT was shown to have highest expression in pancreas. Further 

investigations showed that mice express both isoforms (one which uses both exon 2A 

and 2B and one which skips exon 2A and only uses exon 2B). The first isoform 

showed highest expression in heart and aorta and the second one in liver and lung, 

suggesting that mouse OGT exists in different isoforms of varying abundance. 

Post-translational modifications (PTMs) are the major regulators of 

protein biological functions. PTMs are catalyzed by their respective enzymes which 

are sequence specific. Depending on the environment and signaling contexts, proteins 

are modified and instantly functional. In this study, the protein consensus sequences 

of 4 different modifications were investigated by utilizing the bio-informatic tool 

MAPRes. This tool mines association rules of a modified residue in peptides.  
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Phosphorylated Ser/Thr/Tyr showed a polar sequence environment with 

Pro at various positions. O-GlcNAc modified Ser/Thr occured in an environment with 

vicinal Val (-1 position) and Pro (-2 and -3 positions), acetylated Lys occured in a 

basic environment with a preference for His or Tyr at +1 and Ser at +7 positions. 

Methylated Lys also showed a preference for basic amino acids, but compared with 

acetylated Lys, which have a high preference for vicinal Lys, methylated Lys showed 

a higher preference for Arg. Methylated Arg showed a high preference for Gly both 

up- and downstream the peptide chain. In addition, the Yin Yang site sequence 

environment was also investigated and showed that such sites were located in a polar 

environment with Pro at various positions. These results suggest that Pro is a very 

important amino acid  in the vicinity of modified amino acids. Furthermore the 

position of Pro could be determinant in deciding whether a residue is phosphorylated, 

O-GlcNAc modified or both (Yin Yang site). 
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INTRODUCTION 

Complex biological systems require interaction of thousands of different 

molecules for execution of millions of tasks.  Protein function is governed by post-

translational modifications (PTMs) and this is likely to regulate protein-protein 

interactions. Understanding how these events occur at molecular level has become 

mandatory. Proteins are macromolecules with a specific sequence of amino acids 

that determines their 3D-structure and function. Proteins control cellular 

differentiation, proliferation, gene expression, and although many proteins 

function independently, the majority of must interact with each other to function. 

After DNA has been transcribed into RNA and further translated into protein, the 

protein is subjected to specific enzyme-catalyzed, covalent PTMs before achieving 

functional maturity. Enzymes catalyzing PTMs in higher eukaryotes account for 

about 5% of their respective genomes (Walsh et al., 2005), and more than 70-80 % 

of proteins are constantly subjected to PTMs. PTMs contribute to protein folding 

and stability, protein targeting and trafficking, functional switching and 

incorporation into multi-molecular complexes. PTMs like phosphorylation and 

glycosylation play crucial roles in drug responses, and their aberrant regulation 

contributes to pathologies such as diabetes and cancer. Thus many PTMs are used 

as disease markers and these have been targeted for the development of novel 

therapies, to understand disease progression and clinical manifestations. 

More than 300 different PTMs are known to date, and new PTMs are 

continuously being reported (Zhao et al., 2009; Jensen, 2006). PTMs on functional 

groups of amino acids, in a specific sequence environment or motif called a 
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sequon. The amino acids surrounding a PTM site are critical in that they can 

dictate incoming substituents on the peptide chain. Amongst PTMs, 

phosphorylation is most common and prevalent, and takes place on Ser, Thr and 

Tyr amino acids in mammals and on His and Asp in bacteria and fungi (Walsh et 

al., 2005). Phosphorylations play an essential role in protein stability, targeting, 

trafficking and most importantly, signaling.  It is a reversible modification, which 

is regulated by kinases and phosphatases. The protein kinase (PK) genes only 

constitute around 2 % of annotated genes in eukaryotic genomes, but PKs 

phosphorylate more than 30 % of all cellular proteins (Cheng et al., 2011). PKs are 

specific and together with their counter partner phosphatases, they control a very 

large number of cellular processes. An excellent example of this combinatorial 

relationship is the remodeling of chromatin structure (Jenuwein and Allis, 2001). 

Modifications such as acetylation, methylation and phosphorylation taking place 

on histone H3 control the extent of chromatin compaction and the function of 

defined gene sequences as in enhancers and promoters. In mammals, silent 

heterochromatin structure is linked to high levels of methylation on histone H3 

(Lys 9 and Lys 27) and on H4 (Lys 20) and low levels of acetylation, whereas 

actively transcribed euchromatin has a high level of acetylation and is also 

trimethylated on histone H3 (Lys 4, Lys 36 and Lys 79) (Kouzarides, 2007). 

Furthermore phosphorylation of histone H3 has been linked to apoptosis (Hurd et 

al., 2009) and to the remodeling of chromatin (North et al., 2011). 

Another PTM providing greater proteomic functional diversity is 

glycosylation. It is a common and essential process in all living organisms, and 

around half of all proteins become glycosylated (Julenius et al., 2004). It takes 

place in proteins of all known animals, plants, microorganisms and fungi. In 
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animals it mainly takes place in the endoplasmic reticulum (ER), golgi apparatus, 

cytoplasm and plasma membrane. Glycosylation play a crucial role in cellular 

immune responses, intercellular recognition, intracellular targeting, protein folding 

and stability (Ohtsubo and Marth, 2006; Weerapana and Imperiali, 2006). N- and 

O-linked glycosylation in eukaryotes occur on Asn and Ser/Thr residues 

respectively, with the former being the most prominent. Dysregulation of protein 

glycosylation has been associated with autoimmunity, cancer and aging.   

O-glycosylation is simpler than N-glycosylation as it does not require an 

oligosaccharide precursor. The two main types of O-linked glycosylation are N-

acetylgalactosamine (O-GalNAc) and N-acetylglucosamine (O-GlcNAc), attached 

to the peptide chain on Ser/Thr residues.  Most O-glycans are not evenly 

distributed along the peptide chain, but found clustered in specific Ser/Thr-rich 

domains with a high Pro content, whereas O-GalNAc glycosylation (also called 

mucin-type glycosylation) and is mostly found on the cell surface or in secreted 

glycoproteins. As opposed to O-GalNAc, O-GlcNAc is a single sugar modification 

found predominantly on nucleocytoplasmic proteins of all metazoans. It is an 

abundant and dynamic modification catalyzed by O-GlcNAc transferase (OGT). 

Unlike phosphorylation, which is controlled by hundreds of kinases, human OGT 

(hOGT) is predominantly a 110-kDa catalytic subunit protein with one gene found 

on the proximal long arm of the X Chromosome (Xq13.1) (Nemeth et al., 1999; 

Shafi et al., 2000), although two genes encoding different OGTs are present in 

plants (Hartweck et al., 2002). The catalytic domain of OGT has been cloned and 

characterized in human, rat and nematode (Kreppel et al., 1997; Lubas et al., 

1997). It is a metal-independent` enzyme that uses uridine diphosphate-N-

acetylglucoseamine (UDP-GlcNAc) as a substrate to attach a single O-GlcNAc 
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moiety to a protein. The removal of O-GlcNAc from proteins is catalyzed by O-

GlcNAcase (OGN). The coordinated action between these two enzymes regulates 

this very important and crucial PTM. 

The OGT gene is highly conserved in eukaryotes with 80% similarity 

between species. Unlike other glycosyltransferases OGT is almost exclusively 

localized in the cytosol and nucleus.  It is a bifunctional protein with an N-terminal 

protein interaction domain (containing tetratricopeptide repeat (TPR) domains) and 

a catalytic C-terminal domain separated by a spacer region. The TPR domains are 

composed of 34 amino acid residues motifs in a superhelix structure and are found 

in many proteins regulating many cellular processes (Kreppel and Hart, 1999). The 

mammalian OGT (mOGT) contains up to 11.5 TPR domains acting as 

protein:protein interaction domains and also as docking sites for substrate targeting 

(Lubas and Hanover, 2000). OGT glycosylates transcription factors, kinases, 

nuclear proteins and signaling proteins (Dias et al., 2012; Özcan et al., 2010; Wells 

et al., 2001; Kreppel et al., 1997). OGT is also subjected to PTMs. Besides 

glycosylating itself, OGT also becomes Ser/Thr phosphorylated by 

calcium/calmodulin-dependent protein kinase (CaMK) (Song et al., 2008). 

Furthermore OGT may become Tyr phosphorylated and recently it has been 

proposed that an interplay between O-GlcNAc and Tyr phosphorylation regulates 

important biological functions (Mishra et al., 2011; Ande et al., 2009; Kaleem et 

al., 2009). 

93% of all O-GlcNAc modified proteins are phosphorylated proteins, 

and more than 3000 O-GlcNAc modified sites have been mapped (Mishra et al., 

2011). O-GlcNAc is an abundant and dynamic modification and akin to 
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phosphorylation, it takes place on hydroxyl moieties of Ser/Thr residues in the 

protein backbone. In most cases, O-GlcNAc modification occurs on the same or in 

close proximity to phosphorylated residues in a reciprocal manner. This complex 

yin yang relationship between phosphorylation and glycosylation modulates 

numerous cellular processes. PTMs are found in proteins in various types of 

combinations. Sometimes phosphorylation and acetylation co-exist in the protein 

or O-GlcNAc and methylation are found to control localization, interaction or 

function of proteins. 

Mapping and localization of PTMs is crucial to understand complex 

signaling pathways in normal and disease states. Proteomics has become 

indispensable to study PTMs, as bioinformatic tools can predict the location of the 

PTM in any given peptide sequence. Proteomics and genomics generate high 

amounts of data, regarding expression, regulation and modification. Mapping and 

compiling of such data is nearly impossible without the help of computer-based 

tools. Therefore bioinformatics is becoming an essential part of proteomic and 

genomic research and will be ultimately used for critical interpretation of the 

information emerging from proteomic and genomic research. The interpretation 

can sometimes also be long and time-consuming, as it requires special skills and 

tools. Daily new tools and databases are developed to compile, analyze and 

interpret proteomic data.  

Different functional proteins are present in the cell and more proteins 

than genes are produced by the cell due to alternative splicing, RNA editing, 

protein splicing and PTMs. Proteins display different sequences because of PTMs 

and their functions may also differ from each other. Conventionally PTMs are 
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experimentally identified by biochemical approaches such as 1D or 2D 

electrophoresis, western blot, mass spectrometry, mutagenesis and antibody array, 

which very often become expensive, tedious and labor-intensive. Therefore 

bioinformatics, biostatistics and biomodeling are helpful in easing and reducing 

the number of experiments for identifying potential PTM sites in proteins, and are 

also necessary for analysis of the experimental data. 

Bioinformatics includes the organization of data in such a way that 

researchers can access experimental biological data and submit new entries. 

Biological databases are being developed, which summarize data into useful 

information by extracting, analyzing and finding correlations, patterns and present 

the data in a useful format. Different proteomic databases such as EXPASY are 

collection of annotated, non-redundant sequences that can be used for instance to 

search sequence-relationships and protein family homologies. Furthermore the 

dynamic role of PTMs can be investigated by protein sequence analysis to 

elucidate the functional diversity of proteins. For extraction, analysis and 

prediction of PTMs, many bioinformatic tools are now freely available. These 

tools ease experimental research, as they provide information for candidate PTM 

sites in proteins. Computational studies have been conducted for determining 

sequence environment around PTMs (Lu et al., 2013; Schwartz et al., 2009) such 

as phosphorylation (Hornbeck et al., 2012), acetylation (Iqbal et al., 2012; Li et 

al., 2012; Gnad et al., 2010; Basu et al., 2009) and glycosylation (Wang et al., 

2011; Gupta et al., 1999). Furthermore, EMBL has recently launched a new PTM 

interplay database, PTMcode,   (Minguez et al., 2013). Another important tool, 

which analyses the sequence environment around PTM sites is MAPRes (Mining 

Association Patterns among preferred amino acid residues in the vicinity of amino 
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acids targeted for post-translational modifications) (Ahmad et al., 2008). This 

bioinformatic tool mines association patterns (APs) and significantly preferred 

sites (SPS) in between statistically preferred amino acids neighboring a PTM site. 

Furthermore MAPRes also finds the confidence level (CL) between the association 

of PTM and neighboring sites. MAPRes is a very efficient tool and besides mining 

APs around modified residues, it also mines APs around non-modified residues. 

In this study MAPRes has been utilized to determine the sequence 

environment around PTMs in mammalian proteins such as phosphorylation, 

acetylation, methylation and O-GlcNAc. Furthermore their internal relationship 

and co-occurrence in proteins has also been investigated to elucidate their complex 

association and functional importance. 
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Objectives 

 Collecting experimentally known O-GlcNAc modified proteins from  

PTMs databases 

 Determining the sequence environment around O-GlcNAc modification 

sites in proteins  in silico 

 Investigation of O-GlcNAc modification’s internal relationship with 

other PTMs such as methylation, acetylation and phosphorylation. 

 Investigation of mammalian OGT-isoforms by multiple alignment 

analysis. 

 Experimental determination of mammalian OGT isoforms in normal and 

pathological conditions. 
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LITERATURE SURVEY 

2.1 Post-translational modifications 

Normal functioning of cells is dependent on the production of correct 

proteins, which is a highly regulated process in all living organisms. When a gene 

is replicated, transcribed and translated, a protein is generated in a variety of 

isoforms.  Around 40–60% of all human genes give rise to alternative splicing 

isoforms (Brett et al., 2002; Modrek and Lee, 2002). The regulatory functions of 

proteins are controlled by small functional groups such as phosphate, acetyl, 

methyl and O-GlcNac groups. These small functional groups enable the proteins to 

perform a specific function at a given time in the cell. The addition of these small 

functional groups is carried out post-translationally and is not gene-template based. 

They regulate proteins by altering confirmation, interactivity and cellular 

locations. The different PTMs affect almost every aspect of the biology of normal 

and diseased cells, and it has become mandatory to study and understand PTMs for 

prevention and treatment of pathologies. There are around 20,000 to 25,000 genes 

in the human genome (International Human Genome Sequencing Consortium, 

2004), whereas there are more than 1 million proteins in human proteome (Jensen, 

2004), suggesting that a single gene is capable of producing several protein 

products. After translation of mRNA, a protein is produced. The protein which 

instantly assumes its stable 3D-structure becomes susceptible to PTMs, which also 

mediates their proper folding and stability or may also direct the localization of the 

protein into distinct cellular compartments. Some modifications may take place 

after protein folding and localization, and further modulate protein functions. More 
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than 200 PTMs are known to date (Elviri, 2012), and amongst these are 

phosphorylation, acetylation, glycosylation and methylation. These modifications 

can either be single modifications, but very often work in a combinatorial 

relationship through a synchronized step-wise addition/removal mechanism. 

The analysis of protein function mainly focuses on single proteins, but 

because the majority of proteins interact with other proteins, they should be 

studied in the context of their interacting partners to fully understand their 

functional potential. With the publication of the human genome and the 

development of proteomics, understanding how proteins interact with each other, it 

has become possible to map biological networks and precisely assess intracellular 

protein function. 

2.2 O-GlcNAc modification 

 Glycosylation, a site-specific enzymatic addition of saccharides to 

proteins and lipids, and provides hydrophilicity, solubility and negative charge to 

proteins, and protection against proteolysis. Eukaryotic secretory proteins pass 

through the ER and enter the Golgi apparatus, where the majority of glycosylations 

takes place, but many proteins are also glycosylated in the cytoplasm and nucleus, 

where glycosyltransferases are present and transfer sugars from a nucleotide sugar 

donor to nuclear and cytoplasmic proteins. Amongst these is the dynamic and 

reversible O-GlcNAc modification of nuclear and cytoplasmic proteins, which 

takes on Ser and Thr residues on the protein backbone (Comer and Hart, 2000). 
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O-GlcNAc modification is widely distributed among eukaryotes, from 

protozoa to higher mammals. It was first described in 1984 by Torres and Hart, 

who showed that a subpopulation of lymphocytes having terminal GlcNAc 

residues on their surface were O-linked to proteins and existed as single 

monosaccharide unit. In 1989, Kelly and Hart found large amounts of terminal O-

GlcNAc residues attached to proteins on the polytene chromosomes in Drosophila 

melanogaster. In the following years it was further determined that O-glycosylated 

proteins are found throughout the cell, and that O-GlcNAc modified proteins are 

most abundant in the nucleus and cytosol (Holt et al., 1987; Holt and Hart, 1986). 

Holt and co-workers (1987) showed that nuclear pore complex proteins contained 

multiple O-GlcNAc modification sites predominantly linked via Ser hydroxyl 

group. O-GlcNAc modification is exclusively found on nucleocytoplasmic 

proteins as a single moiety modification, and is a dynamic modification depending 

on the response to various stimuli, such as stress, hormones, nutrients and growth 

factors. The enzyme uses UDP-GlcNAc as a substrate to attach a single O-GlcNAc 

moiety to a protein. The removal of O-GlcNAc from proteins is catalyzed by O-

GlcNAcase (OGN). OGT and OGN catalyze intracellular O-GlcNAc modification 

of proteins, but O-GlcNAc modification has also been detected extracellularly on 

epidermal growth factor (EGF) like domains such as in the Notch protein 

(Sakaidani et al., 2012).  

  The nucleotide UDP-GlcNAc acts as nutrient sensor in the cell, and the 

concentration of cellular UDP-GlcNAc is sensitive to the coordination between 

key metabolic pathways such as the amino acid metabolism, acetyl-CoA derived 

from the fatty acid or carbohydrate metabolism and high energy phosphates in the 

form of ATP and UTP, suggesting that the rate of O-GlcNAc synthesis in the cell 
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depends on the hexoamine biosynthesis pathway (HBP). 2–5% of all utilized 

glucose in the cell occurs through HBP leading to biosynthesis of UDP-GlcNAc, 

which is why HBP is referred to as the nutrient sensor pathway (Darley-Usmar et 

al., 2012). When O-GlcNAc is transferred to the protein, UDP is released and act 

as potent feedback inhibitor for the enzyme OGT. The activity of OGT is highly 

dependent of UDP-GlcNAc concentrations in the cell (ranging from 0.1 to 10 

mM), but OGT, because of its high affinity towards UDP-GlcNAc, is able to 

compete for cytoplasmic UDP-GlcNAc in the cell (Kreppel and Hart, 1999). Thus 

the availability of O-GlcNAc and consequently the level of O-GlcNAc modified 

proteins in the cell depend on HBP. OGT has also been suggested to have three 

distinct binding affinities for UDP-GlcNAc, which may regulate its activity in 

response to intracellular changes of UDP-GlcNAc, and differentially regulate the 

affinity of OGT for peptide acceptors (Kreppel et al., 1997). 

2.3 O-GlcNAc transferase 

The enzyme OGT was first identified and purified from rat liver 

(Kreppel et al., 1997; Haltiwanger et al., 1992). OGT is encoded by a single gene 

on chromosome X and has been assigned to the proximal long arm near the 

centromere at position Xq13.1, which is a region associated with Parkinson's 

disease (Shafi et al., 2000).  The human OGT spans approximately 43 kb of 

genomic DNA in Xq13.1. and is composed of 23 exons and 21 introns, with two 

start codons located in exons 1 and 5. Furthermore the gene has 3 polyadenylation 

sites (exon 23), suggesting potential for alternative splicing products. Shafi and co-

workers (2000) also showed that a single copy of the OGT gene residing on the X 

chromosome (near the centromere) was also present in mouse. Deletion of the 



  13 
 

 
 

OGT gene consequently lead to loss of embryonic stem cell viability, and intact 

OGT alleles are essential for completion of embryogenesis in mice. In Drosophila 

melanogaster and Caenorhabditis elegans the loss of the OGT gene also affects 

development and growth, suggesting the importance of OGT in the various stages 

of development (Gambetta et al., 2009; Sinclair et al., 2009; Forsythe et al., 2006; 

Hanover et al., 2005). OGT shares more than 65 % amino acid identity in 

metazoans, and the human and mouse OGT genes are found in syntenic regions of 

the X chromosome, suggesting that OGT also is evolutionarily important for many 

cellular processes (Shafi et al., 2000). After the OGT gene was cloned in rat, it also 

was subsequently cloned in human and Caenorhabditis elegans (Kreppel et al., 

1997; Lubas et al., 1997), and in 2002 the hOGT gene was fully mapped, which 

showed almost 100 % homology between the human and rat OGT gene (Nolte and 

Muller, 2002). Kreppel and co-workers (1997) cloned and characterized the O-

GlcNAc transferase from rat liver, and showed that the canonical enzyme consist 

of a heterotrimer with two 110 kDa catalytic subunits and a 78 kDa subunit. The 

p110 subunit is present in almost every tissue, whereas p78 are absent in many 

tissues, suggesting that the p110 subunit may account for the basal activity of OGT 

(Kreppel et al., 1997). Kreppel and Hart (1999) showed that when the p78 subunit 

is absent, the p110 subunit forms a homotrimer (three 110 kDa subunits) and OGT 

is able to actively glycosylate proteins, though the affinity for UDP-GlcNAc is 

affected by the multimerization of the different subunits. In the muscle, liver and 

kidney, OGT exists as a heterotrimer, while in most tissues it is a homotrimer, 

where the polypeptide appears to be composed of two p110 domains. The p78 

subunit is also suggested to be highly related to the p110 subunit, and in fact p78 

has been suggested to represent a splice variant of p110. Overall, while OGT’s 
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ability to form homo- and heterotrimers is necessary, multimerization of the 

enzyme is not needed for its basal enzymatic activity. 

While phosphorylation, which is mediated by more than 500 kinases and 

140 phosphatases (Manning et al., 2002), O-GlcNAc modification is regulated by 

only two enzymes: OGT and OGN. Kinases are furthermore sequence specific, 

whereas OGT shows much more flexibility in recognition of its substrates. OGT 

has only one gene present in mammals (Shafi et al., 2000) two in zebra-fish 

encoding six different isoforms (Webster et al., 2009) and two in plants (Hartweck 

et al., 2002).  Three different isoforms have been sequenced in mammals, which 

have been produced by alternative splicing. The first 116 kDa isoform is the 

localized in the nucleus (ncOGT), the second 103 kDa mitochondrial OGT 

(mcOGT) and the third and shortest is the 78 kDa (sOGT), mostly found in the 

nucleus (Lazarus et al., 2006; Love et al., 2003). mcOGT is cytotoxic compared to 

ncOGT. Shin and colleges (2011) showed that elevated mcOGT expression lead to 

programmed cell death, and that this property was due to the N-terminal of OGT. 

Furthermore the same group suggested that uncontrolled activity mcOGT plays a 

key role in triggering apoptosis, which has been observed in diseases such as 

diabetes mellitus and neurodegeneration. According to Kreppel and co-workers 

(1997),  OGT does not show any sequence homology with any other 

glycosyltransferases, and like many other regulatory proteins, OGT also contains 

numerous TPR domains in its N-terminal (TPRs are subunits of 34 amino acids 

containing conserved residues W-L-G-Y-A-F-A-P). Furthermore Wrabl and 

Grishin (2001) showed that OGT’s catalytic C-terminal domain showed high 

homology to proteins of the glycogen phosphorylase superfamily. The TPR motifs 

are essentially protein-protein interaction domains, which represent the sites where 
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OGT targeting/regulatory proteins bind (Cortajarena and Regan, 2006). 

Furthermore at least 6 TPRs are needed for OGT multimerization (Butkinaree et 

al., 2010). The three OGT isoforms differ in their number of TPR motifs. The 

canonical ncOGT contains 11.5, sOGT contains 2 and mcOGT contains 9 TPR 

motifs. In addition, mcOGT also have an additional 120 peptide sequence at the N-

terminus, which has been identified as the mitochondrial targeting sequence (Love 

et al., 2003). Both ncOGT and mcOGT contain a nuclear localization motif. The 

C-terminal of OGT contains conserved amino acids, which are part of its catalytic 

domain and Lubas and Hanover (2000) showed that deletions in the catalytic 

domain of OGT dramatically alter its enzymatic activity. OGN or O-GlcNAcase 

also have 2 distinct isoforms (130kDa and 75 kDa) differing in their C-terminal. 

Furthermore Toleman et al. (2004) showed that OGN contains a N-terminal 

glycosidase domain and a C-terminal histone acetyltransferase domain, suggesting 

that this enzyme also is able to acetylate proteins. Love and co-workers (2003) also 

showed that deletion of the mitochondrial targeting sequence prevents mcOGT 

from entering the mitochondria, and consequently increased cytoplasmic levels of 

O-GlcNAc-modified cytoplasmic proteins were observed. The expression of the 

different OGT isoforms varies. In the blood all three isoforms are highly expressed 

(Lazarus et al., 2006), whereas ncOGT expression is low in the kidneys and high 

in the pancreas, brain and uterus (Kreppel et al., 1997). Tissues where mcOGT is 

expressed are unknown, but sOGT expression is mostly found in the placenta, 

liver, thymus, muscle, whole blood, salivary glands, kidney, tonsil, pancreatic islet 

cells and ovary (Lazarus et al., 2006; Kreppel et al., 1997). Another group of sugar 

adding enzymes is that of GalNAc transferases. These enzymes catalyze the 

addition of mucin-type linkage O-GalNAc moiety to Ser and/or Thr residues in 
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proteins. Similarly to OGT these enzymes use UDP-GalNAc as substrates, and to 

date 24 human GalNAc transferase genes have been estimated on the basis of in 

silico studies (Ten Hagen et al., 2003). Moreover, approximately 20 distinct 

GalNAc transferase isoforms have been identified and 16 of these were cloned and 

characterized in rodents and humans (Ten Hagen et al., 2003). All of these 

isoforms have been shown to catalyze this very unique process, and they display 

their own tissue specific expression pattern in mammals (Wandall et al., 2007). 

Though the detailed mechanism of GalNAc transferase catalytic activity is not 

fully understood, much effort has been done to determine every single isoform 

requirement for its substrate recognition. 

Until recently OGT’s structure was not fully known, which has been a 

major obstacle for understanding of OGT’s molecular mechanism in recognition of 

its substrate and for developing inhibitors. In 2004 Jinek et al. elucidated the 

crystal structure of human TPRs of OGT. They showed that the crystal structure of 

the homodimeric TPR repeats (11.5 TPR) are in stacked α-helical domains, which 

forms a “tube-like” structure. Furthermore they also showed that OGT showed a 

remarkable structural similarity with the nuclear transport protein importin-α's 

TPR repeats, suggesting that OGT’s molecular mechanism may be similar to 

importin-α’s mechanism of recognition of its targets. In 2005 Lazarus and co-

workers showed by mutational analysis that the catalytic domain of hOGT consists 

of two domains (CDI and CDII). In addition, they identified viable OGT mutants, 

which catalyzed the transfer of O-GlcNAc to substrate proteins. A bacterial OGT 

orthologue was identified by Martinez-Fleites et al. (2008), and it was suggested 

that OGT is a member of the glycosyltransferase-B (GT-B) superfamily (Lairson et 

al., 2008). OGT differs from its family members by being the only one to 
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glycosylate polypeptides. When OGT binds UDP-GlcNAc, it adopts a metal- 

independent GT-B fold, and α-linked UDP-GlcNAc is converted to a β-D-GlcNAc 

linked to Ser and/or Thr. This suggests that OGT acts both as a transferase and 

mutarotase enzyme (Martinez-Fleites et al., 2010).  Furthermore Lazarus and co-

workers (2012) showed that the acetamide group of GlcNAc is crucial for binding 

of UDP-GlcNAc to OGT, and that OGT is also able to transfer UDP-GalNAc to 

protein substrates. The full crystal structure of hOGT was recently elucidated by 

Lazarus and co-workers in 2011. In 2012 Schimpl and co-workers showed that, 

compared to other glycosyltransferases, hOGT uses another mechanism for 

recognition and transfer of its sugar donor UDP-GlcNAc, where the α-phosphate 

provides the catalytic base (which is normally provided by the enzyme) on the 

donor substrate itself. The purpose of the TPR structural motifs is to interact with 

proteins and to form multiprotein complexes involved in cellular processes such as 

protein translocation and transcription (Allan et al., 2010; Blatch and Lässle, 

1999). Different proteins such as chaperones and transcription factors contain TPR 

domains, and each protein has numerous binding partners (D'Andrea and Regan, 

2003). The TPR structural motif comprises 3-16 tandem-repeats with 34 amino 

acids residues, and a consensus sequence has been found, which was defined by 

different patterns of small and large amino acids. OGT also belongs to the TPR 

structural domain family. 

Numerous proteins such as Dynactin 1, Creatine kinase, Pyruvate 

dehydrogenase have been found to interact with OGT (Cheung et al., 2008), and 

Ruan et al. (2012) showed that in diabetic rats OGT interacts with the host cell 

factor 1 (HCF-1), and is recruited to O-GlcNAc modify the peroxisome 

proliferator-activated receptor-γ coactivator (PGC-1α),  a major regulator of 
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cellular energy metabolism. O-GlcNAc modification of PGC-1α protects it from 

degradation, hence promoting gluconeogenesis, and the OGT/HCF-1 complex has 

therefore been suggested to act as a glucose sensor and a central regulator of 

gluconeogenesis. Iyer et al. (2003a,b) showed that two proteins both interact with 

TPR of OGT and may become O-GlcNAc modified as well. OGT-interacting 

protein 106 (OIP106) and the neurotransmitter γ-aminobutyric acid (GABA(A)) 

receptor-interacting factor-1  (GRIF-1), whereupon OIP106 targets OGT to 

glycosylate transcriptional proteins and factors, like RNA polymerase II, and 

GRIF-1 targets OGT for mediation of GABA signaling. The Homeodomain 

interacting protein kinase 1 (HIPK1) also binds OGT, which is a nuclear kinase 

that phosphorylates transcription factors such as p53 in breast cancer cells 

(Copeland and Hart, 2008). OGT also interacts with proteins via its CD domains to 

control other important pathways. An excellent example is the phosphoinositide 

signaling which links OGT to insulin resistance in cells.  In the nucleus OGT 

interacts with phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which is a product 

of PI3 kinase. Yang and co-workers (2008) showed that the PIP-binding region in 

OGT resides near the CDII domain of OGT (residues   958–1001). In response to 

glucose stimulation OGT binds to PIP3 at the nuclear membrane, where OGT 

glycosylate nuclear proteins such as the transcription factor pancreas duodenum 

homeobox-1 (Pdx-1), which is a regulator of insulin transcription (Lazarus et al., 

2006).   

 More than 1500 proteins are to date known to be O-GlcNAc modified in 

the cell and the list is continuously growing (Zachara et al., 2011). Amongst the 

first proteins found to be O-GlcNAc modified were the nuclear pore complex 

proteins (Holt et al., 1987; Snow et al., 1987). The O-GlcNAc modification later 
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showed to take place on numerous proteins located in the nucleus and cytoplasm, 

where it controls multiple biological processes. The histone proteins are excellent 

examples of how O-GlcNAc modification controls primordial cellular processes 

such as transcription, cell cycle progression and chromatin remodeling (Zhang et 

al., 2011). Furthermore O-GlcNAc modified histone proteins have also been linked 

to the histone code (Sakabe et al., 2010). A wide variety of proteins such as RNA-

Polymease II (Kelly et al., 1993), transcription factors (Özcan et al., 2010), nuclear 

pore proteins (Mizuguchi-Hata et al., 2013), viral proteins (Jochmann et al., 2013), 

brain synapsins (Tallent et al., 2009) are known to be O-GlcNAc modified. O-

GlcNAc modification is implicated in pathologies such Alzheimer's disease and an 

overproduction of glucose in the liver and weakening of β-cell pancreatic function 

may result in diabetes. OGT also is a key regulator of signaling pathways. It 

interacts with kinases and phosphatases and control downstream processes. 

Kinases such as mitogen-activated protein kinases (MAPKs), protein kinase C 

(PKC), RhoA/Rho kinase are all subjected to O-GlcNAc modification (Lima et al., 

2011). The Ser/Thr protein kinase Bα (also called Akt1) is activated by growth 

factors and is continuously O-GlcNAc modified by OGT. OGT makes complex 

with Akt and plays a role in Akt’s nuclear localization (Gandy et al., 2006). The 

calcium signaling, calcium/calmodulin dependent kinase IV (CAMKIV) has been 

shown be O-GlcNAc modified in vivo, thus affecting its activity toward cAMP-

response element-binding transcription factor (CREB, an important regulator of 

memory and learning) (Dias et al., 2009). In Alzheimer’s disease, many key 

proteins such as Tau (Liu et al., 2009) clathrin assembly proteins (Yao and 

Coleman, 1998) and ß-amyloid (Griffith et al., 1995) precursor protein were 

identified as O-GlcNAc modified proteins. Wells et al. (2004) showed that the 
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protein phosphatases (PP1β and PP1γ), are O-glycosylated and also suggest that 

O-GlcNAc may affect phosphorylation as the activity of phosphatases (and 

kinases) are controlled by their glycosylation status. Obviously a better 

understanding of the mechanism and role of O-GlcNAc modification of proteins is 

important to investigate. This will be useful in developing inhibitors or activators 

in diseases such as those mentioned above. 

2.4 The relationship between O-GlcNAc modification and 

phosphorylation 

  In 1987 Holt and colleagues suggested the possibility of the addition of 

O-GlcNAc would be able to compete with or prevent phosphorylation of proteins, 

and in 1992 Haltiwanger and co-workers suggested that O-GlcNAc modification 

takes place on phosphorylated and multimeric proteins. Furthermore they also 

suggested that all identified O-GlcNAc modified proteins also were 

phosphoproteins. In 1995 Hart and colleagues proposed that phosphorylation and 

O-GlcNAc modification have a reciprocal relationship, also termed the “yin-yang 

hypothesis”. This theory was later supported by the fact that OGT is associated 

with phosphatases, and that this OGT-phosphatase complex is able to both 

glycosylate and dephosphorylate proteins (Wells et al., 2004). As many 

phosphorylation sites are also O-GlcNAc modification sites, this reciprocal 

occupancy lead to opposing functional activities in the cell. In 1999 Griffith and 

Schmitz examined the involvement of phosphorylation and O-GlcNAc in 

signaling. They showed that phosphorylation affected the O-GlcNAc levels in 

cerebellar neurons, which supported the yin yang hypothesis. Furthermore they 

showed that O-GlcNAcylated cytoskeletal proteins were decreasced when PKC 
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and PKA increased in the cell and vice versa. This Yin yang relationship is very 

often reciprocal in proteins, and proteins such as the tumor suppressor protein p53, 

contain neighboring phosphorylated and O-GlcNAc modified residues that can 

regulate either modification (Yang et al., 2006). Furthermore, these two 

modifications also co-exist in distant located sites and control the addition of either 

phosphates and/or O-GlcNAc such as in cytokeratins (Chou et al., 1992). In 

addition the crosstalk between these two modifications also influences each other 

by controlling the activities or localization of other enzymes. Many proteins to 

date have been investigated for having an internal yin yang relationship. This 

relationship has been suggested to affect cellular protein level and specific sites on 

particular proteins. The estrogen receptor β, which has been documented to be O-

GlcNAc modified on Ser 16 in its N-terminal, also showed to be phosphorylated 

on the same residue (Cheng et al., 2000) and further suggested that these 

modifications may play a role in the regulation of the estrogen receptor β 

transactivation and turnover. The C-terminus of RNA-polymerase II is known to 

be extensively phosphorylated. Kelly and co-workers (1993) showed that RNA-

polymerase II also becomes O-GlcNAc modified in its C-terminus, and the 

presence or absence of these modifications may also regulate gene expression 

initiated by RNA-polymerase. c-Myc is a proto-oncogene product that regulates 

gene transcription in cell proliferation, differentiation, and programmed cell death. 

Kelly and colleagues (1995) showed that c-Myc is O-GlcNAc modified within its 

transactivation domain at position Thr 58, which is also a phosphorylation site. 

They suggested that the reciprocal relationship between glycosylation and 

phosphorylation may regulate c-Myc functions. Thus, it became evident that a 

given Ser and/or Thr residue can exist in three possible states: Phosphorylated, 
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glycosylated or unmodified. To date numerous proteins have been investigated for 

having a yin yang relationship in vitro and in silico and correlated it to different 

pathologies. The disease neurofibromatosis is an autosomal dominant inherited 

disease, which is controlled by the gene NF1. Mutations in this gene lead to low 

levels or incomplete expression of neurofibromin. The tumor suppressor protein 

neurofibromin is a critical regulator of the RAS signaling pathway. Phosphorylated 

neurofibromin prevents oncogenesis by converting GTP to GDP. It has been 

proposed that the interplay between phosphorylation and O-GlcNAc modification 

controls this specific function and when neurofibromin is O-glycosylated, the Ras-

signaling pathway is suppressed, eventually causing cell cycle arrest (Nasir-ud-Din 

et al., 2009). O-GlcNAc modification of nuclear and cytoplasmic proteins also 

regulates spindle function. OGT and OGN make a transient complex with the 

mitotic kinase Aurora B and PP1 in the M phase of the cell cycle. Overexpression 

of OGT leads to increased vimentin (a filament protein) O-GlcNAc modification 

and vice versa (Slawson et al., 2008). Furthermore histone H3 also is subjected to 

PTMs during cell cycle progression, and it has already been proposed that OGT, 

OGN, PP1 and Aurora B kinase work together in a Yin Yang manner during 

mitosis (Kaleem et al., 2006). Overexpression of the epidermal growth factor 

receptor (EGFR) has been linked to cancer (ref?). EGFR is regulated by ligand-

stimulated transphosphorylation of the dimerized receptors. EGFR is both a 

phospho- and a glycoprotein, and the interplay between phosphorylated and O-

glycosylated EGFR reciprocally controls its function (Kaleem et al., 2009). The 

same group also suggested that EGFR’s Tyr kinase showed potential for Tyr 

phosphorylation of OGT, and when the sequence of Tyr phosphorylated human 

OGT was compared to EGFR’s autophosphorylation sites a high homology was 
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found. In addition to this, OGT has already been suggested to be Tyr 

phosphorylated in response to insulin. An increased O-glycosylation has also been 

associated with insulin resistance in different tissues such as muscle and 

adipocytes. In adipocytes, O-GlcNAcylation of proteins is increased. Insulin 

signaling proteins, such as insulin receptor substrates 1 and 2 (IRS-1 and IRS-2), 

becomes O-GlcNAc modified. Increased O-GlcNAc decreases phosphoinositide 3-

kinase (PI3K) interactions with IRS-1 and IRS-2, and also reduces Tyr 

phosphorylation of IRS-1 at Tyr608 (Whelan et al., 2010). In another study it was 

suggested that in rat and human, IRS-1 is extensively O-GlcNAc-modified in the 

C-terminus and acts as a docking site for Src Homology 2 (SH2) domain-

containing proteins (SH2-domains bind to phosphorylated Tyr containing 

sequences in growth factor receptors and other phosphoproteins) (Klein et al., 

2009). Mishra and colleagues (2011) suggested that phosphorylation of Tyr in 

proteins also plays a role in the interplay between Ser/Thr phosphorylation and O-

GlcNAc modification. The same group also showed that all O-GlcNAc modified 

proteins are also phosphoproteins and that the prevalence of Tyr phosphorylation 

among O-GlcNAc modified proteins is high (~68%) than its normal occurrence 

(~2%) alone. Furthermore the protein prohibitin (PHB) also interacts with OGT 

and becomes O-GlcNac modified as well as Tyr phosphorylated in response to 

insulin (Ande et al., 2009). This suggests that the interplay between 

phosphorylation and O-GlcNAc modification is not limited to Ser/Thr 

phosphorylation, but Tyr phosphorylation also plays a role in this relationship. This 

gives further possibility of an additional control of signaling in the cell, which goes 

beyond the binary (phosphorylation on/off) model, and also provides a new 

platform for multi-functional protein analysis. 
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2.5 The relationship between multiple posttranslational 

modifications 

 Around a million different protein molecules in an organism is expressed 

when taking alternative splicing and PTMs into account (Meri and Baumann, 

2001). Approximately 50 modifications per protein can be estimated with an 

overall modification rate of one modification per 10th amino acid residue (an 

average human protein consists of 500 amino acids) (Nielsen et al., 2006). This 

suggest that multiple PTMs occur in a protein independently or dependently of 

each other, and proteins can be modified by several different PTMs of the same 

type but also of multiple types. The study of the relationship between protein 

PTMs and their function has been investigated in vitro, though most PTM studies 

still are based on single PTMs. In silico however, it has been possible to 

investigate relationships between a limited number of different PTMs. The 

different amino acids may undergo different modifications, such as Ser and Thr 

with their hydroxyl site change to become phosphorylated, glycosylated and 

acetylated. Likewise, Lys with its basic side chain can undergo acetylation, 

ubiquitination, sumoylation and methylation. The tumor suppressor protein p53 is 

regulated by multiple PTMs, which control its transcriptional activation. When 

DNA is damaged, it induces phosphorylation and acetylation of p53, leading to 

transcriptional activation. Whereas when DNA repair is completed, Sir2 and 

PID/HDAC1 deacetylases are activated and transcription of p53 prevented (Brooks 

and Gu, 2003). Amongst Lys modifications, ubiquitylation and acetylation overlap 

(20% of the total Lys sites in a protein) with the exception of cell cycle 

ubiquitylations (Danielsen et al., 2010). Lys acetylation is a reversible PTM is 
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orchestrated by acetyltransferases (KATs) and deacetylases (KDAC), which 

involves the transfer of acetyl group from acetyl-coenzyme A to a ε-amino group 

on Lys. Lys acetylation has been most extensively studied in histone regulation for 

the fine tuning of gene transcription. Zheng and co-workers (2013) investigated 19 

acetylation sites of histone acetylation H3, H4 and H2A, which revealed that 12 

sites of histone acetylation had fast turnover, whereas 7 sites showed to be stable 

over a longer period of time. Acetylation of histone proteins control gene 

expression, cell cycle progression and chromatin remodeling. However, this 

regulation was usually accompanied by other modifications taking place in the 

protruding N-terminal tails of the histone proteins, as protein structure and function 

are often regulated by more than one modification at different amino acids. 

Kaleem et al. (2008) investigated the role of the internal interplay between PTMs 

in histone H3. It was proposed on the basis of in silico data that the combination of 

PTMs (acetylation, methylation, phosphorylation and O-GlcNAc modification) 

regulates gene expression of immediate early (IE) gene. When histone H3 becomes 

phosphorylated on Ser 10, acetylated on Lys 9 and 14 and methylated on Lys 4, IE-

gene transcription is induced, whereas when histone H3 is deacetylated and  

becomes O-GlcNAc modified on Ser 10 and methylated on Lys 9, IE-gene 

silencing takes place. Thus, specific sets of PTMs involving Lys and Ser residues 

in histone H3 regulate gene expression of IE-genes. Memory and learning is also 

controlled by the co-regulation by PTMs. Synaptic proteins and transcription 

factors such as the cAMP-regulated element binding protein (CREB) become 

phosphorylated, O-GlcNAc modified and acetylated, which regulates generation 

and storage of memory. CREB regulates CRE contained in genes like c-fos. O-

GlcNAc modification inhibits the transcriptional activity of CREB. When the 
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CREB transcription factor was phosphorylated on Ser133, the acetyltransferase 

CBP/p300 binds and acetylates CREB, which in turn recruits and assembles a 

protein complex consisting of the TATA-binding protein and RNA polymerase and 

induces transcription (Johannessen et al., 2004). While when CREB is O-GlcNAc 

modified at Ser 133, it inhibits binding of CBP/p300, and thereby prevents 

memory consolidation (Kaleem et al., 2011). The C-terminal domain (CTD) of 

eukaryotic RNA polymerase II (RNAPII) contains the amino acid sequence (Tyr-

Ser-Pro-Thr-Ser-Pro-Ser), which are repeatedly subjected to PTMs such as O-

GlcNAc modification, phosphorylation and ubiquination during transcription 

(Fuchs et al., 2009). In mammals, the forkhead-box transcription factors (FoxO1, 

3, 4 and 6) also has been suggested to be controlled by PTMs (Yang and Seto, 

2008). 

In mammals, the insulin growth factor (IGF) activates the kinase AKT, 

which in turn phosphorylates FoxO transcription factors and stimulates the 14-3-3 

binding protein, leading to nuclear export. The acetyltransferase CBP acetylates 

FoxO1, which promotes its phosphorylation and cytoplasmic retention. 

Furthermore it was also suggested that acetylation of FoxO1 promoted its 

ubiquitination. Overall phosphorylation and acetylation may deactivate the 

transcriptional activity of FOXO1’s by disrupting binding between DNA and 

FOXO1, and promoting cytoplasmic localization and degradation of the FOXO1 

transcription factor, whereas glycosylation and methylation increased its DNA 

binding affinity, inducing nuclear accumulation of FOXO1 and eventually 

promoted transcriptional activity (Butt et al., 2011). The chaperone protein Hsp90 

regulates many downstream signaling proteins such as v-Src, p53 and ErbB2 (Pratt 

and Toft, 2003). When Hsp90 becomes acetylated, it decreases its interaction with 
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client proteins. The deacetylase enzyme HDAC6 binds to Hsp90, reverses its 

acetylation and promotes its binding.  Furthermore Hsp90 is also ubiquitinated, 

phosphorylated and S-nitrosylated, suggesting that these modifications might 

crosstalk with one another and control the activity of Hsp90 (Yang and Seto, 

2008). 

 

2.6 Proteomics and bio-informatics  

 PTMs induce conformational changes in proteins, influencing enzymatic 

activity, interaction with proteins and DNA, protein stability and half-life and 

cellular localization. Modifications also provide means to transmit various 

regulatory signals to proteins. Upon synthesis, most proteins may undergo a 

multitude of PTMs, but the exact position and type of PTM is not possible to 

predict solely based on genetic information. PTMs have been identified 

experimentally by Edman degradation, amino acid analysis, isotopic labeling, 

immunochemistry and mass spectrometry (MS), which has proven to be extremely 

useful in PTM discovery. As compared with other techniques MS has several 

advantages as it has a very high sensitivity and has the ability to identify PTM 

sites, but this technique is expensive and difficult, and except for very small 

datasets, analysis of data from MS experiments cannot be manually performed 

since large data sets need to be correlated and then quantitated.  

Quantitation of PTMs is more challenging and much less available in 

current research. Available bioinformatic software should be adapted to allow 

determination PTMs and variety of tools can either be directly used for analysis of 
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data or are readily adaptable to quantify PTMs. For this purpose bioinformatic 

tools become helpful and unavoidable to ease experimental procedures and for 

prediction and analysis of PTM data to manage the large amount of data, 

computers are indispensable for biological research. Bioinformatics is the 

application of computational tools to understand and organize biological data 

associated with biological micro- and macromolecules. Therefore, various tools 

have been developed to enable study of PTMs.  

The experimentally generated PTM data is used to develop computerized 

machine-learning algorithms, which enable in silico PTM prediction that 

eventually can provide clues about functions of the protein. Overall, PTM 

databases and prediction tools not only serve as a resource to study the PTMs but 

also help in understanding of PTM biology and give insights into the complex 

cellular mechanism involved in signal transduction and metabolism. .  

Computational analysis, as compared to experimental procedures also 

saves significant time and resources and usually the generation of PTM data, 

curation and developing new predicting tools goes simultaneously. The PTM tools 

are rapidly evolving as the need for such tools is required to rapidly relate PTMs to 

protein functions. Databases are either developed for specific PTMs or a variety of 

them, and are continuously growing in numbers. Databases such as OGlycbase and 

PhosphoBase, which focuses on O-glycosylation and phosphorylation, 

respectively, are only concerned with single PTMs whereas the Swiss-Prot, 

dbPTM, SysPTM etc focuse on different types of modifications. Furthermore data 

collected in these databases is mostly derived empirically or curated manually 

from the literature. The Swiss-Prot (UniProt) database is non-redundant and has 
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one of the largest collections of various PTM types, which enables users to get 

access mass information on a single platform. Phospho.ELM is an experimentally 

verified non-redundant phosphosites database of eukaryotic origin and contains 

approximately 43,000 Ser, Thr and Tyr phosphorylation sites, and information for 

around 300 different kinases. It also provides structure through phospho 3D, 

binding motif and molecular interaction network (Dinkel et al., 2010). Another 

example of a PTM database is PhosphoSitePlus which contains in vivo and in vitro 

PTM data of several types of various vertebrates and invertebrates. Besides 

information of phosphorylation, PhosphoSitePlus provides a wide range of 

information on PTMs such as methylation, acetylation and ubiquitination. The 

total number of modification sites in PhosphoSitePlus is 1 29 082 on 14 256 

proteins. 78% are phosphorylation, 15% ubiquitination and 6% acetylation sites. 

PhosphoSitePlus also provide extra features such as tissue, disease, cell line 

specific PTM sites search (Hornbeck et al., 2012). The dbPTM also take proteins 

secondary and tertiary structures, solvent accessibility of the substrate and protein 

domains into account when used for prediction (Lee et al., 2006).  

For the prediction of phosphorylation sites in proteins tools like NetPhos 

2.0 (Blom et al., 1999) and DIPHOS 1.3 (Iakoucheva et al., 2004) can be both 

utilized. These are neural networks and trained by dataset of patterns from both 

modified and non-modified proteins. The NetPhos 2.0 tool uses phosphorylation 

dataset from phosphobase while DIPHOS 1.3 uses information about 

phosphorylated proteins obtained from Phospho.ELM. Amongst glycosylation 

predictors is NetOglyc, which predicts mammalian mucin type GalNAc O-

glycosylation sites (Steentoft et al., 2013). The data training set was extracted from 

O-GLYCBASE (Gupta et al., 1999). This prediction tool is was based on the 
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action of Ser/Thr specific UDPGalNAc:polypeptide N-

acetylgalactosaminyltransferases, with charged residues in −1 and +3 position. 

Another important O-glycosylation predictor is YinOYang 1.2 bioinformatic tool, 

which is a neural based tool that has been trained on a dataset of 40 experimentally 

known glycosylation sites to recognize the sequence context and surface 

accessibility, and also has the capability to predict Yin Yang sites with a variable 

threshold (Gupta and Brunak, 2002).  Recently a database of O-GlcNAcylated 

proteins and sites, dbOGAP, has been created and is primarily based on O-GlcNAc 

literature published since it was first described in 1984 (Wang et al., 2011). This 

newly developed database currently contains approximately 800 O-GlcNAc 

experimental proteins. Furthermore O-GlcNAcScan another O-GlcNAc predictor 

based on 400 O-GlcNAcylation sites is also available through the dbOGAP web 

site, which serves as a public bioinformatics resource and facilitates research on O-

GlcNAc modified proteins (Wang et al., 2011). Much effort has been put into to 

revealing the role of acetylation in proteins, and their interaction with other PTMs, 

and serves to provide valuable substrates for future study of protein modifications 

in health and disease. 

The databases HPRD, dbPTM, PhosphoSitePlus and   SysPTM, provide 

curated information on protein acetylation information (both of Nα-terminal and 

Nε-Lys acetylation).  

The CPLA 1.0 database contains 3,311 protein entries with 7,151 Lys 

acetylation sites, and is updated routinely as new acetylated Lys is reported (Liu et 

al., 2011). NetAcet is a predictor for only N-terminal sites, which is development 

on basis on literature data from Yeast (Polevoda et al., 2003). PAIL is a Lys 
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acetylation predictor, which uses Bayesian Discriminant Method, on 

249 experimentally verified acetylation sites of 92 proteins (Li et al., 2006). 

Protein methylation has also attracted more attentions with the 

identification of new methyltransferases such as protein Arg (PRMTs) and histone 

Lys (HKMTs) methyltransferases. Daily and co-workers (2005) built a methylation 

predictor for Arg and Lys, where positive training datasets (methylated sites) was 

collected from the SWISS-PROT database. Another tool knows as MEMO is an 

on-line server for Arg and Lys prediction based on SVM. The Positive training 

datasets was retrieved from the SWISS-PROT database and manually curated data 

from the literature (Chen et al., 2006). The bioinformatic protein methylation tool 

BPB-PPMS called Bi-profile Bayes based on SVM algoritms to extract different 

features from training datasets. 

 In 2008 Ahmed et al.  developed a novel tool to investigate the sequence 

environment of a particular PTM. This tool MAPRes has been utilized for general 

consensus development between modified and non-modified sites in proteins 

based on mining of SPS and APs. Several computational studies have been 

developed to efficiently perform by using several available machine learning 

schemes. The surrounding amino acids of a PTM site are critical in allowing 

incoming substituents on specific amino acid. MAPRes is an efficient 

computational tool, which can be used to find the correlation between a modified 

site and its neighboring amino acids.  The information of the role of PTMs in 

protein regulation and disease progression, a set of rules to determine specific 

PTM sequence environment will greatly simplify definition of the potential 

functional outcomes of particular modifications. Eventually this would lead to the 
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identification of biomarkers for particular diseases such as diabetes, Alzheimer's 

disease and different cancer types. 
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EXPERIMENTAL WORK 

 

This section is divided into two parts: Experimental and Bio-informatic 

investigation. The first part (3.2.1) describes the experimental investigation of 

OGT isoforms and the second (3.2.2) is further divided into two, describing the 

bio-informatic investigation of the OGT gene (3.2.2.1) and PTMs of mammalian 

proteins (3.2.2.2). 

 The experimental work was conducted at Institute of Industrial 

Biotechnology (GCU, Lahore), Panum Institute (University of Copenhagen, 

Denmark) and Gentofte Hospital (Copenhagen, Denmark), and in silico 

investigations was done at Institute of Molecular Sciences and Bio-informatics 

(Lahore). 

 

3.1 MATERIALS 

 

All experimental work was performed with gloves, filtered tips (RNase 

and DNase free) and all material and equipment used was cleaned with RNAzap 

(Ambion), to prevent degradation of RNA. 15 male mice (Panum Institute, 

University of Copenhagen, Denmark), RNAlater (Qiagen), liquid nitrogen, 

Ethanol (99.9 %), 2 commercially available kits were used: RNeasy Mini 

Kit (Qiagen) and QIAschredder kit (Qiagen), SuperScriptTM II reverse 

transcriptase (Invitrogen),   poly(A)*Oligo(dT)25 (Invitrogen), dNTP (Invitrogen), 

sterile H2O, SYBR select master mix (Applied Biosystems, life technologies), 

specific primers and housekeeping gene (Invitrogen).  
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3.2: METHODS 

 

3.2.1: EXPERIMENTAL INVESTIGATION OF OGT 

ISOFORMS 

 

3.2.1.1: Retrieval of mouse organs 

The mice were obtained from the Panum Institutet, University of 

Copenhagen, Denmark. The mouse was pinned down on its back on a piece of 

cardboard. The center of the body from the neck to the lower abdomen was cut 

open and the organs were retrieved aseptically and put into RNA stabilization 

buffer.  

 

3.2.1.2: Storing of tissues in stabilization buffer: 

For determination of mammalian OGT isoforms, tissue samples were 

collected from mice. The major challenge in RNA isolation is to inhibit the RNase 

activity when the tissue is harvested. Most tissues can be processed fresh, but the 

process has to be performed quickly (within 30 min after dissection). To achieve 

this, the tissue is quickly cut into small pieces, and afterwards placed in liquid 

nitrogen, also called snap-freezing. This method prevents all RNase activity in the 

different tissue samples. The frozen the tissue samples are grounded into powder 

with the help of a mortar and pestle. The resulting fine powder is processed 

according to the RNA isolation protocol. A much quick and easier method is to use 

RNAlater. This reagent is a non-toxic tissue reagent, which stabilizes and also 

protects RNA from degradation. After removing the tissue from the mouse, it is 

dropped into RNAlater, which immediately permeates the tissue and inhibits all 
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RNase activity. It is important that the mouse tissue is completely submerged in 

RNAlater. The RNAlater treated tissue samples can be stored (at 37 ºC for 1 day, 

25 ºC for a week, 4 ºC for a month and at -20 ºC for indefinite times). The tissue is 

trimmed to small pieces (approximate 0.5 cm thick) and submerged in 10 volumes 

of RNAlater solution (10 μl reagent per 1 mg tissue). Most mouse organs being of 

small size (except liver) can be stored whole in RNAlater (Table 3.1).  

 

3.2.1.3: RNA-Isolation 

 

When isolating RNA it is important to work in a clean RNase-free 

environment. The working area is cleaned by spraying RNAzap, which removes 

all activity of RNases. Furthermore frequent change of gloves is neccessary to 

prevent RNA degradation due to presence of RNases and for optimal RNA yield. 

As the binding capacity of the RNeasy spin column is very sensitive, it is 

important to use the correct amount of starting material (30 mg fresh or frozen 

tissue or 15–20 mg RNAlater stabilized tissue (partially dehydrated)) (Table 3.2.). 

 

Tissues like spleen, lung, brain, and thymus can be more difficult to lyse 

and form precipitates during RNA purification. The amount of buffer RLT 

(RNAlater) is adjusted for complete homogenization. Other tissues such as muscle, 

heart, skeletal and skin give a lower RNA yield, and the starting material is 

adjusted accordingly. Around 10-30 mg tissue, depending on the organ, is used for 

RNA isolation. The efficient disruption and homogenization of the starting 

material is crucial for optimal RNA purification. All steps are performed at room 

temperature and it is important that the centrifuge temperature is not below 20°C. 
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Table 3.1: Amount RNAlater added per mg tissue. 

Weight (mg) RNAlater (ml) 
Kidney:  180–250 ≥ 2.5 
Spleen:   100–160 ≥ 1.6 
Lung:      190–210 ≥ 2.1 
Heart:     100–170 ≥ 1.7 

Liver:     1000–1800 ≥ 18 
 

 

Table 3.2: Expected RNA yield in 10 mg tissue 

Tissue (10 mg) total RNA yield (μg) 

Kidney 20-30 
Spleen 30-40 
Lung 10-20 

Thymus 40-50 
Liver 40-60 
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3.2.1.3.1: Isolation of Total RNA from Fibrous Tissues: Heart, Aorta and 

skeletal muscle (Martin et al., 2002) 

When isolating RNA from fibrous tissues the complete distruption of 

cells is crucial when preparing tissue homogenates, which should be done on dry 

ice. It is difficult to isolate total RNA from fibrous tissues because of the presence 

of high amount of contractile proteins, connective tissue and collagen. For 

removing excess protein, proteinase K can be used. The tissue has to be 

completely pulverized when frozen and the mortar and pestle also have to be 

chilled. 

3.2.1.3.2: Isolation of Total RNA from Protein and Lipid-rich Tissues: Brain 

(Martin et al., 2002) 

When isolating RNA from brain tissue, which is rich in lipids, it can be 

difficult to get a clean separation of RNA. The lipids in the diluted lysate are 

extracted with additional chloroform CHCI3. 

3.2.1.3.3: Isolation of Total RNA from Nucleic Acid and Nuclease Rich Tissues: 

Spleen and Thymus (Martin et al., 2002) 

When isolating RNA from spleen and thymus, which are high in 

nucleases and nucleic acids, then it is important to fully homogenize the tissue 

sample. When isolating RNA from fibrous tissues, it is important to completely 

pulverize the spleen and thymus on dry ice, which also inactivates nucleases. This 

also provides a quick homogenization in lysis solution. Additional extractions 

yield a higher quantity and quality of RNA.  
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3.2.1.3.4: Isolation of Total RNA from hard tissue: Bone (Martin et al., 2002) 

When isolating RNA the tissue is removed from the RNAlater; harder 

tissues like bone requires freezing in liquid nitrogen and grinding to pulverize the 

tissue. 

  

3.2.1.3.5: Procedure for RNA isolation using Qiagen RNeasy Mini Kit (Cat. No. 

74106) 

 

1. The RNAlater stabilized tissue is removed using forceps and approximate 10-

30 mg of tissue is placed in liquid nitrogen and ground thoroughly with mortar and 

pestle for further disruption and homogenization. The remaining tissue is stored in 

RNAlater or stored at -80°C without the reagent, without any loss of RNA. 

2. The tissue powder and liquid nitrogen is poured into an RNase-free, liquid-

nitrogen–cooled 2 ml microcentrifuge tube. After the liquid nitrogen has evaporated, 

600 μl Buffer RLT is added. The lysate is pipetted into a QIAshredder spin column 

placed with a 2 ml collection tube, and centrifuged for 2-3 min at full speed. 

3. The supernatant (lysate) is transferred to a new 2 ml RNAse free 

microcentrifuge tube and mixed with 1 volume of 70 % ethanol. For mouse liver 50% 

ethanol is used instead, to increase RNA yields 

4. 700 μl of the mixture is transferred to an RNeasy spin column placed in a 2 ml 

collection tube and centrifuged for 15 s at ≥10,000 rpm. This step is repeated when 

there is more than 700 μl of the mixture. The flow-through is discarded. 

5. 700 μl Buffer RW1 is added to the RNeasy spin column and centrifuged for 15 

s at ≥10,000 rpm for washing of column. Flow-through discarded. 
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6. 500 μl Buffer RPE is added to the column and centrifuged for 15 s at ≥10,000 

rpm for washing of column. Flow-through discarded. 

7. Repeat step 6 but centrifuge only for 2 min.  

8. Place the column in a new 2 ml collection tube and centrifuge at full speed for 

1 min. 

9. The RNeasy spin column is placed in a new 1.5 ml collection tube, 30–50 μl 

RNase-free water is directly added to the column and centrifuged for 1min at ≥10,000 

rpm.  

 

3.2.1.3.6: Determination of RNA concentration 

 

The tissue RNA concentration is determined by using Qubit® 2.0 

Fluorometer (Invitrogen). The supplied Qubit™ working solution is prepared by 

diluting the Qubit™ reagent 1:200 in Qubit™ buffer. Three samples are prepared. 

In a 2 ml micro centrifuge tube 199 µl *3 Qubit™ RNA Buffer and 3 µl Qubit™ 

RNA Reagent mixed (working solution). 190 µl working solution is added to three 

separate tubes custom made for the Qubit® 2.0 Fluorometer. In the first tube 10 µl 

Qubit™ RNA Standard #1 is added and in the second tube Qubit™ RNA Standard 

#2 is added. The third tube, which is the sample tube 180-199 μL working solution 

is added to 1-20 μL isolated RNA (total volume in each assay tube has to be 200 

μL). All the tubes are vortexed for 2-3 sec., and kept for 2 min at room 

temperature. The tubes are placed in the Qubit® 2.0 Fluorometer, and the 

concentration of the sample is noted.  
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The isolated RNA is stored at -80 °C or at -20 °C in aliquots to avoid 

freeze thaw cycles. Furthermore for optimal results cDNA is generated on the 

same day as RNA isolation as cDNA is much more stable for storage that RNA, 

and it minimizes the trouble with degradation of RNA.  

 

3.2.1.3.7: Production of cDNA 

cDNA is synthesized from RNA with the help of the enzyme 

SuperScript™ II Reverse Transcriptase (RT). This enzyme is an engineered 

version of M-MLV RT (M-MLV stands for Moloney Murine Leukemia Virus), 

which have an increased thermal stability and reduced RNase activity to prevent 

degradation of RNA. The enzyme has greater specificity, gives higher yield of 

cDNA and can generate cDNA products upto 12.3 kb. Furthermore Oligo(dT)12-18 

primer is used for first strand cDNA synthesis.  

In a 20 µl reaction following reagent are added to a nuclease-free microcentrifuge 

tube: 

1. 1 µl Oligo(dT)12-18 (500 μg/mL) (or 1 μL 50–250 ng random primers or 2 

pmole gene-specific primer) 

2. x µl RNA corresponding to 100 ng RNA 

3. 1 μL dNTP Mix (10 mM each) 

4. Sterile distilled water upto 12 μL 

 

The mixture is heated to 65°C for 5 min and then chilled on ice. The tube is then 

centrifuged and following reagents added: 



  41 
 

 
 

 

1. 4 μl 5X First-Strand Buffer  

2. 2 µl 0.1 M DTT  

 

0.5 μl (200 units) SuperScript™ II RT is added and mixed by pipetting up and 

down. The microcentrifuge tube is incubated for 50 min at 42 ºC. The reaction is 

stopped by heating for 15 min at 70 ºC. The cDNA is stored at -20 ºC and is 

further used for PCR. 

  

3.2.1.3.8: Amplification of cDNA by qPCR 

The SYBR® Master Mix (Applied biosystems) is thoroughly mixed by 

vortex. The frozen primers and cDNA are placed on ice to thaw. After the samples 

are thawed, they are mixed by vortex and centrifuged. All samples are run in 

triplicates. 

 

1. 5 µl Sybr Select Master Mix (2X) 

2. Forward primer (200 nM)  

3. Reverse primer (200 nM) 

4. 0.5 µl cDNA (approximately 100 ng cDNA)  

5. Distilled water upto 10 μL 

 

The components is mixed thoroughly, and centrifuged. The appropriate volume is 

transferred to a 96 well plate, and sealed with an optical adhesive RNase and 

DNase free cover. 
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The following protocol was used for amplification of cDNA (StepOne PCR was 

used): 

Primer Tm ≥ 60 ºC Primer Tm < 60 ºC 

1. 50 ºC for 2 min 
2. 95 ºC for 2 min 
3. 95 ºC for 15 sec 
4. 60 ºC for 1 min 
5. Step 3-4 is repeated 40 times  

1. 50 ºC for 2 min 
2. 95 ºC for 2 min 
3. 95 ºC for 15 sec 
4. 55-60 ºC (depending on 
melting temperature of primers) 
for 15 sec 
5. Step 3-4 is repeated 40 times 
6. 72 ºC for 1 min 

 

The PCR cycle is followed by a melting curve analysis which gives an assessment 

of the dissociation-characteristics of double-stranded DNA during heating.  

 

 

3.2.2: Bio-informatic investigation of mammalian OGT isoforms  

 

In this section a bio-informatic approach has been used to investigate 

OGT enzyme and the internal relationship between O-GlcNAc modification, 

phosphorylation, acetylation and methylation. 

 

3.2.2.1: Investigation of OGT gene, in silico  

For the study of the mOGT gene, the human OGT gene was investigated 

and compared to other mammalian OGT genes such mouse and rat OGT gene. The 

OGT loci in human and mouse were investigated using the NCBI website 

(http://www.ncbi.nlm.nih.gov/).  
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The OGT gene has three isoforms: a nuclear, mitochondrial and 

cytoplasmic isoform.   

 

3.2.2.2: Design of control Primers 

 

For determination of the expression of the different transcripts in various tissues 

the sybr green qpcr method was used. In this assay a commonly used fluorescent 

DNA binding dye, binds all double–stranded DNA and is detected by measuring the 

increase in fluorescence throughout a cycle. For this purpose control primers: β-actin 

and GAPDH housekeeping genes were used as their expression level varies in 

different tissues. The information about the housekeeping expression level was 

retrieved from the Mouse genome Informatics database 

(http://www.informatics.jax.org/).  

   

Their primer sequences were retrieved from Primerbank 

(http://pga.mgh.harvard.edu/primerbank/) which contains approximately 497,156 

primers covering 36 928 human and mouse genes (all experimentally verified) (Wang 

et al., 2012).  

Following control primers FOR QPCR were used:  

 

1. Mus musculus actin, β-like 2 (Actbl2), mRNA 

 

 
5’→ ‘3 Length 

GC 

(%) 

Tm 

(ºC) 

Forward Primer CCAGAAGGACTGTTATGTGGGA 22 50 48 
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Reverse Primer GACTCCGTGTTCAATGGGATAC 22 50 49 

 

2. Mus musculus glyceraldehyde-3-phosphate dehydrogenase (GAPDH), mRNA. 

 5’→ ‘3 Length
GC 

(%) 

Tm 

(ºC) 

Forward Primer TGGCCTTCCGTGTTCCTAC 19 50 49 

Reverse Primer GAGTTGCTGTTGAAGTCGCA 20 50 50 

 

3.2.2.3: Design of mouse OGT primers 

Following primers were designed using ncbi genbank, PRIMER3plus 

(http://primer3plus.com/cgi-bin/dev/primer3plus.cgi), Oligo Calc 

(http://www.basic.northwestern.edu/biotools/OligoCalc.html), and Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=Blast 

Home).  

Following primers were designed: 

3. For amplification of the full length OGT enzyme  

 5’→ ‘3 Length
GC 

(%) 

Tm 

(ºC) 

Forward Primer GAACCAACGAAACGTATGCT 20 50 56.8 

Reverse Primer CAACAGGCTTAATCATGTGGTC 22 50 57.6 

 

 In the human OGT gene splicing takes place in Exon 2A and 2B. Transcript 

1 uses exon 2b and skips exon 5, and transcript 2 uses exon 2a and skips exon 5. 

Two primer sets were designed to amplify exon 2a and 2b in mouse. 
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4. Exon 2A: 

 5’→ ‘3 Length 
GC 

(%)

Tm 

(ºC)

Forward Primer CGAAACGTATGCTTTCCTTC 20 50 55.1

Reverse Primer CAGCCTTCGACACTGGAAGT 20 50 60

 

5. Exon 2b: 

 5’→ ‘3 Length
GC 

(%) 

Tm 

(ºC) 

Forward Primer GGTTAGCTGAGTTGGCACATC 21 50 59.3 

Reverse Primer CTGTCCAGCCTTCGACACT 19 50 57.3 

 

6. Human OGT Transcript 3 uses a start codon in Exon 5. Following primer set 

were designed to amplify transcript 3 in mouse: 

 

 

 
5’→ ‘3 

Length 

GC 

(%) 

Tm 

(ºC) 

Forward Primer ATGCTGCAGGGTCACTTTTG 20 50 59 

Reverse Primer TCGGTGACTTCAACAGGCTT 20 50 59.5

 

 A primer was designed for determination of the region 38-67 in the N-

terminal of mus musculus OGT gene. 

 

7. N-terminal region nucleotide no. 38-67:  

 5’→ ‘3 Length
GC 

(%) 

Tm 

(ºC)
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Forward Primer GCAACGTGGCCGACAGTACA 20 50 63.3

Reverse Primer TTGTCTCCAGAGCTGCATGC 20 50 60.7

 

In this region it was observed that many of the alternative transcript 

genes were missing this region (see results for further information).  

 

3.2.3: Determination of PTMs of mammalian proteins, in silico  

 

3.2.3.1: Retrieval of PTM data 

 

The PTM data for the different PTMs (phosphorylation, methylation, 

acetylation and O-glycosylation) of mammalian proteins were retrieved from 

following databases (experimental and non-experimental known modified 

proteins): 

1. dbPTM (phosphorylated, methylated and acetylated proteins) (Lu et al., 2013) 

2. dbOGAP (O-GlcNAc modified proteins) (Wang et al., 2011) 

The FASTA sequence, position and specific PTMs sites are obtained from the 

downloaded data and arranged into 4 different work sheets of MS-Excel 

(Annexure 1). 

For the analysis of data the bioinformatic tool MAPRes (Mining 

Association Patterns among preferred amino acid residues in the vicinity of amino 

acids targeted for post-translational modifications) was used (Ahmad et al., 2008) 

This tool develops a correlation between modified and non-modified or between 

different PTM sites by using association mining among PTM sites and vicinal 
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amino acid residues. Furthermore it also provides a confidence level for each 

association pattern mined.  

 

3.2.3.2: Arrangement and analysis of PTM data 

 

Before the analysis of the data by MAPRes, it is arranged. Following 

steps were taken: 

 

1. An MS-Excel sheet of the mammalian PTM data was prepared. 

2. The sheet is converted to a database sheet using MS-access. 

3. Before running the data on MAPRes, the data is cleaned to prevent any 

errors with the data cleaner software provided by MAPRes. 

4. If an error occurs, identified by the data cleaner software, it is corrected 

in the MS-Excel sheet and again steps 1-3 are repeated until no error occurs. 

5. When the data is free from errors, it is run on MAPRes. 

3.2.3.3: Data validation 

The validation of the data run on MAPRes is performed by selecting 50 

randomly from the Uniprot KB database, by entering protein name and retrieving 

its FASTA sequence and experimental known PTM data. The selected proteins 

PTM sites are predicted by using various prediction tools available on the Web. 
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3.2.3.4: Prediction methods for O-GlcNAc modification: 

1. YinOyang 1.2 server (link: http://www.cbs.dtu.dk/services/YinOYang/) 

2. dbOGAP (link: http://cbsb.lombardi.georgetown.edu/OGAP.html) 

 

3.2.3.5: Prediction methods for phosphorylation: 

1. NetPhos 2.0 Server (link: www.cbs.dtu.dk/services/NetPhos/) 

2. GPS 2.0 (Link: http://gps.biocuckoo.org/) 

3. Musite (Link: http://musite.sourceforge.net) 

 

3.2.3.6: Prediction methods for acetylation: 

 PAIL (link: http://bdmpail.biocuckoo.org/prediction.php) 

 PREDMOD (link: http://ds9.rockefeller.edu/basu/predmod.html) 

 EnsemblePail (link: http://www.aporc.org/EnsemblePail/index.html 

 

3.2.3.7: Prediction methods for methylation: 

1. MASA (Link: http://masa.mbc.nctu.edu.tw/index.html) 

2. MEMO(Link:http://www.bioinfo.tsinghua.edu.cn/~tigerchen/memo/form.html) 

3. BPB_PPMS (Link: http://www.bioinfo.bio.cuhk.edu.hk/bpbppms/) 
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RESULTS 

4.1: In silico investigation of mammanlian OGT gene 

The hOGT gene is localized on chromosome X and is on the proximal 

long arm near the centromere at position Xq13.1, which is a region associated 

with neurologic diseases such as Alzheimer's disease and Parkinson's disease. The 

human X chromosome contains around 1400 genes, and over 150 million base 

pairs. The mouse OGT gene is located in the syntenic region D on chromosome X, 

which has been shown to play a role in loss of embryonic stem cell viability 

(Figure. 4.1).  The X chromosome maps of human, mouse and rat were retrieved 

from the NCBI database. 

 The human OGT gene spans almost 43 kb of genomic DNA in Xq13.1. 

and consist of 23 exons and 21 introns, with 2 start codons localized in exons 1 

and 5. Furthermore the gene has 3 polyadenylation sites (exon 23), suggesting its 

potential for alternative splicing products. The hOGT gene spans approximately 

43 kb with three 3 splice variants known (9.5 kb, 8.0 kb, and 6.4 kb) 

corresponding to a 116 kDa enzyme, which is localized in the nucleus (ncOGT), 

the second 103 kDa mitochondrial OGT (mcOGT) and the third and shortest is the 

78 kDa (sOGT) also mostly found in the nucleus (Lazarus et al., 2006; Love et al., 

2003). The complete hOGT gene is comparable to the rat and mouse OGT gene 

(Hanover et al., 2003). 
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Figure 4.1: Chromosomal location of OGT in human, mouse and rat  

 

 

 

                                              

Human OGT         Mouse OGT           Rat OGT 



  51 
 

 
 

The gene sequences were retrieved from the NCBI genbank. 

Homo sapiens OGT gene splice variants 1-3, Acc. no. AJ315767.1: 

 Alternative splicing, splice variant 1, uses exon 2b and skips exon 5 

 Alternative splicing, splice variant 2, uses exon 2a and skips exon 5 

 Alternative splicing, splice variant 3, starts codon in exon 5 

The 3 products were multiple aligned with the mouse OGT sequence (see Figure 

4.2). 

The two different human transcripts differ in their N-terminal in exon 2A 

and 2B, and the third uses a start codon in Exon 5. Furthermore, as the human 

OGT transcript 1 and 2 show high homology (except for the region corresponding 

to exon 2A and 2B) this region was further investigated by retrieving different 

OGT isoforms from mammalian species. The following sequences (CDS – coding 

sequences) were retrieved from the NCBI Unigene database: 

 Homo sapiens transcript variant 1 (NM_181672.2) and 2 

(NM_181673.2) 

 Mus musculus transcript ( NM_139144.3) 

 Rattus norvegicus transcript (NM_017107.2) 

 Bos taurus transcript (NM_001098070.2) 

 Sus Scrofa transcript (NM_001039748.2) 

 Canis lupus familiaris predicted transcript variant 1 (XM_538075.3) and 

variant 2 (XM_844299.2) 
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 Equus caballus predicted transcript variant 1 (XM_001493372.2) and 

variant 2 (XM_001493388.2) 

 Cricetulus griseus predicted transcript (XM_003513385.1) 

 Felis catus predicted transcript variant 1 (XM_004000621.1) and variant 

2 (XM_004000622.1) 

 Gorilla predicted transcript variant 1 (XM_004064365.1) and variant 2 

(XM_004064366.1) 

 Macaca mulatta predicted transcript (XM_002806277.1) 

 Ovis aries predicted transcript variant 1 (XM_004022177.1) and variant 

2 (XM_004022178.1) 

 Papio Anubis predicted transcript variant 1 (XM_003917862.1) and 

variant 2 (XM_003917863.1) 

 Pongo abelii predicted transcript (NM_001133824.1) 

All the gene sequences were multiple aligned using ClustalW. The OGT 

gene sequence was fully conserved in all mammalian sequences except in the N-

terminal region (1-100), where several deletion gaps were present. All the 

sequences were multiply aligned again, but only the region of interest (region 1-

100) were used (see Figure 4.3, Table 4.1). Different primers were made to 

determine whether these isoforms are also present in mus musculus (see materials 

and methods for primer sequence). All the genes were amplified with RT-qPCR 

using specific primers (see material and methods). 
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Figure 4.2: Multiple alignment of Human transcript 1-3 (region 1-530) with Mus musculus transcript: 
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Figure 4.3: Multiple alignment of 21 mammalian OGT sequences (region 1-100) 
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Table 4.1: Different mammalian transcript using exon 2A and 2B, in silico. 

Exon 2A Exon 2B 

- Bos Taurus  transcript variant 1 

Canis lupus familiaris transcript variant 2 Canis lupus familiaris transcript variant 1 

Cricetulus griseus  transcript variant 1 - 

Equus caballus transcript variant 1 Equus caballus transcript variant 2 

Felis gattus transcript variant 1 Felis gattus transcript variant 2 

Gorilla gorilla transcript variant 1 Gorilla gorilla transcript variant 2 

Homo sapiens transcript variant 1 Homo sapiens transcript variant 2 

Macaca mulatta transcript variant 2 - 

Mus musculus  transcript variant 1 - 

Ovis aries transcript variant 2 Ovis aries transcript variant 1 

Papio anubis transcript variant 1 Papio anubis transcript variant 2 

- Rattus Norvegicus  transcript variant 1 

Sus scrofa transcript variant 1 - 
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4.2 EXPERIMENTAL INVESTIGATION OF OGT ISOFORMS 

4.2.1: Quantification of RNA  

  The RNA was isolated from mouse tissues: Liver, heart, kidney, 

intestine, tail, bone, stomach, ear tissue, spleen, lung, aorta, brain, skeletal muscle 

and testis. The quantity of RNA was determined by Qubit® 2.0 Fluorometer 

(Invitrogen), and tabulated in Table 4.2. Highest amount of RNA was found in the 

lungs and was lowest in the tail tissue. When compared to human RNA OGT 

(highest expression in pancreas), the mouse RNA OGT showed a much higher 

level in lung, followed by spleen and testis. This difference in RNA expression 

may be partly due to differences in the chromosomal location of the OGT gene in 

human and mouse. The human OGT gene resides in the region associated with 

neurological diseases, whereas the mouse OGT gene is located in region D near 

the centromere spanning markers DxMit41 and DxMit95 (microsatellites) and was 

suggested to be important in mouse ontogeny (Shafi et al., 2000). 

4.2.2: Relative expression of mouse OGT  

 Following cDNA was produced and amplified on StepOnePlus™ Real-

Time PCR Systems using SYBR green PCR mastermix. SYBR Green is the 

simplest form of qPCR.  In this assay a commonly used fluorescent DNA binding 

dye binds to the minor groove of all double–stranded DNA and the fluorescence is 

1000 times brighter when bound compared to unbound . This is detected by 

measuring the increase in fluorescence throughout a cycle. Furthermore the more 

double stranded product, the higher the signal.  The disadvantage to the SYBR 

Green system is that can be non-specific.  Both primer dimers and non-specific 
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PCR products may give a signal, which is identical to that of the real product. To 

determine the composition of the reaction product and to eliminate non-specific 

PCR products, a melting curve was also performed. For this purpose control 

primers: β-actin and GAPDH housekeeping genes were used as their expression 

level varies in different tissues.  

 The information about the housekeeping expression level was retrieved 

from the Mouse genome Informatics database. Primer sequences were retrieved 

from Primerbank (http://pga.mgh.harvard.edu/primerbank/) which contains 

approximately 497 156 primers and cover 36 928 human and mouse genes (all 

experimentally verified) (Wang et al., 2012). All RT-qPCR reactions were 

performed in triplets and to eliminate primer dimerization negative controls were 

tested as well. As control housekeeping genes mouse β-Actin and glyceraldehyde 

3-phosphate dehydrogenase (GADPH) were used. Information about the 

expression of the housekeeping genes were retrieved from the Mouse Genomic 

Informatics database http://www.informatics.jax.org/gxd/ (Finger et al., 2011). 

The RT-qPCR reaction was run on the housekeeping genes to check their 

expression in the different tissues. Then specific primers were used to amplify the 

various transcripts. To start with the full OGT transcript cDNA was analysed using 

RT-qPCR (Figure. 4.4 (a)), which showed that OGT is highly expressed in almost 

all mouse tissues. To determine specific OGT isoforms in mouse Exon 2A, 2B and 

nucleotide 38-67 primers were utilized (see Figure 4.5 (a), 4.6 (a), 4.7 (a) and 

Table 4.3). The various colours in the RT-qPCR diagram symbolize each tissue 

examined. Transcript 3 of hOGT was not expressed in mouse OGT. 
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Table 4.2: Quantitation of RNA in various tissues collected from mice 

Tissue 
Qubit Fluorometer 

reading 
(ng/ml) 

1Conc. 
µg/ml 

2Mass (µg)

Liver 445 89.1 4.45 
Heart 37.9 7.58 0.379 

Kidney 346 69.2 3.46 
Testis 680 136 6.8 
Lung 970 190 9.7 

Spleen 640 130 6.4 
Ear tissue 58.6 11.7 0.586 
Stomach 376 75.2 3.76 
Intestine 85.1 17 0.856 

Bone 83.8 16.8 0.838 
Tail 21 4.1 0.21 

Brain 4.4 0.88 0.04 
Skeletal muscle 53.9 10.78 0.539 

Aorta 150 30 1.5 
1Qubit Fluorometer reading*dilution factor*/1000 (dilution factor for all tissues are 200) 
2Mass of tissue = Conc.*50/1000 



59 
 

 
 

Figure 4.4 (a) Amplification plot for all tissues (except ear ) with GADPH as 
control gene and OGT gene 

 

Figure 4.4 (b) Relative expression of OGT and GADPH as control gene for all 
tissues (except ear) 

 



60 
 

 
 

Figure 4.5 (a): Amplification plot of mouse Liver, Heart, Kidney, Testis, Lung, 
Spleen and Ear tissue (Exon 2A, Exon 2B and β-actin as control primer) 

 

Figure 4.5 (b): Relative expression of mouse Liver, Heart, Kidney, Testis, Lung, 
Spleen and Ear tissue (Exon 2A, Exon 2B and β-actin as control primer) 

 

Figure 4.6 (a): Amplification plot of mouse Stomach, Intestine, Bone, Aorta, 
Brain, Skeletal muscle and Tail tissue (Exon 2A, Exon 2B and β-actin as control 
primer) 
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Figure 4.6 (b) Relative expression Amplification plot of mouse Stomach, 
Intestine, Bone, Aorta, Brain, Skeletal muscle and Tail tissue (Exon 2A, Exon 2B 
and β-actin as control 
primer)

 
Figure 4.7 (a): Amplification plot for all tissues with GADPH as control gene and 
OGT (nucleotide 38-67) 
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Figure 4.7 (b): Relative expression for all tissues with GADPH as control gene 
and OGT    (nucleotide 38-67) 

 

When measuring gene expression, the qPCR experiment gives a “relative 

expression (CT)”, which is the expression between a target gene and control 



63 
 

 
 

housekeeping gene. The control gene does not vary in tested samples. Example for 

control genes are GAPDH, ACTB, TBP and HPRT. The qPCR instrument measures 

the intensity of fluorescence, which is emitted by the probe at each cycle. In the first 

cycles, the fluorescence is too low to be detected, but as the number of cycles increase 

the reaction rapidly produces more and more amplicons, hence the fluorescence builds 

up. An amplification curve produced in qPCR has an exponential phase followed by a 

plateau phase. The CT value is where the PCR curve crosses the threshold in the linear 

part of the curve. A qPCR normally has around 40 cycles. When the CT is high 

(approximately 30-35), it indicates that mRNA detected is present but in less amount 

as more cycles are need for detection of the fluorescence. When CT is low 

(approximately 15-20), the gene is highly expressed. Normally the endogenous 

controls have a smaller Ct then target genes. To calculate the ΔCt value following 

formula: 

Δ CT = CT (target gene) – CT (endogenous control) 

The standard deviation is calculated by the software (ΔCTSD) with the ΔCt value 

of the triplicates, which gives a validation of the data. When SD is less than 0.25 

then the data is valid and when if SD is over 0.25, then the relative quantification 

(RQ value) is unreliable. 

RQ = (2-∆CT) 

The RQ is the fold change compared to the standard calibrator (meaning 

untreated sample). If the RQ value is 10, it means that the gene is 10 times more 

expressed in the sample of interest. If the RQ value is 0.1, it indicates that the 

gene is 10 times less expressed. A RQ is significant when RQ is higher than 2 or 
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less than 0.5 (a minimum of 2-fold change). RQmin and RQmax is the range of                        

possible RQ values defined by ΔCT SD (confidence interval within 95%). 

 The relative expression of OGT, Exon 2A, Exon 2B, nucleotide 38-67 

were performed in triplicates and the results are illustrated in Figure 4.4 (b), 4.5 

(b), 4.6 (b), 4.7 (b). The relative expression of mouse OGT is highest in spleen (CT 

=9.61±0.05), testis (CT =8.12±0.18), stomach (CT =7.95±0.09), liver (CT 

=7.59±0.12) and kidney (CT =7.55±0.31), and lowest in intestine and brain (see 

Table 4.3). Furthermore when the various exons were expressed in mouse tissues, 

it was found that Exon 2A (tissues which expressed nucleotide 38-57) was 

expressed in liver (Ct=2.47±0.37), kidney (Ct=1.57±0.09), lung (Ct=10.42±0.13), 

spleen (Ct=1.18±0.16), Heart (Ct=4.96±0.34) and Exon 2B was expressed mostly 

in lung (Ct=5.21±0.33), spleen (Ct=1.80±2.85), stomach (Ct=3.64±1.97), Ear 

(Ct=0.50±0.21). 

4.2.3: Relative quantification of mouse OGT  

Next the relative quantities were calculated. The RQ was used to 

determine the change in the amount of a specific sample relative to another, 

internal and control sample. The RQ of all the specific genes were calculated and 

tabulated in Table 4.4 and illustrated in Figure 4.8. The highest expression of OGT 

was detected in spleen followed by testis, stomach, kidney and liver. More 

interestingly it was found that expression of exon 2A is highest in aorta and heart, 

and to some extent in kidney, liver and testis, suggesting that the human transcript 

2 (which uses exon 2A) is also found in mouse. The expression of exon 2B is 
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highest in liver followed by aorta and lung, suggesting that in some mouse tissues, 

both isoforms are present. 
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Table 4.3: Relative quantitation of OGT with reference to GADPH and β-actin. 

Tissue 
Target 
Name 

Cт 
Mean 

ΔCт 
Mean 

ΔCт 
SE 

Tissue Target Name 
Cт 

Mean 
ΔCт 

Mean 
ΔCт SE

Liver 

GADPH 22.37 - - 

Heart 

GADPH 22.05 - - 

beta actin 37.04 - - beta actin 31.48 - - 
Total 

Primer 
14.78 -7.59 0.12 Total Primer 20.10 -1.95 0.23 

exon 2A 34.47 -2.58 - exon 2A 34.67 3.20 1.10 

exon 2B 28.27 -8.77 - exon 2B 32.08 0.60 - 
38-67 
Primer 

26.34 2.47 0.37 
38-67 
Primer 

28.35 4.96 0.34 

Kidney 

GADPH 21.42 - - 

Testis 

GADPH 22.62 - - 

beta actin 34.61 - - beta actin 33.04 - - 
Total 

Primer 
13.87 -7.55 0.31 Total Primer 14.49 -8.12 0.18 

exon 2A 30.74 -3.87 - exon 2A 30.73 -2.31 - 

exon 2B 31.35 -3.26 2.06 exon 2B 30.98 -2.06 3.24 
38-67 
Primer 

24.55 1.57 0.09 
38-67 
Primer 

24.22 -0.02 0.34 

Lung 

GADPH 20.33 - - 

Spleen 

GADPH 24.91 - - 

beta actin 31.62 - - beta actin 27.08 - - 
Total 

Primer 
17.18 -3.16 0.89 Total Primer 15.30 -9.61 0.05 

exon 2A 31.14 -0.47 3.66 exon 2A 30.70 3.62 - 

exon 2B 26.40 -5.21 2.33 exon 2B 28.88 1.80 2.85 
38-67 
Primer 

20.92 -10.42 0.13 
38-67 
Primer 

24.67 1.18 0.16 

Tissue Target Name Cт Mean ΔCт Mean ΔCт SE Tissue Target Name Cт ΔCт ΔCт SE 
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Mean Mean 

Ear  

GADPH 23.83 - - 

Stomach 

GADPH 24.96 - - 

beta actin 27.15 - - beta actin 30.27 - - 

Total Primer - - - Total Primer 17.01 -7.95 0.09 

exon 2A 31.73 4.58 - exon 2A 33.21 2.94 - 

exon 2B 27.65 0.50 0.21 exon 2B 33.91 3.64 1.97 

38-67 Primer 31.15 7.31 0.68 38-67 Primer 32.22 5.23 0.28 

Intestin
e 

GADPH 21.09 - - 

Aorta 

GADPH 19.98 - - 

beta actin 26.75 - - Total Primer 17.81 -2.17 0.17 

Total Primer undetermined 14.68 0.98 beta actin 35.43 - - 

exon 2A 29.00 2.25 - exon 2A 28.96 -6.47 - 

exon 2B 31.52 4.77 1.26 exon 2B 29.52 -5.91 3.11 

38-67 Primer 37.05 14.85 1.07 38-67 Primer 23.61 2.30 0.52 

Brain 

GADPH 24.05 - - 

Tail 

GADPH 24.02 - - 

beta actin 28.78 - - beta actin 34.74 - - 

Total Primer undetermined 5.95 0.17 Total Primer 22.11 -1.91 0.08 

exon 2A 32.28 3.50 - exon 2A 33.96 -0.78 - 

exon 2B 30.66 1.87 0.66 exon 2B 34.77 0.03 - 

38-67 Primer 0.00 0.00 0.00 38-67 Primer 29.71 4.04 0.09 

Skeletal 
Muscle 

GADPH 22.81 - -     

beta actin 34.68 - -     

Total Primer 20.13 -2.68 0.84     

exon 2A 35.65 0.97 -     

exon 2B 33.10 -1.58 -     

38-67 Primer 28.59 3.51 0.11     
CT Mean: Mean relative expression of triplicates; ΔCT Mean: ΔCt = Ct (target gene) – Ct 
(endogenous control); ΔCT SE: Standard deviation 
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Table 4.4: RQ-values of all mouse tissues investigated 

Tissue 
OGT 
gene 

OGT 
(Exon 2A) 

OGT 
(Exon 2B) 

OGT 
(Nucleotide 38-67) 

Liver 192.55 5.97 437.55 0.18 
Heart 3.87 60.11 0.66 0.03 
Kidney 187.07 14.62 9.61 0.34 
Testis 279.10 9.61 4.18 1.01 
Lung 8.92 1.39 37.12 1.45 
Spleen 781.17 0.08 0.29 0.44 
Ear - 0.04 0.71 0.01 
Stomach 247.28 0.13 0.08 0.03 
Intestine - 0.21 0.04 0 
Bone 3.49 0.20 0.12 0.12 
Aorta 4.49 88.44 60.15 0.20 
Brain - 0.09 0.27 - 
Skeletal 
Muscle 6.40 0.51 2.99 0.09 
Tail 3.76 1.72 0.98 0.06 

 

 

 

 

 

 



69 
 

 
 

Figure 4.8: Relative expression of mouse OGT (a), Nucleotide 38-67 (b), Exon 2A 
(c), Exon 2B (d) and Exon 2A and 2B (e) in various mouse tissues 
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4.2.4: Validation of the real-time qPCR method 

To assess whether two amplicons have the same amplification efficiency, a 

series of cDNA dilutions were prepared to see how ΔCT varies with template dilution. 

The amplification of target gene (OGTSpleen) and internal control (β-actinSpleen) was 

investigated utilizing real-time qPCR and Sybr green detection (the serial dilutions 

were performed for each tissue but only the results for mouse spleen is shown here). 

The sample corresponding to 100 ng mouse spleen RNA was used for production of 

cDNA. A plot of ΔCt versus log cDNA dilutions is illustrated in Figureure 4.9 and 

Table 4.5. For each cDNA dilution sample, the amplifications were done using 

specific primers and fluorogenic probes and ΔCt was calculated by Ct (OGT) – Ct (β-

actin). The efficiency of the target and reference gene was determined by the slope of 

the curve. If the slope is near zero (slope of mouse spleen = 0.2891; R2=0.8927), it 

shows both gene efficiencies are similar and the method of real time PCR 

quantification method can be utilized to determine the relative gene expression (Livak 

and Schmittgen, 2001). The Pearson coefficient R=sqr(R2), which means that R = 

sqr(0.89) = 0.9 suggesting that the variables are highly correlated. The serial dilutions 

were performed in all tissues and the Pearson coefficient varied between 0.5 to 0.9. 

To confirm the primer specificity of the RT-PCR products, melting curves 

were investigated. For SYBR Green qPCR based amplicon detection, it is crucial to 

run a dissociation curve following real time PCR. The dissociation curve detects any 

double stranded DNA such as primer dimers, contaminating DNA, and PCR product 
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from mis-annealed primer. The dissociation curve tells about detection of desired 

amplicon.  

The variation between the real time PCR experiments was investigated by 

determining the variation between the various PCR-plates. For this purpose a whisker 

box plot was constructed in Graphpad Prism 6.0, which depicts the difference 

between the plates run on real time PCR under different conditions (Figure 4.10). The 

experiments show no obvious difference. To further compare the experimental 

conditions, ANOVA was utilized. The t-test could also be used but it will only 

compare two groups such as tissue 1 versus tissue 2 or exon 2A versus Exon 2B and 

OGT, but it will not allow comparison of the different conditions with each other. 

ANOVA was utilized to determine the difference in the means. The results are given 

in table 4.6, suggesting that the  means among groups is significantly comparable 

(p<0.0001). The equality of variance was also tested with Bartlett's test, which shows 

that the experiments have the same variance (p<0.05). When the variances are 

different, the groups are highly significantly different.    
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Figure 4.9: Determination of the efficiency of the target and reference gene  

 

Table 4.5: Serial dilutions of cDNA and its corresponding CT values of OGT and β-actin  

 

Log10 
cDNA 

CT 

(OGTspleen) 
CT 

(β-actinspleen) 
ΔCT 

0.01 32.8±0.04 30.8±0.24 2.0 
0.03 32.4±0.03 30.3±2.7 2.1 
0.1 35.4±0.02 32.9±0.73 2.5 
0.15 28.6±0.01 25.6±0.82 3.0 

1 34.1±0.01 30.9±0.02 3.2 

 

 

 

ΔCt 

Log10 cDNA dilutions 
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Figure 4.10: The variation between different real time PCR experiments run under 
different conditions. 

 

Table 4.6. Validation of relative expression  of specific OGT gene products in different 
mouse tissues 
 

ANOVA table SS DF MS F (DFn, DFd) P value 

Treatment (between columns) 2372 5 474.3 F (5, 120) = 25.68 P < 0.0001 

Residual (within columns) 2217 120 18.47   

Total 4588 125    
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4.2.5: Comparison of Exon 2A and Exon 2B 

 

To investigate exon 2A and 2B NCBI genbank and Expasy Uniprot 

databases were utilized. The difference between exon 2A and 2B is 30 nucleotides 

(aaccaacgaaacgtatgctttccttccaag) which corresponds to amino acids position 13 to 23 

(-EPTKRMLSFQ-). The first 34 amino acid long TPR domain of mOGT spands 

amino acid 21-54, suggesting that the last to amino acids (-FQ-) are part of the OGT’s 

TPR domain 1 (Figure 4.11). TPR domains fold up in a helix-turn-helix arrangement, 

where adjacent TPR motifs also folds up in similar way, which results in a spiral 

shape of repeating anti-parallel α-helices (Allan and Ratajczak, 2011). The TPR 

domain consists of multiple repeats of 34 amino acids of small and large hydrophobic 

amino acids. The only consensus pattern of conserved amino acids is reported at 

positions 4, 7, 8, 11, 20, 24, 27, and 32, of the TPR domain (Zeytuni and Zarivach, 

2012). The mouse OGT transcript using exon 2A+2B and the OGT transcript 

skipping exon 2A and only uses exon 2B contain different amino acid at position 1 

and 2 of TPR domain 1. The first transcript contains Phe and Gln, and the second 

transcript consist of Ser and Thr on the first 2 positions of TPR 1. This change in 

amino acids at these positions has no effect on the secondary structure (the secondary 

structure was predicted by GORIV (Garnier et al., 1996)), as in both sequences these 

amino acids are found in coils. Though the secondary structure is unchanged the 

environment is changed from being hydrophobic to hydrophilic.  
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Figure 4.11 (a): The amino acid and nucleotide sequence of OGT exon 1, exon 2A 
and  exon 2B (first 14 amino acids).  
 

EXON 1: 
Met Ala  Ser Ser Val Gly               Asn 
Atg gcg tct tcc gtg ggc aac 
 
Val Ala Asp Ser Thr   
gtg gcc gac agc aca                g   
EXON 2A: 
Glu Pro Thr Lys Arg Met              Leu 
Aa  cca  acg  aaa cgt atg ctt 
 
Ser Phe Gln 
tcc ttc caa                g 
EXON 2B (first 14 amino acids): 
Gly Leu ala glu Leu Ala His 
gg tta gct gag ttg gca  cat 
 
Arg Glu Tyr Gln Ala Gly               Asp 
cga gaa tat cag gca gga gat 
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Figure 4.11(b): Secondary structure of OGT TPR domain 1 (exon 2A) and (exon 2B) 
 

OGT TPR domain 1: 
(Sequence length:34) 
 
FQGLAELAHREYQAGDFEAAERHCMQLWRQEPDN (If exon 2A is used) 
 
         10        20        30 
         |         |         | 
FQGLAELAHREYQAGDFEAAERHCMQLWRQEPDN 
ccccchhhhhhhhhhchhhhhhhhhhhceeecee 
 
 
STGLAELAHREYQAGDFEAAERHCMQLWRQEPDN (If exon 2A not used, but exon 
2B) 
  
      10        20        30 
         |         |         | 
STGLAELAHREYQAGDFEAAERHCMQLWRQEPDN 
ccccchhhhhhhhhhchhhhhhhhhhhceeecee 
 
c – coil 
e – extended strand 
h - helix 
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4.3 In silico investigation of PTMs in mammalian proteins 

To investigate PTMs (phosphorylation, O-GlcNAc modification, acetylation, and 

methylation) in mammalian proteins, data was collected from different databases.  All 

the data was arranged in four different sheets in accordance to the requirement of 

MAPRes. Data collected from various databases is tabulated in Table 4 .7. MAPRes 

is used for investigation of association patterns around modified residues, which 

includes preference estimation and association pattern mining. Preference estimation 

by MAPRes includes calculation of the frequency of each amino acid at every 

position around a modified residue in a peptide of 21 amino acids generated by 

MAPRes. Frequencies of amino acid are utilized for estimation of the deviation 

parameter of observed and expected frequencies, followed by estimation of the 

significantly preferred amino acid around modified residues. MAPRes utilizes the 

significantly preferred amino acids for mining association rules at different 

confidence and support level. The main goal of an algorithm and data mining is the 

extraction of useful information from large amounts of data. The MAPRes algoritm is 

based on the principle of Apriori, which calculates the probability of an item being 

present in a frequent item set, given that another item or items is present. The 

association pattern produced by this algoritm states that when X occurs, Y occurs 

with certain probability, which identifies frequent individual items in the database and 

extending them to larger and larger data sets. The support level and confidence used 

in this technique is also very important. If the support level is very low, the rule 

generated by MAPRes may occus by chance; the confidence measures the reliability 
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of the inference of the rule and a high confidence indicates that the probability of the 

rule is more genuine. 
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Table 4.7: Total number of modified amino acids collected from various databases 

Modification Database Total no. of modification sites 
collected 

Phosphorylation PhosphoElm 9.0

Total no. of sites: 46072 
Ser: 34075 
Thr: 7587 
Tyr: 4410 

O-GlcNAc 
modification 

dbOGAP 
Total no. of sites: 419 
Ser: 264 
Thr: 155 

Acetylation dbPTM 
Total no. of sites: 393 
Lys: 393 

Methylation dbPTM, MASA
Total no. of sites: 254 
Arg: 183 
Lys: 71 

 



80 
 

 
 

 

Table 4.8: Number of modified and non-modified amino acids in proteins collected  

Modification No. of modified 
residues 

No. of non-modified 
residues 

Phosphorylation 
Ser: 34073 (6.6 %) 
Thr: 7587 (5.1 %) 
Tyr: 4411 (11.4 %) 

Ser: 483324 (93.4 %) 
Thr: 140869 (94.9 %) 
Tyr: 34433 (88.6 %) 

O-GlcNAc modification 
Ser: 264 (1.8 %) 
Thr: 155 (2.3 %) 

Ser: 13983 (98.1 %) 
Thr: 6478 (97.7 %) 

Acetylation Lys: 393 (6.4 %) Lys: 5801 (93.7 %) 

Methylation 
Lys: 71 (16.9 %) 
Arg: 183 (8.6 %) 

Lys: 349 (83.1 %) 
Arg: 1953 (91.4 %) 
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4.3.1. Preference estimation around modified sites 

Preference estimation around modified sites includes calculation of the 

observed and expected frequency of occurrences for every amino acid residue at each 

position in peptides consisting of 21 amino acids (from -10 to +10). In Table 4.8 the 

number of modified sites retrieved from various databases is tabulated. Amongst all 

four modifications, phosphorylation sites were highest followed by glycosylated and 

acetylated. Methylated amino acid residues were the least represented. Furthermore 

MAPRes was utilized to determine number of modified versus non-modified residues 

in all the proteins were determined (Table 4.8). The number of experimental 

determined modifications sites are very low (ranging from 1-16 %), suggesting that 

much effort is needed to determine modifications sites as these dictate the function of 

proteins.  

The frequency of each amino acid around modified sites is shown in Figure 

4.12, 4.13, 4.14 and 4.15. Figure 4.12 illustrates significantly preferred vicinal amino 

acids around pSer (a), pThr (b) and pTyr (c) residues in mammalian proteins. pSer 

shows preference of Pro and Ser at almost every position from -10 to 10. Furthermore 

a preference for basic (Lys and Arg) and acidic amino acids (Asp and Glu) is also 

observed (Table 4.9). pThr also shows a high preference for Pro and Ser at every 

neighboring position, and a higher preference for basic amino acids compared to 

acidic amino acids (Table 4.3.1.1). pTyr shows same tendency as pSer and pThr with 

a high preference for Pro, but also for aliphatic amino acids such as Gly, Leu and Val 

(Table 4.9). Figure 4.13 illustrates significantly preferred vicinal amino acids around 
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O-GlcNAc modified Ser (a), Thr (b) residues. O-GlcNAc modified Ser show highest 

preference for Val at -1, Pro at -2 and -3, Ala at -9, -5 and Ser at -10, -7, +2, +3, +4, 

+7, +8 positions; O-GlcNAc modified Thr show highest preference for Pro at -2, Val 

at -1 and Ala at 2 position. The overall preference of vicinal amino acids is tabulated 

in Table 4.9 and Figure 4.14 illustrates significantly preferred vicinal amino acids 

around acetylated and non-acetylated Lys. Acetylated Lys show highest preference for 

Lys at position -9, -8, -7, -5, -4, -1, +4, +5, +6, +7, +8, +9, +10, Ala at -6, -4, His at 

+1 and Gly at +3, whereas non-acetylated Lys shows highest preference for Lys at +1, 

Ala at -8, +2, +7, Leu at -10 and Thr at +4 (Table 4.10). Preference of Methylated Lys 

and Arg residues in mammalian proteins are illustrated in Figure 4.15 and tabulated in 

Table 4.10. Methylated Lys shows preference for Arg at position -10, -1 and for Lys at 

-9, 5, 9, whereas methylated Arg shows highest preference for Gly at all positions 

from -10 to +10. 

The PTM association rules generated by MAPRes are given in appendix. 

The pSer association rules mined by MAPRes showed only one rule with a 

confidence of 100 and a min. support level of 10 was Glu at position +5 in vicinity of 

pSer. Furthermore two rules mined by MAPRes also gave a high score, Pro at +1 

position (confidence: 78, support level: 135) and Arg at -3 position (confidence: 87, 

support level: 25), suggesting that Pro at +1 and Arg at -3 are important for pSer to 

take place in mammalian proteins. The rules for pThr showed no significance as 

mostly rules had a confidence level between 20-30. MAPRes mined the highest 

number of association rules for pTyr: Leu +3 (confidence: 100, support level: 15), 

Glu +1 (confidence: 100, support level: 15), Glu -3 (confidence: 100, support level: 
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15) and Ser +1 (confidence: 100, support level: 15). O-GlcNAc modified Ser showed 

that Ser +2 (confidence: 100, support level: 15), Ser +4 (confidence: 100, support 

level: 15) and Ser -10 (confidence: 100, support level: 15) have highest support; and 

in case of O-GlcNAc modified Thr, Pro +10 (confidence: 100, support level: 25), Ala 

-2 (confidence: 100, support level: 10), Thr +2 (confidence: 100, support level: 10) 

and Thr +7 (confidence: 10, support level: 15) showed most potential to have a role in 

the recognition of OGT to O-glycosylate Thr. Acetylated Lys requires basic amino 

acids in its vicinity, and  MAPRes mined rules showed that Lys at position -9, -8, -7, -

5, -4, 3,4,7,8,9, 10 all gave a confidence of 10 and a support level of 10, whereas non-

acetylated Lys shows a preference for Lys -3. Methylated Lys shows a preference for 

Arg -1 (confidence: 100, support level: 30), Lys -9 (confidence: 100, support level: 

30), Arg -1, Lys +9 (confidence: 100, support level: 45), Lys -4, Arg -1 (confidence: 

100, support level: 20, Arg -10, Lys -9 (confidence: 100, support level: 20), Arg -10, 

Lys -9, -4, -3, Arg -1, Lys 9 (confidence: 100, support level: 15) and  Ala -8, Lys -5, 

Gln -4, Ala -2, +6, Pro +7 (confidence: 100, support level: 15). Methylated Arg 

showed preference for Gly at almost all positions ranging from -10 to +10. 

Furthermore methylated Lys and Arg showed the highest number of combined amino 

acid rules with highest confidence and support level. 
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Table 4.9: Significantly preferred vicinal sites around pSer, pThr, pTyr and O-GlcNAc modified Ser and Thr residues in 
mammalian proteins 

Amino Acid pSer pThr pTyr (Ser) O-GlcNAc 
modification sites 

(Thr) O-GlcNAc 
modification sites 

A - -8,-5,9,10, 8, -9,-5,2, -2,2, 

C - 2,  - - 

D -5,-4,-3,-2,-
1,1,2,3,4,5,6,7,8,9,10, 

-10,-4,-1,2,3,4, -8,-7,-6,-5,-4,-3,-2,-
1,1,2,4,5,8, 

- - 

E -10,-9,-6,-
4,2,3,4,5,6,7,8,9,10, 

2,3,7, -10,-7,-6,-5,-4,-3,-2,-
1,1,4,10, 

- - 

G -10,-9,-7,-6,-4,-3,-1,2,3,7,8, -7,-6,-5,-3,-1,3, -10,-6,-5,-4,-3,-
2,5,6,7, 

-3,1, - 

H - - -2, - - 

I - - -5,-1,1,3, - 5, 

K -10,-9,-8,-7,-6,-5,8,9,10, -10,-5,9, -9,-8,5,7, - - 

L - - 3, - - 

M - - -9,3, - - 

N - - -4,-3,-2,2,4, - - 

P -10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,1,2,3,4,5,6,7,8,9,10, 

-10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,1,2,3,4,5,6,7,8,9,10, 

-10,-9,-8,-5,-4,-
2,3,4,5,6,8,9,10, 

-3,-2, -3,-2,10, 

Q - - 4, - - 

R -10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,3,5,6,7,8,9,10, 

-10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,3,5,6,7,8,9,10, 

-10,-9,-8,-7,4,6,7, -5,-4, - 

S -10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,2,3,4,5,6,7,8,9,10, 

-10,-9,-8,-7,-6,-5,-4,-3,-2,-
1,2,3,4,5,6,7,8,9,10, 

-7,-4,-3,-2,1,2,4, -10,2,4, - 

T -6,-2,2,4,6,8,9, -9,-8,-7,-4,-3,-2,2,4,5, -7,-6,-2,-1,1,2,3, -7,-1,1,4, -1,1,2,7, 

V - - -1,1,2,3, -3,-1, -3,-1,3,5, 

W - 7, 5, - - 

Y - 7, - -9,-1,6, - 
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Table 4.10: Significantly preferred vicinal sites around acetylated, non-acetylated, 
methylated Lys and methylated Arg residues in mammalian proteins 

Amino 
Acid 

Acetylated Lys Non-Acetylated Lys Methylated Lys Methylated Arg 

A -6, - -8,-3,-2,6 - 
E - -4,5, - - 
F - - - -3,3,7, 

G 3, - - 
-10,-9,-8,-7,-6,-5,-4,-3,-2,-

1,1,2,3,4,5,6,7,8,9,10, 
H 1, 6, 3, - 

K 
-9,-8,-7,-5, 

4,3,4,7,8,9,10 
-8,-3,3,7, -9,-5,-4,5,9, - 

L - - -3, - 

P - - 7, -7,-6 

Q - - -8,-4,1,  

R - - -10,-1,4,8, 
-10,-9,-7,-6,-4,-
2,2,4,6,7,9,10, 

S 7, - -8,1, - 

T - - -5,2,5,9, - 

V - - 10, - 

W - 3, - 9, 

Y 1, - - - 
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Figure 4.12: Significantly preferred vicinal amino acids around modified phosphorylated Ser (a), Thr (b) and Tyr (c) 
     (a)                  (b)    (c) 

 

Figure 4.13: Significantly preferred vicinal amino acids around modified O-GlcNAc modified Ser (a), Thr (b) 
(a)                   (b)                                                               
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Figure 4.14: Significantly preferred vicinal amino acids around acetylated (a) and non-acetylated Lys (b) 
  (a)     (b) 

 
 

Figure 4.15: Significantly preferred vicinal amino acids around methylated Lys (a) and Arg (b) 
 (a)    (b) 
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4.3.2. Determination of preference around modified sites using Weblogo 

The bioinformatic tool MAPRes also has another feature, the visual 

peptide generator. This feature was used to generate peptides of 21 amino acids. 

These peptides was further investigated WebLogo (Crooks et al., 2004). It a web 

based application designed to generate sequence logos. The frequency of each 

vicinal amino acid around modified Ser, Thr, Tyr, Lys and Arg is illustrated in 

Figure 4.16. Frequency estimation of pSer and pThr clearly shows that Pro at 

position +1 is highly significant and the presence of Ser on almost every vicinal 

position and Pro downstream from Ser/Thr may be requirement for Ser/Thr to 

become phosphorylated. This suggests that Ser/Thr kinases may use Ser and Pro 

as a recognition for phosphorylating mammalian proteins. pTyr also have Ser in 

its vicinity, which suggest that Ser/Thr kinases are also able to phosphorylate Tyr 

residues. This phenomenon has also been investigated by Zhu and colleagues 

(2000), who demonstrated that protein kinases are capable of phosphorylating Tyr 

residues. In addition pTyr also showed preference for Asp and Glu downstream 

from Tyr. O-glycosylated Ser and Thr shows preference for Val at -1, Pro at -2,-3 

and Ser/Thr at various positions both up- and downstream. Acetylated and 

methylated Lys show preference for basic amino acids, but methylated Lys shows 

a higher preference Arg. Methylated Arg shows preference for Gly both up- and 

dowmstream, suggesting that Arg-methyltransferases uses Gly as a recognition for 

methylating Arg residues in proteins. In addition Gly is very often detected near or 

at the surface in loop regions, which provide high flexibility in these regions. 
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All the experimentally downloaded O-glycosylated mammalian proteins 

were utilized for prediction of Yin Yang sites (amino acids where both 

phosphorylation and O-GlcNAc modification occurs), but only 2% of the data 

showed to be Yin Yang sites. Next 50 randomly selected proteins were selected 

from the Expasy database and Yin Yang sites were predicted by utilizing the 

YinOYang 1.2 server. The Web logos for the predicted Yin Yang sites are given in 

Figure 4.17.  The difference in sequence logos is obvious. Phosphorylated Ser has 

a Ser rich environment with Arg on -3, Pro at +1 and Glu at +2 positions. O-

GlcNAc modified Ser has a Ser rich environment but with Pro at -3, -2, Ala at -9, -

5, +10 and Val at -1 positions. The predicted Ser Yin Yang sites have the most Ser 

rich environment with Pro at -10 and -2 positions. Phosphorylated Thr has a 

downstream Ser rich environment, a very prominent Pro at +1 position and Pro at 

+2, +5 and+10 positions. O-GlcNAc modified Thr has a less Ser rich environment 

and Pro at various positions (-3, -2, +3, +6 and +10). It also has Ala at -7, +2 and 

Thr at +1 position. The predicted Thr Yin Yang sites has a polar (Ser/Thr rich) 

environment but Ser at +1, Thr at -1, Pro at -3, -2, 10 and Arg -2, +2 positions. 

This suggests that the position of Pro determines whether a residue is 

phosphorylated, O-GlcNAc modified or both (Yin Yang site). Pro is a very 

important amino acid, which provides rigidity to the protein structure by imposing 

a certain torsion angle to the polypeptide chain. Proline is at the most found at the 

end of helices, where it may function as a helix disruptor. 
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Figure 4.16: Sequence logoes generated by Weblogo for various modifications.  
 
(a) Phosphorylated Ser    (b) Phosphorylated Thr  

                      
 
(c) Phosphorylated Tyr    (d) O-GlcNAc modified Ser 
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(e) O-GlcNAc modified Thr   (f) Acetylated Lys  

 
 

 
 

(g) Methylated Lys    (h) Methylated Arg 
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Figure 4.17: Sequence logos generated by Weblogo for predicted Yin Yang sites. Ser (a), Thr (b). 

(a) 

 

(b) 
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4.3.3: Validation and statistical analysis of association patterns mined by 

MAPRes 

Validating of the sequence patterns mined by MAPRes was done by 

randomly retrieving of amino acid sequences of 50 mammalian proteins from the 

Swiss-Prot database. The prediction tools used are all described in materials and 

methods. The sequence environment of the positive prediction sites of all four 

PTMs were compared for the association patterns mined by MAPRes. Fifty 

randomly selected proteins were retrieved and arranged in an Excel worksheet 

(accession no.; modified amino acid, position of amino acid; FASTA sequence). 

The worksheet was converted into an .xml file by using Microsoft Access. The 

visual peptide generator tool was used to generate peptides of 21 amino acids (10 

amino acids upstream (+10 to +1) and ten downstream (-1 to -10)) for each 

positive prediction site. The validation result of all four modifications is given in 

table 4.11. Positive prediction of phosphorylation by Netphos 2.0 resulted in 1544 

Ser, 554 Thr, 302 Tyr and by GPS 2.1.2 1156 Ser, 501 Thr, 221 Tyr. The 

association patterns were compared with 200 peptides (Netphos 2.0) and 204 

(GPS 2.1.2). Around 60-80 % of the positive predicted sites followed the 

phosphorylation association rules mined by the MAPRes.  The Tyr predicted 

phosphorylated peptides display the highest number of association patterns mined 

by MAPRes, which may be because a very high number of Tyr phosphorylation 

association patterns (and mostly of these patterns) are single vicinal amino acids at 

various positions up- and downstream from the modified residue. Around 80 % O-

glycosylated Ser and, Thr, ̴̴̴ 70 % of acetylated Lys and  ̴̴ ̴55% of methylated Lys 

and Arg predicted peptides follow the association rules mined by the MAPRes. 

The lowest percentage of methylated Lys and Arg is because MAPRes association 
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patterns consist of more than one vicinal amino acid such as ( A -8, K -5, Q -4, A -

2, R -1, S +1, T +2, K +5,  A +6, P +7, R+ 8, K+ 9>=>K) (see appendix).
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Table 4.11: Statistical validation of association patterns mined by MAPRes. 

 
No. of predicted 

sites 
Total No. Rules

No. of Rules 
followed 

No. of 
Peptides 

%  
validation 

Phosphorylation 
Netphos  2.0 (Ser) 1544 40 35 998 65 
Netphos 2.0 (Thr) 554 56 45 350 63 
Netphos 2.0 (Tyr) 302 104 85 235 78 
GPS 2.1.2 (Ser) 1156 40 32 892 77 
GPS 2.1.2 (Thr) 501 56 42 298 59 
GPS 2.1.2 (Tyr) 221 104 85 175 79 

O-GlcNAc modification 
YinOYang 1.2 (Ser) 576 29 26 489 85 

dbOGAP (Ser) 423 29 20 330 78 
YinOYang 1.2 (Thr) 416 22 19 359 86 

dbOGAP (Thr) 350 22 17 257 73 
Acetylation 

Pail (Lys) 394 19 19 273 69 
Ensemblepail (Lys) 294 19 19 207 70 

PredMod (Lys) 161 19 19 100 62 
Methylation 

Memo (Lys) 210 11 8 113 54 
Masa (Lys) 130 11 8 82 63 

BPB-MMS (Lys) 299 11 8 125 41 
Memo (Arg) 175 27 12 89 51 
Masa (Arg) 94 27 12 52 55 

BPB-MMS (Arg) 82 27 11 40 48 
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DISCUSSION 

 O-GlcNAc transferase is ubiquitous expressed in almost all mammalian 

tissues where it O-GlcNAc modifies proteins on their Ser/Thr residues. It is a key 

regulator in biological systems, which takes place on Ser and Thr residues in 

nuclear and cytosolic proteins. OGT plays a major role in a variety processes such 

as chromatin remodeling, protein targeting, embryonic viability and somatic cell 

function by O-GlcNAc modifying  the involved proteins and enzymes. In addition 

UDP-GlcNAc acts a cellular nutrient sensor in the cell, and controls the rate of O-

GlcNAc synthesis in the cell, which is linked to HBP. As a consequence O-

GlcNAc may alter the glucose metabolism, cancer cell growth and invasion and 

has been suggested as a novel breast cancer therapeutic target (Caldwell et al., 

2010).  

 

The large size of the hOGT gene (43 kb) compared to its various 

transcripts (9.5 kb, 8.0 kb, and 6.4 kb) suggest that various parts of the gene 

remain untranslated. This feature has already been observed in a number of 

glycosyltransferases such as UDP-GalNAc:Polypeptide N-

acetylgalactosaminyltransferases (Homa et al., 1993; Ten Hagen et al., 2003). 

GalNAc transferases, which are responsible for mucin-type O-glycosylation, have 

around 20 isoforms displaying tissue-specific expression in mammals. These 

findings suggest that OGT also might have a tissue specific expression of potential 

isoforms, and it is likely that other OGT isoforms exist because of the complexity 

and large size of the mammalian OGT gene. 
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The gene sequence of OGT is highly conserved throughout metazoan 

evolution with 80 % similarity in sequence and structure in the mammalian OGT 

gene. When analyzing the nucleotide sequence of hOGT it was found to contain 

two promoters (Exon 1 and 5) and three 3 polyadenylation sites (exon 23) (results 

not shown). Different transcripts have already been determined in the human 

genome (two nuclear 116 kDa and 78 kDa and a mitochondrial 103 kDa OGT 

enzyme) (Hanover et al., 2003). Although OGT is ubiquitously expressed in 

nearly all mammalian tissues, it has been suggested to have a tissue-specific 

distribution in humans with highest expression in the pancreas and placenta 

(Lubas et al., 1997). To investigate different OGT transcripts in the mouse 

genome, OGT specific primers were designed in silico for amplification of exon 

2A and 2B in addition to exon 5, which contains a start codon in human OGT. The 

difference in the transcripts (exon 2A and 2B) produced by alternative splicing 

were further explored in different mammals in silico (see Figure 4.3 and Table 

4.1), which showed that mammals mostly use both exon 2A and 2B and only exon 

2B to produce the two different OGT transcript with exception of Cricetulus 

griseus, Macacca mulatta, Mus musculus, Sus scrofa which uses exon 2A and 2B, 

and Bos taurus, Rattus norvegicus which uses exon 2B to produce their respective 

transcript. The RQ was calculated from the mean CT of the different gene/exons in 

mouse tissues. Exon 2A was most prominent expressed in aorta (88.44), heart 

(60.11), kidney (14.62), testis (9.61) and liver (5.97), whereas exon 2B was highly 

expressed in liver (437.55), lung (37.12) and aorta (60.15). The third isoform 

(transcript 3, see materials and methods) corresponding to the human 

mitochondrial OGT (Love et al., 2003) was not expressed in any mouse tissue. 

The isoform encoding exon 2A and 2B corresponding to human OGT transcript 2 
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is already known and has been sequenced in mouse (accession no. 

NM_139144.3). The isoform skipping exon 2A only using exon 2B was in this 

study found in mouse liver and lung. Both OGT splice variants are nucleoplasmic 

isoforms. According to Shafi and co-workers (2000) mostly mouse tissues exhibit 

a high expression level of OGT. When compared to hOGT which shows high 

OGT levels in pancreas, lower level of mouse OGT is found in pancreas. Lubas et 

al. (1997) examined hOGT mRNA in adult tissues and found high levels of the 

smaller subunit in heart and skeletal muscle and all subunits were expressed in 

kidney and lung. In this work highest level of OGT was found in spleen followed 

by testis and lung. Kreppel and co-workers (1997) cloned OGT in rat and showed 

that OGT subunits are differentially distributed in various tissues. All OGT 

subunits were found in liver and kidney. Furthermore the different isoforms may 

appear in different pathologies such as diabetes, cancer, Alzheimer's, and in 

learning and memory (Kaleem et al., 2011). These results suggest that mammalian 

OGT exist in different isoforms with varying abundance in tissues. When 

comparing exon 2A and 2B of OGT it was found that the first 2 amino acids of 

OGT’s TPR 1 depends on whether exon 2A or Exon 2B is used to produce the full 

OGT transcript.   When using exon 2A the first 2 amino acids are Phe and Glu, 

whereas when exon 2B is utilized the first 2 amino acids are Ser and Thr (Figure 

4.2.7). The change of amino acids does not have any effect on the secondary 

structure of OGT’s TPR 1. The TPR domain is used to interact with partner 

proteins in the cell. The different TPRs of OGT interacts with different proteins 

and its ability to glycosylate proteins. OGT’s interaction with the repressor protein 

mSin3A is known to occur with OGT’s TPR domain 1-6 (Yang et al., 2002). 

When OGT binds to mSin3A it interacts with a deacetylase complex, and play a 
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role in repression of gene expression of specific genes. Furthermore mSin3A 

directs OGT to the promoter region, where OGT glycosylate transcription factors. 

Whether the change of the first 2 amino acids in OGT’s TPR domain 1 has an 

effect on the interaction with its partners may be expected. 

 

Determination of proteins' PTMs is crucial for understanding proteins 

biological functions. As most PTMs are reversible, the internal switching from 

one PTM to another becomes apparent and allows proteins to perform multiple 

functions. Though developing a consensus sequence pattern of a given PTM still 

remains a great challenge in vitro, mapping of these sites may be useful for 

understanding of the dynamics of PTMs. In this work the sequence environment 

around a modified site in mammalian proteins was investigated. Data of the 

different PTMs (phosphorylation, O-GlcNAc modification, acetylation and 

methylation) was collected from various PTM databases (see material and 

methods). To determine the most prevalent amino acids occurring in the vicinity 

of a modified residue, the bio-informatic tool MAPRes was utilized. Protein 

sequence patterns mined by the bio-informatic tool MAPRes were similar and 

comparable to the previous findings and predictions. These patterns cannot be 

considered as classification or predictions, but define the sequence environment of 

the modification sites. Each association pattern is mined at a specific support level 

and is coupled with a confidence value, a conditioned probability for the 

occurrence that is indicative of the validity of the patterns mined by MAPRes. 

Therefore, the results of this study provide information on the general and specific 

requirement for modified amino acids. This association rule mining technique has 

already been applied in gene expression (Georgii et al., 2005; Ji et al., 2004; 
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Creighton and Hanash, 2003) and protein-protein interaction data (Oyama, et al., 

2002). 

 The sequence environment around phosphorylated residues (Ser, Thr 

and Tyr), O-GlcNAc modified, acetylated (Lys) and methylated (Lys and Arg) is 

tabulated in Table 4.9, 4.10 and the association rules are given in appendix. Both 

pSer and pThr have a polar sequence environment with Pro at various positions. 

Polar amino acids are normally found on the surface of proteins, where they 

become available for PTMs like phosphorylation. The hydrophobic Pro, which is 

an imino acid, is the only amino acid that binds to the protein backbone twice via 

its side chain. Pro is very often found in tight turns in protein structures, and 

makes a break in α- helices (see Table 4.9). Though many kinases disfavour Pro at 

+1 position a large number of human peptides contain this feature (Ubersax and 

Ferrell, 2007). In appendix  the association patterns for pSer and pThr also 

includes this rule (Pro at position +1). This suggest that Ser/Thr kinases can be 

divided into two groups The first group which recognizes Pro and phosphorylates 

Ser/Thr such as MAPKs and cyclin-dependent kinases (CDKs) which share 

sequence specificity towards Ser/Thr-Pro and polo-like kinase (PLK1) that binds 

to phosphorylated substrates in a sequence S-pS/pT-P/X (Biondi and Nebreda, 

2003). The second group contains the highest number of kinases and phosphatases 

and do not phosphorylate Ser/Thr when Pro is located at +1 position. When 

phosphorylation data was downloaded from PhosphoELM the highest number of 

entries was Ser (33.019) followed by Thr (7570) and Tyr (4411). This high 

number of pSer compared to pThr is due to the preference of Ser/Thr kinase for 

Ser. According to Olsen et al. (2006) there is preference for Ser over Thr in ratio 

of 5:1 in human proteins, and mostly Ser/Thr phosphatases also dephosphorylates 
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Thr more than Ser residues in proteins. Ser/Thr kinases are also able to 

phosphorylate Tyr residues in a peptide chain, though this rule does not apply to 

Tyr kinases.  

 

OGT show high flexibility in recognition of its substrates, and to date no 

strict consensus sequence has been determined for O-GlcNAc modification, 

though it has been postulated that O-GlcNAc modification occurs in sequences 

rich in Ser/Thr residues in the vicinity of Pro and/ or Val (Hart et al., 1995; Lubas 

et al., 1995). They also suggested that a subset of O-GlcNAc modification sites is 

surrounded by acidic amino acids. The association rules of Ser/Thr O-GlcNAc 

modification data mined by MAPRes also show that O-GlcNAc modification take 

place in Ser/Thr rich environment. O-glycosylated Ser and Thr also show a 

preference for Val at -1, Pro at -2,-3 positions in the peptide chain (Figure 4.13 

and Table 4.9). In recent years several methods have been developed for 

prediction of protein O-GlcNAc modification: YinOYang (Gupta and Brunak, 

2002), OGlcNAcScan (Wang et al., 2011) and O-GlcNAcPRED (Jia et al., 2013). 

In some instances phosphorylation and glycosylation coexist on the same 

molecule, and sometimes these modifications occur inversely (also called Yin 

Yang sites). The concept of Yin Yang sites was introduced by Hart and co-

workers (1995), and later in 2002 Gupta and Brunak developed a tool for 

prediction of Yin Yang sites in proteins. When Yin Yang sites were predicted by 

utilizing the YinOYang 1.2 server, the sequence around Ser/Thr was changed 

though both modifications are found in Ser/Thr rich environment (Figure. 4.17). 

The predicted Ser Yin Yang sites are located in the vicinity of Pro (at -10 and -2 

positions), and Thr Yin Yang sites are found near Pro (at -3, -2, 10 and Arg -2, +2 
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positions). These results indicate the position of Pro may be a determining factor 

in deciding whether a residue is phosphorylated, O-GlcNAc modified or both (Yin 

Yang site). Since both modifications (phosphorylation and O-GlcNAc 

modification) compete for similar Ser/Thr residues in the peptide chain, it is likely 

that they alter nearby sites substrate specificity by steric or electrostatic effects.  

 

Protein acetylation and methylation have emerged to be two very 

prominent regulatory modifications, but it still not fully elucidated how these 

modifications may influence enzyme function and metabolism in pathological 

conditions. Recent research has linked these modifications to age-associated 

diseases like diabetes and other diseases such as heart failure and cancer.  

 

Lys acetylation occurs in many proteins, including histone proteins, 

transcription factors and non-histone proteins.  Specifically acetylated and 

methylated histone proteins have been extensively investigated and have been 

proposed to be part of the histone code (Cosgrove and Wolberger, 2005). 

Acetylation is specific and is controlled by signal-dependent association of 

substrates with acetyltransferases and deacetylases. Non-histone acetylated 

proteins show a high preference for Lys at -1 and His at +1 positions. 

Mitochondrial acetylated proteins show a high preference for His or Tyr at +1 

position, and histone proteins show a high propensity for vicinal Lys, suggesting 

that acetyltransferases catalyzing Lys acetylation in proteins are specific for 

subcellular locations (Iqbal et al., 2013). In Table 4.10 the preference of vicinal 

residues of acetylated and non-acetylated given, which shows that acetylated Lys 

show a preference for His or Tyr at +1 and Ser at +7, which is in agreement with 
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Kim and colleagues (2006), Iqbal et al. (2013) and Lundby et al. (2012).  Though 

acetylated and methylated Lys shows preference for basic amino acids, 

methylated Lys shows a higher preference Arg as compared to Lys. Methylated 

Arg shows a high preference for Gly both up- and dowmstream, suggesting that 

Arg-methyltransferases uses Gly as a recognition for methylating Arg residues in 

proteins. Like acetylation methylation has also been extensively studied in histone 

proteins (Zhang and Reinberg, 2001). Lys and Arg methylation has been shown to 

work in a cooperative manner, where they either repress or induce each other 

(Zhang and Reinberg, 2001).  
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CONCLUSION 

 

The combination of different PTMs in proteins dictates their functions hence 

proteins become multifunctional. Histone proteins strongly correlate with a defined 

chromatin organization and the functional outcome depends on the combination of 

PTMs on their amino acids, suggesting that the in vivo functions of proteins depend 

on their ability to accept functional groups. Depending on the modification proteins 

assume different functional configurations, hence their 3D-structure changes. In this 

work the sequence environment around phosphorylated, acetylated, methylated and 

O-GlcNAc modified amino acids in mammalian protein was investigated. In some 

instances, a competition between acetylation and methylation of ε-NH2 of Lys take 

place like when Lys has been mutated to Arg, no acetylation occurs in proteins (Rausa 

and Hughes, 2004; Sarg et al., 2004) and sometimes the combinations of 

phosphorylation, O-GlcNAc modification, acetylation and methylation work together 

to control protein functions (Kaleem et al., 2008). The sequence analysis for pattern 

mining using MAPRes are useful for establishing correlations between modified sites 

and their surrounding amino acids. This study focuses on the consensus development 

related to the mentioned modifications, which will helpful for experimentalists to 

develop new drug/inhibitors in pathologies such as diabetes and cancer. In this stydy 

it was found that the amino acid Pro plays an important role in phosphorylation and/or 

O-GlcNAc modification of proteins. In general Pro is rarely involved in proteins 

active or binding sites, but it is prominently located in the sequence environment of 

phosphorylated residues. The same tendency was observed with O-GlcNAc modified 

proteins. Pro was located at +1 position of phosphorylated proteins, and at -2, -3 and 
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+10 position in O-GlcNAc modified proteins. These results suggest that the position 

of Pro dictate whether a protein is phosphorylated and/or O-GlcNAc modified. 

The enzyme OGT, which adds an O-GlcNAc moiety to proteins, was also 

investigated. When compared to O-GalNAc transferases, which have around 20 

isoforms displaying tissue-specific expression in mammals, OGT only have 2-3 

known isoform. This suggests that OGT also have a tissue specific expression of 

potential isoforms, and it is likely that other OGT isoforms may exist. In this work it 

has been determined that mouse OGT expresses 3 isoforms, one which uses both exon 

2A and 2B (all tissues), one which skips exon 2A and only uses exon 2B (lung, 

spleen, stomach, ear) and finally one isoform which only uses exon 2A (skips exon 

2B) (liver, kidney, lung, spleen, heart) to produce its transcript. These isoforms have a 

tissue specific expression suggesting that OGT like O-GalNAc transferases may 

produce various isoforms adding O-GlcNAc to proteins. These results may be helpful 

to determine disease specific OGT isoforms in different pathologies such as cancer 

and diabetes.  
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APPENDIX 
 
Association rules for phosphorylated sites in mammalian proteins 

Association 
Rule Confidence 

Min. 
Support 
Level Association Rule Confidence 

Min. 
Support 
Level 

Association 
Rule Confidence 

Min. 
Support 
Level 

Association 
Rule Confidence 

Min. 
Support 
Level 

<P,-2><P,1>=>S 74.61 5 <P,-10><P,1>=>T              23.57              5 <A,8>=>Y          100.00                5 <P,-5>=>Y 8.58 5 

<S,-4><P,1>=>S 78.01 5 <P,-8><P,1>=>T 24.93 5 <D,-8>=>Y 100.00 5 <P,-4>=>Y 9.15 5 

<S,-2><P,1>=>S 82.11 5 <P,-7><P,1>=>T 22.55 5 <D,-7>=>Y 100.00 5 <P,-2>=>Y 8.69 5 

<P,1><S,4>=>S 77.97 5 <P,-6><P,1>=>T 25.37 5 <D,-6>=>Y 100.00 5 <P,3>=>Y 13.13 5 

<E,2>=>S 85.59 10 <P,-5><P,1>=>T 21.68 5 <D,-5>=>Y 14.21 5 <P,4>=>Y 9.09 5 

<E,3>=>S 88.85 10 <P,-3><P,1>=>T 20.46 5 <D,-4>=>Y 16.33 5 <P,5>=>Y 7.99 5 

<E,4>=>S 90.62 10 <P,-2><P,1>=>T 25.39 5 <D,-3>=>Y 22.27 5 <P,6>=>Y 8.52 5 

<E,5>=>S 100.00 10 <P,1><P,2>=>T 35.44 5 <D,-2>=>Y 20.10 5 <P,8>=>Y 10.36 5 

<P,-2>=>S 69.70 10 <P,1><P,3>=>T 21.75 5 <D,-1>=>Y 11.71 5 <P,9>=>Y 15.13 5 

<P,1>=>S 78.16 10 <P,1><P,4>=>T 23.32 5 <D,1>=>Y 10.45 5 <P,10>=>Y 9.91 5 

<P,5>=>S 72.73 10 <P,1><P,5>=>T 22.63 5 <D,2>=>Y 8.86 5 <Q,4>=>Y 100.00 5 

<R,-3>=>S 87.27 10 <P,1><P,10>=>T 24.62 5 <D,4>=>Y 8.48 5 <R,-
10>=>Y 

8.95 5 

<S,-10>=>S 82.49 10 <S,-9><P,1>=>T 21.66 5 <D,5>=>Y 10.37 5 <R,-9>=>Y 8.91 5 

<S,-9>=>S 80.95 10 <S,-8><P,1>=>T 20.72 5 <D,8>=>Y 11.58 5 <R,-8>=>Y 9.71 5 

<S,-8>=>S 83.25 10 <S,-7><P,1>=>T 22.11 5 <E,-10>=>Y 11.43 5 <R,-7>=>Y 10.29 5 

<S,-7>=>S 75.37 10 <S,-6><P,1>=>T 22.42 5 <E,-7>=>Y 100.00 5 <R,4>=>Y 100.00 5 

<S,-6>=>S 81.41 10 <S,-4><P,1>=>T 21.99 5 <E,-6>=>Y 11.71 5 <R,6>=>Y 9.33 5 

<S,-5>=>S 82.19 10 <S,-2><P,1>=>T 17.89 5 <E,-5>=>Y 100.00 5 <R,7>=>Y 12.60 5 

<S,-4>=>S 76.27 10 <P,1><S,3>=>T 22.93 5 <E,-4>=>Y 15.77 5 <S,-7>=>Y 8.41 5 

<S,-3>=>S 76.48 10 <P,1><S,4>=>T 22.03 5 <E,-3>=>Y 100.00 5 <S,-4>=>Y 6.91 5 

<S,-2>=>S 78.19 10 <P,1><S,6>=>T 19.37 5 <E,-2>=>Y 100.00 5 <S,-3>=>Y 8.04 5 
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<S,-1>=>S 82.42 10 <P,1><S,8>=>T 23.70 5 <E,-1>=>Y 100.00 5 <S,-2>=>Y 6.11 5 

<S,2>=>S 79.28 10 <P,1><S,9>=>T 21.92 5 <E,1>=>Y 100.00 5 <S,1>=>Y 100.00 5 

<S,3>=>S 83.49 10 <P,1><S,10>=>T 20.62 5 <E,4>=>Y 9.38 5 <S,2>=>Y 6.23 5 

<S,4>=>S 76.66 10 <P,-8>=>T 18.73 10 <E,10>=>Y 12.79 5 <S,4>=>Y 6.69 5 

<S,5>=>S 83.37 10 <P,-6>=>T 21.12 10 <G,-10>=>Y 14.49 5 <T,-7>=>Y 36.69 5 

<S,6>=>S 83.43 10 <P,-5>=>T 19.07 10 <G,-6>=>Y 11.88 5 <T,-6>=>Y 12.41 5 

<S,7>=>S 82.79 10 <P,-2>=>T 21.60 10 <G,-5>=>Y 39.37 5 <T,-2>=>Y 10.00 5 

<S,8>=>S 80.50 10 <P,-1>=>T 22.46 10 <G,-4>=>Y 12.11 5 <T,-1>=>Y 100.00 5 

<S,9>=>S 82.62 10 <P,1>=>T 21.84 10 <G,-3>=>Y 10.57 5 <T,1>=>Y 100.00 5 

<S,10>=>S 83.56 10 <P,2>=>T 27.39 10 <G,-2>=>Y 100.00 5 <T,2>=>Y 9.66 5 

<E,3>=>S 88.85 15 <P,3>=>T 17.78 10 <G,5>=>Y 100.00 5 <T,3>=>Y 100.00 5 

<P,1>=>S 78.16 15 <P,4>=>T 19.96 10 <G,6>=>Y 100.00 5 <V,-1>=>Y 100.00 5 

<R,-3>=>S 87.27 15 <P,5>=>T 19.28 10 <G,7>=>Y 12.91 5 <V,1>=>Y 100.00 5 

<S,-2>=>S 78.19 15 <P,6>=>T 19.75 10 <I,-5>=>Y 100.00 5 <V,2>=>Y 100.00 5 

<S,2>=>S 79.28 15 <P,10>=>T 20.11 10 <I,-1>=>Y 100.00 5 <V,3>=>Y 100.00 5 

<P,1>=>S 78.16 20 <R,-3>=>T 12.73 10 <I,1>=>Y 100.00 5 <Y,6>=>Y 100.00 5 

<P,1>=>S 78.16 25 <S,-10>=>T 17.51 10 <I,3>=>Y 100.00 5 <D,-4>=>Y 16.33 10 

<P,1>=>S 78.16 30 <S,-9>=>T 19.05 10 <K,-9>=>Y 10.78 5 <D,-3>=>Y 22.27 10 

<P,1>=>S 78.16 35 <S,-8>=>T 16.75 10 <K,-8>=>Y 11.14 5 <D,-2>=>Y 20.10 10 

   <S,-7>=>T 16.22 10 <K,5>=>Y 100.00 5 <D,-1>=>Y 11.71 10 

   <S,-6>=>T 18.59 10 <K,7>=>Y 100.00 5 <E,-4>=>Y 15.77 10 

   <S,-5>=>T 17.81 10 <L,3>=>Y 100.00 5 <E,-3>=>Y 100.00 10 

   <S,-4>=>T 16.83 10 <N,-3>=>Y 100.00 5 <E,1>=>Y 100.00 10 

   <S,-3>=>T 15.47 10 <N,-2>=>Y 100.00 5 <E,10>=>Y 12.79 10 

   <S,-2>=>T 15.70 10 <N,2>=>Y 100.00 5 <L,3>=>Y 100.00 10 

   <S,-1>=>T 17.58 10 <N,4>=>Y 100.00 5 <P,3>=>Y 13.13 10 
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   <S,2>=>T 14.49 10 <P,-10>=>Y 8.55 5 <P,9>=>Y 15.13 10 

   <S,3>=>T 16.51 10 <P,-9>=>Y 8.82 5 <S,-7>=>Y 8.41 10 

   <S,4>=>T 16.65 10 <P,-8>=>Y 8.77 5 <S,-4>=>Y 6.91 10 

   <S,5>=>T 16.63 10 <S,1>=>Y 100.00 10 <S,-3>=>Y 8.04 10 

   <S,6>=>T 16.57 10 <V,3>=>Y 100.00 10 <S,-2>=>Y 6.11 10 

   <S,7>=>T 17.21 10       

   <S,8>=>T 19.50 10       

   <S,9>=>T 17.38 10       

   <S,10>=>T 16.44 10       

   <P,1>=>T 21.84 15       

   <P,2>=>T 27.39 15       

   <P,1>=>T 21.84 20       

   <P,1>=>T 21.84 25       

   <P,1>=>T 21.84 30       

   <P,1>=>T 21.84 35       

   <P,1>=>T 21.84 40       

 



4 
 

 

 

Association rules for O-GlcNAc modification sites in mammalian proteins 

AssociationRule 
Number Of Sites In 
Association Rule Confidence 

Minimum 
Support Level AssociationRule 

Number Of Sites In 
Association Rule Confidence 

Minimum 
Support Level 

<S,-10><P,-3>=>S 2 100 5 <A,-2>=>T 1 100 10 
<P,-2><S,2>=>S 2 100 5 <A,2>=>T 1 39.73 10 
<P,-2><S,4>=>S 2 100 5 <P,-3>=>T 1 39.47 10 
<P,-2><V,-1>=>S 2 76.19 5 <P,-2>=>T 1 36.25 10 
<S,2><S,4>=>S 2 100 5 <P,10>=>T 1 100 10 
<P,-3><A,-2>=>T 2 100 5 <T,-1>=>T 1 36.36 10 
<P,-3><P,10>=>T 2 100 5 <T,1>=>T 1 40.32 10 
<A,-9>=>S 1 100 10 <T,2>=>T 1 100 10 
<A,-5>=>S 1 100 10 <T,7>=>T 1 100 10 
<A,2>=>S 1 60.27 10 <V,-3>=>T 1 47.27 10 
<G,-3>=>S 1 100 10 <V,-1>=>T 1 37.97 10 
<G,1>=>S 1 100 10 <V,3>=>T 1 100 10 
<P,-3>=>S 1 60.52 10 <V,5>=>T 1 100 10 
<P,-2>=>S 1 63.75 10 <A,2>=>S 1 60.27 15 
<R,-5>=>S 1 100 10 <P,-3>=>S 1 60.53 15 
<S,-10>=>S 1 100 10 <P,-2>=>S 1 63.75 15 
<S,2>=>S 1 100 10 <S,-10>=>S 1 100 15 
<S,4>=>S 1 100 10 <S,2>=>S 1 100 15 
<T,-7>=>S 1 100 10 <S,4>=>S 1 100 15 
<T,-1>=>S 1 63.63 10 <V,-1>=>S 1 62.03 15 
<T,1>=>S 1 59.68 10 <A,2>=>T 1 39.73 15 
<T,4>=>S 1 100 10 <P,-3>=>T 1 39.47 15 
<V,-3>=>S 1 52.72 10 <P,-2>=>T 1 36.25 15 
<V,-1>=>S 1 62.03 10 <P,10>=>T 1 100 15 
<T,1>=>T 1 40.32 15 <V,-1>=>T 1 37.98 15
<V,-3>=>T 1 47.27 15     
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Association rules for Acetylated (K) and Non-acetylated (X) modification sites in mammalian proteins 

Association Rule 
Number Of Sites In 
Association Rule 

Confidence 
Minimum 
Support Level

Association Rule 
Number Of Sites In 
Association Rule

Confidence 
Minimum 
Support Level

<K,-4><K,4>=>K 2 100 5 <E,-4>=>X 1 100 5 
<K,-4><K,8>=>K 2 100 5 <E,5>=>X 1 100 5 
<A,-6>=>K 1 100 10 <K,-8>=>X 1 43 5 
<G,3>=>K 1 100 10 <K,-3>=>X 1 100 5 
<H,1>=>K 1 100 10 <K,3>=>X 1 50.59 5 
<K,-9>=>K 1 100 10 <K,7>=>X 1 49.45 5 
<K,-8>=>K 1 57 10 <E,-4>=>X 1 100 10 
<K,-7>=>K 1 100 10 <E,5>=>X 1 100 10 
<K,-5>=>K 1 100 10 <K,-8>=>X 1 43 10 
<K,-4>=>K 1 100 10 <K,-3>=>X 1 100 10 
<K,3>=>K 1 49.41 10 <K,3>=>X 1 50.59 10 
<K,4>=>K 1 100 10 <K,7>=>X 1 49.45 10 
<K,7>=>K 1 50.55 10     
<K,8>=>K 1 100 10     
<K,9>=>K 1 100 10     
<K,10>=>K 1 100 10     
<S,7>=>K 1 100 10     
<Y,1>=>K 1 100 10     
<K,8>=>K 1 100 15     
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Association rules for Methylated (K) and (R) modification sites in mammalian proteins 

AssociationRule 

Number Of 
Sites In 
Association 
Rule Confidence 

Minimum 
Support 
Level AssociationRule 

Number 
Of Sites In 
Associatio
n Rule Confidence 

Minimum 
Support 
Level 

<A,-8><K,-5><Q,-4><A,-2><R,-
1><S,1><T,2><K,5><A,6><P,7>
<R,8><K,9>=>K 12 100 5 

<G,-5><G,-1> <G,1> 
<G,2><G,5><G,8><G,9>=>R 7 100 5 

<A,-8><K,-5><Q,-4><A,-2> 
<A,6><P,7>=>K 6 100 10 

<G,1><G,2><G,4><G,5><G,8> 
=>R 5 100 10 

<R,-10><K,-9><K,-4><A,-3> 
<R,-1><K,9>=>K 6 100 10 

<G,1><G,2><G,5><G,8><G,9> 
=>R 5 100 10 

<A,-8><K,-5><Q,-4><A,-2> 
<A,6><P,7>=>K 6 100 15 <G,1><G,2><G,4><G,5>=>R 4 100 15 
<R,-10><K,-9><K,-4><A,-3> 
<R,-1><K,9>=>K 6 100 15 <G,1><G,2><G,5><G,8>=>R 4 100 15 
<R,-10><K,-9>=>K 2 100 20 <G,-2><G,1><G,2>=>R 3 100 20 
<K,-4><R,-1>=>K 2 100 20 <G,1><G,2><G,5>=>R 3 100 20 
<R,-1><K,9>=>K 2 100 20 <G,1><G,2><G,8>=>R 3 100 20 
<R,-1><K,9>=>K 2 100 25 <G,-6><G,1>=>R 2 100 25 
<K,-9>=>K 1 100 30 <G,-5><G,1>=>R 2 100 25 
<R,-1>=>K 1 100 30 <G,-3><G,1>=>R 2 100 25 
    <G,-2><G,1>=>R 2 100 25 
    <G,-1><G,1>=>R 2 100 25 
    <G,1><G,2>=>R 2 100 25 
    <G,1><G,5>=>R 2 100 25 
    <G,1><G,6>=>R 2 100 25 
    <G,1><G,8>=>R 2 100 25 
    <G,-1><G,1>=>R 2 100 30 
    <G,1><G,2>=>R 2 100 30 
    <G,1><G,2>=>R 2 100 35 
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    <G,1>=>R 1 100 40 

 
 

 

 
 

 

 

 

  


