
HAL Id: tel-01470760
https://theses.hal.science/tel-01470760

Submitted on 17 Feb 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Immunological and Conformational characterization of
synthetic peptide probes for autoimmune diseases

Matthaia Ieronymaki

To cite this version:
Matthaia Ieronymaki. Immunological and Conformational characterization of synthetic peptide probes
for autoimmune diseases. Human health and pathology. Université de Cergy Pontoise, 2016. English.
�NNT : 2016CERG0831�. �tel-01470760�

https://theses.hal.science/tel-01470760
https://hal.archives-ouvertes.fr


 
 

 

                                                                                                           

 

PhD THESIS OF  

THE UNIVERSITY OF CERGY-PONTOISE  

 

 

Immunological and conformational characterization of synthetic 

peptide probes for autoimmune diseases 

 

presented by : 

Matthaia Ieronymaki 

 

PhD discussed on December 16th 2016,  

Composition of the evaluation committee: 

 

 

 

Pr. Paolo Rovero                                                                                      examinateur 

Pr. Thierry Brigaud                                                                                  examinateur                        

Pr. Delphine Joseph                                                                                rapporteur    

Dr. Jean-Maurice Mallet                                                                        rapporteur 

Pr. Anna-Maria Papini                                                                            directrice de thèse 

Dr. Maud Larregola                                                                                 co-directrice de thèse 



1 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 
 

 

 

 

 

 

 

 

 

PhD THESIS OF  

THE UNIVERSITY OF CERGY-PONTOISE  

 

 

Immunological and conformational characterization of synthetic 

peptide probes for autoimmune diseases 

 

presented by: 

Matthaia Ieronymaki 

 

 

This thesis was held at LCB Laboratory of the University of Cergy-Pontoise in France while from 

February 2015 to February 2016, experiments were performed at NEUROFARBA department of 

the French-Italian laboratory 'Peptide and Protein Chemistry & Biology ", Universita degli Studi in 

Florence, thanks to Erasmus Program Traineeship, under the direction of Pr. Paolo Rovero. 

 

 

 

 



3 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 
 

Acknowledgements 

Undertaking this PhD has been a truly life-changing experience for me and it would not 

have been possible to do without the support and guidance that I received from many 

people.  

I would like to first express my appreciation and thanks to my supervisor Professor Anna 

Maria PAPINI that she has been a tremendous mentor for me. I would like to thank her 

for the opportunity that she gave me to be part of the c/o French-Italian Laboratory of 

Peptide & Protein Chemistry & Biology (PeptLab) where I grew as a research scientist.  

Words cannot express how grateful I am to my co-supervisor Dr. Maud LARREGOLA 

whose advices, not only on my research but also in my life, have been priceless. Her 

guidance was significant during the research, the writing and the defense of this thesis. I 

could not have arrived until the end without her help and her support. Even if our 

collaboration came to the end she will always continue to inspire me. 

I would also like to acknowledge Professor Paolo ROVERO of the University of Florence, 

who is not only an “examinateur” of my thesis committee but he also hosted me to his 

laboratory, PeptLab, NEUROFARBA, Universitá degli Studi in Florence, thanks to 

Erasmus+ Learning Program. He gave me the opportunity to explore a new scientific 

field, to broad my horizons and to increase my competences. 

Moreover, I would like to thank the rest of my committee members, Professor Delphine 

JOSEPH of the University of Paris Sud and Dr. Jean-Maurice of CNRS - Ecole Normale 

Supérieure who accepted to be my thesis “rapporteurs” even at hardship. Their import 

was crucial for the improvement of the manuscript. Last by not least, I would like to 

thanks Professor Thierry BRIGAUD of the University of Cergy-Pontoise, "examinateur” of 

my research work and president of the defense committee, who accepted me and gave 

me access to Laboratory of Chemical Biology (LCB) and research facilities where I met 

and worked with skilled researches.  



5 
 
 

During these years, I worked with people expert on their field and I had the chance to 

learn many things by their side. I would especially like to thank Dr. Francesca Nuti, Dr. 

Elisa Peroni, Dr. Olivier Monasson, Dr. Feliciana Real, Dr. Giulia Pacini, Dr. Gada Rossi. All 

of you have been there to teach me and to support me although your busy schedule. I 

would like to express my gratitude and best wishes to all the laboratory members of LCB 

and PeptLab. 

I would like to thanks all of my friends.. friends from my childhood (Danae and Athena) 

who support me all over these years and are a priceless part of my life, my “new” friends 

who met them thanks to this PhD; in France, with whoμ I share beautiful moments and I 

shared many experiences and in Italy, with who I spent a wonderful winter which will be 

unforgivable (via del Moro_2015-2016). I’m glad having all of you in my life and surely 

more amazing moments are coming.. 

Last but not least, a special thanks to my family; my parents and my sister for supporting 

me spiritually and encouraging me throughout this thesis and in my life in general. Even 

if a kilometric distance was between us I always had them by my side. 

 

 

 

 

 

 

 

 

 

 



6 
 
 

TABLE OF CONTENTS 

 

SUMMARY ……………………………………………………………………………………………………………………………12 

RÉSUMÉ …………………………………………………………………………………………………….……………………….…14 

CHAPTER 1 ………………………………………………………………….………………………………………………………..16 

Introduction ……………………..…………………………………………………………………………………………….……18 

I. Immune System and Immunity …………………………………..…………………………..…………..….………18 

I.1. Types of adaptive and cell-mediated immune responses …………………………….………….19 

II. Autoimmune Diseases ………………………………….…………………………………..……..……………………..21 

 II.1. The development of Autoimmune Diseases ……………………………………….…………….……21 
II.2. Determinants of Autoimmune Diseases ………………………………………………………………..22 

II.2.1. Genetic predisposition ………………….…………………………………………………22 
II.2.2. Environmental factors ………………………………………………………..………..………..23 

II.2.3. Hormonal influences ………………………………………………………….…………………..24 

II.3. Possible mechanisms triggering Autoimmune Diseases ………………..…………….……..….25 

II.3.1. Pathogen-related mechanisms ……………………………………………………….………25 

II.3.2. Cellular mechanisms ………………………………………………………………………..…….26 

III. The role of post translational modifications (PTMs) in autoimmunity ………………………..…..28 

IV. Biomarkers ………..………………………………………………………………………………………………….…….….30 

V. The “Chemical Reverse Approach” …………………………………………………………………………….……31 

VI. CSF114(Glc), the first antigenic probe able to recognize disease-specifc auto-antibodies as       

biomarkers of Multiple Sclerosis ……………………………………….…………………………………….……..32 

VII. Multiple Sclerosis ……………………………………………………………………………………….…………………..33 

VII.1. MOG and Anti-MOG antibodies ……………………………………………………….………………….35 

        VII.1.1. The role of MOG in the CNS ………..…………………………………………..……….…………37 

                     VII.1.2. Structure of MOG ……………..………………………………………………………………………..38 

VIII. Monoclonal gammopathy of undetermined significance (MGUS) ……….……………………….…40 

VIII.1. Myelin associated glycoprotein (MAG) ……………………………………………………………….41 

VIII.2. Human Natural Killer cell-1 (HNK-1) …………………………………………………….……….…….43 

 

CHAPTER 2 

Epitope mapping of anti-MOG antibodies in EAE: application of microwave-assisted strategy to 

the synthesis of peptide antigens and ELISA screening ………………………….…….………………………..46 

I. Introduction ……………………………………………….……………………………………………………….………….48 



7 
 
 

II. Results and Discussion …………………………………………….…………………………………………….……….50 

 II.1.Design and synthesis of MOG antigens ……………….…………………………..…………..….……….50 
II.2. Solid Phase ELISA (SP-ELISA) ………………………………..…………………….…………………………….52 
II.3. Circular Dichroism (CD) ………………………………………………………………….…………………………55 

III. Conclusion ……………………………………………………………………………………..…………………………….56 

IV. Experimental part ………………………………………………………………………..………………………………….57 

IV.1. Serum samples ……………………………………………..……………………….……………………………….57 
IV.2. Antigens …………………………………………………………………….…………….……………………………..57 
IV.3. Animal model ……………………………………………………………………….…………………………………58 
IV.4. Recombinant MOG(1-117) expression and refolding ………………….………………………..…58 

IV.5. Enzyme Linked ImunoSorbent Assays (ELISA) ……………..……….……………..…………………59 
IV.6. Circular Dichroism Studies ……………………………………………………………….……………………..60 

 

CHAPTER 3 

Structure-Activity Relationship Studies: SPR Affinity Characterization and Conformational 

Analysis of Peptides Mimicking the HNK-1 Carbohydrate Epitope …………………………………………62 

I. Introduction ………………………………………………………………………………………..………………………….64 

II. Results and Discussion ……………………………………………………………………………..……………………….6 

 II.1. Design of antigens and SPR experiments………………………………..………………….…………….66 

 II.2. SP-ELISA experiments …………………………………………………..……………………….…………………70 

II.3. Peptide Synthesis ………………………………………………………………………………..……………………72 

II.4. Conformational Studies ………………………………………………………………………..………………….75 

III. Conclusions ………………………………………………………..……………………………………………………..……77 

IV. Experimental part …………………………………………………………………………………………………..……….78 

            IV.1. Synthesis of the antigens …………………………………………………….............………………….….78 

   IV.1.1. MW-assisted Solid Phase Peptide Synthesis …………………..………………………………80 

   IV.1.2. Cyclization on the resin …………………………………………………………………………………..80 

IV.2. SPR studies ……………………………………………………………………………………….………..…………..85 

IV.2.1. Anti-HNK-1 antibody immobilization ……………………………………….………………………85 

IV.2.2. Kinetic and affinity experiments ……………………………………………………………………..85 

IV.3. ELISA ……………….………………………………………………………………………….…………………………..86 

IV.4. Conformational Studies ……………………………………………………………..……………………………87 

IV.4.1. Circular Dichroism Studies ……………………………………………………….……………………..87 

IV.4.2. NMR Studies ……….…………………………………………….…………………………………………….87   

IV.4.3. Structure Calculation ……………….……………………………………………………………………..88 



8 
 
 

CHAPTER 4 

Materials and methods: General Protocols ……………………………….………………………………………….89 

I. General Protocols ……………………………………….……………………………..………………………………………..91 

I.1. Microwave Solid Phase Peptide Synthesis ………………………..……………………………………….91 

I.2. Deprotection and Cleavage ………………………..……………………………..………………………………93 

I.3. Purification and Characterization of Peptides ………………………….………………………………..92                                                                             

II. Materials ………………………………………………………………………………………..………………….……………94 

II.1. Materials for Peptide Synthesis and Purification ………………….…………………………..………94 

II.2. Materials for biological tests ……………………………………………………..……………………………..94 

ANNEXES ………………………………………………………………………………………………………………………………95 

I. Principles of peptide synthesis ………………………………………………………………………………………..…97 

I.1. Microwave energy ……………………………………………..……………………………….……………….….102 

I.1.1. Key factors for creating microwave method …………………………….………………………103 

I.1.2. Microwave energy in SPPS ……………………………………………………..…………………………104 

II. Principles of High Performance Liquid Chromatography (HPLC) ……………….…………….………105 

III. Principles of Mass Spectrometry (MS) …………………………………………………….………………………107 

IV. Circular Dichroism ……………………………………………………………………………..……………………………108 

V. Immunological assays ……………………………………………………………………..………………………………110 

V.1 ELISA ………………………………………………………………………………….……………………………………110 

V.2. Surface Plasmon Resonance (SPR) ……………………………………………………………..……….…111 

 V.2.1. Binding Studies ……………………………………..………….…….…….………………….……………..114 

    V.2.2. Kinetic and affinity studies ……….………………….…………….…………….….………………….115 

 

ABBREVIATIONS ………………………………………………………………………………………………………………….117 

BIBLIOGRAPHY …………….……………………………………………………………….………………….…………………119 

SUPPORTING INFORMATION….………………..………………………………………………………………………….133                

 



9 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 
 

 

 

 

  

 

 

 

 

 

 

 

 

To patients suffering  

from autoimmune diseases 

 



11 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 
 

Summary  

Autoimmune diseases refer to chronic and heterogeneous diseases with acquired 

immune system reactions against the body own healthy tissues. Autoimmune diseases 

affect more than 5% of the population worldwide and especially young adults. The 

complexity of their spectrum is enormous and even if their etiology is still unclear, it was 

demonstrated that both genetic and environmental factors are involved in triggering the 

pathological mechanism. Hence, a reliable diagnostic and /or prognostic tool for an early 

diagnosis of autoimmune diseases before irreversible cellular damage occurs and for 

monitoring their progression is demanded.  

Numerous studies have revealed the presence of different autoantibodies (auto-Abs) in 

sera of patients suffering from autoimmune diseases. Autoantibodies that are specific 

for a disease can be used as biomarkers for its diagnosis while autoantibodies that differ 

depending on the disease state can be used in the follow up of the patients. Actually, in 

the case of autoimmunity, an easily detectable and reliable biomarker may be 

represented by the titer of a specific auto-Ab. 

In this context, we aimed to identify target(s) of the response for two different 

autoimmune diseases, multiple sclerosis and monoclonal gammopathy, using the 

chemical reverse approach, which involves the screening of focused antigen libraries 

with patient serum. 

In particular, the significance of anti-myelin antibodies, and especially, anti-Myelin 

Oligodendrocyte Glycoprotein (anti-MOG) antibodies is still matter of debate, 

underscoring the highly controversial issue of a putative pathogenetic role of anti-MOG 

antibodies in Multiple Sclerosis. In this research project we investigated the role of MOG 

as putative auto-antigen in Multiple Sclerosis using the experimental autoimmune 

encephalomyelitis (EAE) model. Moreover, in order to assess the presence of a B-cell 

epitope spreading mechanism, i.e. the occurrence of a response directed toward 

epitopes distinct from the disease-inducing agent, we synthesized and tested as 

antigenic probes five synthetic peptides covering the 1-117 sequence of MOG.   
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The second issue of the present research focused on the selection of a peptide 

mimicking the minimal epitope recognized by the commercial available monoclonal 

antibody anti-human natural killer cell-1 (anti-HNK-1) using Surface Plasmon Resonance 

(SPR) technique. HNK-1 epitope, is considered as the antigenic determinant of myelin-

associated glycoprotein (MAG), a quantitatively minor component of myelin sheaths. It is 

observed that patients affected by autoimmune neurological disorders, such as IgM 

monoclonal gammopathy and demyelinating polyneuropathy, often develop anti-MAG 

antibodies specifically targeting the HNK-1 epitope. Accordingly, identification and 

characterization of these antibodies are relevant. The selected peptide could be 

subsequently used in earlier stage patients for the development of a novel and reliable 

diagnostic tool for anti-HNK-1 antibody identification in sera of patients affected by 

autoimmune neurological disorders monitoring disease activity.  
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Résumé 

Les maladies auto-immunes sont des maladies chroniques et hétérogènes caractérisées 

par des réactions du système immunitaire acquis contre les propres tissus sains de 

l'organisme. Ces maladies affectent presque 5% de la population mondiale et en 

particulier les jeunes adultes. La complexité de leur spectre est énorme et même si leur 

étiologie est encore incertaine, il a été démontré que des facteurs génétiques et 

environnementaux sont impliqués dans le déclenchement du mécanisme pathologique. 

Cependant, il est nécessaire d'utiliser des outils diagnostiques et / ou pronostiques 

fiables pour le diagnostic précoce avant que des dommages cellulaires irréversibles ne se 

produisent et pour surveiller la progression de la maladie. 

De nombreuses études ont mis en évidence la présence de différents auto-anticorps 

dans le sérum de patients atteints de maladies auto-immunes. Les auto-anticorps qui 

sont spécifiques d’une maladie peuvent être utilisés en tant que biomarqueurs pour son 

diagnostic alors que les auto-anticorps qui diffèrent en fonction de l'état de la maladie 

peuvent être utilisés dans le suivi des patients. En fait, dans le cas de l'auto-immunité, un 

biomarqueur facilement détectable et fiable peut être représenté par le titre d'un auto-

anticorps spécifique. 

Dans ce contexte, nous nous intéressons à deux maladies différentes, la sclérose en 

plaques (SEP) et la gammapathie monoclonale, en utilisant l'approche chimique inverse 

via le criblage de librairies de peptides par des sérums de patients. 

En particulier, l'importance des anticorps anti-myéline, et surtout, des anticorps anti-

MOG (myéline oligodendrocyte glycoprotéine) est toujours l’objet de débats, soulignant 

la question très controversée d'un rôle pathogène putatif d'anticorps anti-MOG dans la 

SEP. Dans cette thèse, nous avons étudié le rôle de MOG comme auto-antigène putatif 

dans la SEP en utilisant le modèle expérimental d’encéphalomyélite auto-immune (EAE). 

Ainsi, afin d'évaluer la présence d'un mécanisme d’ « epitope spreading » des cellules B, 

à savoir l'apparition d'une réponse dirigée vers des épitopes distincts de l'agent 

pathogène induisant la réponse immunitaire, nous avons synthétisé et testé en tant que 
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sondes antigéniques cinq peptides synthétiques qui couvrent la séquence 1-117 de 

MOG. 

La seconde étude a porté sur la sélection d'un peptide mimant l'épitope minimal 

reconnu par l'anticorps monoclonal commercial anti- natural killer cell-1 humain (anti-

HNK-1) en utilisant la résonance plasmonique de surface (SPR). L’épitope HNK-1 est 

considéré comme le déterminant antigénique de la glycoprotéine associée à la myéline 

(MAG), un composant quantitativement mineur des gaines de myéline. On observe que 

les patients atteints de troubles neurologiques auto-immuns, tels que la gammapathie 

monoclonale à IgM et la polyneuropathie démyélinisante, développent souvent des 

anticorps anti-MAG ciblant spécifiquement l’épitope HNK-1. Par conséquent, 

l'identification et la caractérisation de ces anticorps est pertinente. Le peptide choisi 

suite à notre étude pourrait ensuite être utilisé chez des patients atteints de troubles 

neurologiques pour le développement d'un  outil de diagnostic fiable ou de surveillance 

de l'activité de la maladie par l'identification d'anticorps anti-HNK-1 dans le sérum des 

patients. 
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I. Immune system and immunity 

The immune system is a sophisticated defense that specifically recognizes and eliminates 

foreign agents thereby protecting the host against infection. Immunity is divided into 

two different types – innate and adaptive.1 Innate immune responses are not specific to 

a particular pathogen in the way that the adaptive immune responses are. On one hand, 

innate responses depend on a group of proteins and phagocytic cells that recognize 

conserved features of pathogens and become quickly activated to help destroy the 

invaders. Therefore, during the first critical hours of exposure to a new pathogen, 

our innate immune system protects us from infection. On the other hand, the adaptive 

immunity is called into action when a pathogen is able to evade and overcome the 

innate immunity.  Its activation takes much longer, usually over a few days. A major 

advantage of adaptive immune responses, not seen with innate immunity, is that they 

generate memory so that a second infection with the same microbe elicits a stronger, 

faster and usually more effective response (Figure 1.1).2  

 

Figure 1.1: The main components of the innate and adaptive immune systems.
3
 

 

 

 

 

http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5603/
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I.1. Types of adaptive and cell-mediated immune responses 

There are two broad classes of adaptive immune responses, the antibody responses and 

the cell-mediated immune responses, and they are carried out by different classes of 

lymphocytes, called B cells and T cells, respectively (Figure 1.2). In antibody response, B 

cells are activated to secrete antibodies, which are proteins called immunoglobulins. The 

antibodies circulate in the bloodstream and permeate the other body fluids, where they 

bind specifically to the foreign antigen that stimulated their production. Binding of 

antibody inactivates viruses and microbial toxins by blocking their ability to bind to the 

receptors on host cells. Antibody binding also marks invading pathogens for destruction, 

mainly by making it easier for phagocytic cells of the innate immune system to ingest 

them. In cell-mediated immune responses, the second class of adaptive immune 

response, activated T-cells react directly against a foreign antigen. This pathogen is 

presented to T-cells on the surface of a host cell (Antigen Presenting Cell, APC) by certain 

delivery molecules, called Major Histocompatibility Complex (MHC) or Human Leukocyte 

Antigen (HLA) for humans. APC could be various types of cells, such as microglia, 

fibroblasts, but mostly dendritic cells of myeloid origin. The antigens are recognized by 

cytotoxic T-cells (Tc), also known as CD8+ T cells because they express the CD8 

glycoprotein on their surface, and by helper T-cells (Th), also known as CD4+ T cells 

because they express the CD4 glycoprotein on their surface. Specifically, Tc- cells 

recognize their targets by binding to antigens associated with MHC I molecules, which is 

found on the surface of all nucleated cells. Through different molecules secreted by 

regulatory T cells (Treg), Tc- cells can be activated to an anergic state, which prevents 

autoimmune diseases. On the other side, Th-cells became activated when they are 

presented with peptides antigens by MHC class II molecules, which are expressed on the 

surface of APCs. Once activated, they divide rapidly and secrete small proteins called 

cytokines that regulate or assist in active immune response. The T-cell receptor (TCR) 

recognizes a peptide antigen on the cell surface carried by the MHC molecule and then a 

complex between T cell receptor (TCR), the antigen (peptide) and histocompatibility 

protein (MHC) is created. The T-cell should kill a virus-infected host cell that has viral 

antigens on its surface, thereby eliminating the infected cell before the virus had the 

http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4867/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5855/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4830/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5320/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4947/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4777/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4777/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A4830/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5926/
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chance to replicate. In other cases, the T-cell produces signal molecules that activate 

macrophages to destroy the invading microbes that they have phagocytosed.2,4 

 

Figure 1.2: The two main classes of adaptive immune responses.
5
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II.  Autoimmune Diseases 

During maturation of the immune system, immune cells that react against self-tissues 

are eliminated providing an immune system that is ‘tolerant’ to self. Autoimmunity was 

believed to be an aberrant response. Nowadays, researchers have realized that 

autoimmunity is a natural phenomenon in which recognition of self-antigens by 

lymphocytes is mainly involved in pathologic organ damage.6 Human autoimmune 

diseases affect almost more than 5% of the population worldwide, and are responsible 

for the morbidity and the mortality of the human population.7 The complexity of this 

spectrum of autoimmune diseases is enormous and their etiology is still unclear. There 

are over 80 autoimmune diseases known and they have been categorized as organ 

specific or systemic or both. In organ-specific autoimmune diseases, the immune 

responses are “misdirected” against a self-antigen or organ (e.g., thyroid, β-cells of the 

pancreas). By contrast, in systemic autoimmune diseases, multiple organs are targets for 

immune attack, and chronic activation of innate and adaptive immune cells is usually 

present. However, it should be mentioned that the categorization of an autoimmune 

disease as organ-specific or systemic is based primarily on clinical observations rather 

than on the expression pattern of the self-antigen that appears to be targeted in the 

attack.  

II.1. The development of autoimmune diseases 

The complexity of autoimmune diseases comes from the fact that autoimmunity is 

triggered by a variety of agents and molecular and cellular pathways and is not set off by 

a single cause. It is difficult to understand the mechanisms of autoimmunity because 

autoimmune diseases are only recognizable after their development and appearance. 

According to recent findings 7,8,9, the development of autoimmune diseases can be 

divided in four phases (Figure 1.3):  

(i) Susceptibility phase that could be either inherited, acquired, or both. 

(ii) Initiation phase, abnormalities in tolerance induction, regulatory T-cell (Treg) 

development, or immune signaling thresholds allow the development of self-

sustaining tissue damage. 
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(iii) Propagation phase, immune effector pathways cause damage and provide 

antigen to provoke the immune response. It should also be noted that in many 

cases during this phase, immunoregulatory pathways are also activated, which 

may result in natural inhibition of clinical disease over time.  

(iv)  Resolution phase, involves the induction and activation of regulatory 

mechanisms that limit the effector response and restore the effector/regulatory 

balance.  

 

Figure 1.3: The main phases of autoimmune disease.
10

 

 

II.2.Determinants of Autoimmune Diseases  

During the last decade many attempts have been done to understand the ongoing 

deregulation of self-tolerance mechanisms. For many autoimmune diseases, a particular 

pathogen, chemical, drug, toxin, or hormone is thought to lead to an anti-self immune 

response. However, the genetic make-up of the host is considered as the single most 

important factor contributing to autoimmune disease.11 The development of an 

autoimmune disease is characterized as “mosaic of autoimmunity” as it depends on a 

combination of genetic and environmental factors12 as well as hormonal influences.13 

 

II.2.1. Genetic predisposition 

Studies performed on several mouse models14,15 highlight a crucial role for pathways of 

tolerance induction, immune regulation, and immune signaling in avoiding to trigger 

autoimmunity. Certain human leukocyte antigen (HLA) allele(s) have been associated 

with the predisposition to an autoimmune response. An antigen, which could not be 
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presented by the host major histocompatibility complex (MHC), cannot induce a 

response thus would not be an autoantigen in that host. The presence or absence of the 

appropriate MHC is able to determine whether the potential autoantigen is presented 

and furthermore the induction of a response to the presented antigen. However, no 

genetic pattern is specific to any disease and some patients with specific genetic pattern 

manifest different diseases.  

 

II.2.2. Environmental factors 

The evidence of the role of environmental factors in the etiology of autoimmune 

diseases is clearly apparent when considering that more than 50 and sometimes 70 or 

80% of monozygotic twins are discordant for major autoimmune diseases.16 

Environmental factors could be divided into two categories: the infectious agents and 

non-infectious agents such as stress17, smoking, vitamin D deficiency18, drugs, glue-

sniffing or exposure to silica dust, exposure to UV irradiation (particularly UV-B rays).19  It 

is reported that workers in industries such as furniture re-finishing, spray-painting, 

perfume or cosmetic manufacturing also have a slightly increased risk of developing 

autoimmune diseases.  

Drug treatment has been suspected for the initiation of a response in some autoimmune 

diseases. For example, thiol-containing drugs and sulfonamide derivatives, as well as 

certain antibiotics and non-steroidal anti-inflammatory drugs, appear to trigger the 

onset of pemphigus. Drugs such as hydralazine and procainamide or similar aromatic 

amine drugs prescribed can induce SLE-like symptoms such as arthritis, 

pleuropericarditis, and myocarditis.  

Infections with certain viruses, bacteria, fungi and vaccines appear to lead to systemic 

autoimmune diseases in genetically predisposed individuals. A severe bacterial or viral 

infection may trigger an increase in autoreactive antibodies or conventional T cells that 

leads to initiate an autoimmune disease or an exacerbation of existing symptoms.20,21 

With respect to viruses, the onset of various autoimmune diseases has been variably 

associated with infection by HSV-1, Coxsackie virus, Epstein- Barr virus (EBV), human 

immunodeficiency virus (HIV), human papilloma virus (HPV), or influenza virus. In 

particular, viral infections have been closely associated with flare-ups of SLE. Similarly, 
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the development of Guillain Barre Syndrome (GBS) may follow infection with herpes 

simplex virus (HSV), EBV, or cytomegalovirus (CMV), and the onset of acute idiopathic 

thrombocytopenic purpura (ITP) may be preceded by varicella infection. Infections with 

various bacterial species have also been associated with autoimmune diseases. The most 

striking example is the development of rheumatic fever (RF) following recovery from 

infection with a virulent member of the Group A streptococci.  

 

II.2.3. Hormonal influences 

Last but not least, hormones seem to have an influence to trigger autoimmune diseases. 

It has been reported that females are more susceptible to autoimmune conditions than 

males.22,23 More than 85% of patients with thyroiditis, scleroderma, lupus, and multiple 

sclerosis are females.24 X-chromosome abnormalities, sex hormones such as estrogens 

and androgens are believed to play a significant role in the sex-based susceptibility to 

many autoimmune diseases.  

 

 

Figure 1.4: Genetic susceptibility, environmental stimuli, and defective regulation are responsible for 
initiating autoimmunity.
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II.3. Possible mechanisms triggering autoimmune diseases 

The mechanisms of the autoimmune responses still remain unclear but there are 

numerous and diverse hypothesizes that are considered to contribute to the progress of 

autoimmune diseases in susceptible individuals. We could categorize them into 

pathogen-related and cellular mechanisms. 

 

II.3.1. Pathogen-related mechanisms 

i) The most common pathogen-related hypothesis is molecular mimicry. This process is 

relevant to those autoimmune responses that are clearly associated with preceding 

infections, thus it has frequently been proposed as a potential initiator of autoimmune 

diseases. During several infections, proteins which usually are recognized as self could 

become non-self after a tissue injury, oxidation stress, cell death, free radical production 

or reparative changes inducing an autoimmune response. These changes to the self-

proteins could come from post-translational modifications (PTMs), denaturation, 

misfolding or mutations. However, it is important to realize that molecular mimicry 

alone is not able to explain self-sustaining autoimmune diseases, which are driven by 

self-antigens and autoreactive T cells but is necessary to overcome T-cell tolerance to 

the self-protein. Due to the simultaneous liberation of self-antigen in the presence of the 

cross-reactive antibody response, activated cross-reactive B cells may present cryptic 

epitopes in the self-antigen to autoreactive T cells.26 Release of self-antigen could lead to 

adaptive immune response to self. Thereby, it is possible that this process could end up 

to the exposure of other regions on the same self-antigen that will then stimulate the 

emergence of further antibodies, some of them pathogenic, through the mechanism of 

“epitope spreading”.  

ii) A second putative mechanism of an autoimmune response is called “adjuvant effect”. 

 It is known that an infectious agent may activate lymphocytes in an antigen-specific 

manner although it can also provide a non-specific antigen second signal which is 

necessary to induce a pathogenic adaptive immune response. This secondary signaling 

has been referred to as the “adjuvant effect”.27
 The hypothesis is that bacterial DNA, 

bacterial components, and endogenous nucleic acids released upon pathogen-induced 

cell death are particularly potent adjuvants because they engage the Toll-like receptors 
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(TLRs) of immature dendritic cells (DCs). Following TLR engagement, DCs are induced to 

mature and upregulate their expression of co-stimulatory molecules. When such mature 

DCs encounter autoreactive T cells in the lymph node, activation leading to an 

autoimmune response may result if the pMHC derived from a pathogen or self antigen is 

recognized by the T cell. Thus, autoreactive T cells regain their capacity for activation. 

While the precise mechanism by which DC function is enhanced by stress molecules 

remains to be clarified, the results of in vitro as well as in vivo studies show that 

autoimmune diseases can be induced by endogenous host stress molecules in the 

absence of pathogen infection. 

iii) Another theory to account for at least some episodes of pathogen-linked 

autoimmune diseases involves microbial superantigens. Superantigens are called 

proteins that produced especially by bacteria, mycoplasma and virus-effected cells and 

have the ability to bind to the variable of T cell receptors independently their antigen. 

These molecules can non-specifically activate a large number of different T cell clones by 

binding directly to particular T-cell receptor (TCR) Vβ sequences.28 Superantigens are 

considered to have a role in relapses of autoimmune diseases or the aggravation of 

ongoing autoimmune diseases, but they do not appear to be able to initiate autoimmune 

diseases.  

Proteins to which the immune system is self-tolerant might, if altered, elicit autoimmune 

responses. Self-proteins can be altered in many ways such as mutations, 

posttranslational modifications and disordering. 

 

II.3.2. Cellular mechanisms 

Apart from pathogen-related mechanisms, there are cellular mechanisms that lead or 

enhance an autoimmune response. Both T and B cells play an important role in 

autoimmunity. Four basic mechanisms describing how Treg cells are involved in 

immunosuppression are reported29: the modulation of antigen presenting cell (APC) 

maturation and function, the killing of target cells, the disruption of metabolic pathways 

and the production of anti-inflammatory cytokines (Figure 1.5).28,30 Studies suggest that 

the nature of the Treg impairment depends on the autoimmune disease that is under 

investigation. 
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Figure 1.5: Treg cell mechanism of suppression.
28

 

 

Treg impairment has been reported in several autoimmune diseases, both non-organ 

specific (SLE) and organ specific (Multiple Sclerosis, RA, autoimmune thyroid disease, 

psoriasis etc). Studies on animal models describe that the absence of Treg cell 

populations can be the cause of uncontrolled immune responses and widespread 

autoimmune inflammation of tissues. Because of difficulties in isolation of human Treg, 

reports are sometime inconsistent or even contradictory.  

Due to the production of antibodies, including autoantibodies, B cells are generally 

thought to be positive regulators of the immune response. The production of antibodies 

facilitates optimal CD4+ T-cell activation because B cells serve as antigen-presenting cells 

and exert other modulatory functions in immune responses. However, certain B cells, 

which produce regulatory cytokines and directly interact with pathogenic T cells via cell-

to-cell contact, can also result in negative regulation of the immune response. These 

types of B cells are defined as regulatory B (Breg) cells.31 Certain Breg cells that produce 

IL-10 or TGF- have been shown to possess inhibitory functions in autoimmune 

diseases.32 Recent studies from numerous mouse models have suggested that B-cell 

depletion results in an increased Breg cell subset in the reconstituted B-cell population. 

Thus, the effects of the adaptive transfer of Breg cells alone or in combination with B-cell 

depletion could be an interesting approach for the treatment of autoimmune diseases. 
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III.  The role of post translational modifications (PTMs) in autoimmunity 

As already described above, one of the mechanisms able to trigger an immune response 

is represented by PTMs, changes occurring at the amino or carboxyl terminus of a 

protein or at individual amino acid side-chains (Table 1.1). It is estimated that around 50-

90% of proteins in human body are post-translationally modified.33 PTMs play a crucial 

role to the primary and tertiary structure of the proteins, their biological and / or 

enzymatic functions and proteolytic degradation.34 These modifications can be enzyme-

mediated, as in the case of glycosylation and phosphorylation, or can occur 

spontaneously, as in the deamidation reaction that converts asparagine to aspartic acid 

or isoaspartic acid. The probability of a post-translational modification could depend on 

different parameters: 

i) the sequence motif, as in the case of the N-glycosylation where the motif Xaa-

Asn-Xaa-[Ser/Thr] is required,35 

ii) the sequence-regulated conformations that can influence the accessibility to the 

particular enzyme that mediates the modification, 

iii) the intra- and extracellular locations of individual modifying enzymes,  

iv) the changes in the substrate itself, like proteolytic cleavages and previous 

modifications. 

Table 1.1: Common post-translational modifications 

Modification Residue Modified 

Additions  

Glycosylation Asn/Ser 

Phosphorylation Ser/The/Tyr 

Acetylation Lys/Ser 

Methylation Arg/Lys 

Conversions  

Deamidation Asn 

Deimination/Citrullination Arg 
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Some post-translationally modified self-Ags (i.e., proteins) that arise temporally over the 

course of development (e.g. during adolescence) can create neo-self Ags, to which the 

immune system has never been exposed in the periphery. Even if it is still unclear, that 

could be a general hypothesis on how the normal tolerance to self-proteins is disturbed 

and elicit an autoimmune response. 

Mamula M. et al.31 observed that B-cell response tends to be promiscuous because of 

the ability of antibodies (Abs) elicited by modified self-proteins to bind either the 

modified or unmodified form of proteins. On the other hand, T-cell response leans 

toward specificity to the modified self-Ag with little or no crossreactivity with the 

unmodified self Ag. Although, the mechanisms by which T cells specific for the neo self 

Ags escape tolerance are not clearly understood. A possible explanation could be that 

some PTMs of self-peptides inside a protein are not present at the time of T-cell 

selection within the thymus thus autoreactive T cells migrate to the periphery. Once in 

the periphery, T cells and/or B cells recognize the modified self Ag as ‘foreign’ promoting 

the mechanisms of intramolecular epitope-spreading, by which the immune response 

diversifies to include epitopes beyond the site(s) inducing the initial reaction.  

 

Figure 1.6: Alteration of Ag processing by aberrant PTMs. (A) Proteases (represented by X) cleave native 
proteins into peptides. T and B cells do not recognize self-peptides. (B) Proteins bearing aberrant PTMs 

are not properly cleaved by proteases, creating neo-Ag for T cells.
35
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IV. Biomarkers  

The term biomarker refers to any measurement that indicates the biological state of an 

individual, the disease risk, diagnosis and progression, the treatments of choice as well 

as the response to them and their efficacy.36 It is already mentioned above that 

autoimmune diseases affect around 5% of the population, particularly young adults and 

in most cases their etiology and pathogenesis remain unclear. As there are many 

asymptomatic patients or patients to whom the first clinical symptoms appeared in a 

later state, it is necessary to use reliable diagnostic and / or prognostic tools for an early 

diagnosis before irreversible cellular damage occurs and for monitoring the disease 

progression. Numerous studies have demonstrated the presence of different 

autoantibodies in sera of patients suffering from autoimmune disorders. Autoantibodies 

that are specific for a disease can be used as biomarkers for its diagnosis while 

autoantibodies that differ depending on the disease state can be used in the follow up of 

the patients.37 In 1906, first Wassermann reported a routine diagnostic assay to detect 

anti-cardiolipin autoantibodies38 for syphilis and since then autoantibodies have been 

used as disease markers. For example, anti-cyclic citrullinated peptide antibodies (anti-

CCP) can predict the development of rheumatoid arthritis (RA) in subjects with 

undifferentiated arthritis.39 Whether the use of biomarkers is very useful in screening 

strategies on healthy or already diagnosed population requires detailed methodological, 

clinical and ethical evaluations. It is important to note that as no antibody assay offers 

100% specificity and as the assay method used influence the positive results, the 

greatest challenge is to distinguish between the false positive and the true positive 

results in order to predict correctly the onset and the development of a disease.40 In this 

concept it is essential to use methods with high diagnostic specificity to minimize false 

positives. 

Taking into account that native antigens could be used in simple biological assays for the 

identification of autoantibodies, as disease biomarkers as well as the fundamental role 

of the PTMs for specific autoantibody recognition in autoimmune diseases led PeptLab 

laboratory to develop the innovative “Chemical Reverse Approach”. This approach is 

useful to identify and optimize synthetic peptides as antigenic probes for fishing out 

autoantibodies circulating in biological fluids as biomarkers.41 
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V. The “Chemical Reverse Approach” 

Synthetic peptide probes derived from native protein sequences, reproducing specific 

epitopes, or mimicking immunogenic modifications could be even more effective and 

specific than native proteins to detect antibodies. This approach was defined “Reverse” 

because autoantibodies circulating in patient blood guide the screening of the synthetic 

antigenic probe. “Chemical” because autoantibody recognition drives selection and 

optimization of the “chemical” structure from defined peptide libraries,42 often through 

the evaluation of different PTMs. The “Chemical Reverse Approach” uses patient sera to 

screen specific libraries of synthetic modified peptides in order to identify peptide 

probes capable to characterize highly specific autoantibodies as biomarkers of 

autoimmune diseases. Peptide epitopes identified by this approach can be used as 

antigenic probes in immunoenzymatic assays, like Enzyme Linked Immunosorbent Assays 

(ELISA). The “Chemical Reverse Approach” focuses on two different parameters 

regarding Ab recognition. On one hand, the identification of the side-chain modification, 

which is involved in the pathogenic mechanism and on the other hand the selection of 

the best peptide fitting with the antibody-antigen binding site regarding to 

conformational features. As a proof-of-concept this approach has been successfully 

applied for the identification of autoantibodies as biomarkers of an autoimmune 

mediated form of Multiple Sclerosis, Reumathoid Arthritis (RA),43 and more recently Rett 

Syndrome. 
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VI. CSF114(Glc), the first antigenic probe able to recognize disease-specifc auto-Ab 

as biomarkers of Multiple Sclerosis 

In 1999, the team of Anna-Maria Papini44 reported that a synthetic glucosylated peptide 

of human Myelin Oligodendrocyte Glycoprotrein (hMOG), the [Asn31(Glc)]hMOG(30-50), 

is able to recognize auto-Abs in Multiple Sclerosis patient sera. Subsequently, it was 

demonstrated that even if its conformation is similar to the N-glucosylated peptide, the 

unglucosylated analogue hMOG(30-50) displayed negligible inhibitory activity in 

competitive enzyme-linked immunosorbent assay (ELISA) and failed to detect IgG 

autoantibodies in solid-phase ELISA (SP-ELISA) giving evidence that N-glucosylation is 

one of the PTMs associated with the antibody-mediated demyelination in Multiple 

Sclerosis. Hence, the ability of [Asn31(Glc)]hMOG(30-50) analogue to detect auto-Abs is 

related to the N-glucose moiety and it is not conformation-dependent.45 Taking into 

account these findings, a series of peptides and glycopeptides unrelated to MOG was 

synthesized in order to further investigate the role of glycosylation in triggering an 

autoimmune response in Multiple Sclerosis.46,47  Using SP-ELISA, high Ab titers are 

identified in Multiple Sclerosis patient sera with all glycopeptides containing glucose on 

Asn but mainly with a completely MOG-unrelated sequence, termed CSF114(Glc). 

CSF114(Glc) is a structure-based designed type I’ β-turn sequence, in which the glucose 

moiety is optimally exposed.48 At clinical level, the glucopeptide CSF114(Glc) reveals IgM 

and IgG antibody titers and the latter ones even if with less specificity paralleled the 

occurrence of magnetic resonance imaging lesions and disease progression in 40% of 

analyzed patients. Therefore, quantification of the IgG titers has been found to have a 

high prognostic value. Lastly, at the N-terminus of CSF114(Glc) was introduced a 

ferrocenyl carboxylic acid (Fc) or a ferrocenyl-thio-phosphine of 1-aminobutyric acid [4-

FcPhP(S)Abu] in order to develop an electrochemical assay, more sensible than ELISA.49 
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VII. Multiple Sclerosis 

One of the most common autoimmune and neurodegenerative disorders of the central 

nervous system (CNS) is Multiple Sclerosis. It is a chronic, demyelinating and 

inflammatory disease in which the immune system triggers an attack against its own 

tissues. The main objective of the immune system attack, is myelin resulting in its loss 

(demyelination). Myelin is a white substance that surrounds most axons, forming an 

electrically insulating layer that helps propagate nerve impulses. Loss of myelin can 

cause a variety of symptoms such as weakness in one or more members (in 40% of 

patients), visual disturbance as optic neuritis (in 22% of patients), paresthesia (in 21% of 

patients), diplopia (in 12% of patients), while less frequently (in 5% of patients) vertigo, 

heartburn and burning electrical discharge in the spine and legs, trigeminal neuralgia in 

the face, paroxysmal symptoms and dysarthria. As in most autoimmune diseases, 

Multiple Sclerosis primarily affects young adults, without excluding its appearance in 

younger or elderly people. 

There are several different forms of Multiple Sclerosis.50 Since these classifications were 

based upon clinical characteristics, they do not reflect specific biological pathophysiology 

but they provide an organized framework for diagnosis and long-term management. The 

Relapsing-Remitting Multiple Sclerosis form (RRMS) is the most common form of the 

disease, where symptoms appear for several days to weeks, after which they usually 

resolve spontaneously. After tissue damage accumulates over many years, patients often 

enter the Secondary Progressive stage (SPMS), where pre-existing neurologic deficits 

gradually worsen over time. Relapses can be seen during the early stages of SPMS, but 

are uncommon as the disease further progresses. About 15% of patients have gradually 

worsening manifestations from the onset without clinical relapses, which defines the 

Primary Progressive Multiple Sclerosis form (PPMS). Patients with PPMS tend to be 

older, have fewer abnormalities on brain MRI, and generally do not respond very 

effectively to standard Multiple Sclerosis therapies.51 Finally, Progressive Relapsing 

Multiple Sclerosis is defined as gradual neurologic worsening from the onset with 

subsequent superimposed relapses. Progressive Relapsing Multiple Sclerosis (and 
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possibly a proportion of PPMS) is suspected to represent a variant of SPMS, where the 

initial relapses were unrecognized, forgotten, or clinically silent. 

 

Figure 1.7: Illustration of clinical courses of Multiple Sclerosis. 

The pathogenesis of the disease still remains unclear but an autoimmune mechanism 

against myelin antigens is thought to influence its immunopathological mechanisms.  

 

Figure 1.8: Possible mechanism for the pathogenesis of Multiple Sclerosis. 
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Different myelin proteins have been studied as putative antigens for trigging T or B cell 

response in Multiple Sclerosis. The most extensively studied candidates are Myelin Basic 

Protein (MBP), Proteolipid Lipoprotein (PLP), Myelin Oligodendrocyte Glycoprotein 

(MOG), etc. In this PhD research project, we mostly focus on MOG. 

VII.1. MOG and anti-MOG antibodies 

Autoantibodies play an important role in different encephalopathies and inflammatory 

diseases of the central nervous system (CNS)52,53,54,55, like Multiple Sclerosis, immune-

mediated, demyelinating and neurodegenerative diseases.56 Myelin oligodendrocyte 

glycoprotein (MOG) has been one of the most studied candidates as target CNS 

autoantigen for both humoral and cell-mediated immune responses. MOG is one of the 

few myelin proteins that is localized on the outer lamellae of myelin sheath.57,58 Its 

localization makes the protein an accessible target for pathogenic autoantibodies.59,60 

The role of MOG and antibodies to MOG in CNS demyelination has been explored for 

decades, immunizing an important animal model of Multiple Sclerosis, the experimental 

autoimmune encephalomyelitis (EAE). MOG was firstly characterized by the mouse IgG1 

monoclonal antibody 8-18C raised against cerebellar glycoproteins. Passive transfer of 

this monoclonal antibody resulted in a hyperacute inflammatory response in animals 

with acute EAE, in fatal relapses or in formation of demyelinating plaques in those with 

chronic relapsing EAE. In addition, studies using enzyme linked immunosorbent assays 

(ELISA) showed that anti-MOG antibodies titers are correlated with in vivo demyelination 

in animal models with relapsing EAE.61 Nowadays it is known that MOG can be involved 

in CNS autoimmunity in principally two different ways. Firstly, MOG specific T cells evoke 

CNS inflammation and secondly, anti-MOG antibodies lead to the induction of 

demyelination.62 The encephalitogenic T-cell response leading to acute demyelinating 

EAE was shown to target the Ig-like extracellular N-terminal domain (MOG1-117) and 

especially the epitope MOG35-55.63 On the other hand the importance of the B cell 

response is still less clear.  

It is important to note that only the anti-MOG antibodies, which binding is 

conformational driven, have shown to be pathogenic in EAE, while MOG peptide-specific 

autoantibodies were unable to recognize the native protein.64,65 Crystallographic studies 
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on rMOG demonstrated that the mAb 8-18C5 binds mainly at the amino acids 101-108 

that comprise the FG loop, protruding from the top of the Ig domain of MOG as a hairpin 

loop.66 Maybe the inability of the anti-MOG antibodies to recognize linear epitopes is 

due to the absence of this loop. The two central amino acids (His103 and Ser104) of the FG 

loop have been demonstrated to have an important role for the pathogenic 

demyelinating anti-MOG antibody response according to studies in which these residues 

were substituted with other amino acids. As it is reported by de Graaf et al. rats 

immunized with correctly refolded recombinant human MOG developed severe acute 

EAE and had a higher amount of anti-MOG antibodies in serum, as well as enhanced T 

cell responses against encephalitogenic MOG 91-108 peptide.67 Generally, by ELISA 

experiments, antibodies to native and glycosylated MOG were associated with 

demyelination in rat EAE models whereas antibodies to recombinant MOG were not 

found to be associated with inflammation and / or demyelination.68 

Although MOG is a protein highly conserved among species, with a 90% sequence 

homology of the extracellular domain, a single substitution of the amino acid at position 

42 from Ser in rodents to Pro in humans is able to change the mechanism of 

encephalitogenicity from B cell dependent to independent.69 It is evident that translating 

the findings in animal models to human diseases has to be done with caution.  

Early studies reported that the amino acids H103 and S104 bound by 8-18C5 mAb were not 

the most frequently recognized residues in humans. With the use of different MOG 

mutants to evaluate the epitope specificity of seropositive anti-MOG antibody pediatric 

patients with demyelinating diseases, Mayer et al.7 found that the most frequently 

recognized single epitope was identified as P42 on the membrane proximal CC’-loop, a 

site that is not present in murine MOG. In humans, contrary to rodents, the region at the 

tip of the FG loop was the second most frequent epitope. Additionally, this study 

highlights that the absence of the single glycosylation site at the position 31 did not 

significantly reduce the binding. 

For many decades researchers using different methods like ELISA and Western blots 

have been trying to evaluate the presence of anti-MOG antibodies in the serum and the 

CSF of patients with Multiple Sclerosis. There are studies showing the importance of 

MOG in the immune response of patients with demyelination70,71 but there are also 
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other studies indicating the seropositivity with anti-MOG IgM and IgG antibodies in 

patients with other inflammatory neurological diseases as well as healthy controls.72,73,74 

There is a series of explanations that try to understand these differences in the studies, 

i.e., the different techniques that have been used for the antigen preparation and the 

antibody determination. In some studies, recombinant hMOG expressed in E.coli was 

used, so with lack of glycosylation, while other authors translated native full length MOG 

and used it but once again without a specific post-translational modification. 

Furthermore, the fact that in most assays, like ELISA and Western blots, linearized or 

denatured MOG antigens were used might have a crucial role for antibody recognition as 

it is known from animal models that anti-MOG antibodies can bind conformational 

epitopes. Last but not least, patient populations were heterogeneous and research 

groups evaluated different immunoglobulin isotypes. 

Apart from ELISA and Western blot studies, cell-based assays have been performed in 

order to identify anti-MOG antibodies in patient sera.75,76,77,78,79 The majority of these 

studies reported that both prevalence and intensity of MOG antibody titers were low in 

Caucasian adult patients with Multiple Sclerosis. Contrary to studies using ELISA, the use 

of cell-based assays to investigate anti-MOG antibodies demonstrated that these were 

almost not detected in healthy controls or other immune systemic diseases. 

In 2007, anti-MOG antibodies were associated for the first time with acute disseminated 

encephalomyelitis (ADEM).80 Surprisingly, high-titer antibodies have been found to be 

more frequently positive in pediatric onset demyelination including ADEM and clinical 

isolated syndromes (CIS) than adult onset MS.73,81 It is interesting to mention that in 

children with a first episode of demyelination, anti-MOG antibody positive patients were 

less likely to continue fulfilling the criteria for clinically defined MS than the seronegative 

patients.82  

 

VII.1.1. The role of MOG in the CNS 

It has been already shown in an animal model that the 8-18C5 mAb, which binds a MOG 

epitope, is pathogenic. Although, the question whether anti-MOG antibodies have a 

pathogenic role in demyelinating diseases in humans still remains. An antibody is 

considered pathogenic if it is produced within the CNS or passes through the blood brain 
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barrier (BBB) from the periphery into the CNS. A direct CNS infection could be associated 

with an inflammatory response, a breakdown of the BBB and leakage of CNS antigens 

into the peripheral circulation, where a peripheral immune response could be mounted 

against accessible central antigens, like MOG.83 Another possibility is the stimulation of 

the adaptive immune responses by an infection and the activation of B and T cells. The 

BBB is disrupted and the circulating lymphocytes pass to the CNS with restimulation 

upon contact with the MOG antigen and then clonal expansion within the CNS.79 

Ramanatan et al.84 propose an increased incidence of an infection in patients with MOG 

antibody-associated demyelination. The infection could trigger immunity in MOG 

antibody-positive disease. Further work is required to identify how the process of CNS 

inflammation is initiated and propagated in case of MOG antibody-associated 

demyelination. 

  

VII.1.2. Structure of MOG 

Full length MOG is made up of 218 amino acids. A pattern of MOG topology was 

proposed by Kroepfl et al.85 According to this model, the protein contains an 

extracellular domain (MOGED) that comprises an Ig-like portion and the N-linked 

carbohydrate moiety (N-terminal), a first typical transmembrane domain, a second 

hydrophobic domain and a small intracellular domain (C-terminal). 

The crystal structures of rMOGED
62 and mMOGED

86 were resolved by X-ray 

crystallography. The reported studies proposed that the overall structure of MOGED 

adopts a topology of an Ig-V domain structure, which consists of a compact β-sandwich 

domain with one antiparallel β-sheet (strands A, B, E, and D) packing against a mixed β-

sheet (strands A’, G, F, C, C’, and C’’). The N- and C-termini are at opposite ends of the 

molecule. Moreover, at the periphery of the protein there are four 310 helices. There is a 

canonical disulfide bond (Cys24–Cys98) and a salt bridge between Arg68 and Asp92. The 

glycosylation site of MOG (Asn31) is located in the BC loop, exposed at the top, 

membrane-distal side of MOGED (Figure 1.9). 
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Figure 1.9: X-ray crystal structure of rMOGED (on the left) and mMOGED (on the right). 

     Even if MOGED was crystallized as a monomer, the observed interactions within the 

crystalline lattice were suggestive of a biologically relevant MOGED dimer. Indeed, there 

are three regions of crystal contacts observed within the lattice of MOG, and only one of 

these was observed to lie on a crystallographic twofold, forming an antiparallel, head-to-

tail dimer within the lattice. The shape complementarity index at the dimer interface is 

high, representing a value that is comparable to that observed in antibody – antigen 

interactions. These interactions involve mainly extreme N-terminus, the A-A’ loop 

(residues 8–11), the C–C’ loop (residues 40–46), and the F–G strand β-hairpin (residues 

95–112).  

     After further investigations, it was confirmed that native MOG exists as a mixture of 

monomeric and dimeric species.87 It was demonstrated that the monoclonal Ab (mAb) 8-

18C5 (which is able to mediate demyelination in vitro and in vivo and to increase clinical 

EAE in rats),55 is capable to recognize proteins with relative mass of 26–28 kDa 

(monomeric MOG) and 54 kDa (dimeric MOG) in CNS myelin from mouse and human 

brain as well as native hMOG purified from brain. It was also confirmed that the 

observed dimer was not merely due to crystal packing artifacts using several biochemical 

techniques (e.g. native gel electrophoresis).    

  

Figure 1.10: Schematic representation of the dimeric structure of MOG. 
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VIII. Monoclonal gammopathy of undetermined significance (MGUS) 

While Multiple Sclerosis is an inflammatory demyelinating disease of the central nervous 

system, which attacks the brain and the spinal cord, MGUS is a demyelinating 

neuropathy of the peripheral nervous system (PNS). PNS consists of the nerves and 

ganglia outside the brain and spinal cord. The main function of the PNS is to transmit 

instructions from the CNS to any part of our body. Monoclonal gammopathy (MG) is 

related to the presence of a plasma M-protein as a result of an accumulation of bone 

marrow plasma cells derived from a single abnormal clone.88 M-protein, also known as 

paraprotein, is an abnormal immunoglobulin fragment or immunoglobulin light 

chain that is produced in excess by an abnormal clonal proliferation of plasma cells. In 

most cases in which monoclonal gammopathy is due to a benign clonal expansion, the 

disease is called monoclonal gammopathy of undetermined significance (MGUS) and is a 

common age-related demyelinating sensor-motor polyneuropathy.89 Patients suffering 

from this disease are estimated around 2% over 50 years-old and 3% over 70 years old. 

The clinical picture of the disorder usually consists of a chronic sensory polyneuropathy 

with ataxia and tremor of progressive worsening. Motor involvement, if present, usually 

occurs lately in the course of the disorder.90 MGUS is usually associated with different 

classes of immunoglobulin, especially with IgG for approximately 60% of patients, 

followed by IgM in about 10-27% of cases, and the rest are of IgA class. However MGUS 

with IgM is the most frequent case, which later develops a neuropathy.  

It was previously reported that around 70% of patients with MGUS have anti-myelin 

associated glycoprotein (MAG)91,92 antibodies detected by ELISA. Therefore, the presence 

of anti-MAG antibodies suggests diagnosis of active autoimmune demyelinating sensory-

motor neuropathies, inflammatory neuropathies, and some other motor neuron 

diseases. It is believed that MAG plays a crucial role in cell-cell interaction within the 

nervous system. Anti-MAG antibodies cross react with several other components of 

peripheral nerve myelin, as the glycolipids sulfoglucoronyl paragloboside (SGPG), 

sulfoglucoronyl lactosaminyl paragloboside, and sulfatide,93 which are also involved in 

demyelinating neuropathies. It was previously reported that IgM antibodies reacting 

with MAG can also cross-react with SGPG or some other nerve glycoproteins, i.e. P0, a 

major structural component of the myelin sheath.94,95 The antigenic determinant is 

https://en.wikipedia.org/wiki/Immunoglobulin
https://en.wikipedia.org/wiki/Immunoglobulin_light_chain
https://en.wikipedia.org/wiki/Immunoglobulin_light_chain
https://en.wikipedia.org/wiki/Clonal
https://en.wikipedia.org/wiki/Plasma_cell
https://en.wikipedia.org/wiki/Myelin_sheath
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considered to be the HNK-1 (Human Natural Killer cell-1), a carbohydrate epitope which 

is found not only in MAG but also in neural cell adhesion molecules (NCAM), myelin 

protein zero (P0), extracellular matrix proteins (Tenascin-R, Phospgacan), and peripheral 

nerve glycoconjugates (SGPG).96,97 The majority of patients with anti-MAG antibodies 

have also serum antibodies to SGPG. Therefore, the HNK-1 epitope could be the putative 

antigen involved in chronic demyelination and the interest of diverse research groups 

was concentrated on peptides that possibly mimic this epitope. The latter one could be 

used for the development of a novel diagnostic tool for patients affected by 

autoimmune neurological disorders. 

Peripheral neuropathies, such as MGUS, are one of the most etiologically diverse group 

of neurological disorders in which biomarkers are widely used in both clinical 

classification and understanding of the disease. In the present research project the 

synthesis of a series of rationally synthesized peptides mimicking the minimal epitope 

recognized by the anti-HNK-1 IgM monoclonal antibody is reported in order to develop a 

useful tool for the diagnosis of patients affected by PNS autoimmune disorders. 

VIII.1. Myelin associated glycoprotein (MAG) 

MAG is a quantitatively minor component of myelin which was first detected in isolated 

rat CNS myelin by metabolic labeling experiments.98 It is a 100kDa transmembrane 

glycoprotein localized in periaxonal Schwann cell and oligodendroglial membranes of 

myelin sheathes. The supportive function of glial cells helps to define synaptic contacts 

and maintain signaling abilities of neurons. Glial cells are more numerous than nerve 

cells in the brain, outnumbering them by a ratio of 3 to 1. Therefore, MAG has important 

functions in glia-axon interactions in both PNS and CNS but also for the normal 

formation and maintenance of myelinated axons of the PNS. When the normal 

physiological functions are disrupted, neurological disabilities are accumulated. It is 

noteworthy that in hypomyelinated mutants, MAG is not reduced as much as proteins of 

compact myelin, due to the fact that myelin-related glial membranes containing MAG 

are preserved relative to compact myelin.99 The identification of MAG in the PNS was 

more difficult than in the CNS as its amount is smaller and it is masked by the P0 

glycoprotein which is a major component (Figure 1.11).  
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Figure 1.11: Location of MAG in PNS and CNS.
99 

 

Immunocytochemistry experiments show that MAG is also present in membranes of 

Schmitt-Lanterman incisures, lateral loops, and inner and outer mesaxons of PNS 

sheaths where its functions are different.  

In 1987, three groups published the structure of MAG, which was revealed by cloning of 

the rat MAG gene.100 MAG consists of five extracellular immunoglobulin (Ig)-link 

domains, a single transmembrane domain, and a cytoplasmic domain with two different 

C-termini for the L- and S- isoforms. So, it belongs to the immunoglobulin superfamily. 

The large isoform (71 kDa) and small isoform (67 kDa) arise from alternative splicing of 

mRNAs. A soluble form of MAG containing the extracellular domain is released from 

myelin in large quantities and identified in normal human tissues and in tissues from 

patients with neurological disorders. This soluble MAG may contribute to the lack of 

neuronal regeneration after injury. 

 

Figure 1.12: Myelin Associated Glycoprotein in rat. 
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MAG contains around 30% carbohydrates by weight, consisting of eight heterogenous N-

linked oligosaccharides present at extracellular sites.100 Most of the carbohydrate 

moieties contain the HNK-1 epitope, which is usually recognized by anti-MAG antibodies. 

VIII.2. Human Natural Killer cell-1 (HNK-1) 

The HNK-1 epitope is a sulfated carbohydrate epitope firstly described in 1981 on HNK 

cells.94 It has a 3′-sulfated glucuronic acid attached to N-acetyllactosamine, and it is 

described on O-glycans of glycoproteins, on proteoglycans, and on glycolipids (Figure 

1.13).101 Its biosynthesis is regulated mainly by glucuronyltransferases (GlcAT-P and 

GlcAT-S) and a sulfotransferase.102 There are results suggesting that the two 

glucuronyltransferases synthesize structurally and functionally different HNK-1 

carbohydrates.103 More specifically, there are evidences that the HNK-1 epitope is 

synthesized by GlcAT-S as the non-sulfated form in mouse kidney while the sulfated is 

expressed predominately in the nervous system.  

 

 

 

               Figure 1.13: The sulfated HNK-1 epitope. 

 

As already mentioned the sulfated HNK-1 carbohydrate is involved in the formation and 

maintenance of myelin and is thought to be the target for IgM autoantibodies in 

demyelinating neuropathies of the peripheral nervous system in humans. Moreover, 

HNK-1 has also other roles that are reported below. It is an essential ligand for many 

neural cell adhesion molecules, i.e., the integrins (NCAM, P0, etc.) and the extracellular 

matrix glycoproteinglycans (Tenascin-R, phosphacan, etc.). HNK-1 has effects on correct 

reinnervation after an injury because it is considered as an intrinsic molecular effector 

for Schwann cells associated with motor neurons.104,105 The HNK-1 epitope is also 

associated with neuron to glial cell adhesion and with the outgrowth of astrocytic 

processes, and is involved in cell interactions that control cell type-specific neurite 

outgrowth and regeneration.106 Recently, the HNK-1 glycan function was also studied in 

brain tumors and it was shown that its expression is inversely correlated with astrocytic 
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tumor aggressiveness in human patients. Almost all brain tissues free from cancer cells 

were positive for the HNK-1 glycan. It is thus proposed its function as a tumor suppressor 

and may be sufficient to stimulate the migration of cerebellar granule neurons.107 Two 

monoclonal antibodies have been identified for their reactivity with the HNK-1 

carbohydrate epitope, the HNK-1108 on neurite outgrowth and the 412 antibodies on 

neuron-astrocyte and astrocyte adhesion.109 Even if it is not fully clear, it seems that the 

HNK-1 antibody can exclusively recognize the epitope when the glucuronic acid is 

sulfated while the 412 antibody binds with the sulfated and non-sulfated forms.110   
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CHAPTER 2 

Epitope mapping of anti-MOG antibodies in EAE: application of 

microwave-assisted strategy to the synthesis of peptide antigens and 

ELISA screening 
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I. Introduction 

The involvement of MOG as a putative auto-antigen in the pathogenesis of 

demyelinating autoimmune diseases and especially in Multiple Sclerosis is reported by 

diverse research groups and has already been highlighted in this PhD thesis. However, its 

role remains a matter of debate even if a possible explanation could be the exposition of 

its IgG-like extracellular domain on the outermost surface of myelin sheath, allowing the 

access of potential auto-antibodies to the protein.87 

To further investigate Multiple Sclerosis and to elucidate the anti-MOG antibody 

response, animal models are an extremely powerful tool. This study was carried out 

using a widely used Multiple Sclerosis animal model, the EAE, induced by active 

immunization with MOG(35-55) peptide in C57BL/6 mice, which reflects aspects of 

chronic progressive Multiple Sclerosis. In this context, we used the properly refolded 

extracellular domain of the MOG protein as well as five peptide fragments, i.e., MOG(1-

34), MOG(35-55), MOG(56-75), MOG(76-95), and MOG(96-117), which arose by splitting 

the full sequence to analyze the antibody response. A shortened protein fragment, the 

MOG1-117, instead of the standard extracellular domain MOG1-125 was used in an attempt 

to avoid solubility issues. This more soluble fragment is more appropriate to be 

employed as an antigen in immunological solid-phase assays. Our attempt was focused 

firstly on the characterization of both linear and conformational epitopes and secondly 

on the investigation of possible involvement of an intramolecular epitope spreading 

phenomenon in EAE pathogenesis. Epitope spreading is involved in many autoimmune 

disorders,111,112 including Multiple Sclerosis113,114 and several EAE models.115,116 For this 

study, a solid-phase immunoenzymatic assay testing both naïve and EAE mice sera was 

set up using as antigenic probes the extracellular MOG1-117 protein domain, properly 

refolded, and the peptide fragments, synthesized by an optimized protocol for solid 

phase peptide synthesis (SPPS) using microwave irradiation. The obtained results 

indicate an intense IgG antibody response against both the recombinant protein and the 

immunizing peptide MOG(35-55), while no response was observed against the other 

synthetic fragments, enabling us to exclude the presence of an intramolecular epitope 

spreading mechanism. Furthermore, by CD spectroscopy experiments we studied the 
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conformational propensity of both MOG1-117 and MOG(35-55). Combination of the 

results obtained by SP-ELISA and CD characteristics allowed us to hypothesize the 

presence of both linear and conformational epitopes in MOG(35-55) sequence. 
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II. Results and Discussion 

II.1. Design and synthesis of MOG antigens  

The recombinant MOG protein was obtained at NEUROFARBA PeptLab (Section of 

Pharmaceutical Sciences, University of Florence, Italy), by subcloning  the cDNA of the 1-

117 extracellular portion of rat MOG into the His-tag expression vector pET-22. The need 

of soluble products to perform solid-phase immunoassays forced us to use the 

shortened protein fragment MOG1-117.  The choice of this fragment was done in order to 

avoid solubility issues observed with the canonical extracellular domain MOG1-125, which 

comprises a highly hydrophobic transmembrane portion (F119YWI122). With the removal 

of this short sequence a more soluble recombinant product was obtained, that is more 

appropriate to be employed as an antigen in solid-phase immunoassays. The final 

product was refolded according to the protocol previously reported,117 using a gradient 

of denaturating buffer versus non-denaturating buffer over 10 h on a Ni-NTA affinity 

chromatography column.  

The design of the synthetic peptides used was guided by the immunogenic peptide 

MOG(35-55), which was described in the literature as the immunodominant epitope of 

MOG.118 Afterwards, the C-terminal fragment MOG(56-117) was divided in three 20-mer 

portions. Moreover we investigated also the residual N-terminal fragment MOG(1-34) 

(Table 2.1). Practically, we splitted the sequence into five peptide fragments: MOG(1-

34), MOG(35-55), MOG(56-75), MOG(76-95), and MOG(96-117).  
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Table 2.1. Sequences of the designed synthetic antigenic probes. 

No Antigen Sequence 

2 MOG(1-34) GQFRVIGPGYPIRALVGDEAELPCRISPGKNATG 

3 MOG(35-55) MEVGWYRSPFSRVVHLYRNGK 

4 MOG(56-75) DQDAEQAPEYRGRTELLKET 

5 MOG(76-95) ISEGKVTLRIQNVRFSDEGG 

6a MOG(96-117) YTSFFRDHSYQEEAAMELKVED 

6b MOG(96-117)KKKK YTSFFRDHSYQEEAAMELKVEDKKKK 

 

The synthesis of MOG peptide fragments 2-6b was performed following an optimized 

process for solid phase peptide synthesis (SPPS) using microwave irradiation for the 

coupling and the deprotection steps combined with the Fmoc/tBu strategy (see chapter 

4, I).This protocol offers a remarkable reduction not only of total chemical waste (~90%) 

but also of the time needed for a complete cycle (approximately 4 minutes/cycle). In 

particular, the coupling reaction was performed in two short coupling steps at 90 °C and 

not in one longer step at 75 °C, as previously reported.119 A big issue to be overcome 

during peptide synthesis and especially during coupling reaction is racemization.120,121,122 

The degree of racemization depends on diverse factors, like the electron-withdrawing 

effect of the amino-acid side chain, the temperature and the solvent of the reaction, and 

the base used during activation. In order to overcome the problem of racemization the 

microwave conditions mentioned before were applied to all amino acids except His, Cys 

and Arg residues, for which specific parameters are required. Therefore, the coupling of 

both Cys and His residues was performed at 50 °C. Once these amino acids were 

incorporated into the peptide chain, higher temperatures and MW conditions were 

applied for the rest of the synthesis. Moreover, during the coupling of Arg residue the 

nucleophilic side chain of Arg is susceptible to form a δ-lactam during the coupling 

reaction.139 For this reason, a first coupling of the activated Arg was performed at 

conventional conditions (25 min at room temperature) then microwave energy was 

applied for 2 min. A second coupling was typically performed to ensure that deletion 
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sequences, resulting from lactam formation, are minimized. For the activation the well-

known carbodiimide DIC123 based techniques with Oxyma were used.124 We avoided the 

use of derivatives like HOBt and HOAt because they are classified as Class 1c explosives, 

and they are less stable at elevated temperatures. The deprotection step was performed 

with 20% piperidine in DMF, employing a short initial microwave deprotection step for 

15 sec at 75 °C followed by a second step of 50 sec deprotection at 90 °C.  

At the end, crude peptides were cleaved form the resin according to the general 

protocol described in chapter 4. For the peptides containing more than one Arg residue 

an approximately 5 h cleavage was requested because of the uncompleted removal of 

the Pbf side-chain protecting group after 2 h. Crude peptides were purified to a final 

HPLC purity >95% and characterized by analytical RP-HPLC with UV detection at 215 nm, 

coupled with ESI-MS (see Annexes II, III). Analytical data are reported in Table 2.2. 

Antigens were tested on a cohort of 47 EAE mice sera, together with 9 naïve mice sera as 

control, measuring separately IgG and IgM.  

 

II.2. Solid Phase ELISA (SP-ELISA) 

The presence of Ab response against recombinant refolded MOG and MOG peptides in 

EAE mice sera (in cooperation with Dr. Rina Aharoni of the Department of Immunology 

of the Weizmann Institute, Rehovot, Israel) was evaluated by SP-ELISA, with an 

optimized method set up in our PeptLab for both recombinant MOG136 and synthetic 

peptides (see Annexe V.1). According to the results obtained (Figure 2.1) high and 

specific IgG response against mMOG(35-55) and recombinant rMOG1-117 was detected in 

sera of all the EAE induced mice (manifesting clinical scores 2-4) at all the time points 

tested (2-4 weeks after disease induction), while no response was detected against any 

other peptide fragment.  
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Figure 2.1: Data distribution of IgG in EAE (left) and naïve mice (right). 

On the contrary, no significant response was detected against any Ag in the case of IgM 

comparing EAE with naïve mice (Figure 2.2). Finally, none of the tested antigens was 

recognized by auto-antibodies, either IgG or IgM, in naïve mice sera (Figures 2.1, 2.2). 

 

Figure 2.2: Data distribution of IgM in EAE (left) and naïve mice (right). 

The data distribution of IgG in EAE showed stronger response against the recombinant 

protein compared to the immunogenic peptide. With this result we could hypothesize 

the presence of a MOG conformational epitope recognized by auto-antibodies in EAE 

mice sera. Indeed, the recombinant refolded protein could reproduce both the primary 
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amino acid sequence and the conformation of the native antigen, and correctly expose 

the latter in the context of the solid-phase ELISA coating phase. On the other hand, the 

immunogenic peptide, MOG(35-55) reproduce only a linear, short portion of the protein 

and was unable to mimic a conformational epitope on the ELISA plate.  

After the synthesis and purification of the peptide probe 6a we had to deal with 

solubility issues. For this reason, we decided to add a C-terminal 4-Lys tag (peptide 6b) to 

enhance the solubility of the sequence, as we previously reported for other peptide 

sequences.125 SP-ELISA experiments performed using the two peptides 6a and 6b on the 

same sera samples and conditions showed no difference in the values of the IgM 

response (Figure 2.3) demonstrating that the Lys tag did not influence the antibody 

recognition. 

 

Figure 2.3: IgM Ab value detected against MOG(96-117) (peptide 6a) (blue) and MOG(96-117)-KKKK 

(peptide 6b) (red) in 7 EAE mice sera. 

 

CD spectroscopy experiments were performed to confirm conformational differences 

between the protein MOG(1-117) and the peptide MOG(35-55).  
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II.3. Circular Dichroism (CD) 

Circular dichroism (CD) studies in the far-UV region (240 nm to 190 nm) were performed 

to estimate the secondary structure of recombinant MOG1-117 and MOG(35-55) (see 

Annexe IV). Both the protein MOG(1-117) and the peptide MOG(35-55) were studied at 

the same concentration in PBS (pH 8.0) at 25 °C and their spectra were recorded. Based 

on previously published CD results on MOG1-125
126

 (see Chapter 1, VII.1.2), as expected 

refolded recombinant MOG1-117 displays a beta-sheet conformation, which is 

characterized by a minimum at 218 nm and a positive peak near 200 nm. Conversely, we 

have assessed that MOG(35-55) displays a random coil conformation, characterized by a 

negative peak around 195nm (Far-UV Circular dichroism spectra). 

 

Figure 2.4: Far-UV Circular dichroism spectra of rMOG1-117(His)6 (in red) and mMOG (35-55) (in blue) at 

pH 8.0 (PBS buffer) at 25 
o
C. 

It was previously reported that short synthetic peptides used as immunogenic agents are 

able to elicit an antibody response against their corresponding sequence on the full-

length folded protein.127,128 Indeed, the peptide MOG(35-55), due to its extreme 

flexibility, may typically assume a random coil conformation in solution, but can also 

adopt other conformations like the folded one when interacting with an antibody.  
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III. Conclusion 

A proven animal model, like EAE in the case of Multiple Sclerosis, has many advantages, 

as it helps us to design experiments aimed to go deeper in understanding pathogenic 

mechanisms of autoimmune diseases. A limitation of this study is represented by the 

execution of tests on temporally distinct cohorts, making the data obtained not entirely 

homogeneous. However, this study prove the lack of evidence of an epitope spreading 

mechanism related to the MOG sequence as an intense IgG antibody response against 

both the recombinant protein and the immunogenic peptide MOG(35-55) while no 

significant response was detected against any other antigen in the case of IgM 

comparing EAE with naïve mice. Even if future developments of this work are needed to 

disclose the putative pathologic role of the anti-MOG immunological response, the 

results we obtained boost the interest in using recombinant MOG to assess the presence 

of antibodies in the mice model of Multiple Sclerosis. 
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IV. Experimental part 

IV.1. Sera samples 

47 EAE induced mice serum samples (provided by Dr. Rina Aharoni, Weizmann Institute, 

Rehovot, Israel) were analyzed and divided according to disease status. 9 naïve mice 

serum samples were used as healthy control group. Samples were tested in triplicate 

with a single dilution (1:100) in FBS Buffer. 

IV.2. Antigens  

Recombinant MOG(1-117) protein was produced and refolded according to the protocol 

published by Gori et al.136 at PeptLab-NEUROFARBA (Section of Pharmaceutical Sciences, 

University of Florence, Italy). Peptide probes were synthesized following the general 

protocol of the high-efficiency Solid Phase Peptide Synthesis (HE-SPPS) using a Liberty 

BlueTM automated microwave synthesizer (CEM) following the Fmoc/tBu methodology 

(see Chapter 4, I). Crude peptides were purified to homogeneity (final HPLC purity >95%) 

and characterized by analytical RP-HPLC with UV detection at 215 nm, coupled with ESI-

MS (see Annexe II, III). The methods followed for cleavage of the peptides from the resin 

as well as their purification and characterizations are described below (see Chapter 4, I). 

The analytical data are reported in Table 2.2. Data were acquired and processed using 

MassLynx software (Waters, Milford, Massachusetts, USA). 
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Table 2.2. Analytical data of the synthetic peptide antigens.  

No 

 

Antigen HPLC Rt (min) 
ESI-MS [M + 2H]

2+
 (m/z) 

found (calcd) 

2 MOG(1-34) 4.02
a 

1770.2 (1769.9) 

3 MOG(35-55) 3.88
a 

1291.0 (1291.1) 

4 MOG(56-75) 3.23
b 

1175.2 (1175.1) 

5 MOG(76-95) 3.53
b 

1103.3 (1103.1) 

6a MOG(96-117) 3.60
a 

1348.1 (1348.1) 

6b MOG(96-117)KKKK 3.17
c 

1604.3 (1604.3) 

Analytical HPLC conditions: column, Kinetex C18 (2.6μm × 100mm); solvent systems, A: 0.1% TFA 

in H2O, B: 0.1% TFA in CH3CN; flow rate 0.6 mL min-1.  

Gradient a20–70% B in 5 min, b10–60% B in 5 min, c25–70% B in 5 min. 

 

IV.3. Animal model 

EAE was induced as previously described.129,130 Briefly, C57BL/6 female mice, 8-12 weeks 

of age, were immunized with a peptide encompassing the sequence 35-55 of MOG. Mice 

were injected subcutaneously at the flank, with a 100 μl emulsion containing 300 μg of 

MOG peptide in complete Freund's adjuvant enriched with 4 mg/ml of heat-inactivated 

Mycobacterium tuberculosis. Pertussis toxin (Sigma), 250 ng/mouse, was injected 

intravenously immediately after the encephalitogenic injection and 48 h later. Mice were 

examined daily. EAE was scored as follows: 0—no disease, 1— loss of tail tonicity, 2—

hind limb paralysis, 3— hind leg paralysis with hind body paresis, 4— hind and foreleg 

paralysis, and 5—death. Mice showing definite EAE manifestations were bled 2-4 weeks 

after disease induction and their sera were analyzed.  

 

IV.4. Recombinant MOG(1-117) expression and refolding (PeptLab-NEUROFARBA, 

Section of Pharmaceutical Sciences, University of Florence, Italy) 

MOG(1-117) cDNA was subcloned into the His-tag expression vector pET-22. 

Recombinant MOG(1-117) protein was produced and refolded according to the protocol 
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published by Gori et al.65 ER2566 electrocompetent cells were transformed with pET-

22rMOG(1-117)(His)6 plasmid. The protein was overexpressed in inclusion bodies (IBs). 

For this reason, cells were disrupted by sonication and IBs were purified by repetitive 

steps of centrifugation and resuspension in 50 mM Tris, 0.5 M NaCl, 0.5% 

lauryldimethylamine oxide, pH 8.0. IBs were then solubilized in a denaturating buffer 

(100 mM NaH2PO4, 10 mM Tris, 6 M guanidine⋅HCl, 40 mM mercaptoethanol, pH 8.0). 

The protein purification and refolding were performed using an Ni-NTA affinity 

chromatography in the ÄKTA protein purification system under a gradient of 

denaturating buffer (100 mM NaH2PO4, 10 mM Tris, 6 M guanidine⋅HCl, pH 8.0) versus 

nondenaturating solution (100 mM NaH2PO4, 10 mM Tris, 3 mM reduced glutathione, pH 

8.0) over 10 h. Subsequently, the properly folded protein was eluted with 0.5 M 

imidazole in 100 mM NaH2PO4, 10 mM Tris, 0.2 M NaCl (pH 8.0). Finally, protein fractions 

obtained were pooled and checked by 12% SDS PAGE, then dialyzed against PBS (pH 8). 

 

IV.5. Enzyme Linked ImunoSorbent Assays (ELISA) 

1 μg/well of antigen (peptide or protein) was dissolved in Coating Buffer (12 mM Na2CO3, 

35 mM NaHCO3, pH 9.6), then 100 μL of solution were dispensed in each well of 96-well 

Maxisorp plates (NUNC Maxisorp; Sigma-Aldrich, Milano, Italy). Plates were incubated at 

4 °C overnight. The plates were washed 3 times with Washing Buffer (0.9% NaCl, 0,01% 

Tween 20), and blocked 1 h at room temperature with 100 μL/well of fetal bovine serum 

(FBS) Buffer (10% FBS in Washing Buffer). Subsequently, FBS Buffer was removed, and 

100 μL/well of diluted sera sample (1:100 in FBS Buffer) were dispensed. In all the plates, 

blank wells were included, obtained using FBS Buffer instead of serum. Plates were 

incubated at 4 °C overnight, and then washed 3 times with Washing Buffer. 100 μL/well 

of secondary antibodies diluted in FBS Buffer (anti-mouse IgG 1:30000 and anti-mouse 

IgM 1:7500) were dispensed, and plates were incubated 3 h at room temperature. Plates 

were washed 3 times with Washing Buffer and 100 μL/well of p-NitroPhenyl Phosphate 

Substrate Solution (1mg/mL p-NPP in Substrate Buffer: 1 M diethanolamine, 1 mM 

MgCl2, pH 9.8) were dispensed. The incubation of the plates was for 15-40 min at room 

temperature, and then the absorbance (ABS) of each well was read with a multichannel 
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ELISA reader (Tecan Sunrise, Männedorf, Switzerland) at 405 nm. ABS value for each 

serum was calculated as (mean ABS of triplicate) – (mean ABS of blank triplicate). 

 

IV.6. Circular Dichroism Studies 

CD spectra were recorded on a Jasco J-810 spectropolarimeter equipped with a 

thermostated cell holder and connected to a PC for signal averaging and processing. All 

spectra were recorded between 190-250 nm employing quartz cuvette of 0.1 cm optical 

path length. Recombinant MOG(1-117) and MOG(35-55) were analyzed at 0.2 mg/ml in 

PBS. Far-UV CD spectra were recorded at 25 °C, with a cell path length of 0.1 cm. Scans 

were acquired using a 50 nm/min scanning speed and 1 nm data pitch. Each curve is the 

mean of ten spectra. Measurements were performed with peptides in buffer of PBS 

buffer, pH=8.  
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CHAPTER 3 

Structure-Activity Relationship Studies: SPR Affinity Characterization and 

Conformational Analysis of Peptides Mimicking the HNK-1 Carbohydrate 

Epitope 
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I. Introduction 

The role of disease biomarkers for chronic immune-mediated neuropathies is significant 

for the disease classification, patient stratification, and prediction of patient response to 

therapy. Patients affected by autoimmune neurological disorders such as IgM 

monoclonal gammopathy and demyelinating polyneuropathy often develop anti-MAG 

antibodies specifically targeting the HNK-1 epitope.131,132 Therefore determination of 

these antibodies is clinically relevant as it may help to target also a specific 

immunotherapy.133 

Taking into account that the HNK-1 epitope is substantial in the formation and 

maintenance of myelin sheath in the peripheral nervous system, as previously 

extensively mentioned, we focused our study on this carbohydrate epitope and on the 

detection of anti-HNK-1 autoantibodies by immunoassays for setting up alternative 

diagnostic techniques of these neuropathies.  

Since both the chemical synthesis and the isolation from natural sources of HNK-1 

appear to be difficult, the development of glycomimetics of this carbohydrate is a 

desirable goal pursued during this thesis. In the literature, several carbohydrate-based 

glycomimetics have been reported,134,135,136,137 but only a few examples of peptides 

mimicking glycans are presented.138 The majority of the reported peptides mimic 

carbohydrate epitopes and have been selected using monoclonal antibodies to screen 

phage displayed random peptide libraries.139,140,141
  

In this context, we focused our research on peptide-based mimetics of the trisaccharide 

human natural killer cell-1 epitope (HNK-1) with the aim of identifying a simple synthetic 

diagnostic tool for practical clinical use able to recognize antibodies in 

neurogammopathy patient sera. Specifically, this thesis reports a structure-activity 

relationship (SAR) study of one of these previously reported HNK-1 mimetic peptide, c-

(LSETTdL*), based on the measurement of binding affinities by surface plasmon 

resonance (SPR) experiments (see Annexe V.2). Our objective was the optimization in 

terms of binding affinity of a peptide that is able to mimic the minimal carbohydrate and 

to be recognized by the commercially available monoclonal antibody. Subsequently this 

peptide could be used for the development of a novel and reliable diagnostic tool for 

                                                           
*
dL refers to D-Leu 
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anti-HNK-1 antibody identification in sera of patients affected by autoimmune 

neurological disorders. 

SPR is a technique used for the evaluation and quantification of antigen-antibody 

interactions, enabling direct visualization of biomolecular interactions in real-time (see 

Annexe V.2).133,142 Lastly, in our laboratory, many studies have been performed by SPR 

for the detection of specific antibodies in sera of patients affected by multiple sclerosis, 

using the glycopeptide-based SPR biosensor134 as well as for the kinetic characterization 

of different antibody families in rheumatoid arthritis patient sera using a panel of 

citrullinated peptides.143  
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II. Results and Discussion 

II.1. Antigen design and SPR experiments 

We focus our study on the rational design of a high affinity peptide mimicking the HNK-1 

carbohydrate epitope recognized by the anti-HNK1 monoclonal antibody, starting from 

the previously described cyclic hexapeptide c-(LSETTdL) (1).144  

The cyclic sequence of the reference, c-(LSETTdL), contains polar amino acids (Ser, Thr) 

with hydroxylated side chains, as expected for carbohydrate mimetics. Additionally, the 

backbone amine groups of the peptide possibly act as intermolecular hydrogen-bond 

donors and acceptors. Unpolar amino acids are present to establish hydrophobic 

interactions with the monoclonal antibody and a residue bearing a negative charge (Glu). 

Therefore, we synthesized the cyclic hexapeptide reported in the literature, c-(LSETTdL) 

(1) in order to evaluate in our hands its binding affinity. Moreover, we prepared its linear 

precursor LSETTdL (2) to investigate possible differences in binding affinity value 

between the linear and cyclic structures. Indeed, the SPR experiments showed that the 

KD measured (1.09 x 10-5 M) is comparable to the previously published data156 (KD = 6.7 x 

10-5 M) while the corresponding linear sequence LSETTdL (2) appears to be a much 

weaker binder (KD = 2.18 x 10-2 M). Moreover, as the HNK-1 epitope bears two negatively 

charged functional groups, the carboxylic function at the position C1 and the sulfate 

group at position C3 (Figure 1.13), we envisaged the synthesis of a series of peptides 

characterized by net charge -2.   

Accordingly, a second Glu residue was inserted to the previous sequence to obtain the 

linear sequence LSETETdL (3) bearing two negative net charges. Tested in SPR, this 

peptide had a higher affinity to the anti-HNK-1 monoclonal antibody, with KD = 1.04 x 10-

7 M, confirming the hypothesis that the increase in net negative charges increases 

significantly the affinity for the antibody. Afterwards, a Lys residue was also inserted in 

the sequence, with the aim of introducing a further functional group to be eventually 

used to covalently anchor this peptide to a solid support, for further SP-ELISA studies. In 

this context and having in mind to maintain a net charge of -2 we synthesized the 

peptides LSETETK(Ac)dL (4) and the corresponding cyclic c-(LSETETK(Ac)dL) (5). The fact 

that the increase in the net negative charge increases the affinity for the antibody was 
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further confirmed by the analysis of the affinities registered for peptides c-(LSETKTdL) 

(7), KD = 4.33 x 10-2 M, c-(LSETETKdL) (6), KD = 1.73 x 10-5 M, and c-(LSETETK(Ac)dL) (5), KD 

= 1.09 x 10-7 M, displaying net negative charges of 0, 1, and 2, respectively, 

corresponding to an affinity increase of almost 5 log units. It is interesting to be 

highlighted that the linear analogue LSETETK(Ac)dL (4) presented a slightly lower affinity 

as compared to the corresponding cyclic analog (5), but their KD values were in the same 

range (KD = 4.62 x 10-7 and 1.09 x 10-7 M, respectively), in contrast to the important 

difference observed in the case of the parent peptides 1 and 2. Taking into account that 

the HNK-1 trisaccharide contains a sulfate group (Figure 1.13), we replaced the second 

Glu residue with a sulfated tyrosine, Tyr(OSO3), synthesizing the linear peptide 

LSETY(OSO3)TKdL (8) and the corresponding cyclic one c-(LSETY(OSO3)TKdL) (9). The two 

peptides, linear and cyclic with non-sulfated Tyr were also prepared (linear 10 and cyclic 

11). Despite the presence of the sulfate moiety which is also present in the native 

carbohydrate epitope the peptides 8 and 9 did not interact with the immobilized 

monoclonal anti-HNK-1 antibody, possibly because the bulky side-chain of the tyrosine 

residue does not fit into the antibody. On the other hand, the corresponding non 

sulfated peptides LSETYTKdL (10) and c-(LSETYTKdL) (11) showed a weak, but significant 

binding interaction with the antibody (KD = 1.92 x 10-4 and 6.90 x 10-5 M, respectively). 

Finally, the linear peptide bearing L-Leu instead of D-Leu, e.g. LSETETL (11) was also 

prepared and SPR experiments showed an affinity roughly one order of magnitude lower 

than that of the unmodified peptide 3 (KD = 1.89 x 10-6 M). This result could confirm the 

beneficial effect of a D-Leu residue in the antibody interaction.156  
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Table 3.1. Sequences of the synthetic peptides and affinity binding constantsa to the 

anti-HNK1 monoclonal antibody determined by SPR. 

No Sequence k
a
 (1/Ms) k

d
(1/s) K

D
 (M) 

1 c-(LSETTdL) 1.41·10
2

 1.55·10
-3

 1.09·10
-5

 

2 LSETTdL 1.99·10
1

 43.6·10
-2

 2.18·10
-2

 

3 LSETETdL 8.6·10
4

 0.9·10
-2

 1.04·10
-7

 

4 LSETETK(Ac)dL 1.09·10
3

 50.2·10
-5

 4.62·10
-7

 

5 c-(LSETETK(Ac)dL) 3.72·10
5

 40.7·10
-3

 1.09·10
-7

 

6 c-(LSETETKdL) 1.05·10
2

 1.82·10
-3

 1.73·10
-5

 

7 c-(LSETKTdL) 1.46·10
1

 6.30·10
-1

 4.33·10
-2

 

8 LSETY(OSO3)TKdL no interaction 

9 c-(LSETY(OSO3)TKdL) no interaction 

10 LSETYTKdL 1.20·10
3

 23.0·10
-2

 1.92·10
-4

 

11 c-(LSETYTKdL) 1.45·10
2

 1.0·10
-2

 6.90·10
-5

 

12 LSETETL 5.16·10
2

 9.6·10
-4

 1.89·10
-6

 

13 Ttds-LSETETdL b 8.5·10
2

 5.4·10
-4

 6.32·10
-7

 

aka: association rate constant, kd: dissociation rate constant; KD: equilibrium dissociation 
constant. bTtds: 4,7,10-trioxa-1,13-tridecanediamino succinic acid. 

 

The SPR affinity characterization of the synthetic peptides with the anti-HNK1 

monoclonal antibody produced in mouse gave us the possibility to associate the 

structural motifs with the antibody recognition. Considering the results presented above, 

the linear sequence LSETETdL (3), a 7-mer peptide bearing 2 net negative charges, was 

selected as an optimized HNK-1 epitope mimetic, showing higher affinity than the 

peptides reported in prior studies.156 It is noteworthy that the cyclic peptide c-

(LSETETK(Ac)dL) (5), showed almost the same KD values as compared to 3 (1.04 x 10-7 M 

and 1.09 x 10-7 M, respectively). This cyclic peptide, which bears also 2 net negative 

charges, contains an additional acetylated Lys residue, which may allow further 
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functionalization with spacers for being efficiently adsorbed on plastic plates in a solid-

phase immunoenzymatic assay (SP-ELISA) (see Annexe V.1) in a future development of 

novel anti-HNK-1 antibody detection tools. For this reason, the peptide 5 could be 

considered as the cyclic counterpart of linear peptide 3, since the simple head-to-tail 

cyclization of 3 would yield a peptide without a functional group available for 

subsequent covalent immobilization.  

To sum up, the peptide probes 3 and 5 were selected by affinity and kinetics 

experiments in SPR as the best candidates to mimic the trisaccharide HNK-1. Moreover, 

in order to obtain a molecule with the best physico-chemical properties and because the 

fact that peptide 3 appear to be too short for an efficient adsorption on the SP-ELISA 

plastic plates145, was modified by insertion in N-terminal position with a flexible and 

hydrophilic moiety, such as the PEG chain 4,7,10-trioxa-1,13-tridecanediamino succinic 

acid linker (Ttds, Figure 3.1).  

  

Figure 3.1: Structure of the spacer 4,7,10-trioxa-1,13-tridecanediamino succinic acid (Ttds). 

 

The modified peptide Ttds-LSETETdL (13) was firstly tested in SPR experiments to verify if 

the introduced spacer affects the binding affinity to the antibody. Indeed, the KD value 

(6.32 x 10-7 M) of the peptide 13 despite the presence of the N-terminal modification 

showed a negligible loss of affinity compared to the original sequence (3). Our research 

group had previously observed a weak decrease in affinity of antigenic peptides due to 

N-terminal modifications.146 This could be explained by the introduction of a quite long 

chain that lead to the increase of steric hindrance, which however did not trouble the 

use of these peptides in ELISA. Thus, we tested in SP-ELISA the peptide Ttds-LSETETdL 

(13), which can be directly adsorbed on plastic plates. 
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II.2. SP-ELISA experiments 

The properly modified peptide, Ttds-LSETETdL (13) was tested for its ability to detect the 

commercial anti-HNK-1 monoclonal antibody produced in mouse in SP-ELISA in an 

attempt to develop a novel anti-HNK-1 antibody detection tool (see Annexe V.1). In 

order to determine the optimal SP-ELISA conditions for the identification of anti-HNK-1 

antibodies, using the monoclonal antibody, various conditions in terms of the type of the 

polymeric support of the ELISA plate, the amount of peptide per well, the coating buffer, 

the blocking buffer, and the concentration of the secondary antibody were evaluated. In 

particularly, we used the polyvinylchloride (PVC) plates at which the material used is 

polyvinyl and can be used to a wide variety of experiments. Furthermore, to select the 

appropriate blocking buffer we tested bovine serum albumin (BSA) buffer with 

concentration 1, 2.5, 5 and 10%  in washing buffer and fetal bovine serum (FBS) with 

concentration 5%. The dilution of the secondary antibody in the washing buffer was tried 

1:7500 and 1:4000. Two concentrations of the peptide antigen were tested: 1 μg/well 

and 5 μg/well. Once these series of experiments were completed, the considered as 

optimal conditions were: PVC plates using 1 μg/well peptide probe,  5% BSA as blocking 

buffer and 1:7500 dilution of the secondary antibody. Subsequently, the anti-HNK-1 

monoclonal antibody was titrated by SP-ELISA at the established conditions. Titration 

results using the modified peptide 13, shown in Figure 3.2, suggest that the peptide-

based ELISA is able to identify commercial anti-HNK1 antibodies in a good range of 

concentrations. Moreover, when the same test was repeated using in parallel a BSA-

coated plate the specificity of the signal obtained was confirmed but unfortunately the 

BSA gave a not negligible signal (Figure 3.3). For this reason, we tested two more 

different types of plates; the Polysorp® and Maxisorp® with polystyrene the polymeric 

support. The non-modified polystyrene surfaces are hydrophobic in nature and can only 

bind biomolecules through passive interactions. One drawback of hydrophobic 

immobilization is the denaturing effect it has on biomolecules as the unfold to expose 

hydrophobic regions that can interact with the interface. Specifically, he Polysorp® plates 

present high affinity to molecules with a hydrophobic nature while the Maxisorp®  are 

adapted to mixed hydrophobic and hydrophilic domains. Using these plates the signal of 
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BSA was decreased but we were not able to repeat successfully the titration using the 

modified peptide 13 and the anti-HNK-1 monoclonal antibody.  

 

Figure 3.2: Anti-HNK1 monoclonal antibody titration in SP-ELISA with coated peptide 13. Blank is 

obtained using BSA buffer instead of the monoclonal antibody. 

 

 

Figure 3.3: SP-ELISA with coated peptide 13. Blank is obtained using BSA buffer instead of the 

monoclonal antibody. ABS values of anti-HNK-1 monoclonal antibody (in grey), ABS values of anti-HNK1 

monoclonal antibody – ABS values of blank (in red). 

 

The final aim of this work is the development of a diagnostic tool for patients affected by 

autoimmune neurological disorders, characterized by the circulating anti-HNK-1 

antibodies, such as IgM monoclonal gammopathy. Therefore, having in mind that this 
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simple synthetic peptide probe appears to be able to recognize specific anti-HNK-1 

antibodies produced in mouse in SP-ELISA, we decided to go forward testing patient 

sera. Using the optimized conditions, we investigated the presence of Ab response 

against the synthetic antigen probe (peptide 13) in 9 sera of patients affected by 

polyneuropathies with IgM monoclonal gammopathy showing high IgM level against 

HNK-1 in immunohistochemistry assay and 4 normal blood donors (NBD) sera. The 

preliminary results didn’t show any specificity as the peptide was able to detect Abs also 

in NBD sera (Figure 3.4). 

  

Figure 3.4:  IgM response against the peptide 13 in 9 sera of patients affected by polyneuropathies with 

IgM monoclonal gammopathy and 4 NBD sera. 

 

In the same time, the Ab response against peptide 13 was investigated in patients 

affected by other diseases like multiple sclerosis and type II diabetes. The results 

confirmed the non-specificity of the synthetic probe as high titers of Abs were measured 

independently from the patient (data not shown). The fact that the epitope recognition 

is not the same between mice and humans could be a possible explanation for these 

results.      

 

II.3. Peptide Synthesis 

All linear peptides were synthesized by a high-efficiency Solid Phase Peptide Synthesis 

(HE-SPPS) strategy, using a Liberty BlueTM automated microwave synthesizer (CEM) 

following the Fmoc/tBu methodology (see chapter 4, I). The syntheses were performed 
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on Fmoc-dLeu-Wang resin (0.7 mmol/g) for the linear peptides 2, 3, 4, 8, 10, 13, and 

Fmoc-Leu-Wang resin (0.7 mmol/g) for the peptide 12. Peptides were cleaved from the 

resin and crude peptides obtained in a high yield of purity. To use them in SPR and ELISA 

experiments a final purity ≥95% was requested. For this reason, peptides were purified 

by semi-preparative RP-HPLC characterized by electrospray ionization mass 

spectrometry (ESI-MS) (see Annexes II, III). Analytical HPLC methods, retention times, 

and observed mass peaks for each peptide are summarized in the experimental part 

(Table 3.2). 

Cyclic peptides were synthesized following the most common mode of cyclization, called 

head-to-tail on-resin cyclization. In this cyclization, the ring closure occurs by 

lactamisation via amide bond formation between the N-terminal amino group and the C-

terminal carboxy group. Cyclic peptides have been under intense investigation by 

different research groups and for diverse purposes due to their reduced conformational 

flexibility and their resulting turn topology. In principle, cyclization can be performed in 

solution and on solid support (on-resin cyclization). Generally, peptides prepared in 

solution could be also cyclized in solution, whereas peptides prepared by SPPS may be 

cyclized either attached on the resin or in solution after cleavage of their linear 

precursors from the resin. There are no many significant differences between the two 

approaches and the choice of the method is a matter of opinion. Although, with the on 

resin approach one purification step is spared, resulting probably to a higher final yield. 

In both strategies the important principle that has to be applied is high dilution in order 

to avoid oligomerization reactions, as at higher concentration bimolecular reactions such 

as dimerization, trimerization or polymerization can occur. During a cyclization, side 

chain reactions may be formed. There are two possibilities to avoid these reactions. 

Firstly, when the cyclization step is performed on fully protected peptides the only site 

where cyclization can occur is between the N-terminal amino group and the C-terminal 

carboxy group. Secondly, the cyclization step can be performed by a selective chemical 

reaction such as disulfide bond formation or chemical ligation, where other 

functionalities present in the peptide do not interfere. In this case, the cyclization may 

be performed even on a deprotected peptide. Cyclization reaction is a quite demanding 

reaction and its yield depends on many factors like the ring size, the site of cyclization, 
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the number and the position of modified amino acids (D-amino acids, Pro residues etc.), 

the sequence characteristics of the linear precursor, and the nature of the side-chain 

protection. The ring size is a limiting factor for the reaction; the cyclization of 

heptapeptides or even larger precursors is straightforward while in shorter peptides the 

cyclization remains difficult and epimerization frequently occurs. Moreover, structure 

inducing elements, such as D-amino acids, can favor cyclization. Cyclization is usually a 

relatively slow process, and thus long reaction times are required. Reaction time as well 

as the coupling reagents used influence the degree of side-chain reactions and 

epimerization. Taking into account all the above mentioned problems, we decided to 

perform the cyclization reaction of the hexa- and hepta-peptides bearing a D-Leu residue 

on-resin using a three-dimensional strategy. Therefore, a special low loading resin Fmoc-

Glu(Wang Resin)-OAll (0.33 mmol/g) was used to avoid dimerization problems. The resin 

and the permanent protections present on the amino-acid side chains offer the first 

dimension of orthogonality for which deprotection will be performed under acidic 

conditions. The base-labile Fmoc temporary group represents the second dimension, and 

the third one is provided by the allyl group. For the removal of the allyl group two 

different strategies were tested; either with 0.25 eq Pd(PPh3)4 in anhydrous DCM and 

24eq Ph3SiH as allyl-group scavengers147,148 for 40 min (repeated twice with fresh 

solutions) or with 3 eq. Pd(PPh3)4 in 15 mL/gresin mixture of DCM (dry)/ AcOH/ NMM 

(37:2:1) for 2 h under N2. Allyl deprotection had to be performed before the 

deprotection of the N-terminal amino group149. Afterwards, the head-to-tail cyclization 

was possible after activation by HATU (5 eq), and then the linear peptide was cyclized 

on-resin with the use of Oxyma (5 eq) and NMM (5 eq). The end of the reaction was 

verified by Kaiser test after 1 h. The Dde protection of the side chain of Lys was removed 

with a solution of 2% hydrazine in DMF. For the peptides 4 and 5 the acetylation of the 

free side chain of Lys was performed with a solution of 10 eq acetic anhydride and 10 eq 

NMM. At the end, after cleavage from the resin and deprotection the desired 

cyclopeptides were obtained. The best method of allyl deprotection was the first one, 

where minimum quantity of the linear peptide remained allyl protected but without 

creating troubles during the purification process. 
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II.4. Conformational studies 

The peptides 3 and 5 considered by SPR as the best candidates to mimic the 

cardohydrate HNK-1 by affinity and kinetics experiments were selected for further 

conformational studies (see Annexe IV). A CD analysis in water and HFA/water 30% 

solutions was performed. The figures below show the CD spectra of peptide 5 in the two 

solutions: both are very similar presenting a minimum at 204 nm and a shoulder at 222 

nm characteristic of turn-helix structures (Figure 3.5a). This is an indication that the 

environment has little influence on the cyclic peptide structure. In contrast, the CD 

spectra of peptide 3 (Figure 3.5b) is different in HFA/water solution indicating an 

increase of the folded structure in the last medium. Spectra of peptides 3 and 5 in 

HFA/water solution are qualitatively comparable (Figure 3.5c) showing a similar 

conformation of the two peptides but dichroic intensity was reduced for peptide 3 

pointing to a lower conformational stability.  

 

 

Figure 3.5: CD spectra of peptide 5 (a) and 3 (b) in water (dashed lines) or 30% HFA/water solution (solid 
lines) respectively. (c) Overlap of the CD spectra in HFA/water solution of 5 (blue) and 3 (red). For 

qualitative comparison, the last spectrum intensity was multiplied by three. 
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We then followed up with a detailed NMR conformational analysis of peptide 5 in 

HFA/water solution. Several NOE dipolar couplings observed in the NOESY spectrum of 5 

pointed to the presence of turn-helical structures. In particular strong dNN(i,i+1) between 

Glu3 and Thr4 and between Thr6 and DLeu8, dαN(i,i+2) between Ser2 and Thr4, and 

between Thr4 and Thr6, dβN(i,i+3) between Leu1 and Glu3, dβN(i,i+4) between Leu1 and 

Thr4, dγN(i,i+3) between Thr4 and Lys7 were observed. Also, side chain to side chain NOEs 

were observed between Ser2 and Glu5. Using the NOE derived data as input, structure 

calculations by restrained simulated annealing gave the conformers of peptide 5 shown 

in Figure 3.7. Structures are well defined (backbone rmsd is 0.20 Å), and analysis of the 

ensemble dihedral angles provides the presence of four β-turns along residues 1-4 (type 

III), 2-5 (distorted type VIII), 4-7 (type III), and 5-8 (distorted type VIII). Interestingly, side 

chains of residues Ser2 and Glu5 are spatially close and, in many cases, an H-bond is 

observed between Ser2 hydroxyl and Glu5 carboxyl groups. Previous conformational 

studies on parent peptide 1, revealed the existence of a β-turn around Ser2-Glu3-Thr4-

Thr5 sequence.150 In our peptide 5 (and 3) a Glu residue replaced Thr5 and the stable H-

bond between the side chains of residues 2 and 5 (not reported for peptide 1) could be 

one of the reasons for the increased affinity of peptide 5 (and 3) for the antibody. 

Moreover, the other secondary structural elements of peptide 5, not observed in 

peptide 1, could be responsible of such binding improvement.   

 

Figure 3.6: (a) Superposition of the ten lowest energy conformers of peptide 5. Structures were 
superimposed using the backbone heavy atoms. Side chains are shown in light grey. (b) Lowest energy 

conformer of 5: hydrogen bond between Ser
2
 hydroxyl and Glu

5
 carboxyl groups is shown as black 

dotted line. Heavy atoms have different colors (carbon, green; nitrogen, blue; oxygen, red; sulfur, 
yellow). Hydrogen atoms are hidden for a better view. *Lys: Acetyl-lysine. 
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III. Conclusions 

Nowadays, identification and reproduction of conformational epitopes involved in 

antibody recognition, especially sugars, are more and more under investigation by 

different research groups. In this context, peptide molecules, mimicking carbohydrates, 

have to be designed to improve antibody affinity and specificity. Anti-MAG and anti-

SGPG antibodies are already used in clinical practice to support the diagnosis of patients 

affected by PNS disorders. The trisaccharide HNK-1 epitope is present to both MAG and 

SGPS protein and substantial in the formation and maintenance of myelin sheath in the 

peripheral nervous system. Herein, HNK-1 is considered as the putative target of these 

antibodies circulating in patient sera. As the synthesis of the thisaccharide is not 

straightforward, we focused our study on the synthesis of a simple synthetic minimal 

peptide epitope mimicking this carbohydrate, which could be useful for the detection of 

anti-HNK-1 autoantibodies by immunoassays and setting up alternative diagnostic 

techniques for practical clinical use in PNS neuropathies. Therefore, we rationally 

designed a series of peptides mimicking the HNK-1 molecule that could be sufficient to 

ensure the specificity of antibody recognition. After screening a peptide library over the 

immobilized commercial monoclonal anti-HNK-1 antibody by SPR, we selected a cyclic 

heptapeptide bearing 2 net negative charges as the best mimetic of the HNK-1 epitope. 

Biological experiments by ELISA were performed to evaluate the effects of this analogue 

in the detection of autoantibodies in the sera of patients with IgM monoclonal 

gammopathy. The results confirmed the non-specificity of the synthetic probe as high 

titers of Abs were measured independently the patient. Moreover, conformational 

analysis gave possible explanations of the increased antibody affinity displayed by some 

novel analogues. This study even if the results we obtained are preliminary may hold 

promise in the development of novel diagnostic tools. 
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IV. Experimental part  

IV.1. Synthesis of the antigens 

The figure below describes step by step the synthetic strategy followed for the 

corresponding cyclic peptide of 13 with an acetylated Lys residue, i.e. 5, or with the Ttds 

group. Firstly, the peptide was synthesized on a Fmoc-Glu(Wang resin)-OAll by a high-

efficiency Solid Phase Peptide Synthesis (HE-SPPS) strategy, using a Liberty 

BlueTM automated microwave synthesizer (CEM) following the Fmoc/tBu methodology. 

Lys was protected with the Dde protecting group. After the Allyl and then the Fmoc-

deprotection, the peptide was cyclized on the resin. Subsequently, the Dde was removed 

from the Lys and it was substituted by the Ttds or the Ac group. At the end, the side 

chain protection of the cyclic peptide was removed and the peptide was cleaved from 

the resin. Each step will be precisely described in the next paragraphs. 
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Figure 3.8: Synthetic scheme of the cyclic antigen (5) or the c(TETK(Ttds)dLLSE) using head-to-tail on 

resin cyclization, X refers to Ttds or Ac 
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IV.1.1. MW-assisted Solid Phase Peptide Synthesis (see Chapter 4.I) 

The linear peptides were synthesized on a 0.1 mmol scale (5 eq of activator and amino 

acid) by a high-efficiency Solid Phase Peptide Synthesis (HE-SPPS) strategy, using 

a Liberty BlueTM automated microwave synthesizer (CEM) following the Fmoc/tBu 

methodology. The syntheses were performed on Fmoc-Ile-Wang resin (0.7 mmol/g) for 

the linear peptide 3, Fmoc-dLeu-Wang resin (0.7 mmol/g) for the linear peptides 1, 6, 8, 

10, 13, Fmoc-Glu(Wang resin)-OAll (0.21 mmol/g) for the cyclic peptides 2, 4, 5, 7, 9, 12 

and Fmoc-Leu-Wang resin (0.7 mmol/g) for the peptide 11. The resins were swelled with 

DMF (1mL/100mg of resin) for 20 min.  

A general protocol for the MW-assisted Solid Phase Peptide Synthesis as well as for the 

cleavage of the peptides from the resin and their purification is described in Materials 

and Methods (see Chapter 4.I). The spacer Fmoc-Ttds-OH was coupled with the MW 

synthesizer as a normal amino acid.  

 

IV.1.2. Cyclization on the resin 

Removal of allyl protecting group 

 

Protocol No1 

Peptide-resin bearing the allyl protecting group was swollen in anhydrous DCM under 

atmosphere for 20 min. Then Pd(PPh3)4 (3 eq) in a solution of dry DCM/AcOH/NMM 

(37:2:1) was added (15 mg/g of resin) and the resin was shaken for 2 h at room 

temperature. The reaction is air-sensitive and all manipulations were carried out under 

Ar. Finally, the resin was transferred to a syringe and was filtered and washed 

consecutively with 0.5% N,N-Diisopropylethylamine (DIPEA) in DMF and 0.5% sodium 

diethyldithiocarbamate in DMF to remove the catalyst. 

 

Protocol No2 

Peptide-resin containing the allyl protecting group was swollen in anhydrous DCM under 

argon atmosphere for 20 min. The resin was shaken for 5 min with a solution of PhSiH3 

(24 eq) in dry DCM. Then a solution of Pd(PPh3)4 (0.25 eq) in dry DCM was added for the 

allyl group cleavage (1mL of total volume for 100mg of resin). After 40 min the resin was 
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filtered and washed with dry DCM. The treatment with PhSiH3/ Pd(PPh3)4 was repeated 

once again. Finally the resin was filtered and washed successively with DCM, a solution 

of 0.5% sodium diethyldithiocarbamate in DMF, DMF and DCM. 

 

 

 

Figure 3.7:  HPLC chromatograms after the Allyl deprotection of the TETK(Dde)dLLSE, precursor of 

c(TETK(Ttds)dLLSE). a) protocol N
o
1, b) protocol N

o
2. The desired peptide peaks are indicated in red 

cycle. 

Analytical HPLC conditions: column, BIOshell
TM

 A160 Peptide C18 (2.7μm, 10cm × 30mm); solvent systems, 

A: 0.1% TFA in H2O, B: 0.1% TFA in CH3CN; flow rate 0.6 mL min 
-1

.  

Gradient a) 35–70% B in 5 min, b) 30–70% B in 5 min 

 

As we can observe in the Figure 3.7, the best results for allyl deprotection were obtained 

when the first protocol was followed. Even if the reaction using the second protocol was 

repeated two more times, a percentage of the protected peptide with the Allyl group 

remained.  
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Cyclization  

Previously (see Chapter 3, II.3) we extensively discussed the reason why the on-resin 

head-to-tail cyclization has to be preferred. Although attempts of cyclization in solution 

with the use of the 2-chlorotrityl chloride resin were performed, the yield of the reaction 

was low and the monitoring and the work up difficult. In both cases the final Fmoc-

deprotection was achieved.  

 

Cyclization on solid phase 

The resin was swollen in DMF and coupled with Oxyma (5 eq), HATU (5 eq) and NMM (5 

eq). After shaken for 1.5 h, the resin was filtered and washed successively with DMF and 

DCM. The reaction completion was verified by Kaiser Test. 

 

Cyclization in solution 

Peptides were firstly cleaved from resin with a solution of TFE/DCM (3:7) at r.t. for 3 h. 

The solution was evaporated and the peptide was lyophilized. In the case of the head-to-

tail cyclization in solution different reagents were tried in different dilutions in order to 

avoid the formation of the dimer. Here are reported the optimized conditions. A solution 

of the side-chain protected peptide diluted in the minimum quantity of DMF and TBTU (3 

eq) was added dropwise in a solution of collidine (6 eq), HOAt (3 eq) and DCM (~ 5 

mL/mg peptide). The reaction was stirred overnight at r.t.. Finally the solution was 

evaporated and the peptide was lyophilized.  

 

Acetylation and coupling of Ttds group 

Firstly the Dde protecting group was removed from the side chain of Lys with a solution 

of 2% hydrazine in DMF (25 mL/g resin) at r.t. for 3min. The resin was filtered and the 

treatment with hydrazine was repeated two more times. At the end the partially 

protected resin was washed several times with DMF and DCM. For the peptide 13 and 

the corresponding cyclic one, i.e c(TETK(Ttds)dLLSE), which were modified with a Ttds 

group, the coupling reaction was performed adding on the peptide-resin a solution of 5 

eq Fmoc-Ttds-OH, 5 eq HATU and 7 eq NMM in DMF. The reaction was stirred for 40 min 

at r.t.. While for the peptides 4, 5, modified with an acetyl group at the side chain of Lys, 
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the acetylation was performed adding on the peptide-resin a solution of acetic anhydrite 

(10 eq) and NMM (10 eq) in DMF. After shaken for 1 h, the resin was filtered and washed 

successively with DMF and DCM. The completion of both reactions was verified by Kaiser 

Test.  

The following figure describes step by step the synthesis of a corresponding cyclic 

peptide of 13 with an acetylated Lys residue or with the Ttds group. Firstly, the peptide 

was synthesized on a Fmoc-Glu(Wang resin)-OAll, as descrided above having the Lys 

protected with the Dde protecting group. After the Allyl and the Fmoc-deprotection, the 

peptide was cyclized on the resin. Furthermore, the Dde was removed from the Lys and 

it was substituted by the Ttds or the Ac group. At the end, the side chain protection of 

the cyclic peptide was removed and the peptide was cleaved from the resin. 

Subsequently, the peptides were cleaved from the resin and their purification and 

characterization (see Annexes II, III) were followed. The analytical data are reported in 

Table 3.2. Data were acquired and processed using MassLynx software (Waters, Milford, 

Massachusetts, USA). 
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Table 3.2. Sequences of the synthetic antigens and analytical data 

No 

 

Antigen HPLC Rt (min) 
ESI-MS [M + H]

2+
 (m/z) found 

(calcd) 

1 LSETTdL 3.37
a
 663.42 (663.75) 

2 c-(LSETTdL) 4.71
b
 645.53 (645.75) 

3 LSETTI  3.37
a
 663.42 (663.75) 

4 c-(LSETTI) 4.71
b
 645.52 (645.75) 

5 c-(LSETKTdL) 4.26
b
 773.67 (773.93) 

6 LSETYTKdL 4.14
b
 955.02 (955,10) 

7 c-(LSETYTKdL) 4.77
b
 937.02 (937.10) 

8 LSETY(OSO3)TKdL 4.32
b
 1035.04 (1035.10) 

9 c-(LSETY(OSO3)TKdL) 4.43
b
 1017.04 (1017.10) 

10 LSETETdL 3.37
c
 792.13 (792.36) 

11 LSETETL 3.98
c
 744.26 (744.36) 

12 c-(LSETETKdL) 4.15
b
 902.82 (903.04) 

13 LSETETK(Ac)dL 3.63
c
 962.35 (961.5) 

14 c-(LSETETK(Ac)dL) 3.15
d
 944.36 (944.5) 

Analytical HPLC conditions: column, BIOshell
TM

 A160 Peptide C18 (2.7μm, 10cm × 30mm) and Phenomenex 

Kinetex C-18 column 2.6µm (100 × 3.0 mm); solvent systems, A: 0.1% TFA in H2O, B: 0.1% TFA in CH3CN; 

flow rate 0.6 mL min 
-1

. Gradient 
a
20–60% B in 5 min, 

b
10–60% B in 5 min, 

c
15–50% B in 5 min , 

d
25-50% B 

in 5 min, 
e
isocratic 23%B in 5 min, 

f
75–95% B in 5 min. 
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IV.2. SPR studies  

IV.2.1. Anti-HNK-1 antibody immobilization  

Antibody was covalently linked according to the amine-coupling strategy. Immobilization 

buffer was selected to obtain the electrostatic pre-concentration of the antibody on CM5 

chip surface, using the following buffers: D-PBS buffer pH 6 and 7.2, AcNa 5 mM pH 6 

and 5, AcNa 0.5 mM pH 5.5 and 6.5, AcNa 0.1 mM pH 6 and 7, NaCl 5 mM pH 6. Chip 

surface was activated with two injections of N-hydroxysuccinimide (NHS 0.1 M) and 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC 0.4 M) 50:50 for 420 and 60 seconds 

at a flow rate of 10µl/min to give reactive succinimide esters; antibody solubilized in the 

previously selected immobilization buffer [5 μg/mL], was injected for 420 seconds at a 

flow rate of 5 µl/min. Immobilization was continued in manual mode by changing ligand 

concentration and contact time to reaching a satisfactory immobilization level around 

730RU. Non-reacted sites on sensor chip surface were blocked with ethanolamine-HCl 1 

M pH 8.5 for 420 and 60 seconds at a flow rate of 30 µL/min. Reference channel was 

activated injecting NHS/EDC 50:50 and directly blocked with ethanolamine-HCl. 

 

IV.2.2. Kinetic and affinity experiments 

Once the antibody was immobilized on the chip, kinetic studies were started. Peptides 

were tested at 3 different concentrations (2.0, 3.0 and 3.5 mM) in running buffer and 

injected in a different cycle of analysis. Each diluted peptide was injected over the 

immobilized antibody for 80 seconds at a flow rate of 30μl/min, dissociation was 

followed for 120 seconds by injecting running buffer and finally the chip surface was 

regenerated with an injection of NaOH 0.1 M for 60 seconds. Experimental data were 

recorded and further elaborated with Bia Evaluation Software 2.0 and the kinetic 

parameters and the affinity constants were calculated according to a 1:1 binding model 

optimized for small analytes. 



86 
 
 

IV.3. ELISA experiments 

1 μg/well of antigen (peptide or protein) was dissolved in EtOH, then 100μL of solution 

were dispensed in each well of 96-well PVC plates were incubated overnight at room 

temperature. Subsequently, plates were washed 3 times with 0.9% NaCl, and blocked 1 h 

at room temperature with 100 μL/well of bovine serum albumin (BSA) Buffer [5% BSA in 

Washing Buffer (0.9% NaCl, 0,01% Tween 20)]. BSA Buffer was removed, and 100 μL/well 

of diluted monoclonal anti-HNK1 antibody in BSA Buffer were dispensed. Blank wells 

were included in all the plates, and were obtained using BSA Buffer instead of the 

monoclonal Ab. Plates were incubated at 4 °C overnight, then washed 3 times with 

Washing Buffer. 100 μL/well of secondary antibodies diluted in 2,5% BSA Buffer (goat 

anti-mouse IgM 1:7500) were dispensed, and plates were incubated 3 h at room 

temperature. Plates were washed 3 times with Washing Buffer, then 100 μL/well of p-

NitroPhenyl Phosphate Substrate Solution (1mg/mL p-NPP in Substrate Buffer: 10 mM 

MgCl2, 12 mM Na2CO3, 35 mM NaHCO3, pH 9.6) were dispensed. Plates were incubated 

at room temperature, and then the absorbance (ABS) of each well was red with a 

multichannel ELISA reader (Tecan Sunrise, Männedorf, Switzerland) at 405 nm. ABS value 

for each serum was calculated as (mean ABS of triplicate) – (mean ABS of blank 

triplicate). 
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IV.4. Conformational Studies 

All conformational studies for the peptides 3 and 5 were performed at “Università degli 

Studi di Napoli Federico II”, Department of Pharmacy in cooperation with Prof. Alfonso 

Carotenuto. 

 

IV.4.1. Circular Dichroism Studies 

CD spectra (Figure 3.5) were recorded using a JASCO J710 spectropolarimeter at 20 °C 

between λ=260–190 nm (1mm path, 1 nm bandwidth, 4 accumulations, and 100 nm min-

1 scanning speed). Measurements were performed with peptides in H2O (0.100 mM, pH 

7.4) or in HFA/water 30% solution. 

 

IV.4.2. NMR Studies 

The samples for NMR spectroscopy were prepared by dissolving the appropriate amount 

of peptide 5 in 0.30ml of 1H2O (pH 5.5), 0.05ml of 2H2O and 0.15ml of HFA to obtain a 

2mM concentration of peptide. NMR spectra were recorded on a Varian INOVA 700 MHz 

spectrometer equipped with a z-gradient 5 mm triple-resonance probe head. All the 

spectra were acquired at a temperature of 25 °C. The spectra were calibrated relative to 

TSP (0.00 ppm) as internal standard. One-dimensional (1D) NMR spectra were recorded 

in the Fourier mode with quadrature detection. The water signal was abolished by 

gradient echo151. 2D DQF-COSY,152,153 TOCSY,154 and NOESY155 spectra were recorded in 

the phase-sensitive mode using the method from States156. Data block sizes were 2048 

addresses in t2 and 512 equidistant t1 values. Before Fourier transformation, the time 

domain data matrices were multiplied by shifted sin2 functions in both dimensions. A 

mixing time of 70 ms was used for the TOCSY experiments. NOESY experiments were run 

with mixing times in the range of 100-200 ms. The qualitative and quantitative analyses 

of DQF-COSY, TOCSY, and NOESY spectra, were obtained using the interactive program 

package XEASY157. 3JHN-Hα coupling constants were obtained from 1D 1H NMR and 2D 

DQF-COSY spectra. 1H NMR chemical shift assignments were effectively achieved 

according to the Wüthrich procedure.158  

 

 

http://www.unina.it/#_blank
http://www.unina.it/#_blank
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IV.4.3. Structure Calculation 

The NOE-based distance restraints were obtained from NOESY spectra acquired with a 

mixing time of 200 ms. The NOE cross peaks were integrated with the CARA program and 

were converted into upper distance bounds using the CALIBA program incorporated into 

the program package DYANA159. Only NOE derived constraints were considered in the 

annealing procedures. NMR-derived upper bounds were imposed as semiparabolic 

penalty functions with force constants of 16 Kcal mol-1 Å-2. A distance maximum force 

constant of 1000 Kcal/ mol-1 Å-2 was used. Cyclic peptide 5 was built using the Insight 

Builder module (Accelrys Software Inc., San Diego). Atomic potentials and charges were 

assigned using the consistent valence force field (CVFF)160. The conformational space of 

compound was sampled through 100 cycles of restrained simulated annealing (ε = 1r). In 

simulated annealing, the temperature is altered in time increments from an initial 

temperature to a final temperature by adjusting the kinetic energy of the structure (by 

rescaling the velocities of the atoms). The following protocol was applied: the system 

was heated up to 1500 K over 2000 fs (time step = 1.0 fs); the temperature of 1500 K was 

applied to the system for 2000 fs (time step = 1.0 fs) with the aim of surmounting 

torsional barriers; successively, temperature was linearly reduced to 300 K in 1000 fs 

(time step = 1.0 fs). Resulting conformations were then subjected to restrained 

Molecular Mechanics (MM) energy minimization within Insight Discover module (ε = 1r) 

until the maximum RMS derivative was less than 0.001 kcal/Å, using Conjugate Gradient 

as minimization algorithm. Finally, conformations were subjected to 1000 steps of 

unrestrained MM Conjugate Gradient energy minimization. From the produced 100 

conformations, 10 structures, whose interproton distances best fitted NOE derived 

distances, were chosen for statistical analysis.  The final structures were analyzed using 

the InsightII program (Accelrys, San Diego, CA). Molecular graphics images of the 

complexes were realized using the UCSF Chimera package 
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CHAPTER 4 

Materials and methods: General Protocols 
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I. General Protocols 

I.1. Microwave Solid Phase Peptide Synthesis 

The peptides were synthesized on a 0.1 mmol scale (5 eq. of activator and amino acids) 

by a high-efficiency Solid Phase Peptide Synthesis (HE-SPPS) strategy, using a Liberty 

BlueTM automated microwave synthesizer (CEM) following the Fmoc/tBu methodology. 

The reactions were performed in a Teflon vessel and mixed by N2 bubbling. Reaction 

temperatures were monitored by an internal fiber-optic sensor.  

 

Figure 4.1: Liberty Blue
TM

 automated microwave synthesizer (CEM). 

At the beginning of the synthesis the resins were swelled with DMF (1 mL/100mg of 

resin) for 20 min.  

A general coupling cycle was initiated with a double deprotection step with 20% 

piperidine in DMF, for 15 sec at 75 °C using 155W followed by 50 sec with a fresh 

deprotection solution at 90 °C reached with 30W. Three washes with DMF and N2 

bubbling were performed. Fresh stock solutions of the Fmoc-protected amino acids (0.2 

M), Oxyma (1 M) and DIC (0.5 M) in DMF were prepared in separated bottles and used as 

reagents during the SPPS. The MW-SPPS protocol, consisted of two coupling steps 

(standard coupling), performed firstly at 75 °C for 15 sec using 170W and then at 90 °C 

for 110 sec using 30W. The same coupling conditions were used for all amino acids 

except from Arg, His and Cys residues for which specific parameters were required. Arg 

double coupling MW method comprised a 25 min at 25 °C coupling step and afterwards 

a second one for 2 min at 75 °C using 30 W. For the His and Cys couplings a longer 

coupling time (7 min) was utilized, at room temperature for the first 2 min followed by 5 
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min at 50 °C using 35W. One wash was performed after the coupling step with DMF and 

N2 bubbling. A standard cycle time (deprotection, washes DMF (3x), coupling, wash DMF 

(1x)) was slightly longer than 4 min.  

Table 4.1. MW-assisted SPPS protocol 

 Power (W) Time (sec) Temperature (°C) 

Standard coupling 
170 

30 

15 

110 

75 

90 

Cys, His coupling 
0 

35 

120 

300 

25 

50 

Arg coupling 
0 

30 

1500 

120 

25 

75 

Deprotection 
155 

30 

15 

50 

75 

90 

 

I.2. Deprotection and Cleavage 

Cleavage from the resin and side-chain deprotection were achieved by treatment with a 

TFA/TIS/EDT/water solution (94:1:2:2 v/v/v/v, 1mL/100 mg of resin-bound peptide) for 

the peptides containing Met and Cys residues and with a TFA/TIS/water solution 

(95:2.5:2.5 v/v/v, 1 mL/100 mg of resin-bound peptide) for the rest. The cleavage was 

carried out approximately for 5 h with vigorous shaking at room temperature. The resin 

was filtered and the filtrate was concentrated by flushing with N2. The crude peptides 

were precipitated from the cleavage mixture by addition of ice-cold Et2O, centrifuged, 

washed with ice-cold Et2O (x3), dried and lyophilized. 

 

I.3. Purification and characterization of the peptide antigens 

Lyophilized crude peptides were pre-purified by solid-phase extraction with a RP-18 

LiChroprep silica column from Merck (Darmstadt, Germany) via Armen system (ARMEN 

GLIDER FLASH AGF/IMbO6, Saint-Avé, France) working at 20mL/min using as solvent 

system H2O (MiliQ) (A)/CH3CN (B). The final purification of the peptides was performed 

by semi-preparative Waters RP-HPLC on a Phenomenex Jupiter C18 (10μm, 250mm × 

10mm) column (Phenomenex, Castel Maggiore, Italy) at 4 mL/min. The solvent systems 

used were 0.1% TFA in H2O (A) and 0.1% TFA in CH3CN (B) combined with different 

gradients. All peptides were obtained with a purity >95%. 



93 
 
 

Characterization of the peptides was performed by analytical Waters Alliance RP-HPLC 

(model 2695) with UV detection at 215 nm, coupled with an ESI-MS detector (Micromass 

ZQ, Waters, Milford Massachusetts, USA) using a Kinetex C18 (2.6μm × 100mm) column 

at 35 °C, with a flow rate of 0.6 mL/min. The total run time of the analysis was 5 min and 

the solvent systems used were: 0.1% TFA in H2O (A) and 0.1% TFA in ACN (B). Data were 

acquired and processed using MassLynx software (Waters, Milford, Massachusetts, USA). 
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II. Materials 

 

II. 1. Materials for Peptide Synthesis and Purification 

All Fmoc-protected amino acids, Fmoc-Wang resins, DIC and Oxyma were purchased 

from Iris Biotech GmbH (Marktredwitz, Germany). The following amino acid side-chain-

protecting groups were used: OtBu (Asp, Glu), tBu (Ser,Thr), Pbf (Arg), Trt (Gln, His) and 

Boc (Lys). Peptide-synthesis grade N,N-dimethylformamide (DMF) was purchased from 

Scharlau (Barcelona, Spain); acetonitrile (ACN) from Carlo Erba (Milan, Italy); 

dichloromethane (DCM), trifluoroacetic acid (TFA), piperidine were purchased from 

Sigma-Aldrich (Milan,Italy). The scavengers for cleavage of peptides from resin, 1,2-

ethanedithiol (EDT) and triisopropylsilane (TIS) were purchased from Acros Organics 

(Geel, Belgium).  

 

II.2. Materials for biological tests 

SP-ELISA experiments were performed using 96 wells plates NUNC Maxisorp and 

Polysorp (Sigma-Aldrich, St. Louis, USA). Washing steps were performed with Hydroflex 

Microplate Washer (Tecan, Männedorf, Switzerland). Fetal bovine serum was purchased 

by Euroclone (Milan, Italy). Anti-mouse IgG and IgM alkaline phosphatase conjugates 

were purchased from Sigma Aldrich (Milano, Italy). BSA Anti-mouse IgG and IgM alkaline 

phosphatase conjugates were purchased from Sigma Aldrich (Milan, Italy). p-Nitrophenyl 

phosphate was purchased from Fluka (Milano, Italy). Absorbance values were measured 

on a Sunrise Tecan ELISA plate reader purchased from Tecan (Tecan Italia, Milano, Italy). 

Electrocompetent ER2566 E.coli cells were purchased from New England Biolabs 

(Ipswich, MA, USA). Plasmid pET-22 was purchased from Novagen (Madison, WI, USA). 

Protein purification and refolding were performed using a Chelating Sepharose Fast Flow 

column on ÄktaBasic chromatography system (GE Healthcare, Milano, Italy). The far-UV 

circular dichroism spectra were recorded by using a J-810 Jasco spectropolarimeter 

(JASCO, Easton, MD). C57BL/6 mice were purchased from Harlan (Jerusalem, Israel).  
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I. Principles of Peptide Synthesis 

During the past decades, peptide chemistry was considerably developed due to the 

significant involvement of the peptides into the physiological and biochemical functions 

of life. Nowadays, more than one hundred peptides, having a crucial role in the central 

and peripheral nervous systems, in immunological processes, in the cardiovascular 

system, and in the intestine, are known. Peptides are involved in a number of 

biochemical processes, like metabolism, pain, reproduction and immune response and 

their interaction with receptors influence cell-cell communication.161 Furthermore, 

peptides could not only serve as antigens to raise antibodies from sera as it was already 

mentioned above but also as enzyme substrates to map the active site requirements of 

an enzyme under investigation, or as enzyme inhibitors to influence signaling pathways 

in biochemical research or pathologic processes in medical research. According to an 

approach called “peptide dissection approach” short peptide fragments that are part of 

a protein could be used and their ability to fold independently could be investigated 

providing us information about the folding of the protein. Despite the abundance of 

peptide functionalities, their isolation from natural sources is still problematic; a fact 

that led to the development of the peptide chemistry.  

The methods of peptide synthesis could be divided conveniently into two categories: 

solution and solid-phase. Classical solution peptide chemistry involves the preparation of 

fully protected peptide segments and their subsequent condensation in organic solvents 

for the convergent synthesis of large polypeptides. In solid-phase peptide synthesis 

(SPPS), suitably Nα- and side-chain protected amino acids are coupled sequentially to a 

growing peptide chain attached to a solid support (resin) in the C--> N direction. The 

desirable peptide is then cleaved from the resin, typically under acidic conditions. SPPS 

has numerous advantages over the classical solution procedure, such as automation of 

the elongation reaction, independence from solubility problems, and minimization of 

side product formation. On the other hand, in the classical solution procedure, the 

products can be monitored and purified at each step in the reaction, potentially leading 

to easier isolation of the desired final peptide. The synthesis of the peptides described 

during this thesis was performed by SPPS.162 
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The term “orthogonal” was coined by Barany and Merrifield in 1977163 to designate 

“classes of protecting groups which are removed by differing chemical mechanisms. 

Therefore, they can be removed in any order and in the presence of the other classes. 

Orthogonal protection schemes allow milder overall reaction conditions as well as the 

synthesis of partially protected peptides”. The most popular and truly orthogonal 

combination of protecting groups is the Fmoc/tBu methodology. The (9H-fluoren-9-

ylmethoxy)carbonyl (Fmoc) protecting group is usually removed in basic conditions (20% 

piperidine in DMF) at room temperature while deprotection of the side chain protecting 

groups is performed in acidic conditions (TFA). During the Fmoc-deprotection of the 

amino function with piperidine, the released byproduct dibenzofulvene-piperidine has a 

distinct absorbance detectable at 301 nm. Thus, the synthesis can be well monitored by 

reading the UV absorbance of the piperidine-dibenzofulvene adduct in solution.39,40 

 

Figure A.1: Solid-phase peptide synthesis cycle. 

The formation of an amide bond between a carboxylic acid moiety and an amino 

function of two amino acids is the basic reaction in peptide synthesis. Over the years, 

many activation methods have been developed, such as the carboxylic azides, 

symmetrical or mixed anhydrides or the use of carbodiimides (DCC, DIC, EDC) with or 
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without additives. Carbodiimides have been used as activators for decades in solid-phase 

and solution peptide synthesis. Though in recent years two classes of coupling reagents 

are used more and more, the phosphonium- and the aminium-(imonium-) type reagents 

such as BOP, PyBOP, PyBrOP, oxyma pure, TBTU, HBTU, HATU and COMU. The 

advantages of these compounds are the high coupling rates accompanied by few 

undesired side reactions. In contrast to activation by carbodiimides, peptide couplings 

using the latter compounds require the presence of a base. Diisopropylethylamine 

(DIPEA) and N-methylmorpholine (NMM) are the most frequently used ones in 

Fmoc/tBu-based solid-phase synthesis.  

During the SPPS several problems could be raised associated with the amino acids and 

the peptide sequence, the choice of the strategy to be followed (Fmoc / tBu or Boc / Bzl), 

the selection of the individual protecting groups of the side chains and the cleavage of 

the peptide from the resin. Some of them are studied below: 

 Racemization 

 

 

 

 

        Figure A.2: Schematic configuration of racemization of an  

                             alpha-carbon atom. 

 

The alpha-carbon atom of natural amino acids is optically active (L-amino acids). The 

preservation of the stereochemical arrangement of amino acids during peptide synthesis 

is very important as long as the function of peptides is completely dependent on their 

stereochemistry. Unfortunately, the optical purity of the Cα-atom is not easily 

maintained, resulting in each coupling reaction to produce two products. Many efforts 

aim to keep the steric arrangement of the Cα-atom of the amino acids during peptide 

synthesis in order to improve the peptide synthesis. The racemization of the amino acids 
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is affected by posting the Hα proton to form a carbanion in the presence of base. 

Aromatic amino acids such as phenylalanine, tyrosine and also histidine, valine and 

cysteine are particularly susceptible to racemization.164,165
 

To limit as much as possible the racemization some general rules have to be followed:  

• Avoid using large excess of base. Use of tertiary amines with high steric 

hindrance. 

• Avoid use of solvents with high polarity. 

• Acceleration of the coupling reaction. 

 Formation of diketopiperazine166  

Sometimes the coupling of an amino acid or a peptide to a dipeptide can create troubles. 

The esters of dipeptides undergo spontaneous cyclization and produce 2,5-

diketopiperazines. On diketopiperazines both amide bonds are cis while, as previously 

reported for the peptide bond, the C-N bond is mainly trans. The driving force for this 

reaction is the formation of the highly stable diketopiperazine ring. The reaction is 

especially favored in the peptides containing glycine and proline and is also the case 

where an amino acid is L and the other D. High concentrations of reactants increase the 

speed of the desired coupling reaction and reduce the degree of cyclization. 

 

 

Figure A.3: Schematic configuration of diketopiperazine formation. 

 

 Formation of Nitrile  

Upon activation of Asn and when it is not protected at the side amide nitrile may be 

formed. To avoid it, preactivated esters, such as Fmoc-Asn-OPfp, are used. 
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 Formation of S-lactam 

During activation, it is possible that the Nδ of Arg attacks the activated carboxyl group 

and forms a S-lactam (especially when we use a symmetrical anhydride, while HOBt 

prevents this formation). 

 Formation of aspartimide 

The most common side reaction that occurs once we use Asp(OtBu) is the formation of 

aspartimide. When the nitrogen which is bonded with α carboxyl group of Asp attacks 

the side ester bond it leads to a cyclic five carbon pentamer imide derivative. This 

intermediate leads to ring opening during the deprotection with piperidine to 

successively form the corresponding alpha- and beta-aspartylamides or to remain until 

the cleavage of the peptide from the resin and to be subsequently hydrolyzed to the 

corresponding alpha- and beta-aspartyl peptides. This secondary reaction depends on 

the sequence of the peptide, but is common especially with the motif Asp (OtBu)-X, 

wherein X is Asn(Trt), Gly, Ser, Thr, or Arg(Pmc). In such cases, it is suggested to use N-

Hmb or Dmb as temporary protection of the amino acid before Asp, and/or the addition 

of 0.1 M HOBt or 1M Oxyma pure in the piperidine solution and/or the use of sterically 

hindered protecting groups of the side chain of the Asp residue, such as Mpe. 

 

 Oxidation of Met167  

The main side reaction of Met is the acid catalyzed oxidation of thioether into sulfoxide 

during deprotection, or even by the oxygen of air. The conversion of the sulfoxide to 

thioether is achieved using NH4I / TFA. 

 

 Alkylations upon deprotection 

The cations that are generated upon removal of the side-chain protective groups attack 

the reactive side-chain groups of amino acids such as in Trp, Tyr and Met. To avoid these 

side reactions, suitable compounds (scavengers) are used in the deprotection solution 

binding the produced electrophilic moieties. 
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I.1. Microwave energy 

Over the last decades, microwave energy is increasingly used for many chemical 

reactions. The direct heating, which is provided by the microwaves to the reaction 

mixture, results in reducing the reaction time from hours to a few minutes. Furthermore, 

the side reactions are reduced, increasing the yield and improving the repeatability of 

results.  

Microwaves are a form of energy, relatively low in the electromagnetic range. In the 

energy spectrum this form of radiation is below the X-radiation, the UV, visible and 

infrared domain, with a frequency between 300 and 300.000 MHz. Due to their low 

frequency, the microwaves cause the rotation of the molecules bonds without breaking 

them.   

 

Figure A.4: The spectrum of electromagnetic radiation. 

The way that a solvent or a reagent absorb microwave energy is different. Each of them 

has different degree of polarity within the molecule and therefore sometimes the 

influence of the microwave field is more or less intense. For example, a more polar 

solvent will cause stronger rotational movement in its attempt to align with the 

alternating field. Conversely, a less polar solvent will not be so affected by the changes 

of the field and therefore will not absorb much energy. The polarity of the solvent is not 

the only factor determining the actual absorption of the microwave energy but is, 

however, a good reference point. Most of the organic solvents can be divided into three 

categories: low, medium and high absorption. The hydrocarbons are generally 

considered as low absorption, while polar substances have high absorption. 
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The microwave applications have been extended to many fields of chemistry including 

synthetic organic chemistry, inorganic chemistry, pharmaceutical research, chemistry of 

polymers, and even the synthesis of nanomaterials. 

I.1.1. Key factors for creating microwave method 

There are many factors to be taken into account when creating a microwave method. 

Below are listed the most basic of them: 

A) The power 

The microwave system allows the selection of a power between 0 and 300 Watts. 

Increasing the power, more energy is transferred to the reaction and its temperature is 

raised rapidly. However, if power is excessive it is more likely that side reactions shall 

take place. 

B) The temperature 

Each molecule dipole moment absorbs energy. As a result, its kinetic energy increases. 

However, through collisions with other molecules that energy can be transferred to the 

system. The temperature measured is the average temperature of each molecule in the 

system, including the solvent, providing information on the overall energy situation of 

the entire system. 

C) Time 

The longer is the time, the more the molecules will collide and react. It has to be taken 

into account both the time of application of microwaves and the total reaction time. If a 

polar solvent is used, such as DMF, low power is needed to raise the temperature to the 

desired level. Thus, the microwave power must be used only for a very short time, as the 

system will remain at the desired temperature using only minimal additional force, so 

that the reaction proceeds only with heating. 
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I.2. Microwave energy in SPPS 

SPPS synthesis was improved by the use of microwave-assisted SPPS especially for the 

synthesis of long peptide sequences.168 As the N-terminal amino group and peptide 

backbone are polar, they constantly try to align with the alternating electric field of the 

microwave; this helps in breaking up the chain aggregation and permits the synthesis of 

peptides in high yields and low degrees of racemization.169 Various peptides were 

synthesized in a shorter time when microwave-assisted SPPS was applied instead of the 

traditional SPPS.170,171 

 

 

Figure A.5: Aggregation through dipole rotation of the polar peptide backbone is hindered by microwave 

energy. 
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II. Principles of High Performance Liquid Chromatography (HPLC) 

After the completion of the peptide synthesis follows the characterization of the 

products and the purification from byproducts that have been occurred either during the 

synthesis or during the cleavage reaction.172 The most widely used method for the 

purification of synthetic peptides, which was used also for this thesis, is the Reverse 

Phase High Performance Chromatography (Reverse Phase- High Performance Liquid 

Chromatography, RP-HPLC). The stationary phase in the Reversed Phase 

chromatographic columns is a hydrophobic support that is consisted mainly of porous 

particles of silica gel in various shapes (spheric or irregular) at various diameters and at 

various pore sizes.  The surface of these particles is covered with various chemical 

entities, such as hydrocarbons (C1, C6, C4, C8, C18, etc).  In most methods used currently 

to separate medicinal materials, C18 columns are used. The more hydrophobic are the 

sample components the longer they stay in the column thus they are separated.  The 

mobile phases are mixtures of water and organic polar solvents mostly acetonitrile (AcN) 

and methanol (MeOH). Lastly, very often in the mobile phase strong acids are added in 

small concentrations in order to increase the solubility of the products.  

Apart from HPLC chromatography column, the pumps that regulate the flow and the 

detectors are very important. The pumps must be highly accurate in the elution rate 

even at high pressures. The detector that usually used for the characterization of the 

peptides is ultraviolet. The width of the wavelength wherein is detected the higher 

absorption of the peptide bond, is between 214 and 220nm and 254nm for the detection 

of the amino acids bearing aromatic groups. Moreover RP-HPLC offers the possibility to 

calculate the purity of product and to characterize and identify it based on its retention 

time (tR), which depends on the device, the column and the system used for detection of 

the molecule. Generally the RP-HPLC chromatography is now widely used for the 

certification of the final products of peptide synthesis and their puritication. 
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Figure A.6: Scheme of an HPLC System. 
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III. Principles of Mass Spectrometry (MS)173 

Mass spectrometry is an analytical tool used for measuring the molecular mass of a 

sample. Mass spectrometers can be divided into three fundamental parts, namely 

the ionisation source, the analyser, and the detector. The sample is introduced into the 

ionisation source of the instrument. The sample molecules are ionised, because ions are 

easier to be manipulated than neutral molecules. These ions are extracted into the 

analyser region of the mass spectrometer where they are separated according to 

their mass(m)-to-charge(z) ratios (m/z). The separated ions are sent to the detector and 

this signal is read to a data system where the m/z ratios are stored together with their 

relative abundance for presentation in the format of a m/z spectrum. The analyser and 

detector of the mass spectrometer, and often the ionisation source too, are maintained 

under high vacuum to give to the ions a reasonable chance of travelling from the one 

end of the instrument to the other without any hindrance from air molecules.  

For the majority of biochemical analyses the methods for the ionisation used 

are Electrospray Ionisation (ESI)174 and Matrix Assisted Laser Desorption Ionisation 

(MALDI). ESI, which is used for the present thesis, is used for the analysis of polar 

molecules ranging from less than 100 Da to more than 1,000,000 Da in molecular mass. 

During standard electrospray ionization,175 the sample is dissolved in a polar, volatile 

solvent and pumped through a narrow, stainless steel capillary. A high voltage is applied 

to the tip of the capillary and as a consequence the sample emerging from the tip is 

dispersed into an aerosol of highly charged droplets, a process that is aided by a co-

axially introduced nebulizing gas flowing around the outside of the capillary. This gas, 

usually nitrogen, helps to direct the spray emerging from the capillary tip towards the 

mass spectrometer. Eventually charged sample ions, free from solvent, are released 

from the droplets, some of which pass through a sampling cone or orifice into 

an intermediate vacuum region, and from there through a small aperture into the 

analyser of the mass spectrometer, which is held under high vacuum. The lens voltages 

are optimized individually for each sample.  
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IV. Circular Dichroism176,177,178,179 

Chiral molecules are molecules that exist as pair of mirror-image isomers. These mirror 

image isomers are not super-imposable and are known as enantiomers. The physical and 

chemical properties of a pair of enantiomers are almost identical. The exceptions are the 

way that they interact with the polarized light and the way that they interact with  other 

chiral molecules. Circular dichroism (CD) only occurs at wavelength that could be 

absorbed from chiral molecules. At these wavelengths left- and right-polarized light will 

be absorbed to different extents. Measurements carried out in the visible and 

ultra‐violet region of the electro‐magnetic spectrum monitor electronic transitions, and, 

if the molecule under study contains chiral chromophores then one CPL (circular 

polarized light) state will be absorbed to a greater extent than the other and the CD 

signal over the corresponding wavelengths will be non‐zero. A circular dichroism signal 

can be positive or negative, depending on whether L‐CPL is absorbed to a greater extent 

than R‐ CPL (CD signal positive) or to a lesser extent (CD signal negative). For example, a 

chiral chromophore may absorb 88% of left‐handed circularly polarized light (L-CPL) and 

90% of right‐handed circularly polarized light (R-CPL). This effect is called circular 

dichroism; it is the difference in the absorption of L‐CPL and R‐CPL and occurs when a 

molecule contains one or more chiral chromophores (light-absorbing groups). CD 

measured as function of wavelength is termed CD spectroscopy. CD spectroscopy is used 

extensively to analyse the secondary structure or the conformation of chiral biological 

macromolecules, particularly proteins as 19 of the 20 natural amino acids that form 

proteins are themselves chiral. Each molecule has its own CD signature. The most widely 

studied CD signatures are the different secondary structural elements of proteins such as 

the α-helix and the β-sheet. As their secondary structure is sensitive to their 

environment, temperature or pH, circular dichroism can be used to observe how 

secondary structure is affected by environmental changes or by interacting with other 

molecules. Structural, kinetic and thermodynamic information about macromolecules 

can be derived from circular dichroism spectroscopy. 
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Figure A.7: The secondary structure conformation and the CD spectra of protein structural elements. 

Right: a backbone conformation of a peptide in an α-helix. Left: a backbone conformation of a peptide in 

a β-sheet. Center: the associated CD spectra for these different conformations. 
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V. Immunological assays 

V.1 ELISA180 

The enzyme-linked immunosorbent assay (ELISA) is a usual laboratory technique for the 

measurement of the concentration of an analyte (usually antibodies or antigens) in a 

solution. This technique has been introduced some years ago by Engvall and 

Perlmann.181 Examples in which ELISA is used, include the diagnosis of HIV infection, 

pregnancy tests, and measurement of cytokines or soluble receptors in cell supernatant 

or serum.  The antibodies used in an ELISA can be either monoclonal (derived from 

unique antibody producing cells called hybridomas and capable of specific binding to a 

single unique epitope) or polyclonal (a pool of antibodies purified from animal sera that 

are capable of binding to multiple epitopes).  

There are four basic ELISA formats (Direct ELISA, Indirect ELISA, Sandwich ELISA, 

Competition or Inhibition ELISA), which can be adjusted 

based on the antibodies available, the results required, or 

the complexity of the samples. 

In the present thesis was used the Indirect ELISA technique 

in which an antigen is coated to a multiwell plate is 

detected. Afterwards an unlabeled primary antibody, 

which is specific for the antigen, is applied. At the end an 

enzyme-labeled secondary antibody is bound to the first 

antibody. This method was selected as it has several 

advantages like sensitivity, since more than one labeled 

antibody is bound per primary antibody, flexibility, since 

different primary detection antibodies can be used with a 

single labeled secondary antibody and also its cost is low 

comparing to other methods. 
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V.2. Surface Plasmon Resonance (SPR)  

SPR immunoassay has been developed a couple of decades ago and nowadays is a really 

powerful technique to monitoring biomolecular interactions in real-time in a label-free 

environment.182,183 One of the reactants (called ligand) is immobilized to the sensor 

surface while the other (called analyte) is free in solution and passed over the surface. 

This technique is based on the SPR phenomenon which occurs when plane-polarized 

light strikes a thin metal film at the interface between media with different Reflective 

Index (RI).  In condition of total internal reflection the reflected photons create an 

electric field (evanescent field) on the opposite side of the interface. At a particular 

critical angle, the resonance angle, the evanescent wave resonates with the oscillation in 

the electrons (plasmons) on the surface of the metal film and this causes a drop in the 

reflected light.  When the ligand and the analyte interact to form a complex, this causes 

a change in the refractive index and thus a shift of the resonance angle. This response is 

measured in Resonance Units (RU) and is reported in a graph called sensorgram (Figure 

A.8). The SPR response is directly proportional to the change in mass concentration close 

to the surface. 

 

Figure A.8: Schematic representation of the Surface Plasmon Resonance. 

 

Biacore is the most common used optical biosensor that uses SPR for affinity 

measurements and binding kinetics, concentration determinations, binding specificity 

analyses and epitope mapping. In Biacore system, the two media are the glass of the 
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sensor chip (high reflective index) and the flowing solution (low reflective index), and the 

conducting film is a thin layer of gold on the sensor chip surface. The wavelength of the 

incident light and the reflective index of the inner surface are constant, so the SPR 

phenomenon is used to monitor the change of reflective index in the flowing solution 

close to the sensor chip surface.  

The sensor chip is the most important part in a Biacore system as it maintains the 

physical conditions necessary to generate the SPR signal from the interactions studied on 

its surface. The sensor chip consists of a glass slide coated with a thin layer of gold which 

is covered by a linker layer and a matrix of modified dextran providing a means for 

attaching ligand. The specificity of the analysis depends from the nature and the 

properties of the molecule that is attaches to the dextran. There are three different 

approaches that could be used for the immobilization of the ligand; a covalent 

immobilization, where the biomolecule is attached to the surface through a covalent 

chemical link, a high affinity capture, where it is attached by noncovalent but high 

specific interaction with another molecule and a hydrophobic adsorption, which exploits 

more or less specific hydrophobic interactions to attach either the molecule of interest 

or a hydrophobic carrier, such as a lipid monolayer or bilayer, to the sensor chip surface 

(Figure A.9).  

 

 
Figure A.9: Three most common approaches for attaching biomolecules to the sensor chip surface. 

 
There is a wide variety of sensor chips designed for different application requirements.  

One of the most commonly used Biacore sensor that is also used for this thesis, is the 

CM5 type which carries a matrix of carboxymethylated dextran covalently attached to 
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the gold surface (Figure A.10). The dextran matrix is flexible, allowing relatively free 

movement of attached biomolecules within the surface layer. This kind of sensor chip 

provides a high surface capacity for immobilizing a wide range of ligands (small organic 

molecules, nucleic acids, proteins, carbohydrates). 

 
 

Figure A.10: Schematic illustration of the structure of a CM5 sensor chip. 
 

The main immobilization chemistries for the CM5 sensor are: 

 amine coupling, exploiting primary amine groups of the ligand after activation of 

the surface; 

 thiol coupling, exploiting thiol-disulfide exchange between thiol groups and 

active disulfides introduced on either the ligand (surface thiol coupling) or the 

surface matrix (ligand thiol coupling); 

 aldehyde coupling, using the reaction between hydrazine or carbohydrazide 

groups introduced on the surface and aldehyde groups obtained by oxidation of 

carbohydrates in the ligand. 

On purpose of this study, antibody was covalently linked according to the amine 

coupling strategy (Figure A.11).   

 

Figure A.11: Schematic illustration of the immobilized ligand (R) linked to the surface through a covalent 

chemical bond. 
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To obtain a good immobilization level, the electrostatic pre-concentration of ligands in 

the dextran matrix must be achieved. At pH values above 3.5 the carboxymethylated 

dextran on the sensor chip surface is negatively charged, so the primary requirement for 

the electrostatic pre-concentration on the surface is that the pH of the ligand solution 

should be between 3.5 and the isoelectric point of the ligand, so that the surface and the 

ligand carry opposite net charges. Moreover, the electrostatic interactions involved in 

pre-concentration are favored by low ionic strength in the coupling buffer. With the pH 

scouting performed for each ligand, the optimum values of pH and ionic strength can be 

determined experimentally; this procedure consists of: injecting the ligand in different 

buffers over the non-activated surface of the chip and evaluating the instrumental 

response at the end of the injection which depends only on the electrostatic interactions 

between the chip surface and the ligand and that consequently will give an indication of 

whether the conditions are suitable. 

  

V.2.1. Binding Studies 

Once the ligand is immobilized on the surface of the sensor chip, the binding experiment 

consists of different steps. During the association phase the analyte binds to the ligand. 

This binding generates a change in the reflective index and is detected as an increase of 

the signal (Resonance Units) that is directly related to the change in mass concentration 

on the surface, so that molar response are proportional to the size of the molecule 

involved. The given response of the small molecules is represented by higher molar 

concentration than the larger ones; conversely, a given number of molecules binding to the 

surface will give a lower response if the molecule is small. After a certain period of time all 

the binding sites are occupied that’s mean that saturation is reached and the signal 

remains stable. At the end of the injection, the buffer flew at the surface of the sensor 

chip to obtain a partial dissociation. The analyte gets desorbed from the ligand, which is 

detected with a decrease to the response. The phases of a Biacore experiment is 

graphically expressed by a sensorgam (Figure A.12).  
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Figure A.12: Sensorgram from a binding experiment; the signal in Resonance Units is direclty related to 
the quantity of the analyte that binds to the ligand. 

 

V.2.2. Kinetic and affinity studies 

A kinetic analysis experiment using a Biacore system could be set up with two different 

ways. A series of analyte concentration could be injected either in separated cycles with, 

regenerating the surface after each sample injection (multi-cycle analysis) or on one 

cycle with no regeneration between sample injections (single-cycle analysis). The data 

from the monitoring of the interaction as a function of time over a range of analyte 

concentration are then fitted to mathematical models. The association phase during 

sample injection contains information on both association and dissociation processes 

and allows the calculation of the association rate ka (M-1s-1), from the dissociation phase 

when buffer flow removes dissociated analyte molecules, the dissociation rate kd (s-1) 

can be obtained. For the simple 1:1 binding model provided by a Biacore system, the 

affinity constant KD (M) is equal to the ratio of the rate constants (kd/ka) and can 

therefore be derived from kinetic measurements.  

 

The dissociation rate constants can be obtained for samples with unknown 

concentration as it is independent of the analyte concentration in the injected sample. It 

is important to be mentioned that fitting the data to a mathematical model does not 

provide evidence of the interaction mechanism.  
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ABBREVIATIONS 

 
The abbreviations used in this thesis have been proposed by the Biochemical 

Nomenclature Committee of the International Union of Pure and Applied Chemistry 

(IUPAC) and the International Union of Biochemistry (IUD). These proposals were 

announced in 1972 and gradually completed until 1989.184,185
 

  

Aa  Amino acid 
Ab Antibody 
Ac Acetyl 
CAN Acetonitrile 
Ag Antigen 
Boc tert-butoxycarbonyl 
Bz Benzoyl 
CD Circular Dichroism 
CIDP Chronic inflammatory demyelinating polyneuropathy 
CNS Central Nervous System 
DCM Dichloromethane 
Dde 1-[(4,4 - dimethyl - 2,6 - dioxocyclohex -1-ylidine)ethyl] 
DIC N,N’-Diisopropylcarbodiimide 
DIPEA Diisopropylethylamine 
DMAP 4-(Dimethylamino) pyridine 
DMF N,N-dimethylformamide 
DMSO Dimethylsulfoxide 
EAE Experimental Autoimmune Encephalomyelitis 
EDT  1,2-ethanedithiole 
ELISA  Enzyme-linked immunosorbent assay 
ESI-MS  Electrospray Ionization Mass Spectrometry 
FBS  Fatal Bovine Serum 
Fmoc 9-H-fluoren-9-ylmethoxycarbonyl 
GBS Guillian Barré syndrome 
HOBt 1-Hydroxybenzotriazole 
HPLC  High performance liquid chromatography 
Ig Immunoglobulin (IgE, IgG, etc.) 
MAG Myelin associated glycoproteins 
MBP  Myelin Basic Protein 
MGUS Monoclonal gammopathy of undetermined significance 
MMN  Multifocal motor neuropathy with conduction blocks 
MOG Myelin Oligodedrocyte Glycoprotein 
MRI  Magnetic Resonance Imaging 
MW  Microwaves 
NBD  Normal Blood Donors 
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NMM N-Methyl morpholine 
NMR Nuclear magnetic resonance 
ON Overnight 
PNS  Peripheral nervous system 
PPN  Paraproteinemic Polyneuropathies 
RP-HPLC  reverse phase-high performance liquid chromatography 
RT room temperature 
Rt Retention time 
SGPG Sulfated glucuronosyl paragloboside 
SPPS Solid phase peptide synthesis 
SPR Surface plasmon resonace 
TBTU 2 - (1H-Benzotriazole-1-yl) - 1,1,3,3 – tetramethyluronium 

tetrafluoroborate 

TCR T-cell receptor 
TFA Trifluoroacetic acid 
THF Tetrahydrofurane 
TLC Thin layer chromatography 
UPLC Ultra Performance Liquid Chromatography 
UV Ultraviolet 
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Abstract 

Monoclonal gammopathy of undetermined significance (MGUS) is a common age-related 

demyelinating sensor-motor polyneuropathy [1]. MGUS has been shown to be associated with 

antibodies against myelin-associated glycoproteins (MAG) and sulfated glucuronosyl 

paragloboside (SGPG). The HNK-1 carbohydrate epitope is a terminal 3-sulfo-glucuronyl residue 

attached to lactosamine structures and it is present both in MAG and SGPG [2,3]. HNK-1 plays an 

important role in preferential motor reinnervation [4,5] but it is difficult to be isolated and 

synthesized. The aim of this study is to identify a simple synthetic diagnostic tool: a mimetic of 

the HNK-1 epitope possibly able to recognize antibodies in neurogammopathies’ sera [6]. 

Therefore, a series of linear and cyclic peptides, conformationally and/or structurally mimicking 

HNK-1, have been synthesized in solid phase using different approaches.   
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[4] Baumann, N. Clin.Rev.Allergy Immunol., 19, 31-40 (2000) 
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Abstract 

Multiple sclerosis (MS) is a chronic neuroinflammatory and neurodegenerative disease of the 

central nervous system (CNS) [1,2]. Sera from MS patients can often contain multiple types of 

autoantibodies. Some of these are specific for the disease and can thus be used as diagnostic 

biomarkers [3,4]. We have previously demonstrated that an aberrant N-glucosylation in a 

designed beta-turn peptide structure is able to detect specific autoantibodies in an MS patients’ 

population [5]. In the meanwhile, Myelin Oligodendrocyte Glycoprotein (MOG, expressed in the 

outermost surface of myelin sheath) is considered to be a putative MS auto-antigen [6,7]. 

Nevertheless a big debate questions the role of anti-MOG Abs in MS. In order to verify a possible 

role of an aberrant N-glucosylated MOG triggering autoantibodies in MS, the semi-synthesis of 

the extracellular domain of MOG properly N-glucosylated at Asn31 (unique site of glycosylation) 

will be instrumental to verify our hypothesis. Therefore, we propose a “simplified” native 

chemical ligation approach [8] to form an amide bond between Asn31(Glc)hMOG(1-34) 

(synthesized by SPPS) and hMOG(35-117) expressed in E.coli. We will report the different 

synthetic strategies we employed to optimize the peptide synthesis of Asn31(N-Glc)hMOG(1-34).   
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The role of pathologic auto-antibodies against myelin oligodendrocyte glycoprotein (MOG) in multiple sclerosis is a 
highly contro-versial matter. As the use of animal models may enable to unravel the molecular mechanisms of the 
human disorder, numerous studies on multiple sclerosis are carried out using experimental autoimmune 
encephalomyelitis (EAE). In particular, the most exten-sively used EAE model is obtained by immunizing C57BL/6 
mice with the immunodominant peptide MOG(35–55). In this scenario, we analyzed the anti-MOG antibody 
response in this model using the recombinant refolded extracellular domain of the protein, MOG(1–117). To assess 
the presence of a B-cell intramolecular epitope spreading mechanism, we tested also five synthetic peptides 

mapping the 1–117 sequence of MOG, including MOG(35–55). For this purpose, we cloned, expressed in 
Escherichia coli and on-column refolded MOG(1–117), and we applied an optimized microwave-assisted solid-
phase synthetic strategy to obtain the de-signed peptide sequences. Subsequently, we set up a solid-phase 
immunoenzymatic assay testing both naïve and EAE mice sera and using MOG protein and peptides as antigenic 
probes. The results obtained disclose an intense IgG antibody response against both the recombinant protein and 
the immunizing peptide, while no response was observed against the other synthetic fragments, thus excluding the 
presence of an intramolecular epitope spreading mechanism. Furthermore, as the properly refolded recombinant 

probe is able to bind antibodies with greater efficiency compared with MOG(35–55), we hypothesize the presence 
of both linear and conformational epitopes on MOG(35–55) sequence. Copyright © 2015 European Peptide Society 
and John Wiley & Sons, Ltd.  
Additional Supporting Information may be found in the online version of this article at the publisher’s web site. 
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Introduction 
 
Multiple sclerosis (MS) is an inflammatory demyelinating disease of 

the central nervous system (CNS) with unknown etiology, thought to 

be autoimmune because of a critical involvement of immune re-

sponse [1,2]. Extensive studies were carried out to elucidate MS 
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immunopathology, and various animal models were developed. As 

both symptoms and progress of MS are highly heterogeneous [3–5], 

each model parallels specific aspects answering to detailed research 

questions. Large part of MS pathophysiology was uncov-ered using 

experimental autoimmune encephalomyelitis (EAE), which is the 

most frequently used MS model. EAE is a CD4+ T-cell-mediated 

inflammatory demyelinating disease of the CNS, obtained by actively 

immunizing animals with spinal cord 
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Abbreviations: ABS, absorbance; ACN, acetonitrile; CD, circular dichroism; DCM, 

dichloromethane; DIC, carbodiimmide; EAE, experimental autoimmune encepha-

lomyelitis; EDT, 1,2-ethanedithiol; FBS, fetal bovine serum; IBs, inclusion bodies; 

MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; MW, micro-

wave; SP-ELISA, solid-phase enzyme-linked immunosorbent assay; TFA, 
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homogenates or definite myelin antigens [6–8] and characterized (Marktredwitz, Germany). The following amino acid side-chain- 
 

by high versatility [9]. Indeed, different clinical outcomes and path- protecting groups were used: OtBu (Asp, Glu), tBu (Ser, Thr), Pbf 
 

ological manifestations can be obtained depending on the follow- (Arg), Trt (Gln, His) and Boc (Lys). Peptide synthesis grade N, 
 

ing aspects: (i) species and genetic background of the selected N-dimethylformamide  (DMF)  was  purchased  from  Scharlau 
 

animal, (ii) antigen used for the immunization and (iii) immuniza- (Barcelona, Spain); acetonitrile (ACN) was purchased from Carlo Erba 
 

tion protocol [10]. As far as antigens are concerned, a stepwise re- (Milan, Italy); dichloromethane (DCM), trifluoroacetic acid (TFA) and 
 

duction of the complexity was obtained, switching from crude piperidine were purchased from Sigma-Aldrich (Milan, Italy). The 
 

brain tissue to myelin proteins such as myelin basic protein, myelin scavengers for cleavage of peptides from resin, 1,2-ethanedithiol 
 

oligodendrocyte glycoprotein (MOG) and proteolipid protein, up to (EDT) and triisopropylsilane (TIS), were purchased from Acros Or- 
 

short peptides comprising their encephalitogenic segments. The ganics (Geel, Belgium). Solid-phase ELISA (SP-ELISA) assays were 
 

latter approach, based on well-characterized immunizing agents, performed using 96-well plates NUNC Maxisorp (Sigma-Aldrich, St. 
 

enabled to obtain more reproducible models, mirroring specific Louis, MO, USA). Washings steps were performed with Hydroflex 
 

MS features [9,11]. A prevalent EAE model is obtained by actively microplate washer (Tecan, Männedorf, Switzerland). Fetal bovine 
 

immunizing C57BL/6 mice with a 21-mer peptide, representing a serum (FBS) was purchased from Euroclone (Milan, Italy). Anti- 
 

partial sequence of mouse MOG, described as the immuno- mouse IgG and IgM alkaline phosphatase conjugates were pur- 
 

dominant epitope of this protein: MOG(35–55) [12]. This protocol chased by Sigma-Aldrich (Milan, Italy). p-Nitrophenyl phosphate 
 

leads to a pathology resembling chronic progressive MS disease was purchased from Fluka (Milano, Italy). Absorbance (ABS) values 
 

course [13,14]. While the CD4+ T-cell response in this model is well were measured on a Sunrise Tecan ELISA plate reader purchased 
 

characterized [15,16], the significance of anti-myelin antibodies from Tecan (Tecan Italia, Milano, Italy). Electrocompetent ER2566 
 

and, in particular, anti-MOG antibodies is still a matter of debate E. coli cells were purchased from New England Biolabs (Ipswich, 
 

[17–19], emphasizing the highly controversial issue of a putative MA, USA). Plasmid pET-22 was purchased from Novagen (Madison, 
 

pathogenetic role of anti-MOG antibodies in MS [17,20,21]. Indeed, WI, USA). Protein purification and refolding were performed using a 
 

because both B-cell-deficient and complement-deficient C57BL/6 Chelating Sepharose Fast Flow column on ÄktaBasic chromatogra- 
 

mice immunized with MOG(35–55) display normal susceptibility phy system (GE Healthcare, Milan, Italy). The far-UV circular dichro- 
 

to EAE [22,23], it can be assumed that anti-MOG antibodies are ism  (CD)  spectra  were  recorded  by  using  a  J-810  Jasco 
 

not essential to develop the disorder [15,24]. However, the demye- spectropolarimeter (JASCO, Easton, MD). C57BL/6 mice were pur- 
 

linating activity of anti-MOG antibodies was largely demonstrated chased from Harlan (Jerusalem, Israel).   
 

both in vitro and in other animal models [25–29], highlighting the     
 

possible role of secondary humoral response against MOG in wors-     
 

ening disease severity also in C57BL/6 model. MW-assisted Solid-phase Peptide Synthesis   
 

In this context, we evaluated the presence of anti-MOG antibodies 
General protocol 

   
 

in C57BL/6 EAE mice model testing the antibody response to the ex-    
 

    
 

tracellular portion of MOG, i.e. MOG(1–117), expressed in Escherichia The MOG peptides 2–6 (Table 1) were synthesized on a 0.1-mmol 
 

coli and properly refolded. Moreover, in order to assess the presence scale (5 eq of activator and amino acid) by a high-efficiency solid- 
 

of a B-cell epitope spreading mechanism, i.e. the occurrence of a re- phase peptide synthesis (SPPS) strategy, using a Liberty Blue
TM

 au- 
 

sponse directed toward epitopes distinct from the disease-inducing tomated microwave (MW) synthesizer (CEM Corporation, Matthews, 
 

agent, we synthesized and tested as antigenic probes also five syn- NC, USA) following the Fmoc/tBu methodology. The reactions were 
 

thetic peptides covering the 1–117 sequence of MOG. performed in a Teflon vessel and mixed by N2 bubbling. Reaction 
 

   temperatures were monitored by an internal fiber optic sensor. 
 

Experimental Section 
 The  syntheses  were  performed  on  Fmoc-Gly-Wang  resin 

 

 (0.44 mmol/g), Fmoc-Lys(Boc)-Wang resin (0.7 mmol/g), Fmoc-Thr 
 

Materials and Methods  (tBu)-Wang resin (0.7 mmol/g), Fmoc-Gly-Wang resin (0.6 mmol/g), 
 

 

Fmoc-Asp(tBu)-Wang resin (0.8 mmol/g) and Fmoc-Lys(Boc)-Wang  

   
 

All Fmoc-protected amino acids, Fmoc-Wang resins, carbodiimmide resin (0.7 mmol/g) for the analogues 1–6, respectively. The resins 
 

(DIC)  and  Oxyma  were  purchased  from  Iris  Biotech  GmbH were swelled with DMF (1 ml/100 mg of resin) for 20 min. 
 

     
 

Table 1.  Synthetic antigens sequences and analytical data     
 

       
 

No. Antigen Sequence  HPLC Rt (min) ESI-MS [M + 2H]
2+ 

 

     (m/z) found (calcd) 
 

      
 

2 MOG(1–34) GQFRVIGPGYPIRALVGDEAELPCRISPGKNATG 4.02
a 1770.2 (1769.9)  

 

3 MOG(35–55) MEVGWYRSPFSRVVHLYRNGK  3.88
a 1291.0 (1291.1)  

 

4 MOG(56–75) DQDAEQAPEYRGRTELLKET  3.23
b 1175.2 (1175.1)  

 

5 MOG(76–95) ISEGKVTLRIQNVRFSDEGG  3.53
b 1103.3 (1103.1)  

 

6a MOG(96–117) YTSFFRDHSYQEEAAMELKVED 3.60
a 1348.1 (1348.1)  

 

6b MOG(96–117)K4 YTSFFRDHSYQEEAAMELKVEDKKKK 3.17
c 1604.3 (1604.3)  

 

Analytical HPLC conditions: column, Kinetex C18 (2.6 μm × 100 mm); solvent systems, A: 0.1% TFA in H2O, B: 0.1% TFA in CH3CN; flow rate 0.6 ml/min. 
 

a
Gradient 20–70% B in 5 min.      

 

b
Gradient 10–60% B in 5 min.      

 

c
Gradient 25–70% B in 5 min.      
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MOG EPITOPE MAPPING IN EAE 

 

A  general  coupling  cycle  was initiated with a 
Doubl

e the solvent systems used were 0.1% TFA in H2O (A) and 0.1% TFA in 
 

deprotection step with 20% piperidine in DMF, for 15 s at 75 °C ACN (B). The analytical data are reported in Table 1. Data were ac- 
 

using 155 W, followed by 50 s of a fresh deprotection solution at quired and processed using MassLynx software (Waters). 
 

90 °C reached with 30 W. Three washes with DMF and N2 bubbling   
 

were performed. Fresh stock solutions of the Fmoc-protected Animal Model  
 

amino acids (0.2 M), Oxyma (1 M) and DIC (0.5 M) in DMF were pre- 
Experimental autoimmune encephalomyelitis was induced as pre- 

 

pared in separated bottles and used as reagents during the SPPS.  

viously described [11,13]. Briefly, C57BL/6 female mice, 8–12 weeks 
 

The MW-SPPS protocol (Table 2) consisted of two coupling steps  

of age, were immunized with a peptide encompassing amino acids 
 

(standard coupling), performed firstly at 75 °C for 15 s using 170 W  

35–55 of MOG. Mice were injected subcutaneously at the flank, with 
 

and then at 90 °C for 110 s using 30 W. The same coupling condi-  

a 100-μl emulsion containing 300 μg of MOG(35-55) peptide in 
 

tions were used for all amino acids except Arg, His and Cys residues  

complete  Freund’s adjuvant  enriched  with  4 mg/ml  of  heat- 
 

for which specific parameters were required. Arg double coupling  

inactivated Mycobacterium tuberculosis. Pertussis toxin (Sigma-Al- 
 

MW method comprised a 25-min coupling step at 25 °C and after-  

drich), 250 ng per mouse, was injected intravenously immediately 
 

wards a second one for 2 min at 75 °C using 30 W. For the His and  

after the encephalitogenic injection and 48 h later. Mice were ex- 
 

Cys couplings, a longer coupling time (7 min) was utilized at room  

amined daily. EAE was scored as follows: 0, no disease; 1, loss of tail 
 

temperature for the first 2 min followed by 5 min at 50 °C using  

tonicity; 2, hind limb paralysis; 3, hind leg paralysis with hind body 
 

35 W. One wash was performed after the coupling step with DMF  

paresis; 4, hind and foreleg paralysis; and 5, death. Mice showing 
 

and N2  bubbling. A standard cycle time (deprotection, washes  

definite EAE manifestations were bled 2–4 weeks after disease in-  

DMF (3×); coupling, wash DMF (1×)) was slightly longer than 4 min.  

duction, and their sera were analyzed. 
 

           
 

Deprotection, cleavage, purification and characterization of peptides 
Recombinant MOG(1–117) Expression and Refolding  

           
 

Cleavage from the resin and side-chain deprotection were achieved 
MOG(1–117) cDNA was subcloned into the His-tag expression vec-  

by  treatment with  a TFA/TIS/water solution (95 : 2.5 : 2.5 v/v/v,  

tor pET-22. Recombinant MOG(1–117) protein was produced and  

1 ml/100 mg of resin-bound peptide) for the peptides 3 and 4  

refolded according to the protocol published by Gori et al. [30].  

and a TFA/TIS/EDT/water solution (95 : 1 : 2 : 2 v/v/v/v, 1 ml/100 mg  

Briefly, ER2566 electrocompetent cells were transformed with pET-  

of resin-bound peptide) for the others. The cleavage was carried  

22rMOG(1–117)(His)6 plasmid. As the protein was overexpressed in  

out approximately for 5 h with vigorous shaking at room tempera-  

inclusion bodies (IBs), cells were disrupted by sonication, and IBs  

ture. The resin was filtered, and the combined filtrates were concen-  

were purified by repetitive steps of centrifugation and resuspension  

trated by flushing with N2. The crude peptides were precipitated  

in 50 mM Tris, 0.5 M NaCl, 0.5% lauryldimethylamine oxide and pH 8.0.  

from the cleavage mixture by addition of ice-cold Et2O, centrifuged,  

IBs were then solubilized in a denaturating buffer (100 mM NaH2PO4,  

washed with ice-cold Et2O (×3), dried and lyophilized.     
 

    

10 mM Tris, 6 M guanidine HCl, 40 mM mercaptoethanol and pH 8.0). 
 

Lyophilized crude peptides were pre-purified by solid-phase ex- 
 

traction with an RP-18 LiChroprep silica column from Merck Protein refolding was achieved, loading solubilized IBs onto an affin- 
 

ity chromatography column under a gradient of denaturating buffer  

(Darmstadt, Germany) via Armen system (ARMEN GLIDER FLASH  

(100 mM NaH2PO4, 10 mM Tris, 6 M guanidine HCl and pH 8.0) versus 
 

AGF/IMbO6, Saint-Avé, France) working at 20 ml/min using as sol- 
 

vent system H2O (MiliQ) (A)/CH3CN (B) and a gradient of 0–60% nondenaturating solution (100 mM NaH2PO4, 10 mM Tris, 3 mM re- 
 

duced glutathione and pH 8.0) over 10 h. Properly folded protein  

of B. The final purification of the peptides was performed by  

was subsequently eluted with 0.5 M imidazole in 100 mM NaH2PO4,  

semi-preparative  Waters RP-HPLC (Milford, MA, USA) on a  

10 mM Tris and 0.2 M NaCl (pH 8.0). Protein fractions obtained were  

Phenomenex Jupiter 
C

18 (10 μm, 250 mm × 10 mm) column  

pooled and checked by 12% SDS-PAGE and then dialyzed against  

(Phenomenex, Castel Maggiore, Italy) at 4 ml/min. The solvent sys-  

phosphate buffered saline (PBS) (pH 8). Identity and integrity of  

tems used were 0.1% TFA in H2O (A) and 0.1% TFA in CH3CN (B),  

the protein were checked by mass spectrometry (data not shown),  

and the gradients used are presented in Table 1. All peptides were  

as previously described [30].  

obtained with a purity >95%.        
 

         
 

Characterization of the peptides was performed by analytical 
Circular Dichroism Spectroscopy 

 

Waters Alliance RP-HPLC (model 2695) with UV detection at  

   

215 nm, coupled with an ESI-MS detector (Micromass ZQ, Waters) Circular dichroism spectra were recorded on a Jasco J-810 spectro-  

using a Kinetex C18 (2.6 μm × 100 mm) column at 35 °C, with a flow 
 

polarimeter equipped with a thermostated cell holder and con-  

rate of 0.6 ml/min. The total run time of the analysis was 5 min, and 
 

nected to a PC for signal averaging and processing. All spectra  

           
 

           were recorded in the 190- to 250-nm range employing quartz cu-  

Table 2.  MW-assisted SPPS protocol 
       

 

       vette of 0.1-cm optical path length. Recombinant MOG(1–117) 
 

  Power (W) Time (s) Temperature (°C)  and MOG(35–55) were analyzed at 0.2 mg/ml in PBS. Far-UV CD 
 

   

spectra were recorded at 25 °C, with a cell path length of 0.1 cm. 
 

           
 

Standard coupling 
 

170 15 
  

75 
    

      Scans were acquired using a 50-nm/min scanning speed and 1- 
 

   30 110   90    nm data pitch. Each curve is the mean of ten spectra. 
 

Cys and His coupling  0 120   25      
 

   35 300   50    
ELISA Assays  

 

Arg coupling 
  

0 1500 
  

25 
    

 

         
 

   30 120   75    Serum was obtained from nine naïve C57BL6/J mice and 47 
 

Deprotection   155 15   75    C57BL6/J mice immunized with MOG(35–55) peptide. Samples 
 

   30 50   90    were stored at  20 °C until use. Recognition of recombinant MOG 
 

           (1–117) and MOG peptides 2–7 by serum antibodies was evaluated 
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by SP-ELISA; 1 ug per well of antigen (peptide or protein) was dis- synthesis of the MOG peptide fragments 2–6b was not expected 
 

solved in coating buffer (12 mM  Na2CO3, 35 mM  NaHCO3  and to be particularly demanding, we decided to use an optimized pro- 
 

pH 9.6); then 100 μl of solution was dispensed in each well of 96- cess for SPPS using MW irradiation combined with the Fmoc/tBu 
 

well Maxisorp plates (NUNC Maxisorp; Sigma-Aldrich, Milan, Italy). strategy. Crude peptides were purified to homogeneity (final HPLC 
 

Plates were incubated at 4 °C overnight. Subsequently, plates were purity >95%) and characterized by analytical RP-HPLC with UV de- 
 

washed three times with washing buffer (0.9% NaCl and 0.01% tection at 215 nm, coupled with ESI-MS. Analytical data are reported 
 

Tween 20) and blocked 1 h at room temperature with 100 μl per in Table 1.   
 

well of FBS buffer (10% FBS in washing buffer). FBS buffer was re-    
 

moved, and 100 μl per well of diluted sera sample (1 : 100 in FBS 
Solid-phase Enzyme-linked Immunosorbent Assay  

buffer) was dispensed. Blank wells were included in all the plates  

   
 

and were obtained using FBS buffer instead of serum. Plates were The presence of antibody response against recombinant refolded 
 

incubated at 4 °C overnight and then washed three times with MOG(1–117) and MOG peptides in EAE mice sera was evaluated 
 

washing buffer; 100 μl per well of secondary antibodies diluted in by SP-ELISA strategy, using a method optimized in our lab with 
 

FBS buffer (anti-mouse IgG 1 : 30000 and anti-mouse IgM 1 : 7500) both recombinant MOG [30] and synthetic peptides. Briefly, each 
 

was dispensed, and plates were incubated 3 h at room tempera- antigen was adsorbed on 96-well polystyrene plates and incubated 
 

ture. Plates were washed three times with washing buffer; then first with diluted sera and then with anti-IgG or anti-IgM secondary 
 

100 μl per well of substrate solution (1 mg/ml p-PNP in substrate antibodies to assess the auto-antibody response. Sera from naïve 
 

buffer: 1 M diethanolamine, 1 mM MgCl2 and pH 9.8) was dispensed. mice were included in each plate as normal controls. The immuno- 
 

Plates were incubated for 15–40 min at room temperature, and logical homology between peptides 6a and 6b was preliminarily 
 

then the absorbance (ABS) of each well was red with a multichannel evaluated on seven representative EAE mice sera (Figure S1). Sub- 
 

ELISA reader (Tecan, Männedorf, Switzerland) at 405 nm. ABS value sequently, antigens were tested on a cohort of 47 EAE mice sera, to- 
 

for each serum was calculated as (mean ABS of triplicate) minus gether with nine naïve mice sera as control, measuring separately 
 

(mean ABS of blank triplicate).  IgG and IgM.   
 

  In the case of IgG, strong responses to both the immunizing pep- 
 

Results 
 tide 3 and the refolded recombinant protein were obtained in sera 

 

 of all the EAE-induced mice (manifesting clinical scores 2–4) at all 
 

Animal Model 
 the time points tested (2–4 weeks after disease induction), while 

 

 
we were not able to detect antibodies to any of the other peptide  

  
 

Humoral response to MOG was investigated using the EAE chronic 
(non-remitting) model induced by MOG(35 55) peptide. In this fragments (Figure 1). Interestingly, the response against MOG(1– 

 

model, clinical manifestations, e.g. tail limping, are typically re- 
vealed 9 12 days after disease induction and increase in 
severity, reaching hind limb paralysis or complete limb paralysis 
by days 14-28. Mice showing definite EAE manifestations were 
bled 2-4 weeks after disease induction, and antibody response was 
studied and compared with that of naïve controls. against the peptide MOG(35–55). Conversely, no significant IgM re- 

 

     
 

Antigens Design and Preparation 
 To estimate the secondary structure of recombinant MOG(1–117) 

 

 

and synthetic MOG(35–55), CD spectra were recorded for both mol-  

  
 

To obtain recombinant MOG protein, the cDNA of the 1–117 extra- ecules in the far-UV region (240 to 190 nm). Both protein and 
 

cellular portion of rat MOG was subcloned into the His-tag expres-    
 

sion vector pET-22. The choice to use a shortened protein fragment    
 

compared with the canonical extracellular domain 1–125 was    
 

inspired by an attempt to avoid the solubility issues characterizing    
 

MOG(1–125), which comprises a highly hydrophobic transmem-    
 

brane portion (F
119

YWI
122

). The removal of this short sequence    
 

leads to a more soluble recombinant product that is more appropri-    
 

ate to be employed as antigen in immunological solid-phase as-    
 

says. The final product was refolded according to the protocol    
 

that  we  have  previously  reported  [30],  using  a  gradient  of    
 

denaturating buffer versus nondenaturating buffer over 10 h on a    
 

nickel–nitrilotriacetic acid affinity chromatography column.    
 

The choice of the synthetic peptides used to map the sequence    
 

of MOG(1–117), reported in Table 1, was guided by the immunizing    
 

peptide MOG(35–55), which was previously described as the    
 

immunodominant portion of MOG [12] and thus was included    
 

among our test peptides.     
 

Next, we decided to split the C-terminal 56–117 in three 20-mer    
 

portions and to analyze separately the residual N-terminal frag-    
 

ment, MOG(1–34). As peptide 6a displayed solubility issues, we de-    
 

cided to enhance the solubility of the sequence adding a C-terminal Figure 1.  IgG response against recombinant protein MOG(1–117) (1) and 
 

4-Lys tag (peptide 6b), as previously reported [31]. Although the peptides mapping the 1–117 sequence (2, 3, 4, 5 and 6b) in EAE mice. 
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peptide were studied at the same concentration in PBS at 25 °C. Ac- at high temperature. Therefore, the coupling of both Cys and His 
cording to the previously published CD results on MOG(1–125) [30], residues was performed at 50 °C. Once these amino acids are 
refolded recombinant MOG(1–117) displays a beta-sheet confor- incorporated into the peptide chain, they are protected from 
mation, characterized by a minimum at 218 nm and a positive peak epimerization at higher temperatures. Moreover, the nucleophilic 
near 200 nm. Conversely, we have assessed that MOG(35–55) dis- side chain of Arg is susceptible to δ-lactam formation during the 
plays a random coil conformation, characterized by a negative peak coupling reaction [41]. In order to protect the activated Arg deriva- 
around 195 nm (data not shown). tive from MW energy, a first coupling was performed at conven- 
  tional conditions (25 min at room temperature); then MW energy 
  was applied for 2 min. A second coupling was typically performed 
Discussion  to ensure that deletion sequences, resulting from lactam formation, 
  are minimized. The activation was performed with the well-known 
Myelin oligodendrocyte glycoprotein is one of the most studied DIC-based [44] techniques with Oxyma [45], not only because of de- 
candidate antigens in the case of demyelinating autoimmune dis- rivatives like HOBt and HOAt classified as Class 1c explosives but 
orders, especially MS [17–21]. The hypothesis of MOG involvement also because of the stability of these reagents at elevated tempera- 
in MS autoimmune reaction is due to the exposition of its IgG-like tures. The deprotection step was carried out with 20% piperidine in 
extracellular domain on the outermost surface of myelin sheath, DMF, employing a short initial MW deprotection step for 15 s at 
allowing the access of potential auto-antibodies to the protein 75 °C followed by a second 50-s deprotection at 90 °C. In the end, 
[32]. Despite the numerous studies aimed to characterize the path- it is worthy to highlight that the cleavage from the resin of the 
ological antibody response to MOG in MS, the role of this protein is crude peptides containing more than one Arg residue requested 
still highly controversial. To unravel the complexity of MS patho- approximately 5 h because of the uncompleted removal of the 
physiology, several animal models were developed, each of which Pbf side-chain protecting group after 2 h. 
parallels specific MS aspects [9]. In this context, we attempted to Solid-phase ELISA results obtained testing the recombinant pro- 
elucidate the anti-MOG antibody response using a widely used tein and its synthetic fragments as antigenic probes on EAE mice 
MS animal model, i.e. EAE induced by active immunization with sera revealed the presence of a specific IgG response against the 
MOG(35–55) peptide in C57BL/6 mice, which mirrors aspects of immunizing peptide MOG(35–55) and the recombinant protein 
chronic progressive MS. In particular, we analyzed the antibody re- MOG(1–117), while no response was detected against the other 
sponse to MOG using as antigen the recombinant and properly peptide antigens. Notably, the antibody titer revealed against the 
refolded extracellular domain of the protein, MOG(1–117). The recombinant protein is higher than the one obtained against the 
use of a correctly folded antigen enables to characterize both linear immunizing  peptide.  The  higher  antibody  titers  detected  by 
and conformational epitopes. In parallel, to accurately map the re- the refolded protein allow us to hypothesize the presence of both 
gion recognized by anti-MOG antibodies, we split the sequence linear and conformational epitopes within the 35–55 region of 
into five peptide fragments: MOG(1–34), MOG(35–55), MOG(56–75), MOG, recognized by auto-antibodies in EAE mice sera. Indeed, the 
MOG(76–95) and MOG(96–117). This approach allowed us to recombinant refolded protein is able to reproduce both the primary 
investigate the possible involvement of an intramolecular epitope amino acid sequence and the conformation of the native antigen 
spreading phenomenon in EAE pathogenesis. Indeed, epitope and to correctly expose the latter in the context of the solid-phase 
spreading is physiologically required for an effective adaptive re- ELISA coating phase. Conversely, the MOG(35–55) peptide appears 
sponse [33], but its involvement is also documented in many auto- to be able to reproduce only a linear, short portion of the protein 
immune disorders [34,35], including MS [36,37] and several EAE but is unable to mimic a conformational epitope on the ELISA plate. 
models [38,39]. In this context, the significance of T-cell epitope Conformational differences between MOG(1–117) and MOG(35–55) 
spreading in autoimmunity was extensively evaluated, while the were confirmed using CD spectroscopy, which revealed that the 
B-cell counterpart is poorly understood [33]. recombinant  protein  has  a  β-sheet  conformation,  while  the 

Concerning the recombinant antigens production, we have suc- immunizing peptide displays a random coil conformation. It is well 
cessfully cloned, expressed in E. coli and refolded the extracellular known that short synthetic peptides used as immunogenic agents 
1–117 portion of MOG protein, following our previously published are able to elicit an antibody response against their corresponding 
protocol [30]. Furthermore, our study reports for the first time the sequence on the full-length folded protein [46,47]. Indeed, the pep- 
synthesis of MOG peptides performed using an optimized protocol, tide in solution typically assumes a random coil conformation but 
based on MW irradiation in both coupling and deprotection steps, may also adopt other conformations, among which the folded 
which enables to obtain peptides with satisfying crude purity one, because of its extreme flexibility, and thus during the immuni- 
(40–65%) in reasonably short time and, most importantly, limiting zation  procedure,  the  peptide  can  trigger  an  immunological 
solvent consumption. In fact, this protocol allows not only a signif- reaction not only against linear epitopes but also against conforma- 
icant reduction (~90%) in total chemical waste but also the comple- tional epitopes. Conversely, the peptide coated on the ELISA plate is 
tion of a cycle in approximately 4 min. Specifically, the coupling more constrained, and it can hardly adopt the original folded con- 
reaction is performed in two short coupling steps at 90 °C and not formation. Consequently, the recombinant protein, mimicking both 
in one longer step at 75 °C, as previously reported [40]. These con- structure and sequence of the native antigen, is able to detect anti- 
ditions were applied to all amino acids except His, Cys and Arg res- bodies with greater efficiency, as compared with the peptide. 
idues, for which specific parameters are required. Racemization of Indeed, the ability of the free peptide to adopt in solution the 
the amino acid residues during the coupling reaction has been conformation recognized by the antibody can be tested using 
extensively documented [41–43]. Various factors, including the more elaborate experiments, such as competition ELISA, which 
electron-withdrawing effect of the amino acid side chain, the tem- however are beyond the scope of this study, mostly focused on 
perature and solvent of the reaction and the activator base, could epitopes different from the well-known immunodominant se- 
affect the degree of racemization, because an increase of Cys and quence MOG(35–55) and possibly recognized by antibodies in 
His epimerization was detected in coupling reactions performed the context of an intramolecular epitope spreading mechanism. 
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 Taken together, these considerations enable us to assert the lack 16 Aharoni R. New findings and old controversies in the research of 
 

of a MOG intramolecular epitope spreading phenomenon in the  multiple sclerosis and  its model experimental autoimmune 
 

 
encephalomyelitis. Expert Opin. Ther. Targets 2013; 9(5): 423–440.  

case of the examined MS animal model, as we were able to detect  
 

17 Lalive PH. Autoantibodies in inflammatory demyelinating diseases of the  

IgG against the immunizing peptide and the recombinant protein, 
 

 central nervous system. Swiss Med. Wkly. 2008; 138: 692–707.    
 

but not against the peptides mapping other portions of the exam- 18 von Büdingen HC, Bar-Or A, Zamvil SS. B cells in multiple sclerosis: 
 

ined sequence.        connecting the dots. Curr. Opin. Immunol. 2011; 23: 713–720.    
 

 The presence of an immunological response against both MOG 19 Ben-Nun A, Kaushansky N, Kawakami N, Krishnamoorthy G, Berer K, 
 

  

Liblau R, Hohlfeld R, Wekerle H. From classic to spontaneous and  
(35–55) and refolded MOG(1–117) allows us to hypothesize that  

 

 humanized models of multiple sclerosis: impact on understanding  

the immunization procedure with MOG(35–55) peptide is able to 
  

 pathogenesis and drug development. J. Autoimmun. 2014; 54: 33–50. 
 

elicit an antibody response against both linear and conformational 20 Mayer MC, Meinl E. Glycoproteins as targets of autoantibodies in central 
 

epitopes, confirming the immunodominance of this epitope.   nervous system inflammation: MOG and more. Ther. Adv. Neurol. Disord. 
 

           2012; 5: 147–159.            
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Structure-Activity Relationship Studies, SPR Affinity Characterization 

and Conformational Analysis of Peptides Mimicking the HNK-1 

Carbohydrate Epitope 

(Draft) 

INTRODUCTION 

The design of glycomimetic novel molecules mimicking biologically relevant glycans, is a 

significant approach for understanding the molecular mechanisms of important biological 

processes, i.e., cell-cell recognition.1,2 This strategy may lead to new potential therapeutic 

and diagnostic agents. While several carbohydrate-based glycomimetics have been 

reported,3,4,5,6 only a few examples of peptides mimicking glycans are present in the 

literature.7 The majority of peptides-mimicking carbohydrate epitopes have been selected 

using monoclonal antibodies to screen phage displayed random peptide libraries.8,9,10 In the 

framework of our continuing interest toward the use of synthetic peptides as immunological 

probes to characterize antibodies,11 we focused our attention on peptide-based mimetics of 

the trisaccharide human natural killer cell-1 epitope (HNK-1, Figure 1),12 which is considered 

the antigenic determinant of myelin-associated glycoprotein (MAG), a quantitatively minor 

component of myelin sheaths.13 Moreover, HNK-1 was also found on neural cell adhesion 

molecules (NCAM), myelin protein zero (P0), extracellular matrix proteins  

 

Figure 1. Structure of the trisaccharide HNK-1. 

 

of the tenascin family, in glycolipids, i.e., the sulfate-3-glucuronyl paragloboside (SGPG),2,14 

acting as a ligand for adhesion molecules and appearing to be associated with 

developmental events such as outgrowth of astrocytes and neuronal processes.15 

Importantly, patients affected by autoimmune neurological disorders, such as IgM 

monoclonal gammopathy and demyelinating polyneuropathy often develop anti-MAG 

antibodies specifically targeting the HNK-1 epitope.16,17 Therefore identification and 

characterisation of these antibodies is clinically relevant.18 For this reason, since both the 
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chemical synthesis and the isolation from natural sources of HNK-1 appear extremely 

difficult and time consuming and very often can lead to inconsistent material, the 

development of glycomimetics of this carbohydrate is indeed a desirable goal. In fact, 

Simon-Haldi et al. selected HNK-1 peptide mimetics screening a phage-displayed peptide 

library with a rat monoclonal antibody,19 while Bachle et al. further elaborated these linear 

sequences to obtain two cyclic hexapeptides, showing binding affinity to the monoclonal 

antibody in the high micromolar range.20  

We report herein a structure-activity relationship (SAR) study of one of these previously 

reported HNK-1 mimetic peptide, based on the measurement of binding affinities by surface 

plasmon resonance (SPR) experiments. The final goal was the optimization in terms of 

binding affinity of a peptide mimicking the minimal epitope recognized by the commercially 

available monoclonal antibody. Subsequently this peptide could be used for the 

development of a novel and reliable diagnostic tool for anti-HNK-1 antibody identification in 

sera of patients affected by autoimmune neurological disorders. 

SPR is an attractive technique for the evaluation and quantification of antigen-antibody 

interactions, enabling direct visualization of biomolecular interactions in real-time.2122 The 

use of peptides for specific antibody recognition has been already widely employed in SPR, 

as exemplified by the glycopeptide-based SPR biosensor for the detection of specific 

antibodies in sera of patients affected by multiple sclerosis,23 or the kinetic characterization 

through SPR of different antibody families in rheumatoid arthritis patients’ sera, using a 

panel of citrullinated peptides, recently developed in our laboratory.24 

 

RESULTS AND DISCUSSION 

Peptide design and synthesis. The starting point of our effort to rationally design a high 

affinity peptide binder of the anti-HNK1 monoclonal antibody was the previously described 

cyclic hexapeptide c-(LSETTdL) (Entry 1 in Table 1, dL is used for D-Leu), reported to mimic 

the trisaccharide HNK-1 epitope.20 Not surprisingly, the starting sequence, which mimics a 

carbohydrate epitope, contains amino acids with hydroxylated side chains (Ser, Thr), apolar 

amino acids to establish hydrophobic interactions with the target, and a Glu residue, bearing 

a negative charge, in the framework of the peptide backbone, with amide groups acting as 

hydrogen bond donors and acceptors.  
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Table 1. Sequences of the synthetic peptides and affinity binding constantsa to the anti-
HNK1 monoclonal antibody determined by SPR. 

No Sequence k
a
 (1/Ms) k

d
(1/s) K

D
 (M) 

1 c-(LSETTdL) 1.41·10
2

 1.55·10
-3

 1.09·10
-5

 

2 LSETTdL 1.99·10
1

 43.6·10
-2

 2.18·10
-2

 

3 LSETETdL 8.6·10
4

 0.9·10
-2

 1.04·10
-7

 

4 LSETETK(Ac)dL 1.09·10
3

 50.2·10
-5

 4.62·10
-7

 

5 c-(LSETETK(Ac)dL) 3.72·10
5

 40.7·10
-3

 1.09·10
-7

 

6 c-(LSETETKdL) 1.05·10
2

 1.82·10
-3

 1.73·10
-5

 

7 c-(LSETKTdL) 1.46·10
1

 6.30·10
-1

 4.33·10
-2

 

8 LSETY(OSO3)TKdL no interaction 

9 c-(LSETY(OSO3)TKdL) no interaction 

10 LSETYTKdL 1.20·10
3

 23.0·10
-2

 1.92·10
-4

 

11 c-(LSETYTKdL) 1.45·10
2

 1.0·10
-2

 6.90·10
-5

 

12 LSETETL 5.16·10
2

 9.6·10
-4

 1.89·10
-6

 

13 Ttds-LSETETdL b 8.5·10
2

 5.4·10
-4

 6.32·10
-7

 

aka: association rate constant, kd: dissociation rate constant; KD: equilibrium dissociation 
connt. bTtds: 4,7,10-trioxa-1,13-tridecanediamino succinic acid. 

Firstly, we synthesized the cyclic peptide c-(LSETTdL) (1) and its linear precursor LSETTdL (2), 

in order to investigate affinity differences between linear and cyclic structures. Afterward, 

taking into account that the HNK-1 trisaccharide bears two negatively charged functional 

groups, i.e. the carboxylic function and the sulfate group at positions C1 and C3, 

respectively, of the glucuronic acid (Figure 1), we focused our attention on the charged side 

chains exposed by the sugar-mimetic peptide. Accordingly, a second Glu residue was 

inserted into the sequence, with the aim of reproducing the trisaccharide double negative 

surface charge, obtaining the linear sequence LSETETdL (3), characterized by a net charge -2. 

Moreover, a Lys residue was also inserted in the sequence, with the aim of introducing a 

further functional group to be eventually used to covalently anchor this peptide to a solid 

support, such as the active surface of a sensor chip. Accordingly, to maintain a net charge of 
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-2 and mimic the involvement of the Lys side chain amino group in the anchoring linkage, 

this peptide was synthesized using acetylated Lys: LSETETK(Ac)dL (4). We also prepared the 

corresponding cyclopeptides, with either acetylated or free lysine (5 and 6, respectively), the 

latter showing net charge -1, as the parent peptide, as well as an analogue characterized by 

a total net charge zero, e.g., c-(LSETKTdL) (7). Moreover, we synthesized the linear peptide 

LSETY(OSO3)TKdL (8) and the corresponding cyclic analog c-(LSETY(OSO3)TKdL) (9), replacing 

the second Glu residue introduced in the sequence with Tyr(OSO3), in an attempt to mimic 

more closely the sulfate group present on the glucuronic acid of the parent trisaccharide 

(Fig. 1). The two peptides with non-sulfated Tyr were also included (linear 10 and cyclic 11). 

Finally, although it was previously described that the presence of Leu residue instead of D-

Leu decreased antibody affinity,20 we also prepared the peptide LSETETL (12), analogue of 3, 

containing L-Leu in place of D-Leu. 

All peptides were synthesized by microwave-assisted solid phase peptide synthesis, 

following the Fmoc/tBu strategy. Cyclic peptides were synthesized following the general 

procedure for head-to-tail on-resin cyclization as described in the experimental section. 

Peptides were purified by semi-preparative RP-HPLC to obtain a final purity ≥95% and 

characterized by electrospray ionization mass spectrometry (ESI-MS). Analytical HPLC 

methods, retention times, and observed mass peaks for each peptide are summarized in 

Table 2.  

Surface plasmon resonance experiments. Affinity measurements of binding of all the 

synthetic peptides to the mouse anti-HNK-1 monoclonal antibody were performed by SPR 

technique on a BiaCore T100 system (GE Healthcare,. Commercially available anti-HNK1 

monoclonal antibodies produced in mouse (Sigma)were immobilized on the sensor chip 

surface following the amine coupling strategy according to the manufacturer 

recommendations. Synthetic peptides were flowed at different concentrations over 

immobilized antibodies in individual cycles of analysis based on the following steps: sample 

injection (association phase), washing with running buffer (dissociation step), and finally chip 

surface regeneration. Results reported in Table 1 were elaborated separately for each 

sample by fitting the experimental values to theoretical kinetic models, thus obtaining the 

kinetic constants and KD values. 

The results for the peptide c-(LSETTdL) (1) confirmed the performance of the SPR assay, 

since the observed KD (1.09 x 10-5 M) is comparable to the previously published value (KD = 

6.7 x 10-5 M),20 while the corresponding linear sequence LSETTdL (2) appears to be a much 



132 
 
 

weaker binder (KD = 2.18 x 10-2 M), as also reported by Bachle et al. The linear peptide 

LSETETdL (3), bearing two negative net charges, was then tested in SPR, observing the 

highest affinity to the anti-HNK-1 monoclonal antibody, with KD = 1.04 x 10-7 M. This result 

indicates that the increase in net negative charge due to the presence in the sequence of a 

second glutamic acid residue increases significantly the affinity for the antibody. This was 

confirmed by the analysis of the affinities registered for peptides c-(LSETKTdL) (7), KD = 4.33 

x 10-2 M, c-(LSETETKdL) (6), KD = 1.73 x 10-5 M, and c-(LSETETK(Ac)dL) (5), KD = 1.09 x 10-7 M, 

displaying net negative charges of 0, 1, and 2, respectively, corresponding to an affinity 

increase of almost 5 log units. The linear analogue of peptide 5,  LSETETK(Ac)dL (4), displays 

a slightly lower affinity, as compared to the corresponding cyclic one (5), but interestingly 

their KD values are in the same range (KD = 4.62 x 10-7 and 1.09 x 10-7 M, respectively), at 

variance with the marked difference observed in the case of the parent peptides 1 and 2. 

Peptides LSETY(OSO3)TKdL (8) and c-(LSETY(OSO3)TKdL) (9), containing the sulfated tyrosine 

residue designed to mimic the sulfated glucuronic acid moiety characteristic of the HNK-1 

carbohydrate, did not interact with the immobilized monoclonal anti-HNK-1 antibody, 

possibly because the bulky side-chain of the tyrosine residue does not fit into the antibody 

binding site, in spite of the presence of the sulfate moiety, as in the native sugar epitope. 

Surprisingly, the corresponding non sulfated peptides LSETYTKdL (10) and c-(LSETYTKdL) (11) 

show a weak, but significant binding interaction with the antibody (KD = 1.92 x 10-4 and 6.90 

x 10-5 M, respectively). Finally, the linear peptide bearing D-Leu instead of L-Leu, e.g., 

LSETETL (11), shows an affinity roughly one order of magnitude lower than that of the 

unmodified peptide 3 (KD = 1.89 x 10-6 M), thus confirming the previously reported beneficial 

effect of a D-Leu residue in antibody interaction.20  

Summarizing, the SPR affinity characterization of the interaction between a series of 

synthetic peptides and the anti-HNK1 monoclonal antibody allowed us to compare structural 

motifs involved in antibody recognition. The linear sequence LSETETdL (3), a 7-mer peptide 

bearing 2 net negative charges, was selected due to its KD value as the best peptide mimetic 

of the HNK-1 epitope. This peptide could be considered an optimized HNK-1 epitope 

mimetic, showing higher affinity than the peptides reported in prior studies and derived by 

screening a phage-displayed random peptide library.20 We also selected the cyclic peptide c-

(LSETETK(Ac)dL) (5), showing similar KD values as compared to 3 (1.04 x 10-7 M and 1.09 x 10-

7 M, respectively),  bearing an additional acetylated Lys residue, which may allow further 

modification with spacers enabling immobilization on a suitable sensor chip, in a future 

development of novel anti-HNK1 antibody detection tools. For this reason, we consider 
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peptide 5 as the cyclic counterpart of linear peptide 3, since the simple head-to-tail 

cyclization of 3 would yield a peptide without a functional group available for subsequent 

covalent immobilization. However, when peptide 6 was covalently linked to the BiaCore 

sensor chip through the Lys side chain, we were unable to observe a binding interaction with 

the anti-HNK-1 monoclonal antibody (data not shown), possibly because peptide 

immobilization hides the epitope fundamental for antibody recognition when the peptide is 

free in solution, a well-known phenomenon when dealing with solid-phase 

immunoenzymatic assays.25  

Further modification of peptide 3 for solid-phase immunoassay. The two high affinity 

binders, mimetic of the trisaccharide HNK-1, could be proposed as antigenic probes to 

detect anti-HNK1 antibodies in a solid-phase immunoenzymatic assay (SP-ELISA), but they 

appear to be too short for an efficient adsorption on the SP-ELISA plastic plates.25 Therefore, 

in order to obtain a molecule with the best physico-chemical properties, peptide 3 was 

modified by insertion in the N-terminal position of a flexible and hydrophilic moiety, such as 

the PEG chain 4,7,10-trioxa-1,13-tridecanediamino succinic acid linker 4,7,10-trioxa-1,13-

tridecanediamino succinic acid (Ttds, Figure 2). 

 

  

Figure 2. Structure of the spacer Ttds 

 

The resulting peptide Ttds-LSETETdL (13) was preliminary tested in SPR experiments to verify 

if the introduced modification hampers the high affinity antibody binding observed with the 

unmodified peptide 3. Indeed, despite the presence of the N-terminal PEG extension, when 

peptide 13 was tested in solution on the immobilized antibody, it showed a KD value of 6.32 

x 10-7 M, corresponding to a marginal loss of affinity (six-fold), as compared to the original 

sequence. We have previously observed a similar behavior, i.e. a modest decrease in affinity 

due to N-terminal modification of antigenic peptides, possibly due to the introduction of 

steric hindrance, which however did not hamper the use of these peptides in ELISA.26 

Accordingly, we tested in SP-ELISA the peptide Ttds-LSETETdL (13), which can be directly 

adsorbed on plastic plates. 



134 
 
 

SP-ELISA experiments. Initially, Ttds-LSETETdL (13) was tested for its ability to detect the 

anti-HNK-1 monoclonal antibody in SP-ELISA. The condition of the assay in terms of type of 

polymeric support of the ELISA plate, amount of peptide per well, coating buffer, blocking 

buffer, and concentration of the secondary antibody were evaluated (data not shown), in 

order to determine the optimal SP-ELISA conditions for the identification of anti-HNK1 

antibodies, using the monoclonal antibody. Subsequently, the anti-HNK1 monoclonal 

antibody was titrated by SP-ELISA at the established optimal conditions. Titration results, 

shown in Figure 3, suggest that the peptide-based ELISA is able to identify anti-HNK1 

antibodies in a good range of concentrations. Moreover, the specificity of the signal 

obtained using peptide 13 as antigen was confirmed using in parallel a BSA-coated plate. 

 

 

Figure 3. Anti-HNK1 monoclonal antibody titration in SP-ELISA with coated peptide 13. Blank 

is obtained using BSA buffer instead of the monoclonal antibody. 

 

 

To the best of our knowledge, this is the first example of a simple synthetic peptide probe 

that appears to be able to recognize specific anti-HNK-1 antibodies in SP-ELISA and therefore 

we propose it to be exploited for the development of a diagnostic tool for patients affected 

by autoimmune neurological disorders, such as IgM monoclonal gammopathy characterized 

by anti-HNK-1 antibodies circulating in blood. However, preliminary aspecific results 

obtained with human sera suggest that the monoclonal epitope of mouse is different from 

the human one. 
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Conformational studies. To explore the conformational preferences of the most interesting 

peptides 3 and 5, we performed a CD analysis in water and HFA/water 30% solutions. CD 

spectra of peptide 5 in the two solutions were very similar showing a minimum at 204 nm 

and a shoulder at 222 nm characteristic of turn-helix structures (Figure 4a). Spectra similarity 

clearly indicates that the environment has little influence on the cyclic peptide structure. In 

contrast, CD spectra of peptide 3 (Figure 4b) change from water to HFA/water solution 

indicating an increase of the folded structure in the last medium. Spectra of peptides 3 and 5 

in HFA/water solution were qualitatively similar (Figure 4c) indicating similar conformation 

of the two peptides but dichroic intensity was reduced for peptide 3 pointing to a lower 

conformational stability.  

 

 

Figure 4. CD spectra of peptide 5 (a) and 3 (b) in water (dashed lines) and 30% HFA/water 
solution (solid lines) respectively. (c) Overlap of the CD spectra in HFA/water solution of 5 
(blue) and 3 (red). For qualitative comparison, the last spectrum intensity was multiplied by 
three.  
 

We then followed up with a detailed NMR conformational analysis of peptide 5 in 

HFA/water solution. Several NOE dipolar couplings observed in the NOESY spectrum of 5 

pointed to the presence of turn-helical structures. In particular strong dNN(i,i+1) between 

Glu3 and Thr4 and between Thr6 and DLeu8, dαN(i,i+2) between Ser2 and Thr4, and between 
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Thr4 and Thr6, dβN(i,i+3) between Leu1 and Glu3, dβN(i,i+4) between Leu1 and Thr4, dγN(i,i+3) 

between Thr4 and Lys7 were observed (Table S3). Also, side chain to side chain NOEs were 

observed between Ser2 and Glu5. Using the NOE derived data as input, structure calculations 

by restrained simulated annealing gave the conformers of peptide 5 shown in Figure 5. 

Structures are well defined (backbone rmsd is 0.20 Å), and analysis of the ensemble dihedral 

angles (Table S4) provides the presence of four β-turns along residues 1-4 (type III), 2-5 

(distorted type VIII), 4-7 (type III), and 5-8 (distorted type VIII). Interestingly, side chains of 

residues Ser2 and Glu5 are spatially close and, in many cases, an H-bond is observed between 

Ser2 hydroxyl and Glu5 carboxyl groups. Previous conformational studies on parent peptide 

1, revealed the existence of a β-turn around Ser2-Glu3-Thr4-Thr5 sequence.27 In our peptide 5 

(and 3) a Glu residue replaces Thr5 and the stable H-bond between the side chains of 

residues 2 and 5 (not reported for peptide 1) can be one of the reasons for the increased 

affinity of peptide 5 (and 3) for the antibody. Moreover, the other secondary structural 

elements of peptide 5, not observed in peptide 1, can be responsible of such binding 

improvement.   

 

 

Figure 5. (a) Superposition of the ten lowest energy conformers of peptide 5. Structures 
were superimposed using the backbone heavy atoms. Side chains are shown in light grey. (b) 
Lowest energy conformer of 5: hydrogen bond between Ser2 hydroxyl and Glu5 carboxyl 
groups is shown as black dotted line. Heavy atoms have different colors (carbon, green; 
nitrogen, blue; oxygen, red; sulfur, yellow). Hydrogen atoms are hidden for a better view. 
*Lys: Acetyl-lysine. 
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Identification and reproduction of conformational epitopes involved in antibody recognition 

is a challenge, particularly if sugars are involved in antibody recognition. In this context 

peptide molecules can be instrumental to develop conformational epitope mimics to 

improveantibody affinity and specificity to carbohydrates. Nowadays, anti-MAG and anti-

SGPG antibodies are used as biomarkers in clinical practice to support the diagnosis of 

patients affected by PNS disorders. The putative target of these antibodies circulating in 

patients’ sera is considered the trisaccharide HNK-1 epitope, which synthesis is not 

straightforward (let Mallet).With the aim of producing a simple synthetic peptide mimicking 

the complex trisaccharide HNK-1 epitope and useit to develop a novel diagnostic tool for 

practical clinical use, we rationally designed a series of peptides mimicking the HNK-1 

molecule that could be sufficient to ensure the specificity of antibody recognition. After a 

screening of a peptide library over the immobilized commercial monoclonal anti-HNK-1 

antibody by SPR, a cyclic heptapeptide bearing 2 net negative charges was selected as the 

best mimetic of the HNK-1 epitope. Biological experiments helped to evaluate the effects of 

this analogue in the detection of autoantibodies in the sera of patients with 

polyneuropathies. Conformational analysis gave possible explanations of the increased 

antibody affinity displayed by some novel analogues. Overall the results can help in the 

development of novel … 

 

EXPERIMENTAL SECTION 

Materials and methods. All Fmoc-protected amino acids, Fmoc-Ile-Wang resin, Fmoc-dLeu-

Wang resin, Fmoc-Glu(Wang resin)-OAll, DIC, Oxyma, HATU and N-methylmorpholine (NMM) 

were purchased from Iris Biotech GmbH (Marktredwitz, Germany). The following amino acid 

side-chain-protecting groups were used: OtBu (Glu), tBu (Ser,Thr) and Dde (Lys). Peptide-

synthesis grade N,N-dimethylformamide (DMF) was purchased from Scharlau (Barcelona, 

Spain); acetonitrile (ACN) from Carlo Erba (Milan, Italy); dichloromethane (DCM), 

trifluoroacetic acid (TFA), piperidine were purchased from Sigma-Aldrich (Milan,Italy). The 

scavenger triisopropylsilane (TIS) for cleavage of peptides from resin was purchased from 

Acros Organics (Geel, Belgium). The Pd(PPh3)4 was purchased from Sigma-Aldrich (St. Quentin 

Fallavier, France) and every time was weighted under argon and dissolved in dry DCM 

immediately before use. Sensor chip CM5, chip SA, running buffer 10x (0.1M HEPES, 1.5M 

NaCl, 30mM EDTA, 0.5% v/v p20 yielding pH 7.4 when diluted), amine coupling reagents N-

hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) were purchased from Biacore AB (GE Healthcare). The monoclonal anti-
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HNK-1/N-CAM (CD57) antibody produced in mouse was commercially available from Sigma-

Aldrich. Assays (SP-ELISA) were performed using 96 wells plates PVC (company). Washings 

steps were performed with Hydroflex Microplate Washer (Tecan, Männedorf, Switzerland). 

Bovine serum albumin was purchased by Euroclone (Milan, Italy). Anti-mouse IgM alkaline 

phosphatase conjugates were purchased by Sigma Aldrich (Milan, Italy). p-Nitrophenyl 

phosphate was purchased from Fluka (Milano, Italy). Absorbance values were measured on a 

Sunrise Tecan ELISA plate reader purchased by Tecan (Tecan Italia, Milano, Italy). 

MW-assisted Solid Phase Peptide Synthesis. General Protocol. The linear peptides were 

synthesized on a 0.1 mmol scale (5 eq of activator and amino acid) by a high-efficiency Solid 

Phase Peptide Synthesis (HE-SPPS) strategy, using a Liberty BlueTM automated microwave 

synthesizer (CEM) following the Fmoc/tBu methodology. The reactions were performed in a 

Teflon vessel and mixed by N2 bubbling. Reaction temperatures were monitored by an 

internal fiber-optic sensor. The syntheses were performed on Fmoc-Ile-Wang resin (0.7 

mmol/g) for the linear peptides 2, 3, 4, 8, 10, and 13, Fmoc-Glu(Wang resin)-OAll (0.21 

mmol/g) for the cyclic peptides 1, 5, 6, 7, 9, and 11, and Fmoc-Leu-Wang resin (0.7 mmol/g) 

for peptide 12. The resins were swelled with DMF (1mL/100mg of resin) for 20 min.  

A general coupling cycle was initiated with a double deprotection step with 20% piperidine 

in DMF, for 15 sec at 75 °C using 155W followed by 50 sec with a fresh deprotection solution 

at 90 °C reached with 30W. Three washes with DMF and N2 bubbling were performed. Fresh 

stock solutions of the Fmoc-protected amino acids (0.2 M), Oxyma (1 M) and DIC (0.5 M) in 

DMF were prepared in separated bottles and used as reagents during the SPPS. The MW-

SPPS protocol, consisted of two coupling steps (standard coupling), performed firstly at 75°C 

for 15 sec using 170W and then at 90°C for 110 sec using 30W. One wash was performed 

after the coupling step with DMF and N2 bubbling.  

General procedure for head to tail on-resin cyclization. Removal of allyl protecting groups. 

Peptide-resin protected by allyl group was swollen in anhydrous DCM under Ar atmosphere 

for 20 min. Then Pd(PPh3)4 (3 eq.) in a solution of dry DCM/AcOH/NMM (37:2:1) was added 

(15mg/gr of resin) and the resin was shaken for 2 h at room temperature. The reaction is air-

sensitive and all manipulations were carried out under Ar. Finally, the resin was filtered and 

washed successively with 0.5% N,N-Diisopropylethylamine (DIPEA) in DMF and 0.5% sodium 

diethyldithiocarbamate in DMF to remove the catalyst. Cyclization. After performing the 

final Fmoc-deprotection, the resin was swollen in DMF and cyclized with NMM (5 eq.), 

Oxyma (5 eq.) and HATU (5 eq.). After shaken for 1.5 h at room temperature, the resin was 
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filtered and washed successively with DMF, DCM. The reaction was verified by Kaiser Test. 

Acetylation. Firstly the Dde protecting group was removed from the side chain of Lys with a 

solution of 2% hydrazine in DMF (25mL/g resin) at rt for 3min. The resin was filtered and the 

treatment with hydrazine was repeated two more times. At the end the partially protected 

resin was washed several times with DMF and DCM. For the peptides 4 and 5 which are 

modified with an acetyl group at the side chain of the residue of Lys, the acetylation was 

performed adding on the peptide-resin a solution of acetic anhydride (10 eq.) and NMM (10 

eq.) in DMF. After shaken for 1 h, the resin was filtered and washed successively with DMF, 

DCM. The reaction was verified by Kaiser Test. 

Deprotection, Cleavage, Purification and Characterization of Peptides. Cleavage from the 

resin and side-chain deprotection was achieved by treatment with a TFA/TIS/water solution 

(95:2.5:2.5 v/v/v, 1mL/100 mg of resin-bound peptide). The cleavage was carried out 

approximately for 3 h with vigorous shaking at room temperature. The resin was filtered and 

the combined filtrates were concentrated by flushing with N2. The crude peptides were 

precipitated from the cleavage mixture by addition of ice-cold Et2O, centrifuged, washed 

with ice-cold Et2O (x3), dried and lyophilized. Lyophilized crude peptides were purified by 

semi-preparative Waters RP-HPLC on a Phenomenex Jupiter C18 (10 μm, 250 mm × 10 mm) 

column (Phenomenex, Castel Maggiore, Italy) at 4 mL/min. The solvent systems used were: 

0.1% TFA in H2O (A) and 0.1% TFA in CH3CN (B) and the gradients used are presented in 

Table 2. All peptides were obtained with a purity >95%. 

Characterization of the peptides was performed by analytical Waters Alliance RP-HPLC 

(model 2695) with UV detection at 215nm, coupled with an ESI-MS detector (Micromass ZQ, 

Waters, Milford Massachusetts, USA) using a BIOshellTM A160 Peptide C18 (2.7μm, 10cm × 

30mm) column and Phenomenex Kinetex C-18 column 2.6µm (100 × 3.0 mm) at 35 °C, with a 

flow rate of 0.6mL/min. The total run time of the analysis was 5 min and the solvent systems 

used were: 0.1% TFA in H2O (A) and 0.1% TFA in ACN (B). The analytical data are reported in 

Table 2. Data were acquired and processed using MassLynx software (Waters, Milford, 

Massachusetts, USA). 
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Table 2. Analytical data of synthetic peptides. 

No 

 

Sequence 

HPLC  
Rt (min) 

ESI-MS [M + H]2+  
(m/z) found (calcd) 

1 c-(LSETTdL) 4.71a 645.53 (645.75) 

2 LSETTdl 3.37b 663.42 (663.75) 

3 LSETETdL 3.37c 792.13 (792.36) 

4 LSETETK(Ac)dL 3.63c 962.35 (961.5) 

5 c-(LSETETK(Ac)dL) 3.15d 944.36 (944.5) 

6 c-(LSETKTdL) 4.26a 773.67 (773.93) 

7 c-(LSETETKdL) 4.15a 902.82 (903.04) 

8 LSETY(OSO3)TKdL 4.32a 1035.04 (1035.10) 

9 c-(LSETY(OSO3)TKdL) 4.43a 1017.04 (1017.10) 

10 LSETYTKdL 4.14a 955.02 (955,10) 

11 c-(LSETYTKdL) 4.77a 937.02 (937.10) 

12 LSETETL 3.98c 744.26 (744.36) 

Analytical HPLC conditions: column, BIOshellTM A160 Peptide C18 (2.7μm, 10cm × 30mm) 
and Phenomenex Kinetex C-18 column 2.6µm (100 × 3.0 mm); solvent systems, A: 0.1% TFA 
in H2O, B: 0.1% TFA in CH3CN; flow rate 0.6 mL min-1. Gradient a10–60% B in 5 min, b20–60% 
B in 5 min, c15–50% B in 5 min , d25-50% B in 5 min, eisocratic 23%B in 5 min, f75–95% B in 5 
min. 
 

SPR studies. Anti-HNK-1 antibody immobilization. Antibody was covalently linked according 

to the amine coupling strategy. Immobilization buffer was selected to obtain the 

electrostatic pre-concentration of the antibody on CM5 chip surface, using the following 

buffers: D-PBS buffer pH 6 and 7.2, AcNa 5mM pH 6 and 5, AcNa 0.5mM pH 5.5 and 6.5, 

AcNa 0.1mM pH 6 and 7, NaCl 5 mM pH 6. Chip surface was activated with two injections of 

N-hydroxysuccinimide (NHS 0.1 M) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

(EDC 0.4 M) 50:50 for 420 and 60 seconds at a flow rate of 10 µl/min to give reactive 
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succinimide esters; antibody solubilized in the previously selected immobilization buffer [5 

μg/mL], was injected for 420 seconds at a flow rate of 5 µl/min. Immobilization was 

continued in manual mode by changing ligand concentration and contact time in order to 

reach a satisfactory immobilization level around 730 RU. Non-reacted sites on sensor chip 

surface were blocked with ethanolamine-HCl 1 M pH 8.5 for 420 and 60 seconds at a flow 

rate of 30 µL/min. Reference channel was activated injecting NHS/EDC 50:50 and directly 

blocked with ethanolamine-HCl. 

 

Kinetic and affinity experiments. Once the antibody was immobilized on the chip, kinetic 

studies were started. Peptides were tested at 3 different concentrations (2.0, 3.0 and 3.5 

mM) in running buffer and injected in a different cycle of analysis. Each diluted peptide was 

injected over the immobilized antibody for 80 seconds at a flow rate of 30 μl/min, 

dissociation was followed for 120 seconds by injecting running buffer and finally the chip 

surface was regenerated with an injection of NaOH 0.1 M for 60 seconds. Experimental data 

were recorded and further elaborated with Bia Evaluation Software 2.0 and the kinetic 

parameters and the affinity constants were calculated according to a 1:1 binding model 

optimized for small analytes. 

ELISA Assays. 1ug/well of antigen (peptide or protein) were dissolved in EtOH, then 100 μL 

of solution were dispensed in each well of 96-well PVC plates (company). Plates were 

incubated overnight at room temperature. Subsequently, plates were washed 3 times with 

0.9% NaCl, and blocked 1 h at room temperature with 100μL/well of bovine serum albumin 

(BSA) Buffer [5% BSA in Washing Buffer (0.9% NaCl, 0,01% Tween 20)]. BSA Buffer was 

removed, and 100 μL/well of diluted monoclonal anti-HNK1 antibody in BSA Buffer were 

dispensed. Blank wells were included in all the plates, and were obtained using BSA Buffer 

instead of the monoclonal Ab. Plates were incubated at 4 °C overnight, then washed 3 times 

with Washing Buffer. 100 μL/well of secondary antibodies diluted in 2,5% BSA Buffer (goat 

anti-mouse IgM 1:7500) were dispensed, and plates were incubated 3 h at room 

temperature. Plates were washed 3 times with Washing Buffer, then 100 μL/well of 

Substrate Solution (1mg/mL p-NPPPNP in Substrate Buffer: 10mM MgCl2, 12 mM Na2CO3, 35 

mM NaHCO3, pH 9.6) were dispensed. Plates were incubated at room temperature, and then 

the absorbance (ABS) of each well was red with a multichannel ELISA reader (Tecan Sunrise, 

Männedorf, Switzerland) at 405 nm. ABS value for each serum was calculated as (mean ABS 

of triplicate) – (mean ABS of blank triplicate). 
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CD Studies. CD spectra (Figure 3) were recorded using a JASCO J710 spectropolarimeter at 

20 °C between λ=260–190 nm (1 mm path, 1 nm bandwidth, 4 accumulations, and 100 nm 

min-1 scanning speed). Measurements were performed with peptides in H2O (0.100 mM, pH 

7.4) or in HFA/water 30% solution. 

NMR Studies. 28 The samples for NMR spectroscopy were prepared by dissolving the 

appropriate amount of peptide 5 in 0.30 ml of 1H2O (pH 5.5), 0.05 ml of 2H2O and 0.15 ml of 

HFA to obtain a 2 mM concentration of peptide. NMR spectra were recorded on a Varian 

INOVA 700 MHz spectrometer equipped with a z-gradient 5 mm triple-resonance probe 

head. All the spectra were acquired at a temperature of 25 °C. The spectra were calibrated 

relative to TSP (0.00 ppm) as internal standard. One-dimensional (1D) NMR spectra were 

recorded in the Fourier mode with quadrature detection. The water signal was abolished by 

gradient echo.a 2D DQF-COSY,b,c TOCSY,d and NOESYe spectra were recorded in the phase-

sensitive mode using the method from States.f Data block sizes were 2048 addresses in t2 

and 512 equidistant t1 values. Before Fourier transformation, the time domain data matrices 

were multiplied by shifted sin2 functions in both dimensions. A mixing time of 70 ms was 

used for the TOCSY experiments. NOESY experiments were run with mixing times in the 

range of 100-200 ms. The qualitative and quantitative analyses of DQF-COSY, TOCSY, and 

NOESY spectra, were obtained using the interactive program package XEASY.g 3JHN-Hα 

coupling constants were obtained from 1D 1H NMR and 2D DQF-COSY spectra. 1H NMR 

chemical shift assignments were effectively achieved according to the Wüthrich procedureh 

(Table S2, Supporting Information).   

Structure Calculation. The NOE-based distance restraints were obtained from NOESY 

spectra acquired with a mixing time of 200 ms. The NOE cross peaks were integrated with 

the CARA program and were converted into upper distance bounds using the CALIBA 

program incorporated into the program package DYANA.i Only NOE derived constraints 

(Table S3, Supporting Information) were considered in the annealing procedures. NMR-

derived upper bounds were imposed as semiparabolic penalty functions with force 

constants of 16 Kcal mol-1 Å-2. A distance maximum force constant of 1000 Kcal mol-1 Å-2 was 

used. Cyclic peptide 5 was built using the Insight Builder module (Accelrys Software Inc., San 

Diego). Atomic potentials and charges were assigned using the consistent valence force field 

(CVFF).l The conformational space of compound was sampled through 100 cycles of 

restrained simulated annealing (ε = 1r). In simulated annealing, the temperature is altered in 

time increments from an initial temperature to a final temperature by adjusting the kinetic 

energy of the structure (by rescaling the velocities of the atoms). The following protocol was 
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applied: the system was heated up to 1500 K over 2000 fs (time step = 1.0 fs); the 

temperature of 1500 K was applied to the system for 2000 fs (time step = 1.0 fs) with the 

aim of surmounting torsional barriers; successively, temperature was linearly reduced to 300 

K in 1000 fs (time step = 1.0 fs). Resulting conformations were then subjected to restrained 

Molecular Mechanics (MM) energy minimization within Insight Discover module (ε = 1r) until 

the maximum RMS derivative was less than 0.001 kcal/Å, using Conjugate Gradient as 

minimization algorithm. Finally, conformations were subjected to 1000 steps of unrestrained 

MM Conjugate Gradient energy minimization. From the produced 100 conformations, 10 

structures, whose interproton distances best fitted NOE derived distances, were chosen for 

statistical analysis (Table S4, Supporting Information).  The final structures were analyzed 

using the InsightII program (Accelrys, San Diego, CA). Molecular graphics images of the 

complexes were realized using the UCSF Chimera package.m 
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