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I. INTRODUCTION
      I.1 The immune system
The immune system protects our organism from foreign invasion (i.e., viral and bacterial infections) on the ability to distinguish foreign molecules from self recognition. When an unknown agent potentially pathogenic (e.g., an antigen) enters in contact with a healthy organism, two types of immune responses are usually involved: B cells, i.e., the humoral immune response and T cells, i.e., the cellular immune response. Both cells can carry receptor molecules recognizing specific targets. 
The humoral immune response involves antibodies that are produced by plasma cells derived from B lymphocytes. Antibodies can selectively bind to an unique part of a foreign target that is the antigen to neutralize the dangerous molecules and kill the bacterium. 
The cellular immune response is mediated by specific receptors expressed on the surface of T cells. Differently from the humoral immune response, it involves production of specialized cells such as specific cytotoxic T lymphocytes and natural killer cells that respond to foreign antigens on the surface of other host cells. 
I.1.1 Antibodies

Antibodies (Abs) play a very important role in the immune response, they are also known as Immunoglobulins (Igs), i.e., large proteins used to identify and neutralize foreign substances, such as bacteria and viruses. Different families of Abs exist: IgG, IgA, IgD, IgE, and IgM. IgGs are the major antibodies circulating in serum, the molecule adopts a conformation that resembles the letter Y. It is typically made of basic structural units, each one with two large heavy chains (H) and two small light chains (L). On the tip of the antibody, the two identical binding sites contain the paratope that only binds specifically one particular epitope in an antigen.
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Figure I-1. Y-shaped Immunoglobulin G and typical Fc-linked glycans  
Each L chain is linked to an H chain by a disulfide bond, and the H chains are linked one to each other by at least one disulfide bond. Amino acid sequences and three-dimensional structures of IgG molecules reveal that each L chain comprises two homologous domains, termed immunoglobulin domains. Each H chain has four immunoglobulin domains. The fragments binding the antigen are termed Fab (Fragment antigen binding). In the two arms of the Y shape, Fab is formed by the two N-terminal domains of each H chain and the two N-terminal domains of each L chain. The other fragment, termed Fc is crystallisable, and does not bind the antigen, but it has other important biological functions, including mediation of responses, termed effector functions. These functions include initiation of the complement cascade, a process leading to the lysis of target cells. Fc fragment consists of the two C-terminal immunoglobulin domains of each H chain. 

Several classes of glycans exist on the protein. O-linked glycans are most commonly attached to serine or threonine residues, and N-linked glycosylation occurs when glycans are attached to asparagine residues. IgGs glycans represent an average of around 3% of the total mass of the molecule and it is shown that more than forty different glycoforms typically present on the Fc region of the IgG heavy chain
 (Figure I-1). Differences in O-/N-glycan structure result in different binding, activation and other biological properties.
As IgG molecules contain two Fab components and therefore have two binding sites, they can cross-link multiple antigens, such as viral surfaces. A comparison of the amino acid sequences of IgG antibodies in humans and mice shows that the N-terminal domain of each chain is variable (variable region). On the contrary, the remaining immunoglobulin domains are much more similar in all antibodies (constant regions).

In placental mammals there are five types of antibodies (IgG, IgA, IgD, IgE, and IgM). Each class includes an L chain (either κ or λ) and a distinct H chain. The heavy chain in IgGs is termed γ chain, whereas those in immunoglobulins A, M, D, and E are α, μ, δ, and ε chain, respectively. α and γ chains contain approximately 450 amino acids, while μ and ε have approximately 550 amino acids. IgG, IgD, and IgE present as a kind of monomer; IgA is in form of a dimer and the IgM is the largest molecule, i.e. it is a pentamer or hexamer.
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Figure I-2. The different classes of immunoglobulins.

IgG: IgG is the main antibody isotype found in blood and extracellular fluid, representing approximately 75% of serum immunoglobulins in humans. It is synthesized and secreted by plasma B cells as a monomer that allows it to cross cell membranes easily. During normal human pregnancy, it is the only isotype that can pass through the human placenta and provide passive protection to the foetus with humoral immunity before its own immune system develops. By binding with viruses and bacteria (such as measles, mumps, hepatitis B virus, etc.), IgGs protect our body from infections.
IgA: IgA antibodies are found in small amounts in blood but mostly in mucosal areas, such as the respiratory and urogenital tract. They are also found in tears, saliva, and breast milk. They help to prevent the pathogens’ colonization. 
IgD: IgD antibodies are found in very small amounts in blood serum. They mainly function as antigen receptors on B cells, and may play a role in eliminating B-lymphocytes generating self-reactive autoantibodies. 
IgE : IgE antibodies are present in skin and mucous membranes. They protect against parasitic worms and they are also involved in allergy. 
IgM: IgM antibodies are expressed on the surface of B cells made up of five immunoglobulin units. The presence of ten antigen-binding sites enables them to bind tightly to antigens containing multiple identical epitopes. IgMs shave functions similar to IgGs in defending against antigens. However they cannot cross membranes because of the size. 
I.1.2 Antibodies as biomarkers 
Nowadays there is around 5% of the whole population affected by different autoimmune diseases. However their diagnosis and treatments are still limited, aspecific, and expensive. Sera from patients suffering from autoimmune disorders often contain multiple types of autoantibodies. Some autoantibodies can be exclusive of a disease and thus used as biomarkers for diagnosis; others fluctuating with disease exacerbations or remissions can be extremely valuable in the follow-up of patients. Therefore, the antibodies present in patients’ serum can be used as disease biomarkers.
,

A biomarker is an anatomical, physiological, and/or biochemical parameter, which shall be easily determined and therefore used as indicator of normal physiological or pathogenic processes. Molecules present in tissues and biological fluids can be identified as biomarkers and used to set up diagnostic/prognostic tools. Moreover, biomarkers can be used also for monitoring the efficacy of a therapeutic treatment. In the case of autoimmune disorders, the antibody titer can be determined in biological assays with specific and high affinity antigenic probes.
I.1.3 Antigen-Antibody interaction
In general, an antigen (Ag) can be defined as a substance that can be recognized by the adaptive immune system. Strictly, it is usually a protein able to specifically stimulating and therefore binding an antibody molecule or a receptor for T lymphocytes.
,
 Simple metabolic compounds (sugars, lipids, and hormones), as well as macromolecules (carbohydrates, phospholipids, nucleic acids, and proteins) are considered to be recognized by an antibody as antigenic compounds while T lymphocytes can only recognize peptides. This definition is a question of intense debate.
Specific affinity for an antibody is not for the entire macromolecular antigen but for a particular portion or site of the protein antigen termed epitope or antigenic determinant. Small dimensions molecules cannot induce an adaptive immune response by themselves. These small molecules can be recognized by antibodies only after their conjugation to some macromolecules. In this case the small molecule is termed hapten, while the macromolecule is the carrier. Therefore the complex hapten-carrier is able to work as an immunogen.

An epitope is usually no more than a chain of 5-8 amino acids long on the surface of the protein. The epitopes composed of linear sequential amino acids are termed linear epitopes. Linear epitopes can be accessible to antibodies if they are exposed on the external surface of the antigen. In the case of conformational epitopes the antibody interacts with amino acids not sequentially linked but spatially close one to each other because of the protein folding. Globular proteins generally do not contain identical repeated epitopes. In the case of polysaccharides and nucleic acids numerous identical determinants to regular intervals can be found.

The specific association of antigens and antibodies is strongly dependent on hydrogen bonds, hydrophobic interactions, electrostatic, and Van der Waals forces. All antigen-antibody binding is reversible and follows the basic thermodynamic principles of any reversible bimolecular interaction.

Normally in the immune system, antibodies bind to antigens and help to protect our body. However autoimmune disorders occur when the immune system can no more differentiate between self and non-self tissues, e.g., their molecular components. Typically a synergic T- and B-cell response is involved in triggering an autoimmune mechanism. Nevertheless this is question of a large debate.
I.1.4 Autoimmune diseases
Autoimmune diseases are due to a "mistake of evaluation" of the immune system. It may result in destruction of one or more type of body tissues, abnormal growth of an organ, and changes in organ functions. When the immune system is in disorder, it can no more clearly distinguish self/non-self antigens.
 In allergies, the immune system reacts to an outside substance that it should normally ignore. The autoimmune system occasionally attacks self-antigens triggering an autoimmune response and bringing damages to the normal body tissues on which these antigens are expressed. The causes of triggering an autoimmune response can depend on several factors such as genetic predisposition, endogenous, and exogenous elements. In fact, it is accepted that autoimmune diseases are multifactorial diseases.

In some cases, infectious bacteria and viruses have been demonstrated to be the starting triggering cause. In other cases, an intense research is followed to look for these infections and finally identify the starting event. Non-self pathogenicic epitopes in bacteria often contain surface carbohydrates with a very similar molecular structure and/or conformation to glycoproteins and glycolipids of self-antigens in the target host. It is more and more accepted that molecular mimicry activates a first immune response because of a cross-reaction with self-antigens and subsequently causing an autoimmune attack.
,
,
 It is known that the AMAN (Acute Motor Axonal Neuropathy) is triggered by infection of Gram-negative bacteria, i.e., Campylobacter jejuni, through a molecular mimicry mechanism in which anti-glycolipid antibodies are generated against an oligosaccharide portion of the bacterial lipooligosaccharide coat.
,
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Figure I-3. Molecular mimicry
This mimicry effect can be responsible of loss of immunological tolerance, which is the ability for an individual to discriminate between self and non-self recognition. Autoimmune disorders generally appear to be triggered by T lymphocytes further inducing an autoantibody response, even if specific autoantibody detection is a challenge 

Some autoimmune diseases localize the damages to a single organ, some are systemic. Among these autoimmune diseases, are also included some special neuropathies of the peripheral nervous system. 

I.2 Neuropathies of the peripheral nervous system
The nervous system is the most complex part in our body. It is the source of all our behaviours, thoughts, feelings and it controls our movements. It is mainly made up of two parts, the central nervous system (CNS) and the peripheral nervous system (PNS). The CNS consists of the brain and the spinal cord, which is like a command centre and responsible for processing information. The other nerves pathways are called PNS that extend to our muscles and skin, transmitting instructions from the CNS to any part of our body. In this PhD research project we focused to the peripheral nervous system and the related neuropathies.
The PNS generally consists of three types of nerves: 
· Motor nerves, which regulate the movements of the body skeletal muscles.
· Sensory nerves, transmitting to the brain sensations such as heat, pressure, vibration, touch, and pain.
· Autonomic nerves, regulating the activities of internal organs.
Each nerve is made of billions of inter-connected nerve cells called neurons that receive and transmit precisely electrical impulses at lightning speed. A typical neuron possesses a cell body, dendrites, an axon, and synapses. Dendrites have tree-like structures receiving impulses for the cell body, which is the core of the neuron, and then the signals produced are transmitted by the axon and sent to the next neuron by the synapses. These constant exchanges allow the brain to respond to vital inputs from the body.
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Figure I-4. Structure of a typical neuron
In human body, some axons are even longer than one meter. To increase the speed of propagation of impulses, axons are normally surrounded by Schwann cells, which wrap up and form the important myelin sheath. Myelination allows impulses to travel quickly and efficiently along the nerve cells and also helps to increase the electrical resistance preventing possible interferences.
[image: image8.png]Schwann Cell-Axon Unit

sheath

Receptor
Schwann Cell
Membrane





Figure I-5. Axon surrounded by myelin sheath
However, damages to these nerves disrupt these critical links and result in peripheral neuropathies. Patients may have different signs and symptoms, i.e.,  damages to sensory nerves that can lead to numbness in hands and feet, insensitivity to pain, lose temperature detection, etc. Motor nerve damages result in weakness of muscles, twitching, etc; autonomic nerve damages include gastrointestinal disturbances, impairment of heart rate, etc. 
Nerve damages may happen after physical injury, radiation, cancer, contact with infectious agents (HIV, Epstein-Barr virus, cytomegalovirus, leprosy, sarcoidosis), with toxic substances (alcohol, industrial drugs, toxic heavy metals), systemic diseases (diabetes, kidney disorders, hormonal imbalances, hypovitaminosis), inflammatory demyelinating diseases (Guillain-Barré syndrome, etc), paraprotein and autoimmune disorders (amyloidosis, gammopathies, crioglobulinemia), heritable genetic error (Charcot-Marie-Tooth), etc.

In our study, we focus on the demyelinating peripheral neuropathy caused by the disease Monoclonal Gammopathy of Undermined Significnce (MGUS).
I.3 Monoclonal gammopathy of undetermined significance 
Monoclonal gammopathy is a disease occurs when one clone of plasma cells developed from B lymphocytes multiplies excessively and produces a large quantity of a single type of monoclonal antibody, known as paraprotein. Paraprotein is an abnormal immunoglobulin or immunoglobulin fragment usually dectectable in patients’ urine and blood by standard serum protein electrophoresis. Serum immunoelectrophoresis and serum immunofixation electrophoresis are more sensitive techniques and may detect lower paraprotein concentrations.
In fact at the beginning of the disease, more than two thirds of patients are not associated with a malignant clonal B-cell expansion, and these cases are termed monoclonal gammopathy of undetermined significance. 
  But every year, around 1-2% of patients may progress to tumor.
 MGUS is a common age-related medical condition. Patients affected by it are now frequent in the population, with a prevalence of 2% over 50 years-old and 3% over 70 years-old. MGUS is usually associated with different classes of immunoglobulin. Most cases are associated with IgG for approximately 60%, followed by IgM in about 10-27%, and the remainder are of IgA class. However MGUS with IgM is the most frequent which developes a neuropathy.
I.4 Relationship between diagnosis and specific autoantibodies in demyelinating neuropathies
High titres of serum antibodies to neural antigens occur in several neuropathies. These autoantibodies are thought to interfere with the process of myelination, myelin maintenance or axon-Schwann cell interaction. Detection of these autoantibodies can be used in an attempt to determine the correct diagnosis for the different neuropathies. In fact, multiple antibodies are associated with different glycoproteins.
Glycoproteins are involved in many diverse biochemical processes including cell growth regulation, binding of pathogens to cells, intercellular communication, and metastasis. Among other roles, the saccharide fragment in glycoproteins assists in protein folding and transport, possibly providing a protection against proteolysis.

Among the different demyelinating neuropathies, several families of autoantibodies have been observed. In the case of Guillain-Barré syndrome, anti-ganglioside antibodies are present in patients’ sera. Most patients affected by sensory or sensory–motor demyelinating polyneuropathies have serum antibodies to myelin-associated glycoprotein (MAG), which can be detected by Western blot analysis (WB). These antibodies are accepted to recognize the HNK-1 (human natural killer cell-1, Figure I-7), e.g., the carbohydrate epitope present in MAG. HNK-1 is also present on other peripheral nerve glycoconjugates, including the sulfate-3-glucuronyl paragloboside (SGPG). Therefore, the majority of patients with anti-MAG antibodies have also serum antibodies to SGPG,
 ,
 and the HNK-1 epitope could be the possible antigen involved in chronic demyelination with little conduction block.
I.5 Different antigenic determinants associated to the monoclonal IgMs
There is a large number of peripheral neuropathies, which is associated to an autoimmune mechanism and the presence of IgM antibodies.

	Neuropathy Syndrome
	Antibody Target
	Antibody Isotype

	Chronic ataxic neuropathy
	GD1b, GD2, GD3, GT1b, GQ1b
	IgM (monoclonal)

	Motor neuropathy
	GM1, GalNAc-GD1a
	IgM (monoclonal or polyclonal)

	Sensory neuropathy, small fibre
	TS-HDS
	IgM (monoclonal)

	Sensory neuropathy
	Sulfatide
	IgM (monoclonal or polyclonal)

	Chronic sensory-motor demyelinating
	Myelin-associated glycoprotein (MAG),

Others: SGPG, SGLPG
	IgM (monoclonal)


In clinical practice, the causes of neuropathies are often obscure, resulting in the frequent use of multiple screening tests to aid the diagnosis, including some antibody tests. This field has grown over the last 20 years as antibodies reactive with a wide range of gangliosides have been recognized in the sera of patients affected by peripheral nerve disorders. 
Ganglioside was first discovered by German scientist Ernst Klenk in 1942
,
  from ganglion cells of brain. They were shown to be oligoglycosylceramides containing N-acetylneuraminic acids (see Figure I-6).
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Figure I-6. Structures of different gangliosides
Gangliosides are expressed at high abundance and complexity in the brain, they are believed to be functional ligands for myelin stability and the control of nerve regeneration.
 As the brain develops, there is an increase in the content of gangliosides and in their degree of sialylation. The main gangliosides of human brain are GM1, GD1a, GD1b and GT1.
 Ganglioside GM1 is usually expressed on motor nerves, so antibody against GM1 leads to motor neuropathies. Whereas ganglioside GD1b is expressed on sensory nerves, so anti-GD1b usually result in sensory neuropathies.
Sulfatide and TS-HDS are also common antibody targets in sensory neuropathy (structures in Figure I-7). The sulfatide is a sulfated galactocerebroside, greatly enriched with myelin compared to other membranes. The content of galactocerebroside and sulfatide in brain is proportional to the amount of myelin, and their rates of synthesis are proportional to the rate of myelination
 and remyelination.
 In the PNS, monoclonal antibodies to galactocerebroside also inhibit myelin formation. 
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Figure I-7. Structures of sulfatide and TS-HDS
TS-HDS (IdoA2S-GlcNS-6S) is a trisulfated heparin disaccharide, the most abundant disaccharide component of heparin oligosaccharides. Monoclonal IgM binding to TS-HDS is associated with a painful, predominantly sensory, polyneuropathy syndrome with axonal loss and deposition of IgM in veins. 
 Serum IgM binding to TS-HDS was selective and limited to kappa light chains.

IgM-antibodies to myelin associated glycoprotein (anti-MAG, IgM) were firstly found in patients with paraproteinemic neuropathy. Subsequently, in patients with neuropathies were recognized anti-IgM autoantibodies reactive to different glycolipids and glycoprotein antigens components, e.g., SGPG and SGLPG of PNS myelin sheath and involved in demyelinating neuropathies. Our study focused on these myelin components.
I.5.1 Myelin associated glycoprotein (MAG)
Myelin-associated glycoprotein (MAG) is a 100kDa trans-membrane glycoprotein expressed early in the peripheral myelinating cells. It is made by 5 Ig-like extracellular domains, 1 transmembrane domain and 1 cytoplasmic domain (structure in Figure I-8). It is a minor component selectively localized in the periaxonal Schwann cell membrane and oligodendroglia of the myelin sheath, which is immediately in contact with the axon and has been implicated as a mediator of an outside-in signalling cascade influencing the cytoskeletal integrity of axons. MAG is impotant in the cell-cell recognition and has functions related to stabilization of contacts between myelinating axons and glial process to compact myelin structure of oligodentrocyte cells and helping the impulse transmission in PNS. MAG is also considered to participate in axonal recognition and adhesion between membranes, regulation of neurite outgrowth, and maintenance of the whole axon-myelin. 
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Figure I-8. Myelin associated glycoprotein in rat
Anti-MAG antibodies are found in patients with IgM neuropathy, which is a chronic and slow progressive demyelinating polyneuropathy predominantly characterised by sensory deficit, ataxia, and tremor of the upper limbs. 
 Approximately 50% of patients with IgM paraproteins and associated peripheral neuropathy show high levels of monoclonal anti-MAG IgM antibodies in serum, which are capable to bind to the epitope of the oligosaccharide determinant in MAG. The presence of anti-MAG antibodies suggests diagnosis of active autoimmune demyelinating sensory-motor neuopathies, inflammatory neuropathies, and some other motor neuron diseases. 
I.5.2 Sulfated glucuronosyl paragloboside (SGPG) 
Paragloboside is a type of glycosphingolipid found in tissues of peripheral nerves and it is involved in many biological functions and immune reactions. This fatty substance is composed of carbohydrates and ceramide and it possesses a sialylated galactose in the terminal part, called SGP (or LM1). The substitution of the sialic acid residue with a terminal glucuronic sulfate leads to the formation of sulfated glucuronosyl paragloboside (SGPG) and sulfated glucuronyl lactosaminyl paragluboside sulfate (SGLPG). The structures of these two paraglobosides are represented in Figure I-9 [SGPG, SO4-3-GlcA(β1-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glcβ(1-1′)Cer and SGLPG, SO4-3-GlcA(β1-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)GlcNAc(1-3)Gal(1-4) Glcβ(1-1′)Cer]. SGLPG, SGPG, and MAG share the same terminal sulfated trisaccharide sequence, which is termed HNK-1 (human natural killer-1) epitope. 
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Figure I-9. SGLPG and SGPG
In the last decade, the 1H NMR structure of SGPG with the HNK-1 412 antibody was extensively studied and detailed by Saturation Transfer Difference (STD) experiments.
,
 In the presence of the HNK-1 412 antibody, the intensity of the proton signals of the sulfated glucuronic acid were significantly changed indicating the existence of a clear binding epitope. STD-2D-TOCSY experiments
 were also performed to solve the STD signals in a second dimension.
 Values of the STD signals are reported in Figure I-10. Stronger STD intensities were observed for signals belonging to the terminal sulfated GlcA moiety, e.g., the Gal and the GlcNAc residues, while the spacer shows no STD signals at all. These signals present the major interaction between SGPG and the HNK-1 412 antibody and indicate the terminal trisaccharide HNK-1 as the linear binding epitope. 
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Figure I-10. Values of the STD signals in the complex of SGPG with the  

HNK-1 412 antibody
Both SGLPG and SGPG are highly immunogenic in human pathologies. They are known to be involved as autoantigens in autoimmune peripheral neuropathies such as chronic inflammatory demyelinating polyneuropathy (CIDP) and Guillain-Barré Syndrome (GBS).
 The SGPG is indicated to be a direct participant in inflammatory processes as an adherent for T cells and play an important role in the endothelial cell functions involved in regulating blood-brain and blood-nerve barrier functions.
 Anti-SGPG antibodies are also present in patients with IgM monoclonal gammopathy since the trisaccharide HNK-1 epitope is shared both by SGPG and MAG. In addition, high titers of antibodies of the IgM isotype against SGPG were also observed by ELISA immunostaining in patients' sera with neural tumors, especially in tumors such as meningiomas, germinomas, glioblastomas, medulloblastomas, and subependymomas.
 However the pentasaccharide SGPG is a minor constituent of the peripheral nerve in humans, rare in the natural sources and also extremely difficult to be chemically synthesized.
I.5.3 Comparison between MAG and SGPG
It is shown that the IgM antibodies which react with MAG can also cross-react with the glycosphingolipids (SGPG) or some other nerve glycosylated glycoproteins (i.e., MAG and P0), because they recognize a same epitope on these myelin components. 
, 
 This antigenic determinant is the CD57 antigen which is also known as the HNK-1 epitope, which is probably the target of monoclonal IgMs. 
, 
 However, neuropathic syndromes associated with anti-MAG or anti-SGPG antibodies are heterogeneous, although most of the antibodies react with both MAG and SGPG. One may react with MAG or SGPG alone. MAG is restricted to the periaxonal Schwann cell membranes and SGPG has a wider distribution in both Schwann cell and neuronal membranes. Both MAG and SGPG are involved in chronic demyelinating sensory-motor polyneuropathy, while in patients affected by multifocal motor neuropathy with conduction block and axonal sensory-motor neuropathy, antibodies recognize only SGPG. 
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Figure I-11. Monoclonal IgM gammopathy binding MAG and SGPG
I.5.4 The HNK-1 epitope (CD57 antigen)
Nature killer cell is a type of cytotoxic lymphocyte which provides rapid responses to virally infected cells and responds to tumor formation. The CD57 antigen is a sulfated carbohydrate epitope firstly described in 1981 on HNK cells,
, 
 and it is also known as HNK-1 epitope. It has a 3′-sulfated glucuronic acid attached to N-acetyllactosamine, and it is described on O-glycans of glycoproteins, on proteoglycans and on glycolipides.
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Figure I-12. Structure of the HNK-1 epitope
In humans and rats, the HNK-1 glycan is found on migrating neural crest cells, cerebellar neurons, Schwann cells, and myelinated motor neurons. In the peripheral nervous system, it is a characteristic ligand for many neural cell adhesion molecules, i.e., the integrins (NCAM, L1, P0, etc.) and the extracellular matrix glycoproteinglycans (tenascin-R, phosphacan, etc.). It can function as a ligand for laminin, L-selectin, and P-selectin
 and can also mediate homotypic adhesive interactions involving P0. HNK-1 plays an important role as an intrinsic molecular effector for Schwann cells associated with motor neurons that have beneficial effects on correct reinnervation after an injury.
,
,
 
The HNK-1 epitope is also associated with neuron to glial cell adhesion and the outgrowth of astrocytic processes, and is involved in cell interactions that control cell type-specific neurite outgrowth and regeneration.
 Moreover, it is shown that neurite outgrowth is inhibited by HNK-1 glycan but not by non-sulfated HNK-1 precursor glycans.
 As the HNK-1 epitope is involved in the formation and maintenance of myelin, this epitope is also the target for IgM autoantibodies in demyelinating neuropathies of the peripheral nervous system in humans. As the similarity between the glycoprotein structure and the glycosphingolipids of HNK-1 is limited to this terminal sulfated trisaccharide, it is hypothesized that this epitope is already sufficient for its immunoreactivity.
Recently, the HNK-1 glycan function was also studied in brain tumors and it was shown that its expression is inversely correlated with astrocytic tumor aggressiveness in human patients and almost all brain tissues free from cancer cells were positive for the HNK-1 glycan. It is also proposed to function as a tumor suppressor and maybe sufficient to stimulate the migration of cerebellar granule neurons.

I.6 Antibody detection 
The most commonly applied techniques for antibody detection exploit the characteristics of antibodies to bind selectively to a target antigen. There are several efficient detection techniques, such as Western blot (WB), Serum Protein Electrophoresis (SPEP), Enzyme-Linked ImmunoSorbent Assay (ELISA), and the more accurate Surface Plasmon Resonance (SPR).
Western Blot is a widely used technique typically used to detect specific proteins in a given sample of tissue homogenates or cell extracts. This method is also used in the detection of anti-MAG and anti-SGPG antibodies. However, anti-MAG WB serology may be negative in patients who otherwise have the typical phenotype of the anti-MAG related polyneuropathy. Compared to WB, ELISA is more sensitive and detects more frequently anti-MAG antibodies in serum of patients with demyelinating polyneuropathy and IgM monoclonal gammopathy.

I.6.1 Electrophoresis of IgMs in sera
Serum protein electrophoresis (SPEP) is a laboratory test that analyses globulins in blood. Blood is placed on special paper treated with agarose gel and exposed to an electric current to separate the serum protein components into five major fractions by size and electrical charge: serum albumin, alpha-1 globulins, alpha-2 globulins, beta globulins, and gamma globulins. In a normal SPEP, a single band is usually seen in albumin fraction, which is the major fraction.
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Figure I-13. Electrophoresis of IgMs in sera
The immunoglobulins (IgA, IgM, IgG, IgE, and IgD) are the only proteins present in the gamma region. If a clear pick is shown in the gamma zone, patients may be affected by gammopathy. A single narrow spike indicates a monoclonal gammopathy; a broad "swell-like" elevation indicates a polyclonal gammopathy.
I.6.2 ELISA Test
Enzyme-linked immunosorbent assay (ELISA) is a common serological technique introduced by Engvall and Perlmann.
 It is used for detection of specific antigens or antibodies by enzyme-labeled immunoreagents and a solid-phase binding support. 
Direct ELISA: Direct ELISA is used to detect an antigen that has been coated to the solid phase. A specific detection antibody, conjugated with a label, is then incubated with the captured antigen. After washing off excess of the conjugate, a substance containing the enzyme substrate is added. The presence of an expected colour indicates a specific antibody-antigen interaction.

Indirect ELISA: Indirect ELISA is useful for detection of antibodies using specific antigens. Once again an antigen is adsorbed onto a solid phase. The primary antibody is incubated with the antigen, then the excess is washed off. The bound antibody is detected after incubation with an enzyme labeled specific anti-immunoglobulin (secondary antibody) followed by the enzyme substrate.

The subsequent reaction produces a visible signal: most commonly is a colour change in the substrate proportional to the quantity of antigen in the sample.
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Figure I-14. Procedure for ELISA Tests
I.7 Surface Plasmon Resonance
All biological molecules express their function through interaction with other molecules. Characterization of the affinities and rates of these interactions is therefore of fundamental interest in many areas of interest for biological research and biotechnological development. A variety of methods is available for measuring affinity of biomolecular interactions. In general, interaction is allowed to reach equilibrium, free and bound reactants are separated and at least one of them is quantified. Once the amount of free or bound reactants is known, equilibrium data can be plotted according to a number of algorithms providing information about the affinity constants. Methods that detect changes in optical parameters, like fluorescence or absorbance in one of the reacting species, can be used. In studies of molecular interactions, Surface Plasmon Resonance-detection can be used more generally than fluorescence and absorbance methods, since it is sensitive to changes in mass and no labeling of reagents is required.
Surface plasmon resonance is a phenomenon that occurs when light interacts with a metal film (such as gold) placed at the interface between two media with different refractive indices. From high refractive index medium (Prism) to low refractive index medium (Buffer), if light travels at the critical angle when it crosses the interface, it will be totally reflected. However, light has a wavelike property and it is also called evanescent wave. A portion of the evanescent wave extends a fraction of a wavelength before disappearing. When a thin layer of gold (50 nm) is inserted between two media, the absorption of light leads to a disturbance of the negatively charged electrons of gold, and this local charge imbalance causes waves of electrons to move with the waves of light. This effect is called the surface plasmon resonance.
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Figure I-15. Theory of surface plasmon resonance
Careful observation reveals a thin shadow in the reflected image at a specific angle corresponding to the absorption of the incident light by gold surface. This shadow is called the SPR dip and the angle at which the dip occurs is called the SPR angle. In figure I-15, antibody is chemically bound to the gold layer on the sensor surface and antigen flows in solution over the immobilized antibody. When no antigen binds to antibody, the shadow is detected at angle “1”. When binding starts, the mass and thereby the refractive index on the sensor chip surface changes, causing a shift to the angle “2”. The shift in SPR angle can be drawn in a plot against time. Once the solution is replaced with a solution without antigen, the protein complex on the sensor chip dissociates, the refractive index decreases and the SPR angle shifts back. 
SPR detects refractive index changes close to the surface as a function of time in the form of a sensorgram and it is measured in response units (RU). 1000 R.U. of SPR response corresponds to 0.1° of change in SPR angle and 1 ng/mm2 of change in protein surface concentration. All biomolecules have refractive properties, so no labeling is required. Study of interactions between biomolecules can be monitored continuously allowing real-time measurements. 
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Figure I-16. Biomolecular interactive analysis experiments

The figure I-16 shows a sensorgram of biomolecular interactive analysis experiments. The sensorgram displays the time course of binding of analytes to ligands on the chip surface. During the association phase, analyte solution flows over the ligand surface, and analyte binds to the ligand. If the association phase is sufficiently long, the reaction will reach a plateau (equilibrium), which is characterized by the same rates of association and dissociation. When the analyte flow is stopped, the dissociation phase starts. And the sensorgram declines as analyte leaves the ligand surface. The on-line monitoring may facilitate information regarding for example the specificity of the interaction between an immobilised antigen and its target molecule.
Many commercial SPR analyzers (such as BiacoreTM instrument from GE Healthcare) are fixed-angle systems (with variable wavelength) measuring the intensity of the reflected light in order to determine the mass of bound analytes.
 Another detection approach is the measurement of the dip angle shift at fixed wavelength, since the resonance angle at which this intensity minimum occurs is a function of the refractive index of the solution adjacent to the gold layer.
,
 

I.7.1 Kinetic and affinity studies
Biacore Biosensor technique can be used to characterize analyte-ligand interaction by kinetic and affinity studies in order to calculate the kinetic parameters ka, kd and the affinity constant KD (KD=kd/ka). For the interaction between analyte A and ligand B, ka is the association rate parameter (M-1s-1) and kd is the dissociation rate parameter (s-1):
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The net rate of complex formation during injection is given by: 

d[AB]/dt = ka[A][B]-kd[AB]

And the rate of dissociation after the end of injection is:


d[AB]/dt = -kd[AB]

This kind of study is carried out in a different cycle of analysis for any tested sample according to the following steps:

-Sample injection at different concentrations to allow the complex formation and ka calculation;

-Running Buffer flow to induce dissociation and to calculate kd parameter;

-Chip surface regeneration.

The resulting sensorgram is then elaborated with the instrument associated software in order to find the best kinetic fitting model describing experimental data.
II. OBJECTIVE
Disease markers for chronic immune-mediated neuropathies are required to classify diseases and predict the response to therapy. The presence of serum IgM antibodies to MAG defines a distinct type of neuropathy in which these antibodies are probably involved in the pathogenesis of the disease.
 Detection of anti-MAG antibodies is also relevant because it may help to target immunotherapy.

Considering the clinical relevance of a sensitive technique to demonstrate anti-MAG antibodies and knowing that the SGPG and HNK-1 epitope play important roles in the formation and maintenance of myelin sheath in the peripheral nervous system, we focused our study on these oligosaccharides and on the detection of anti-MAG and anti-HNK-1 autoantibodies by immunoassays for setting up alternative diagnostic techniques of these neuropathies. However, these molecules are rare in natural sources, and in general for preparation of diagnostic assays used in the clinics they were obtained by biosynthesis. As the synthesis of SGPG and HNK-1 epitope are difficult and not always reproducible and reliable, different minimal synthetic carbohydrate structures or peptides mimicking the sulfoglucuronyl residue are interesting tools with potential clinical applications.

Our goal was to identify a simple synthetic diagnostic tool (peptide or monosaccharide), mimetic of the HNK-1 epitope, able to recognize antibodies in neurogammopathies sera by Surface Plasmon Resonance to be used in earlier stage patients and possibly to be used in monitoring disease activity.
III. RESULTS AND DISCUSSION
III.1. State of the art 
III.1.1. Methodologies used for the detection of anti-MAG and anti-SGPG antibodies.
The hypothesis of the role of monoclonal IgMs in the pathogenesis of autoimmune neuropathies as monoclonal gammopathy, is supported by its activity against target PNS antigens, i.e., MAG and the two sulfated glycosphingolipids (SGPG and SGLPG). 

Up to now serum antibodies to MAG are detected by Western blot (WB).
,
 The majority of patients with anti-MAG antibodies also have serum antibodies to SGPG. In clinical practice, assays to detect anti-MAG and anti-SGPG antibodies are valuable diagnostic tools to diagnose a distinct subset of patients with chronic demyelinating polyneuropathy and IgM monoclonal gammopathy. However, anti-MAG Western blotting serology, may be negative in patients who otherwise have the typical genotype of the anti-MAG related polyneuropathy. WB sensitivity in these cases can be insufficient.
 Thus, ELISA was used to determine the frequency of anti-MAG antibodies in patients with various forms of chronic polyneuropathy and monoclonal gammopathy.29 Comparing to other techniques, i.e., indirect immunofluorescence assays, ELISA technique and particularly ELISA Bühlmann (a kit based on ELISA technology, manufactured by Bühlmann Laboratories AG) turned out to be very reliable tests with very good sensitivity and specificity.

In fact, ELISA is a simple and relatively low cost technique offering advantages such as simultaneous analyses of a large number of samples. However, non-specific matrix effects or failure of heightened detection of low-affinity and background antibodies are some accepted disadvantages of this assay.
, 

Surface plasmon resonance (SPR) is a very interesting technique for biological and clinical assays because it has the potential to directly visualize biomolecular interactions in real-time.
, 
 An advantage of SPR technology is the ability to reuse sensor chips for serial analysis and eradicate the need for labeled reagents providing a rapid one-step analytical methodology. Our laboratory recently demonstrated the feasibility of a glycopeptide-based biosensor to detect multiple sclerosis (MS) specific antibodies in sera by a SPR assay.
 In this SPR protocol we employed only low quantities of the beta-turn glycopeptide antigen termed CSF114(Glc) and blood serum, saving method-cost despite high cost of the equipment. 
Very recently and during our work, N. E. Nifantiev et al used SPR technique for the study of synthetic oligosaccharides with two commercial anti-HNK-1 antibodies, i.e.mouse monoclonal IgMk and rat monoclonal IgG2ak.

III.1.2. The “chemical reverse approach”
In autoimmune diseases diagnostics, specific identification of autoantibodies by protein antigens isolated from biological material or reproduced by recombinant technologies has very often failed. Native protein antigens (particularly if underexpressed) can be difficult to be fully sequenced or cannot be very often successfully reproduced using recombinant techniques. Moreover, protein folding and exposition of the epitope to favour antibody binding can be also a difficult task. Moreover, proteins may be difficult to isolate with correct co- or post-translational modifications. On the contrary, synthetic peptides derived from native protein sequences and reproducing specific epitopes, or mimicking immunogenic modifications could be even more effective and specific than native proteins in antibody detection.
For these reasons an innovative “Chemical Reverse Approach” has been developed for the first time in our PeptLab laboratory, in order to identify and optimise synthetic peptides as antigenic probes for fishing out autoantibodies circulating in biological fluids as biomarkers. This approach was defined “Reverse” because the screening of the synthetic antigenic probe is guided by autoantibodies circulating in autoimmune disease patients’ blood. “Chemical” because autoantibody recognition drives selection and optimisation of the “chemical” structure from defined peptide libraries.
 Autoantibodies circulating in patients’ biological fluids drive the selection of synthetic post-translationally modified peptides mimicking new epitopes in antigens where post-translational modifications can be aberrant and therefore corresponding to the most important part of the antigen responsible of triggering autoantibodies. Peptide epitopes identified by this approach, if selectively and specifically recognizing autoantibodies in a statistical significant number of patients, can be used as antigenic probes in immunoenzymatic assays to detect disease biomarkers in an efficient way. Therefore, screening of focused libraries of unique modified peptide molecules can be a valuable strategy to develop optimized peptide antigens containing the minimal epitope with the correct modification to detect at the best autoantibodies specific of the autoimmune disease under investigation.
 As a proof-of-concept this approach has been successfully applied for the identification of autoantibodies as biomarkers of an autoimmune mediated form of MS (the most difficult disease since protein antigens are localized in the central nervous system), Reumathoid Arthritis (RA), and more recently Rett Syndrome (RS) using simple peptide-based Enzyme Linked Immunosorbent Assays (ELISA). In the case of RA, a key step in setting up the commercially available ELISA was represented by identification of deiminated sequences of filaggrin that are recognized in a high percentage of RA sera. Sensitivity of the assay was increased modifying the peptide structure to optimally expose the citrulline moiety. In fact a cyclic citrullinated peptide allows detection of antibodies with high specificity in RA patients. These ELISAs are now considered a gold standard for RA diagnosis and follow up.  

III.1.3 Mimics of HNK-1 epitope
Full synthesis of SGPG proposed by J. M. Mallet et al.
 presents many experimental difficulties due to the considerable complexity of the synthesis, which involves more than 30 steps and a considerable expenditure in terms of materials and time.
 Therefore, we firstly decided to synthesize the HNK-1 epitope, which is the terminal trisaccharide shared both in MAG and SGPG.
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Figure III-1. HNK-1 epitope linked to a spacer

In the molecule reported in Figure III-1, the terminal trisaccharide of the SGPG molecule is specially linked to a spacer bearing an amino group that enables the compound to be immobilized on the SPR sensor chip to perform the immunoassay. However chemical synthesis of this molecule proved to be also a long and tough task as demonstrated in § III.2.1. Due to these difficulties, we shifted our efforts in producing minimal carbohydrate structures and peptides possibly mimicking this epitope.

Possible minimal carbohydrate mimics could be based on the terminal monosaccharride of the HNK-1 epitope, that is a 3-sulfated glucuronic acid. Additionally, a long carbon chain could be a good spacer giving a hydrophobic balance. Therefore, we synthesized four O-alkylated monosaccharides (34, 36, 40, and 45 shown in Figure III-2) to assess the specificity and affinity of these putative antigens for monoclonal HNK-1 Abs from rodents.
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Figure III-2. Four O-alkylated monosaccharides possible HNK-1 epitope mimics
These structures are octyl glucopyranoside (Glc1Oc, 33), octyl glucuronic acid (GlcA1Oc, 36), and octyl 3-O-sulfo-glucuronic acid (3-O-SO3-GlcA1Oc, 40). Comparing antibody recognition of these three molecules we could understand the importance of the different functional groups, e.g., the sulfated and carboxylic functions in antibody recognition. The monosaccharide 1-O-(8-aminooctyl)-3-O-sulfo--d-glucopyranosuronic acid (45) will be then synthesized to be immobilized on the SPR chip, as minimum carbohydrate moiety to be recognized by anti HNK-1 Abs.
In parallel to the synthesis of the different minimal sugar moieties, peptide mimics of the HNK-1 epitope were also developed. Indeed, peptides that functionally and/or structurally can mimic oligosaccharides provide a straightforward and elegant alternative for interfering with the interaction between complex carbohydrates and their receptors.
 Moreover, possible cyclic peptide analogs are especially privileged molecules due to their increased metabolic stability.

In the literature the carbohydrate-mimetic peptides were used to imitate the immunogenic element of interest and confirm the possible antigenic mimicry effect.
 Short peptide ligands binding to anti-carbohydrate antibodies have been previously isolated and tested as templates for vaccine development,
,
,
 under the working principle that a peptide recognized by the antibody is likely to “mimic” its corresponding carbohydrate epitope.
,
,
  It is implicit in this concept that such a peptide would be a “structural mimic,” in that it would produce a good molecular fit in the same binding site as the carbohydrate, and would replicate the nature and location of most carbohydrate-antibody contacts, especially those of high affinity. In addition, this concept infers that such a peptide mimic might elicit its cognate antibody in immunization (i.e., acting as an immunogenic mimic of the native epitope). 
NMR experiments demonstrated that the hexapeptide DRPVPY is able to mimic a functional group of the Streptococcus cell-wall polysaccharide. The hexapeptide binds to the monoclonal antibody SA-3, mimicking the branched trisaccharide repeating unit, l-Rha--(1→2)-[d-GlcNAc--(1→3)]--l-Rha. The peptide adopts a tight turn conformation with close contacts between the side chains of valine and tyrosine.
 By STD-NMR studies it was demonstrated that the dodecapeptide FDTGAFDPDWPA was able to recognize an anti-group B Streptococcus antibody. The recognition between a conformational epitope and the corresponding antibody is possible thanks to different -turn type conformations, found to be present in isomers of molecular mimics of the polysaccharide antigen. Different -turn types were found to be present in the trans and cis (Trp-10-Pro-11) isomers of the peptide: the trans isomer favored a type I -turn by residues Asp-7-Trp-10, whereas the cis isomer exhibited a type VI -turn by residues Asp-9-Ala-12.
 These considerations are in line with our previous results obtained in the case of Multiple Sclerosis.
, 
, 

M. Schachner, 
  N. Sewald et al,50 studied linear and cyclic peptide sequences for HNK-1 mimicking. They performed the randomized peptide phage display technique using anti-HNK-1 antibodies for retrieval the peptides on the becteriopahges, and the linear peptide TFKLSETTLEYY was discoved. Then cyclic hexapeptide sub-libraries were synthesized and the d-amino acid was inserted providing different diastereoisomeric cyclic peptides. From screening of these hexapeptides, cyclo(-LSETTl-) was obtained and it was pointed to have a high affinity binding to the immobilized antibody. This cyclic peptide contains several amino acids with hydroxylated side chains (e.g., Ser and Thr) and the backbone amide bonds may act as intermolecular hydrogen-bond donors and acceptors. Unpolar amino acids are present in the peptide to establish hydrophobic interactions with the receptor(s). The peptide cyclo(-LSETTl-) essentially requires the Glu residue for the highest affinity to the antibody 412, which presumably imitates a negatively charged residue of the HNK-1 epitope.
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Figure III-3 Comparison between the structure of the HNK-1 trisaccharide and the hexapeptide cyclo(-LSETTl-)
Figure III-3 shows the comparison between the shapes of the trisaccharide 3-O-sulfoGlcA(1→3)Galb(1→4)GlcNAc (ball-and-stick representation a) and the cyclic hexapeptide c-(LSETTl) (ball-and-stick representation b). The representation c shows the overlay-structures of the trisaccharide (in orange) and the hexapeptide (in ball-and-stick representation) aligning the sulfate group of the sugar with the carboxyl group of Glu in the peptide, while d represents the overlay-structures aligning the two carboxyl functions. 
Based on this cyclic peptide, we designed the following linear and cyclic peptides to be synthesized:
	Compound
	Peptide

	47
	Leu-Ser-Glu-Thr-Thr-Ile

	48
	Leu-Ser-Glu-Thr-Thr-leu

	49
	cyclo(Thr-Thr-Ile-Leu-Ser-Glu)

	50
	cyclo(Thr-Thr-leu-Leu-Ser-Glu)

	51
	cyclo(Thr-Lys-Thr-leu-Leu-Ser-Glu)

	52
	cyclo(Thr-Glu-Thr-Lys-leu-Leu-Ser-Glu)

	53
	Thr-Tyr-Thr-Lys-leu-Leu-Ser-Glu

	54
	Thr-Tyr(SO3)-Thr-Lys-leu-Leu-Ser-Glu

	55
	cyclo(Thr-Tyr-Thr-Lys-leu-Leu-Ser-Glu)

	56
	cyclo[Thr-Tyr(SO3)-Thr-Lys-leu-Leu-Ser-Glu]


Peptide 50 is the original cyclic peptide studied in the literature and peptide 48 is the corresponding linear sequence. Peptides 47 and 49 have Ile residue in place of the d-Leu, since that Leu and Ile residues have similar structure and same molecular weight. Considering that the HNK-1 trisaccharide possesses two negative charges on both sulfated group and carboxylic acid position, another Glu residue was decided to be added in the peptide 52. In order to have peptides possibly better mimicking the sulfated group present in the HNK-1 epitope, the linear peptide 54 and the cyclic peptide 56 were synthesized by inserting the post-translationally modified amino acid Fmoc-Tyr(SO3)-OH. Tyrosine sulfatation is the most common post-translational modification on tyrosine residues. Unlike the other sulfated amino acids, e.g., sulfated serine and sulfated threonine which are not natural amino acids but synthetic ones, the sulfated tyrosine was discoved on numerous bioactive peptides isolated from different cells and tissues of varying origins,
 many of them are neuropeptides.
, 
, 
 So we chosed the sulfated tyrosine as the most suitable for the synthesis of biomolecules. The place for inserting this residue has two reasons. First it was shown that in natural peptides containing the sulphated tyrosine, most of them present Glu ou Asp close to Tyr(SO3) (+2 or -2 position). Second it was inserted between two threonines to obtain the sequence Glu-Thr-Tyr(SO3)-Thr that has on its side chains free COOH, OH, SO3 and OH functions which mimic the sulfated glucuronic acid.  Differently, the peptides 53 and 55 are non-sulfated. The free amine function of Lys residue in these peptides has the scope to enable them to be immobilized on the SPR sensor chip. 
III.2. Part A:  Carbohydrate Synthesis
III.2.1 Multi-steps synthesis of the trisaccharide
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Figure III-4. Synthesisof trisaccharide of HNK-1 epitope
In order to obtain the desired trisaccharide, we decided to perform a synthesis (Figure III-4) by synthesizing firstly each monosaccharide. The disaccharide 15 composed of the two monosaccharides 7 and 5 was then coupled to the monosaccharide 24 to converge to the final trisaccharide (Figure III-5). 
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Figure III-5. The three synthetic monosaccharides 
Synthesis of Methyl 2,4-di-O-benzoyl-1-bromo-3-O-levulinyl-d-glucopyranosuronate  (24)

In order to obtain the first monosaccharide (compound 24), we performed a ten-step synthesis starting from d-glucose (shown in scheme III-1 and III-2):
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Scheme III-1. First part of the synthesis of Compound 24
Compound 16 was obtained using zinc chloride and phosphoric acid in acetone; this reaction was performed at room temperature in large scale. It was then benzylated rapidly in the presence of sodium hydride and benzyl bromide in DMF. The fully protected furanoside 17 was transformed into 18 in acidic conditions using Amberlite 120 (H+). 
, 
 In the next two steps, the free hydroxyl functions in 3-O-benzylglucopyranose (18) were protected. The primary alcohol was protected by TBDMSCl
 and the others were benzoylated. Compound 19 was obtained in high yield (97%). After oxidation using Jones reagent (CrO3 and sulfuric acid) in acetone and methylation by methyl iodide in the presence of potassium hydrogenocarbonate in DMF, compound 21 was obtained.
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Scheme III-2. Second part of the synthesis of Compound 24
The synthesis was continued by hydrogenolysis under hydrogen pressure (5 bars) in the presence of Pd/C catalyst. The benzyl group was removed and replaced using levulinic acid, DMAP, and DIC, leading to compound 23. Finally, bromination afforded the monosaccharide 24 with a total yield of 23% as a pure  conformer. It is well known that the  conformer is stabilized through overlapping between lone-pair electrons at O-5 and the * orbital of C-1, called anomeric effet.
Bromination was firstly tried on compound 21 bearing a benzyl protecting group at C-3 position. Unfortunately, this was deprotected under acidic conditions leading to by-products. Therefore, we decided to change the protecting group. 
Synthesis of 1-Bromo-2,3,4,6-tetra-O-benzoyl--d-galactopyranose (7)
The second monosaccharide was synthesized in two steps starting from -d-galactose. It was fully benzoylated using benzoyl chloride and DMAP in pyridine. Compound 6 was obtained in a quantitative yield and then brominated by bromic acid and acetic anhydride. Compound 7 was obtained with a total yield of 97%.
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Scheme III-3. Synthesis of Compound 7
Synthesis of Phenyl 6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside (5)

The third monosaccharide 5 was obtained according to a six-step pathway starting from glucosamine hydrochloride (Scheme III-4). The free amino function was firstly protected using phthalic anhydride and then the molecule was fully acetylated. Compound 1 was obtained with a yield of 97%. In order to introduce the thiophenyl leaving group in the anomeric position, we used trimethylphenylthiosilane and trimethylsilyltriflate. The reaction was performed in three days at room temperature and gave compound 2 with a yield of 42%. The reaction was dramatically accelerated under microwave irradiation (see also § III.2.2). In particular, the reaction mixture was heated at 100 °C with a power of 100W, and compound 2 was obtained after only 5 minutes increasing the yield to 70%.
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Scheme III-4. Synthesis of Compound 5
The three acetate groups were then cleaved by methanoate in methanol and the benzylidene was formed using dimethyl benzaldehyde and pTsOH. Compound 4 was obtained with a yield of 73% for the two-step pathway. In order to selectively open the ring of the benzylidene, several methods were studied. Using triethylsilane-iodine
 or sodium cyanoborohydride
 was shown to be efficient and convenient method leading to the corresponding 6-O-benzyl ethers. Also the reductive cleavage of O-benzylidene acetals by DIBAL-H was recently reported.
 Finally, the use of NaBH3CN and HCl gas, led to the selective opening of the benzylidene affording the compound 5 with a final total yield of 34%.
Synthesis of the disaccharide 15
In order to obtain the disaccharide 15, we proceeded to couple the second monosaccharides (compound 7) and the third monosaccharide (compound 5). The reaction was performed at -10°C using silver triflate as a coupling reagent. Compound 8 was selectively formed after 2 hours with a yield of 49%, with no by-products. Such a selective behaviour of this diol 5 has also been observed during its glycosylation either with 2,3,4,6-tetra-O-acetyl--d-galactopyranosyl fluoride,
 2,3,4-tri-O-benzoyl-6-O-benzyl--d-galactopyranosyl bromide
 or phenyl 2,3,4-tri-O-acetyl-6-O-benzyl-1-thio--d-galactopyranoside.
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Scheme III-5. Coupling reaction between the second and the third monosaccharides 
The benzoyl groups in the compound 8 were removed with methanoate in methanol and protection of hydroxyl functions on C-4 and C-6 was obtained by reaction with PhCH(OMe)2 and pTsOH in DMF for 5 days at 50°C. The protection of the remaining hydroxyl functions was achieved by a simple acetylation in pyridine. 
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Scheme III-6. Synthesis of the disaccharide 15
The coupling reaction of compound 11 with the spacer 6-N-Boc-aminohexan-1-ol was performed at -30°C using N-iodosuccinimide and triflic acid in anhydrous DCM. Compound 12 was formed as a single -conformer with a yield of 81%. The phthalimide derivative of compound 12 was deprotected by hydrazine in ethanol at 80°C and then the amino function was acetylated. Finally, all O-acetyl groups were removed by MeONa in methanol and the desired disaccharide 15 was obtained. 
Synthesis of the trisaccharide  
To form the desired trisaccharide, we attempted the coupling of the monosaccharide 24 with the disaccharide 15:
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Scheme III-7. Attempts of the coupling reaction between the monosaccharide 24 and the disaccharide 15
Unfortunately, all the conditions we used for the coupling reaction to obtain the trisaccharide failed. In particular, considering the solubility of the disaccharide 15, we tried Lewis acid activation (AgOTf) in different anhydrous solvents (CH2Cl2, CH3CN, DMF) and NIS, TsOH in CH2Cl2, but reactions didn’t lead to the desired trisaccharide, even the bromide wasn’t activated. Compared to the literature, probably we should better introduce the hydrophobic spacer at the end of the strategy to avoid the problem of solubility.
III.2.2 MW-assisted synthesis of the O-alkylated monosaccharide mimics
The synthesis of the trisaccharide being problematic, we decided to focus on the preparation of a mimic bearing the terminal sulfated monosaccharide.

For this purpose we firstly tried glycosylation of the trichloacetamidate derivative under classical Lewis acid catalyzed conditions. Compound 26 was thus obtained by the orthogonally protected derivative 25 using Cl3CCN and DBU. It was then coupled to the spacer in the presence of BF3.Et2O in anhydrous DCM. The reaction proceeded slowly and with a very low yield (11%) and compound 27 was obtained as a mixture of and  anomers.
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Scheme III-8. O-glycosylation of the trichloacetamidate derivative
In order to overcome the difficulties in the synthesis performed in normal conditions, we turned to the microwave irradiation technique to obtain the desired monosaccharide mimics.  
Since the mid-eighties microwave (MW) activation as a nonconventional energy source has become an increasingly popular method of heating which replaces the classical one because it proves to be a clean, low cost, and efficient method. Traditionally, organic synthesis is carried out by conductive heating with an external heat source. This is a comparatively slow and inefficient method for transferring energy into the system, since it depends on the thermal conductivity of the various materials, and results in the temperature of the reaction vessel being higher than the reaction mixture. In contrast, microwave irradiation produces efficient internal heating by direct coupling of microwave energy with the molecules (solvents, reagents, catalysts) that are present in the reaction mixture (Figure III-6). Often, it affords higher yields and results in shorter reaction times.
[image: image33.emf]
Figure III-6. Inverted temperature gradients in microwave versus oil-bath heating: Difference in the temperature profiles (finite element modeling) after 1 min of microwave irradiation (left) and treatment in an oil bath (right).
Microwave technology is widely and advantageously used in different fields of organic synthesis, such as in transition-metal catalyzed reactions, heterocycle synthesis, radical reactions, glycosylation and etc. because reactions are usually cleaner, efficient, and proceeds in short times.
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Scheme III-9. Examples of Suzuki reaction and heterocycle synthesis
under microwave irradiation
The optimization of different processes has to be systematically investigated, so the advantages and benefits of this new technology could be fully exploited. However, a limited number of microwave-assisted reactions have found application in carbohydrate chemistry, and since carbohydrates play an important role in a vast array of biological processes, the interest in their preparation and reactivity by microwave heating is very high. In the development of new carbohydrates or in their transformations there is a need for faster and cleaner methods which can be provided by microwave heating.
In previous studies of the laboratory, the effects of microwave irradiation have been examined on the coupling reaction of -d-glucopyranosylamine with the side-chain carboxylic function of aspartic acid: in the first instance the optimization of coupling reactions was previously reported,
 and in the second instance a detailed discussion reporting how the thermal conditions can favor the formation of a new product containing a glycosyl ester linkage was published.
 
The synthesis of alkyl glycosides has already been described according to various methods: enzymatic condensation of a fatty alcohol and d-glucose or a d-glucoside allowing to obtain a pure anomer. Reaction time and yield are strongly dependent on the equilibrium of the reaction. An alternative method is the chemical synthesis asthe Koenigs–Knorr
,
and the Helferich
,
 glycosylations of fatty alcohols with a protected glucose. In this case anomeric configuration depends on the characteristic of the glycosyl donor, the glycosyl acceptor and on the reaction conditions. 
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Scheme III-10. General scheme of Koenigs–Knorr and Helferich glycosylations
Despite great advances, the stereo-controlled synthesis of glycosides with a desired anomeric orientation of a particular alcohol aglycone remains out of the realm of a universal method. In our research, we investigated the microwave-assisted glycosylation between the protected pyranosides and fatty alcohols or aminoalcohols focusing on the anomeric configuration and continued the syntheses of the possible monosaccharide mimics.
Thus, we proceeded to glycosidation of sugar acetates and benzoates by long chain alcohols or protected aminoalcohols. -Glycosidation of glycosyl derivatives having a participating group at the C-2 position is quite rare, since the presence of an anchimeric assistance by an acyl protecting group at this position generally leads to a cyclic intermediate resulting to trans-glycosidation. However, -glycosidation was stereoselectively obtained starting from peracetylated glucose, mannose, and galactose by the use of FeCl3 as Lewis acid catalyst (anomeric ratios from 90:10 to 100:0 in favor of the -anomer depending on the length of the alcohol).
 Other Lewis acids such as SnCl4, SnCl4+CF3CO2Ag
or InBr3
 promoted glycosidation of sugar acetates but not always with -stereocontrol. 
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Scheme III-11. General scheme of the Lewis acid-promoted glycosidation

In addition, microwave heating was used in carbohydrate chemistry
 and led to the improvement in yield in the case of the synthesis of glycosides with long chain alcohols.

In our case we applied microwave conditions in the case of the ZnCl2 catalyzed glycosidation of the sugar derivatives 21, 29, and 31 as reported in Table III-1. The reaction of the peracetylated glucose 31 performed with octanol and one equivalent of zinc chloride at 113°C (MW, 60W) was very rapid. In fact the corresponding -glycoside 32 was obtained in 70% yield in only 3 min. The reaction was completely stereoselective since no trace of the -anomer was present in the crude (entry 1). The methyl tetraacetylglucuronate 29 demonstrated a lower reactivity since only the starting material was recovered under the above conditions (entry 2).
Table III-1. Microwave-assisted glycosidation of sugar acetates and benzoates.
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	Entry
	Starting material
	R1=R2=R4
	R3
	R5
	R6
	Temp

(°C)
	Reaction time (min)
	O-glycoside
	Yield (%)a

	1
	31
	OAc
	OAc
	CH2OAc
	H
	113
	3 
	32
	70

	2
	29
	OAc
	OAc
	COOCH3
	H
	115
	3 
	34
	– b

	3
	29
	OAc
	OAc
	COOCH3
	H
	115
	15
	34
	46

	4
	29
	OAc
	OAc
	COOCH3
	H
	140
	15 
	34
	– c

	5
	21
	OBz
	OBn
	COOCH3
	H
	115
	25 
	37
	– b

	6
	21
	OBz
	OBn
	COOCH3
	H
	140
	15 
	37
	18

	7
	21
	OBz
	OBn
	COOCH3
	H
	140
	25 
	37
	24

	8
	21
	OBz
	OBn
	COOCH3
	H
	160
	25 
	37
	– c

	9
	21
	OBz
	OBn
	COOCH3
	NPhth
	140
	30 
	42
	24d


a Isolated yield after silica chromatography; b Starting material recovered unchanged; c Degradation; d The 3-deprotected -glycosylated product was also obtained in 5% yield.
When the irradiation was extended to 15 min, in the presence of 1.5 equiv of ZnCl2 the corresponding -glycoside 34 was isolated in 46% yield after only 15 min (entry 3). An increase of temperature (140°C) led to the complete degradation of the compound (entry 4). For synthetic strategy purposes, it was interesting to perform this reaction with the orthogonally protected glucuronic benzoate 21. It proved to be less reactive since no reaction was observed after 25 min at 115°C (entry 5). 
However, at 140°C and with 1.5 equiv of ZnCl2 the corresponding -glycoside 37 was isolated in 18% yield after 15 min and in 24% yield when irradiation was extended to 25 min (entries 6 and 7). Only degradation products were obtained when the temperature was brought up to 160°C (entry 8) and an increase of octanol (1.5 equiv) led to the formation of a by-product resulting from the transesterification of the methyl ester. Finally, the reaction of 46 with 8-N-phtalimidooctanol in the presence of 1.5 equiv of ZnCl2 in anhydrous dichloromethane at 140°C for 30 min afforded the corresponding glycoside 42 in 24% yield (with 5% of a by-product corresponding to the debenzylated derivative at C-3). Both compounds corresponded to the -configuration. 
, 

The glycosides 37 and 42 were then transformed according to the scheme III-12. Catalytic hydrogenation in the presence of Pd(OH)2/C afforded the debenzylated compounds 38 and 43, respectively in 82% and 60% yield. The free C-3 position was then sulfated with SO3·NMe3 in DMF at 50°C (49% and 58% yield, respectively for 39 and 44). Final deprotection was achieved in two steps. In particular saponification of the methyl ester was achieved with lithium hydroxide followed by a treatment with sodium methylate in THF (quantitative yield for 40 and 73% yield for 45).
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Scheme III-12. Synthesis of the sulfated glucuronates
 III.3. Part B:  Peptide Synthesis
The Solid Phase Peptide Synthesis (SPPS) has become more and more strategic for peptide chemistry since Merrifield
 proposed it in 1963. The SPPS is based on the following steps: a) anchoring of the first amino acid to an insoluble support via the C-terminal carboxyl group (for the synthesis of open-chain peptides) or via side chain (for cyclic peptides); b) elongation of the peptide chain; c) cleavage of the peptide from the resin.
During the elongation of the peptide chain, coupling cycles can be performed using either manually semi- or fully automated instrumentations. The manual SPPS allows to control the stepwise peptide sequence, however an operator has to be constantly present. Automatic SPPS performs syntheses independently by the presence of an operator. In this case monitoring of the synthesis is more difficult.
Two main orthogonal protection schemes are used in peptide synthesis: one strategy incorporates the tert-(butyloxy)carbonyl (Boc) group, and the other the (9H-fluoren-9-ylmethoxy)carbonyl (Fmoc) group to protect the Nα position of the amino acid, as temporary protecting groups. In the Boc/Bzl strategy for SPPS, the Boc group is usually removed by weak acids, ca. 25–50% trifluoroacetic acid (TFA) in dichloromethane (DCM), and the final cleavage of the peptide from the resin is performed by using a stronger acid, i.e., hydrogen fluoride or trifluoromethanesulfonic acid (TFMSA). On the contrary, in Fmoc/tBu strategy, the Fmoc protecting group is usually removed by basic conditions (20% piperidine in DMF) at room temperature and the final cleavage can be obtained in acidic conditions, which strength depends on type of the resin used in the Fmoc strategy.

Boc-amino acids are less expensive than the corresponding Fmoc-amino acids, but the Fmoc strategy has advantages in terms of safety. During the Fmoc-deprotection of the amino function with piperidine, the released by-product 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. 
During the peptide-bond formation, amino acids are usually activated before adding in solution to the solid phase. Numerous coupling reagents have been developed and mostly are commercially available, including carbodiimmides, alone or plus additives (HOBt, HOAt),
 phosphonium
 and uronium (aminium) salts.
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Figure III-7. Commercially available HOBt-based coupling reagents
The most valuable approach involves the use of in situ coupling reagents. Most of them engage the benzotriazole
 or azabenzotriazole
 ring system as crucial chemical structures, subsequently transformed into a good leaving group.
Most peptides isolated from natural plants are cyclic molecules. Chemically linear peptides can be converted into cyclic peptides by cyclization in solid phase or in solution. Compared to their corresponding linear sequence, the cyclic structures are more stable to the metabolic degradation, as the breakdown of a peptide chain proceeds more easily starting at the C- or N-terminus. Possibly because of their more constrained conformation, very often cyclopeptides exhibit more potent biological activities.
III.3.1 Synthesis of the linear peptide mimics
We performed the synthesis of the peptides following the Fmoc/tBu strategy. Fmoc-Ile-Wang Resin (0.7 mmol/g) and Fmoc-d-Leu-Wang Resin (0.7 mmol/g) were used for linear peptides, DIPEA as a base and TBTU/HOBt as coupling reagents. Adequately orthogonally protected amino acids (mostly commercially available) were used. Cleavage and side-chain deprotections were performed in acidic conditions with appropriate scavengers, i.e., TFA/TIS/H2O: 95/2.5/2.5.
Manual syntheses were performed on a manual batch synthesizer (PLS 4x4, Advanced ChemTech) while for the automatic syntheses we used a fully automatic parallel peptide synthesizer (SYRO II, Biotage). After purifications by solid phase extraction and semi-preparative HPLC, pure peptides were obtained in form of powder after lyophilization. 
[image: image40.jpg]



Figure III-8. The Peptide Synthesizer SYRO II (Biotage)

III.3.2 Synthesis of the cyclic peptide mimics
Cyclic peptides can be obtained by the corresponding linear sequences that can be firstly synthesized in solid phase. Then the cyclization can be performed in two ways: in solid phase or in solution. Three general on-resin strategies for the synthesis of head-to-tail cyclic peptides have been previously described:
1) Cyclization-cleavage strategy
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Scheme III-13 .On-resin cyclization-cleavage strategy for the synthesis of head-to-tail cyclic peptides

The cyclization-cleavage strategy was the first one reported for the solid-phase synthesis of head-to-tail cyclopeptides and it was based on the intramolecular aminolysis reaction. This strategy was extended by the introduction of an activated linker as the p-nitrobenzophenone oxime resin (Figure III-9) developed by De Grado and Kaiser.
 After removal of the last protecting group on the linear peptide-resin and neutralization of the N-terminus, the nucleophilic addition of the terminal amino group leads to the contemporary cyclization and cleavage of the peptide. Due to the base-labile resin used in this cyclization approach, the cyclization-cleavage is compatible only with a Boc/Bzl SPPS strategy.
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Figure III-9. p-Nitrobenzophenone oxime resin

2) Side-chain anchoring
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Scheme III-14 .On-resin side-chain anchoring strategy for the synthesis of head-to-tail cyclic peptides
The on-resin cyclization via side-chain anchoring of a trifunctional amino acid to a solid support was first proposed by Rovero et al.
 Asp or Glu was anchored to a phenylacetamidomethyl (PAM) resin for the preparation of cyclic structures by a Boc/Bzl strategy and the Boc-Xaa-OFm (Xaa = Asp, Glu) building block was used. The Boc-group was deprotected with TFA, while the Fm-ester under basic conditions (piperidine). After deprotection of the N- and C-terminal, the amino and carboxyl functions of the linear peptide, still anchored to the resin, can be coupled with standard activating reagents. This strategy allows to obtain the cyclopeptides (scaffolds) still bound to the resin, and then ready for further modifications.
3) Backbone anchoring
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Scheme III-15 .On-resin backbone anchoring strategy for the synthesis of head-to-tail cyclic peptides
A wider generalization of the side-chain anchoring principle was reported by Jensen et al.
 who attached the first amino acid by the α-amino function to an aldehyde resin. The growing peptide is linked to the resin via the backbone amine nitrogen. By this strategy it is possible to anchor any amino acid.
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Figure III-10. Aldehyde resin for backbone anchoring strategy
In the case of Fmoc/tBu SPPS, we chose to perform the side-chain anchoring synthesis on the solid support using a three-dimensional protection strategy. Thus, special resin Fmoc-Glu(Wang Resin)-OAll (0.33 mmol/g) was used. The resin and the permanent protections present on the amino-acids side chains provide the first dimension of orthogonality (deprotection under acid conditions). The base-labile Fmoc temporary group represents the second dimension, and the third one is provided by the allyl group, which can be removed with Pd(PPh3)4 in anhydrous DCM and Bu3SnH or Ph3SiH can be added as allyl-group scavengers.
,
 But since nucleophilic species act as allyl scavengers, allyl deprotection should be performed before the deprotection of the N-terminal amino group.
 Finally, the head-to-tail cyclization was possible after activation by HOBt, and then the linear peptide was on-resin cyclized by TBTU/NMM. Cleavage and deprotection gave the expected cyclopeptides.
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Scheme III-16. Fmoc/tBu/OAll three-dimensional strategy for synthesis of peptide 52 cyclo(TETKlLSE)
In Scheme III-16 above reported, we represent the Fmoc/tBu/OAll three-dimensional strategy we followed for the synthesis of the peptide 52, cyclo(TETKlLSE). However, this method had a high risk to lead to the dimer as possible by-product. Although the resin was a low-loading resin, because the peptide sequence is short and each molecule is close to each other on the resin, an inter-molecular interaction occurred during the cyclization step and favoured formation of the dimer.
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Figure III-11. Mass spectra of the two products formed during cyclization of the peptide TETKlLSE (monomer and dimer)
We followed the same procedure for the cyclisation of the octapeptide cyclo(TETKlLSE) (52). The crude product was examined by ESI-MS and we observed two signals centred on charge ratios (m/z) of 902.82 and 903.09 (Figure III-11). These signals correspond to the singly protonated molecules of cyclo(TETKlLSE) and the doubly protonated species of cyclo(TETKlLSE)2. However, RP-HPLC separation showed two peaks. The first one (Rt = 4.15) could be attributed to the cyclo(TETKlLSE) formed. The second peak (Rt = 4.89) appeared to be the corresponding cyclodimer cyclo(TETKlLSE)2. 
To avoid the risk of formation of by-products and increasing the purity and yield of the desired compounds, we also tried to perform cyclization in solution. The peptide sequence was synthesized using Wang Resin and cleaved by a TFA/TIS/H2O solution. The linear peptide obtained was washed with ether and then lyophilized. During cyclization, as an amide bond possesses a strong π-character with a trans geometry, linear peptides composed of 4-6 amino acids are particularly constrained and therefore they are prone to cyclooligomerization.
 Thus, high dilution conditions are required to favour an intramolecular cyclization over an intermolecular one. This has already been reported in a previous work of the laboratory concerning the synthesis of a series of RGD-containing cyclotetrapeptides. An optimization study of the parameters directly involved in the ring closure led to obtaining the desired cyclic peptides with no cyclodimerization by-products and only a very small amount (< 2%) of cyclotrimers.
 
Cyclization in solution requires longer time reactions and shall be monitored by LC-MS. When reactions were accomplished, solvent was evaporated and the peptides were lyophilized. Pure peptides were obtained after purification by semi-preparative HPLC. The following Table III-2 reports the retention time and mass analysis of all the linear and cyclic peptides synthesized.
Table III-2. Analytical data obtained by Ultra Performance Liquid Chromatography coupled to Mass Spectrometry (UPLC-MS)
	Peptide name
	Rt(min)
	Calculated mass
	Observed mass [M+H]+

	LSETTI (47)
	3.37b
	663.75
	663.42

	LSETTl (48)
	3.88 b
	663.75
	663.49

	cyclo(TTILSE) (49)
	4.706 a
	645.75
	645.52

	cyclo(TTlLSE) (50)
	4.714 a
	645.75
	645.63

	cyclo(TKTlLSE) (51)
	4.264 a
	773.925
	773.67

	cyclo(TETKlLSE) (52)
	4.153 a
	903.04
	902.82


	TYTKlLSE (53)
	4.143 a
	955.102
	955.02

	TY(SO3)TKlLSE (54)

	4.321 a
	1035.102
	1035.04

	cyclo(TYTKlLSE) (55)
	4.768 a
	937.102
	937.02

	cyclo[TY(SO3-)TKlLSE] (56)
	4.432 a
	1017.102
	1017.04


Gradients at 0.45 mL min-1: a10-60% B in 3.5 min, b 20-60% B in 3.5 min solvent system A: 0.1% TFA in H2O, B: 0.1% TFA in CH3CN.
III.4. Part C: Immunoassays by Surface Plasmon Resonance technique 
Surface Plasmon Resonance (SPR) technology (BIACORE T100, GE Healthcare) is a powerful tool for evaluation and quantification of the carbohydrate-protein interaction. Using this technique, our goal was to select the simplest synthetic peptide and/or monosaccharide, binding with the highest affinity to the commercially available mouse monoclonal IgMk (anti-HNK1) antibody.
The final goal was to select the best binding molecule able to detect antibodies in sera of a selected cohort of patients affected by IgM monoclonal gammopathies.
[image: image48.emf]
Figure III-12. BIACORE T100, GE Healthcare
For the immobilization of different ligands such as proteins, lipids, carbohydrates, and nucleic acids different sensor chips are commercially available, such as CM5, CM3, L1, NTA, SA, etc. The sensor chip CM5 is covered by a dextran matrix functionalized with carboxyl groups, which need to be activated by EDC and NHS.  Sensor chip CM3 is similar to CM5 but with shorter dextran chains, giving a lower immobilization capacity of the surface. Sensor chip L1 has dextran matrix modified with lipophilic anchor molecules. Sensor chip NTA has dextran matrix pre-immobilized with nitrilotriacetic acid (NTA), which captures His-tagged ligands via metal chelation. Sensor chip SA has dextran matrix pre-immobilized with streptavidin, which captures biotinylated ligands. 
[image: image49.png]



Figure III-13. Different types of commercial sensor chips
In our experiments, we first immobilized mouse monoclonal IgMk (anti-HNK1 Abs) on the CM5 sensor chip, then we characterized binding affinity of the synthetic monosaccharides and linear or cyclic peptides.

III.4.1 Screening of the synthetic mimetics
For immobilizing the biomolecules on the sensor chip, there exist three different approaches: covalent immobilization, high affinity capture and hydrophobic interaction (Figure III-14). Among these approaches, the covalent one is the most common used for immobilization due to its most stable chemical link. 
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Figure III-14 Three immobilization approacheson sensor chip surface
But the covelant immobilization has a condition that is the pre-concentration of ligand on the chip surface by electrostatic interaction. As the carboxylic acid on the chip has pKa = 3.5, when the pH of the buffer is higher than 3.5, the chip surface is negatively charged and is ready for the capture of positively charged ligand (Figure III-15). This pre-concentration traps the ligand on the surface for a long time to maximize the chances for reacting with the activated surface. At too high or too low pH, ligand can not be pre-concentrated and attached on the chip. 
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Figure III-15 Pre-concentration of ligand on the chip surface by electrostatic interaction
Therefore, a pH scouting procedure was firstly performed to find the best immobilization buffer maximizing electrostatic interaction between ligand and chip surface and thus allowing to reach the maximum immobilization level. Different solutions were tested, and as shown in Figure III-16, the best buffer resulted a solution of 5 mM NaOAc at pH ca. 5. 
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Figure III-16. pH Scouting before covalent immobilization
Anti-HNK-1 Abs were then immobilized on the chip following an automatic method according to the amine coupling strategy. The carboxyl groups on the sensor chip CM5 were activated twice using EDC 0.4M NHS 0.1M 50/50 for 420s and 60s to give reactive succinimide esters. The antibodies were injected twice (4 μg/ml in coupling buffer 5 mM NaOAc pH=5) for 420 s and 240 s so that the succinimide esters could react spontaneously with the primary  amine groups. 
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Figure III-17. Automatic method for antibody immobilization on the chip
An additional antibody injection on the chip in manual was also performed. Free reactive sites were finally blocked with ethanolamine-HCl (1 M pH=8.5) for 420 s and 120 s.
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Figure III-18. Manual injection for antibody immobilization on the chip
To limit aspecific interactions with the chip surface, one of the four channels of the sensor chip was used as reference and its signal was subtracted from the one registered on the antibody contanining channel. Reference channel was activated injecting NHS/EDC 50:50 and directly blocked with ethanolamine-HCl.
Once the antibody was immobilized on the chip, kinetic studies of the synthesized mimics started. Solutions of the peptides were prepared at different concentrations 0-8 mM, while the sugars were prepared at 0-18 mM concentrations. The injection time was 120s and the dissociation was for 100 s with running buffer flow (0.1M HEPES, 1.5M NaCl, 30 mM EDTA, 0.5% v/v p20). At last, one regeneration with NaOH 0.1M was performed at flow rate of 10 L/min.     
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Figure III-19. Kinetic study for the peptide LSETTI
Figure III-19 shows the sensorgram of the kinetic analysis of the peptide LSETTI (47) at different concentrations. After the injection, the peptide associates with the anti-HNK-1 antibody, the equilibrium is fastly reached and visualized as a plateau in the sensorgram, immediately after injection stop dissociation starts. By fitting experimental curves with the 1:1 binding model association rate ka, dissociation rate kd and KD (=kd/ka) constants can be calculated. 
The strength of a two-molecule interaction is usually characterized by the equilibrium binding constant KD, which is related to the rate of complex formation ka and the rate of breakdown kd. Since KD =kd/ka is indirectly proportional to analyte affinity for the immobilized ligand, a high affinity interaction will be characterized by a high association ka value and a low dissociation kd value. In the next Table III-3, all the kinetic and affinity values of the different peptides and sugar mimics are reported, higher  affinity interactions are coloured in blue for the peptides and in red for the sulfated sugar.
Table III-3. ka,kd and KD Values of all tested peptide and sugar mimics
	Analyte
	ka (1/Ms)
	kd(1/s)
	KD (M)

	LSETTI (47)
	133.60
	1.76×10-3
	1.32×10-5

	LSETTl (48)
	19.97
	4.36×10-1
	2.18×10-2

	cyclo(-TTILSE-) (49)
	86.28
	1.28×10-3
	1.48×10-5

	cyclo(-TTlLSE-) (50)
	141.4
	1.55×10-3
	1.09×10-5

	cyclo(-TKTlLSE-) (51)
	14.56
	6.30×10-1
	4.33×10-2

	cyclo(-TETKlLSE-) (52)
	105.30
	1.82×10-3
	1.73×10-5

	TYTKlLSE (53) 
	1200
	2.3×10-1
	1.92 ×10-4

	TY(SO3)TKlLSE (54)
	1.1×104
	1.2×10-2
	1.09 ×10-6

	cyclo(-TYTKlLSE-) (55)
	145
	1×10-2
	6.89 ×10-5

	cyclo(-TY(SO3)TKlLSE-) (56)
	9.86×104
	1.3×10-2
	1.32 ×10-7

	Glucuronic acid (36)
	6.46
	7.88×10-1
	1.22×10-1

	Sulfated sugar (40)
	2619.00
	5.00×10-1
	1.91×10-4

	Sulfated sugar-NH2 (45)
	13.61
	2.84×10-1
	2.08×10-2


The backbone NH of the peptide sequences may act as intermolecular hydrogen-bond donors and acceptors. Unpolar amino acids are present in all the tested peptides to establish hydrophobic interactions with the receptor(s). Among all the peptide mimics, five peptides show the best binding affinity. The peptide 47 and peptide 50 have the basic hexapeptide sequences, peptide 52 has two Glu residues and one Lys residue mimicking the two negative charges and one positive charge of the trisaccharide, peptide 54 and peptide 56 possess sulfated groups. Cyclic peptides display much higher binding affinities than the correspondent linear ones, except the sequence LSETTI that displays the same binding affinty both in the linear and in the cyclic form. The cyclic structures are possibly important glycomimetic structures.
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Figure III-20 ka/kd Plot of peptides 53-56 on anti-HNK1 Abs
ka/kd Plot summarizes the binding affinity of each synthetic mimic. The horizontal lines show the association rate and the vertical lines show the dissociation rate. KD values are presented on the diagonal lines. Thus, the compounds on the left upper side have a low dissociation rate and a high association rate pointing that they have a good binding affinity. Compounds on the right down corner are the opposite. Points that are on the same diagonal line indicate analyte with the same binding affinity.
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Figure III-21. ka/kd Plot of peptides 47-52 and three monosacchride mimics on anti-HNK1 Abs
On the other hand, as it is shown in Figure III-21, the carbohydrate derivate 33 gives no binding signal with the immobilized antibody, and the glucuronic acid 36 also display avery weak binding. The sulfated sugar 40 shows a very good association but it dissociates too fast. This is probably due to the small size of the monosaccharide. Compared to the sugar 40, the binding affinity of the sulfated sugar-NH2 45 decreased a lot, we thought that it was due to the positive charge of the amine function on the carbon chain, and a protecting group could be necessary to avoid this problem.
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Figure III-22 Four O-alkylated monosaccharides synthesized that could be HNK-1 epitope mimics
In fact we observed that the sulfated sugar 40 only binds to the anti-HNK-1 Ab in acidic conditions (pH=2.5). In the sensorgram presented in Figure III-23, the red line shows that the sulfated sugar 40 binds to the antibody in acidic running buffer. However at neutral pH, the blue line shows that it has almost no binding, and even in basic conditions, green line gives negative signal. 
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Figure III-23. Binding study of the sulfated sugar 40
in running buffer at different pH values
Besides we also tried to perform a kinetic study of the sulfated sugar 40 at pH=7.4. At first, sugar has been dissolved in water (31mM) and then diluted in Running Buffer at pH 7.4 (final injected concentrations were 20, 15, 12, 10, and 5 mM.). Results are shown in the following Figure III-24. Signals are directly dependent on sugar concentration and dissociation profile is good. Association phase (time 50 seconds) starts from negative values: this is generally caused by a high salt concentration in the sample, responsible for a rapid change in Refractive Index. However, Biacore evaluation software is not able to fit negative experimental curves to mathematic kinetic models.
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Figure III-24. Kinetic study of the sulfated sugar 40 in running buffer at pH=7.4
We also tried to dissolve the sulfated glucuronate in neutral Running Buffer, but because of its poor solubility, we filtered it with a 0.22 µm filter and then we injected different concentrations (20, 15, 12, 10, and 5 mM ) on the immobilized antibody. Results are shown in the following sensorgram (Figure III-25).
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Figure III-25. Kinetic study of the sulfated sugar 40 in neutral running buffer  
We didn’t register any interaction signal probably because the sugar was not well dissolved. Moreover this sugar has a very low isoelectric point, this problem occurred when we tried to immobilize this sugar directly on the sensor chip. In fact, the pKa of the COOH on the surface of the chip is 3.5. To have the interaction between the ligand and the chip, we had to use a buffer whose pH value should be between 3.5 and the isoelectric point of the sugar. However, the pKa value of -COOH of the sugar is around 2.9 and the pKa value of -SO3 is around 1. Therefore, it is very difficult to find a suitable immobilization buffer that can both keep negative charge on sulfate group and also creating the interaction between the ligand and the chip.
III.4.2 Synthetic biotinylated HNK-1 mimics for autoantibody recognition in IgM gammopathy
After evaluation of the binding studies of each synthetic mimics, the peptides and sulfated sugar with the best binding affinities were supposed to be immobilized on the chip for autoantibody recognition in IgM gammopathy. Considering that the sulfated sugars and peptides are high acidic ligands that they can be negatively charged even at a very low pH buffer, therefore the electrostatic interaction is not enough for the immobilization directly on common CM5 sensor chip, another kind of sensor chip SA previously described was chosen. Its surface is streptavidin coated specific for biotinylated compounds (Figure III-26).
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Figure III-26. Streptavidin coated sensor surface for biotinylated ligands
Recently, N. E. Nifantiev et al18 also studied biotin-tagged oligosaccharides. They showed that the sugar can be well immobilized on the chip by this strategy. Due to its high binding affinity between streptavidin and biotin (KD≈10-15M), electrostatic interaction is not neccesary in this case. Thus, our peptides and sugars were selected to be biotinylated.

	Compound
	Biotin-tagged peptides

	57
	Biotin-LSETTI

	58
	Biotin-cyclo(TETKlLSE)

	59
	Biotin-TYTKlLSE

	60
	Biotin-cyclo(TYTKlLSE)

	61
	Biotin-TY(SO3)TKlLSE

	62
	Biotin-cyclo[TY(SO3)TKlLSE]


In the case of the linear peptides, the biotinyl group was linked to the free N-terminus amino function of the sequence, and in the case of the cyclic peptides, the biotinyl group was linked to the free side-chain of the Lys residue, i.e., the epsilon-amino function. For the sulfated sugar, biotin was introduced on the terminal amine group on the carbon chain of Compound 45. The biotinylation and the structure of biotinylated compounds are shown in the following scheme III-17.
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Scheme III-17. Structures of biotinylated peptides and sugar
To obtain the biotin-tagged HNK-1 mimics presented in Figure III-32, the peptides and sugar were biotinylated using N-(+)-Biotinyl-6-aminohexanoic acid firstly activated by sodium N-hydroxysulfosuccinimide. The activation required ca. 2 hours and was monitored by LC-MS (Figure III-27).
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Figure III-27. Activation of N-(+)-Biotinyl-6-aminohexanoic acid 
At t=0, only one signal corresponding to biotin (mass 358) appeared. When reaction started to proceed, signal corresponding to the activated compound (mass 535) could be observed. After 2 hours of reaction, we could see that no more starting material was present. Once biotin was totally activated, coupling to peptides and sugar proceeded easily. The biotin-tagged products were purified by semi-preparative HPLC and characterized by ESI-MS. Analytical data are reported in the following Table ‎III-4:
Table ‎III-4. Analytical data of biotinylated products.
	Peptide
	HPLC (Rt,min)
	ESI-MS [M+H]+
Calc (found)

	Biotin-LSETTI (57)
	4.98 a
	1003 (1002.95)

	Biotin-cyclo(TETKlLSE) (58)
	4.89 a
	1243 (1242.37)

	Biotin-TYTKlLSE (59)
	2.69 b
	1295 (1294.47)

	Biotin-cyclo(TYTKlLSE) (60)
	4.99 a
	1277 (1276.03)

	Biotin-TY(SO3)TKlLSE (61)
	4.78 a
	1375 (1374.46)

	Biotin-cyclo[TY(SO3)TKlLSE] (62)
	4.84 a
	1357 (1357.38)

	Biotin-sulfated sugar (63)
	4.27a
	739.8 (740.58)


Analytical HPLC gradients at 1 mL min-1, a20-60% B in 5 min, b 30-70% B in 5 min solvent system A: 0.1% TFA in H2O, B: 0.1% TFA in CH3CN. 
III.4.3 Analysis of antigen-antibody interaction in IgM gammopathy patients’ sera by Surface Plasmon Resonance
Among these sugar and peptide mimics, firstly two biotinylated peptides Biotin-LSETTl (57), Biotin-cyclo(TETKlLSE) (58) and the biotinylated sulfated sugar 63 were chosen to be immobilized in automatic on the streptavidin surface of the chip. Considering that the linear peptide 57 is not charged, but the peptide 58 has two negative charges, it would be possible to compare their results and understand the importance of the charges. Also thinking that the peptide 58 is a non-sulfated mimic, by comparing with the sulfated sugar we could study the important roles of the sulfate group. The rest two peptide mimics TY(SO3)TKlLSE and cyclo[TY(SO3)TKlLSE] with the highest binding affinities will be tested later during the second experience. Since they have the same peptide sequence, the importance of the cyclic conformation will be studied.

The surface was conditioned with three consecutive injections of NaCl 1M and NaOH 50 mM for 60 s at a flow rate of 10 L/min. Then the ligand (20 mg/mL in running buffer) was injected with the same flow rate for 120 s. After injection, the biotinylated ligand remained in the flow system was removed by washing with NaCl 2M+NaOH 100 mM/isopropanol (50:50). Additionally, an injection of the ligand in manual mode (changing ligand concentration and contact time) was kept on until reaching a satisfactory immobilization level. Finally, the peptide Biotin-LSETTI (57) was immobilized on channel 2 (126 RU), Biotin-cyclo(TETKlLSE) (58) on channel 3 (230 RU), and the biotinylated octyl 3-O-sulfo--d-glucopyranosyluronic acid (63) on channel 4 (95 RU), while channel 1 remained as an unmodified streptavidin surface and was used as reference channel. Once the biotin-tagged ligands were immobilized on the streptavidin chip, the commercial anti-HNK-1 antibody was injected at different concentrations (0, 5, 10, 20, and 50 mM) to test the chip performance.
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Figure III-28. Interaction between the immobilized sugar and the commercial anti-HNK-1 antibody 

In Figure III-28 is presented the sensorgram obtained when the immobilized sulfated sugar interacts with the commercial anti-HNK-1 antibody. It is evident that binding signals are proportional to the injected antibody concentration.
Then, binding studies between peptide and sugar mimics (57, 58 and 63) and 13 sera were performed. These sera were obtained from patients affected by IgM monoclonal gammopathy and were tested and titrated by ELISA using human CNS MAG (Commercial kit from Bühlmann Laboratories, Switzerland) to verify the reactivity against MAG.
 8 patients are associated with demyelinating neuropathy and their sera (defined as Patients’ sera in our study) show high level of anti-MAG IgM antibodies; 5 patients are associated with non-demyelinating neuropathy and anti-MAG IgM antibodies are not present in these sera (defined as Controls’ sera). The study was approved by the institutional ethic committee. All sera were obtained for diagnosis purposes from patients who had given their informed consent and were provided by Prof. Francesco Lolli and Dr. Sabrina Matà (Dipartimento di Scienze Biomediche, Sperimentali e Cliniche and Azienda Ospedaliera Universitaria di Careggi, University of Florence. Italy) 

Each serum was tested at dilution 1:50 and 1:100 in running buffer according to the following method: a sample injection at a flow rate of 30 L/min for 120 s; 60 s of running buffer flow to allow a partial dissociation; a first regeneration with Glycine 10 mM pH=2.5 for 30 s; and then a second regeneration with NaOH 50 mM for 40 s. 
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Figure III-29. SPR analysis of sera on peptide Biotin-LSETTI 
Sensorgam in Figure III-29 shows the interaction between sera and the peptide Biotin-LSETTI (57) containing channel. Serum injection starts at point A and flows over the sensor chip for 120 s. Point B corresponds to the end of injection followed by a buffer wash. High positive signals (green, purple and blue lines in the figure) were given when immobilized ligand interacts with patients’ sera. The serum 1, a control serum, gave a negative signal on the sensorgram because it binds to the reference channel more than the active one.

Therefore, all binding values of the synthetic HNK-1 mimics (peptides 57 and 58 and sugar 63) with sera diluted 1:100 were gathered together and presented in Table III-5. 

Table III-5. Sera Binding values on different HNK-1 mimics
	Samples
	Binding values (RU)

	Sera diluted 1:100
	Peptide 57 ch2-ch1a
	Peptide 58 ch3- ch1a
	Sugar 63 ch4- ch1a

	C1
	0.00
	0.00
	0.00

	C2
	10.18
	9.90
	9.38

	C3
	18.24
	24.03
	0.00

	C4
	4.59
	4.93
	6.08

	P1
	42.40
	38.07
	29.50

	P2
	0.93
	0.00
	1.50

	P3
	34.06
	37.87
	15.56

	P4
	8.01
	9.97
	5.41

	P5
	26.76
	30.38
	22.93

	P6
	12.39
	12.10
	13.97

	P7
	44.03
	58.91
	16.76

	P8
	23.50
	22.94
	14.28

	P9
	17.05
	17.14
	17.76

	Running.Buffer
	0.13
	0.00
	0.00

	IgM monoclonal gammopathy average
	23.24
	25.26
	15.30

	Control average
	8.25
	9.72
	3.87


a Binding values are reported as difference between the measure channel (ch2, ch3, ch4) and the reference one (ch1); C: Control s’ sera; P: parients’ sera  
Among the 13 tested sera, two sera (samples P2 and P4) gave low binding signals with the peptides 57 and 58 and the sulfated sugar 63. Also in cases of C2 and C3, controls’ sera gave high binding with the peptides.
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Figure III-30. Binding values between sera and different HNK-1 mimics
From our preliminary study, we didn’t observe any clear evidence showing the discrimination between controls’ and patients’ sera, this probably due to the aspecific interaction of protein components in sera. We think that our biological assays need to be improved and the pre-purification of sera could be useful to eliminate these aspecific interactions with the matrix.
Once our biological system is set-up, experiments with more sera will be under evaluation, the screening of patient and control sera will be necessary to consolidate the preliminary results and to optimize the best synthetic probe to be used as a diagnostic tool.
III.5. Conclusion
Rapid molecular Diagnostics tests based on immunoassays specific for the diagnosis of neuropathies of the peripheral nervous system associated with IgM monoclonal antibodies is an unmet medical need. Therefore the possibility to develop synthetic mimetic antigens able to recognize specific antibodies as biomarkers of these pathologies is a great challenge. The main natural antigens of monoclonal IgMs involved in neuropathies are the glycoprotein MAG and the glycosphingolipid SGPG. These molecules, although very different, share as possible common epitope the trisaccharide unit SO4-3-GlcA(1-3)Gal(1-4)GlcNAc, termed HNK-1 epitope, putative target of the autoantibodies circulating in patients’ sera.
In this study, we firstly tried a multi-step convergent synthesis of the trisaccharide HNK-1 epitope to make it available as an unique, reproducible minimal antigenic probe to be used in simple but reliable immunoassays. Even if the three conveniently orthogonally protected monosaccharides 5, 7 and 24 and the disaccharide 15 were successfully syntehsized, the trisaccharide corresponding to the HNK-1 epitope could not be obtained by any coupling reactions under different conditions. Because of the encountered difficulties in the synthesis of this trisaccharide, and with the aim of simplifying the synthetic pathway and developing a reproducible diagnostic technique based on a more suitable synthetic antigen, we hypothesized that the terminal portion of the HNK-1 epitope, the monosaccharide glucuronosyl-sulfate (3-O-SO3-GlcA), could be sufficient to ensure the specificity of autoantibody recognition in PNS. Four carbohydrates as putative minimal epitopes, based on the terminal monosaccharide, were synthesized by an efficient microwave-assisted O-glycosylation affording pure -glycosides bearing a long carbon chain as a hydrophobic spacer suitable for SPR assays dramatically lowering reaction time and increasing final yield. 
In parallel, since very recent contemporary studies have shown that cyclic peptides as cyclo(TTlLSE) (50) could mimic saccharide epitopes, ten linear/cyclic peptides, as possible mimics of the HNK-1 epitope, were synthesized by manual and automatic solid-phase synthetic strategies.
Binding affinities investigations of all the synthetic mimics with the mouse monoclonal IgMk (anti-HNK1 Ab) were performed by Surface Plasmon Resonance technique (BiacoreTM).

By using mouse monoclonal IgMk CM5 sensor chips, we succeeded in selecting the monosaccharide octyl 3-O-sulfo-glucuronic acid (40) and the peptides LSETTI (47) and cyclo(TETKlLSE) (52) because displaying by SPR the highest antibody affinity.

Our data show that the cyclic peptides cyclo(TTlLSE) (50), cyclo(-TYTKlLSE-) (55), and cyclo(TY(SO3)TKlLSE) (56) have higher affinities in comparison to the correspondent linear ones LSETTl (48), TYTKlLSE (53), and TY(SO3)TKlLSE (54). This result confirms the importance of constrained cyclic conformations in mimicking the HNK-1 epitope, with the exception of the peptide LSETTI, which displays the same binding affinity both in linear and in cyclic conformation.

The selected mimics were biotinylated to be immobilized on streptavidine CM5 sensor chips and their antigen-antibody interaction was studied in a selected cohort of monoclonal gammopathy patients’ sera (with or without anti-MAG IgM antibodies). Preliminary study showed probably an aspecific interaction of protein components in sera, perspectively we will try to pre-purify the sera to avoid these interactions.
We can conclude that the use of the anti-HNK-1 monoclonal antibody on the SPR optical sensor enabled us to efficiently select some active candidates, showing that both peptide and sugar mimics are good synthetic probes for antibody detection. The screening of a larger cohort of patients’ and controls’ sera will be necessary to optimize and validate the best synthetic molecule to be used for the development of an innovative diagnostic tool based on SPR.
IV. EXPERIMENTAL PART
Materials and methods
I) Reagents

The organic reagents were purchased from ACROS or Sigma-Aldrich and used without further purification. Protected amino acids and resins were obtained from Calbiochem-Novabiochem AG and Iris Biotech. HATU, TBTU and HOBt were purchased from Advanced Biotech Italia. Peptide-synthesis grade N,N-dimethylformamide (DMF) was from Scharlau or VWR. HPLC-grade MeCN was purchased from Carlo Erba. CH2Cl2 was pre-dried with CaCl2 and distilled immediately before use over CaSO4 or CaH2. THF was distilled with sodium and benzophenone under dry N2. Wang resin was dried under vacuum before functionalization. Pd(PPh3)4 was weighted under argon and dissolved in dry DCM immediately before use. Sensor chip CM5, chip SA, running buffer, 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-HNK-1/N-CAM (CD57) antibody produced in mouse was commercially available from Sigma-Aldrich.
II) Equipements and experimental techniques
NMR spectra were recorded on JEOL JNM ECX spectrometer with tetramethylsilane (TMS) as internal standard. 400 MHz spectrometer was used for 1H spectra and 100 MHz for 13C spectra. The chemical shifts δ are expressed in ppm (parts per million) and the coupling constants noted J are indicated in Hz (Hertz). The multiplicity is marked as s =singlet, d = doublet, t = triplet, q = quartet, and m = multiplet.
Microwave experiments were performed on the CEM Discover Control instrument, which comprises a monomode cavity that operates with continuous microwave power from 0 to 300 W. The instrument is equipped of a temperature regulatory system (10-250 °C) via IR sensor and of a pressure regulatory system (0-20 bar). The system works with software, which allows the on-line control of a reaction and of the microwave output power. The microwave-assisted reactions were performed in a glass vessel sealed with a Teflon septa and an aluminium crimp top.
Optical rotation was measured using JASCO P1010 polarimeter. 
Thin layer chromatography (TLC) was performed using Macherey-Nagel AlugramSil G/UV254 plate. Plots on these plates can be observed under UV (254nm) and revealed with a solution of 10% sulfuric acid in ethanol by heating. Flash column chromatography used silica gel 40-63 μm granulometry.
Semi-preparative purification via HPLC was performed by a Phenomenex Jupiter C18 (250 × 4.6 mm) column at 28 °C using a Waters instrument (Sepation Module 2695, detector diode array 2996). Analytical HPLC was performed by a Waters instrument (2996 Alliance) using a Phenomenex Jupiter column 5m C18 300Å (250 × 4.6 mm). The solvent systems used were: A (0.1% TFA in H2O) and B (0.1 % TFA in CH3CN). The flow rates were 1 mL/min for analytical HPLC and 4 mL/min for semi-preparative HPLC. Products were characterized by ACQUITY UPLC (Waters Corporation, Milford, Massachusets) coupled to a single quadrupole ESI-MS (Micromass ZQ) using a 2.1 x 50 mm 1.7 m ACQUITY BEH C18 at 30 °C, with a flow rate of 0.45 mL/min. The products were lyophilized with lyophilisator LIO-5P with pomp Edwards XDS35i (5Pascal).

All biological analyses were performed in a BiacoreTM T100 instrument (GE Healthcare). The instrument is associated with software helps to analyze experimental data and calculate kinetic parameters.
IV.1. PART A: CARBOHYDRATE SYNTHESIS
1,3,4,6-tetra-O-acetyl-2-phthalimido-/-d-glucopyranose  (1)
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   M = 477 g/mol
In 60 mL of methanol were dissolved 1.28 g (55.6 mmol, 1.2 eq) of sodium and 10 g (46.4 mmol, 1 eq) of glucosamine hydrochloride. After stirring 30 min, 6.9 g (46.4 mmol, 1 eq) of phtalic anhydride were added and the mixture was stirred at room temperature overnight. The solvent was evaporated and the crude product was dissolved in 46.4 mL of pyridine. After adding 46.4 mL of acetic anhydride, the solution was stirred overnight.

Then 150 g of ice were added and after stirring 30 min, the mixture was washed with CH2Cl2. The organic layer was washed successively with HCl 2M, H2O and saturated NaHCO3, dried over MgSO4, filtered and evaporated. 20 g (yield 91%) of a yellow solid were obtained as a 50/50 mixture of anomers.
1H NMR (CDCl3) : 7.79 (2H of Phth); 7.71 (2H of Phth); 6.47 (H1, d, J = 8.92 Hz); 6.1 (H1, d, J = 3.68 Hz); 5.81 (H3, t, J = 8.92 Hz); 5.14 (H3, m); 5.12 (H, m); 4.45 (H2, m); 4.42 (H2, m); 4.31, 4.19, 4.09 (H6,6’, H6,6’, m); 3.9 (H5, H5, m); 2.12-1.8 (8 OAc).

13C NMR (CDCl3) : 172-167 (12 C=O); 134.4, 131, 123.7 (Phth); 90.5 (C1); 89.6 (C1); 72.5, 69.7 (C5, C5); 70.5 (C3); 70.2 (C3); 68.3, 67.5 (C4, C4); 61.6 (C6, C6); 53.3 (C2); 50.8 (C2); 20.68-20.62 (8 OAc).
Phenyl  3,4,6-tri-O-acetyl-2-phthalimido-1-thio--d-glucopyranoside  (2)
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  M = 527 g/mol
Method 1: In 35.6 mL of anhydrous CH2Cl2 were dissolved 2.89 g (6.06 mmol, 1 eq) of sugar 1. Then 3.56 mL (18.8 mmol, 3.1 eq) of trimethylphenylthiosilane and 3 mL (16.6 mmol, 2.7 eq) of trimethylsilyltriflate were added at room temperature. The reaction was stirred for 3 days and neutralized with triethylamine. After washed with HCl 2N, H2O, and saturated NaHCO3, the organic layer was dried over MgSO4, filtered and evaporated. The crude product was purified by flash chromatography (EtOAc/Cy: 2/8) and 1.33 g (yield 42%) of white solid were obtained.

Method 2: 52 mg (0.109 mmol, 1.3 eq) of sugar 1, 15.9 L (0,084 mmol, 1 eq) of trimethylphenylthiosilane and 30.4 L (0.168 mmol, 2 eq) of trimethylsilyltriflate were all dissolved in 0.5 mL of anhydrous CH2Cl2. The solution was at first heated to 100°C under microwave irradiation (P=100W) within 2 min, and then stirred at this temperature for another 5 min.  The mixture was neutralized with triethylamine and washed with HCl 2N, H2O, and saturated NaHCO3. The organic phase was dried over MgSO4, filtered and evaporated. Only  anomere was observed. After purification by flash chromatography (EtOAc/Cy: 3/7), 35 mg (yield 70%) of white solid were obtained. 
1H NMR (CDCl3) : 7.83 (2H of Phth); 7.74 (2H of Phth); 7.37 (2H of Ph); 7.24 (3H of Ph); 5.77 (H3, t, J = 10.08 Hz); 5.70 (H1, d, J = 10.52 Hz); 5.11 (H4, t, J = 10.08 Hz); 4.32 (H2, t, J = 10.52 Hz); 4.19 (H6,6’, m); 3.9 (H5, m); 2.08, 2.0, 1.8 (3 OAc, 3s).

13C NMR (CDCl3) : 170.76, 170.22, 169.57, 167.92, 167.03 (5 C=O); 134.58, 134.44, 123.82 (4CH of Phth); 133.37, 129, 128.52 (5 CH of Ph); 131.3, 131.2, 131 (3 Cq); 83.15 (C1); 75.9 (C5); 71.7 (C3); 68.77 (C4); 62.31 (C6); 53.65 (C2); 20.88, 20.73, 20.52 (3 OAc).
Phenyl  2-phthalimido-1-thio--d-glucopyranoside  (3)

[image: image69.emf]O

HO

HO

N

O

O

S

OH 1

2

3

4

5

6

 M = 401 g/mol
In 55 mL of methanol were dissolved 3 g (5.7 mmol, 5.25 eq) of sugar 2 and 25 mg (1.09 mmol, 1 eq) of sodium. The mixture was stirred at room temperature for 3h and then neutralized with Amberlite 120 (H+). After stirring for 30 min, the solution was filtered and evaporated. 2.1 g (yield 93%) of solid were obtained.

1H NMR (CDCl3) : 7.76 (2H of Phth); 7.66 (2H of Phth); 7.25 (2H of Ph); 7.15 (3H of Ph); 5.57 (H1, d, J = 10.08 Hz); 4.28 (H3, t, J = 9.6 Hz); 4,12 (H2, t, J = 10.52 Hz); 3.8 (H6,6’, m); 3.6 (H4, t, J = 9.6 Hz); 3.45 (H5, m).

13C NMR (CDCl3) : 168, 167 (2 C=O); 132.2, 131.2, 129.5, 128.5, 128 (9CH of Phth and Ph); 83.8 (C1); 79.2 (C5); 72.4 (C3); 71.9 (C4); 62.2 (C6); 55.8 (C2).
Phenyl  4,6-O-benzylidene-2-phthalimido-1-thio--d-glucopyranoside  (4)
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 M = 489 g/mol
In 20 mL of anhydrous DMF were dissolved 2.1 g (5.23 mmol, 1 eq) of sugar 3 and 2 mL (13.07 mmol, 2.5 eq) of PhCH(OMe)2. Then 180 mg (cat.) of pTsOH were added in small portions until pH=3-4. The mixture was stirred at room temperature for 7h and neutralized with triethylamine. The product was concentrated in vacuum and gave 1.86 g (yield 73%) of white solid after purification by flash chromatography (EtOAc / Cy: 1 / 3).

1H NMR (CDCl3) : 7.9-7.24 (14H aromatic); 5.7 (H1, d, J = 10.56 Hz); 5.56 (H benzylidene, s); 4.62 (H3, dd, J3-4 = 9.16 Hz, J3-2 = 10.08 Hz); 4.4 (H6, dd, J6-5 = 5.4 Hz, J6-6’ = 10.08 Hz); 4.32 (H2, dd, J2-1 = 10.56 Hz, J2-3 = 10.08 Hz); 3.82 (H6’, t, J = 10.08 Hz); 3.69 (H5m); 3.6 (H4, t, J = 9.16 Hz).
13C NMR (CDCl3) : 168, 167.7 (2 C=O); 134.25, 132.68, 129.5, 128.9, 128.4, 128.24, 126.27, 124, 123.2 (14CH aromatic); 137, 131.8 (4 Cq); 102.1 (CH benzylidene); 84.3 (C1); 82.0 (C4); 70.4 (C5); 69.71 (C3); 68.67 (C6); 55.57 (C2
Phenyl  6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside  (5)
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 M = 491 g/mol
In 18 mL of anhydrous THF was added 1.8 g (3.68 mmol, 1 eq) of sugar 4, 2.52 g (19.1 mmol, 5 eq) of NaBH3CN and 2.5 g of molecular sieve 4Å. Then 10.8 mL of diethyl ether solution saturated with HCl were added dropwise at 0°C. The reaction was stirred for 1h and diluted with chloroform. After filtration through Celite, the filtrate was washed successively with cold water, saturated NaHCO3 and water. The organic layer was dried over MgSO4, filtered, evaporated and purified by chromatography (EtOAc/Cy : 1/1). 1.3 g (yield 73%) of a white solid were obtained.
1H NMR (CDCl3) : 7.8-7.15 (14H aromatic); 5.55 (H1, d, J1-2 = 10.52 Hz); 4.53 (CH2Ph, AB system, J = 11.92 Hz); 4.28 (H3, dd, J3-2 = 10.08 Hz, J3-4 = 8.24 Hz); 4.15 (H2, dd, J2-3 = 10.08 Hz, J2-1 = 10.52 Hz); 3.82 (H6,6’, dd, J6-5 = 4.60 Hz, J6-6’ = 10.08 Hz); 3.62 (H5, dd, J5-6 = 4.60 Hz, J5-4 = 8.24 Hz); 3.56 (H4, t, J = 8.24 Hz).

13C NMR (CDCl3) : 168, 167.8 (2 C=O); 134.35, 132.59, 129, 128.65, 128.02, 127.94, 124, 123.4 (14CH aromatic); 137.2, 132.1, 131.8 (4 Cq); 83.73 (C1); 77.7 (C5); 73.91 (CH2Ph); 73.73 (C4); 72.78 (C3); 70.56 (C6); 55.28 (C2
1,2,3,4,6-penta-O-benzoyl--d-galactopyranose  (6)

[image: image72.emf]O

BzO

BzO

OBz

OBz

OBz

1

2

3

4

5

6

  M = 700 g/mol

10 g (55.5 mmol, 1 eq) of d-galactose and 68 mg (cat.) of DMAP were dissolved in 140 mL of pyridine. This solution was cooled to 0°C and 38.5 mL of BzCl were added dropwise. The color of the solution changed to red. After stirring at room temperature overnight, the precipitates were filtered and the filtrate was evaporated. The concentrated product was dissolved in CH2Cl2 and water at low temperature with precaution. The organic layer was washed with brine and NaHCO3 sat, dried over MgSO4, filtered and evaporated. 45.8 g of white solid were obtained with a quantitative yield.

1H NMR (CDCl3) : 8.2-7.2 (25 H aromatic); 6.94 (H1, d, J1-2 = 3.68 Hz); 6.2-6.1 (H4and H3, m); 6.03 (H2, m); 4.83 (H5, m); 4.6 (H6, dd, J6-5 = 7.32 Hz,  J6-6’ = 11 Hz); 4.42 (H6’,dd,  J6’-5 = 6.88 Hz, J6’-6 = 11 Hz).

13C NMR (CDCl3) : 166, 165.8, 165.5, 164.2, 162.1 (5 C=O); 134-128 (25 CH aromatic); 91 (C1); 69.5 (C5); 68.2 (C4 and C3); 67.8 (C2); 62 (C6).
1-bromo-2,3,4,6-tetra-O-benzoyl--d-galactopyranose  (7)
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  M = 659 g/mol
In 14,2 mL of anhydrous CH2Cl2 were dissolved 4 g (5.7 mmol, 1 eq) of sugar 6. Then 47.6 mL (in excess) of hydrobromic acide 33% in AcOH were added. The reaction was stirred at room temperature for 6h and neutralized with NaHCO3 sat. The organic layer was washed with water, dried over MgSO4, filtered and evaporated. 3.6 g (yield 97%) of white solid were obtained.

1H NMR (CDCl3) : 8.2-7.2 (20H aromatic); 7.03 (H1, d, J1-2 = 3.64 Hz); 6.17 (H4, t, J = 6.5 Hz); 6.12  (H3, dd, J3-4  = 6.5 Hz, J3-2 =10.5 Hz); 5.74 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 10.5 Hz); 4.96 (H5t, J = 6.5 Hz); 4,66 (H6, m); 4,51 (H6’m).

13C NMR (CDCl3) : 171.63, 165.81, 165..4, 165.26 (4 C=O); 134-128 (20 CH aromatic); 88.47 (C1); 72 (C5); 69.06 (C3); 68.75 (C2); 68.25 (C4); 61,83 (C6).
Phenyl  (2,3,4,6-tetra-O-benzoyl--d-galactopyranosyl)-(1→4)- 6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside  (8)
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   M = 1070 g/mol
In 40 mL of anhydrous CH2Cl2 were mixed 1.75 g (2.64 mmol, 1 eq) of sugar 7, 1.3 g (2.64 mmol, 1 eq) of sugar 5 and 4 g de molecular sieve 4Å. This mixture was stirred under argon atmosphere at room temperature for 30 min and then 1.02 g (3.79 mmol, 1.5 eq) of silver triflate were added at -10°C. The reaction was stirred at this temperature for 2h, neutralized with triethylamine and filtered through Celite. The product was concentrated in vacuum and purified by chromatography (EtOAc/Toluene: 1/10). 1.35 g (yield 49%) of white solid were obtained.

1H NMR (CDCl3) : 8.1-7.1 (34H aromatic); 5.94 (H4B, d, J = 3.2 Hz); 5.84 (H2B, dd, J2-1 = 8.24 Hz, J2-3 = 10.52 Hz); 5.58 (H3B and H1A, m); 4.93 (H1B, d, J1-2 = 8.24 Hz,); 4.67-4.59 (H6B and H3A, m); 4.37-4.31 (H2A, H5B and H6’B, m); 4.19 (CH2Ph, AB system, J = 11.9 Hz); 3.83 (H4A, m); 3.7 (H5A, m); 3.5 (H6,6’A, s).

13C NMR (CDCl3) : 168, 167.5, 166.1, 165.37, 165.3, 165 (6 C=O); 138.1, 132.1, 131.9, 131.7 (8 Cq); 134-127, 123.8, 123.5 (34CH aromatic); 102.08 (C1B); 83.52 (C1A); 82.58 (C4A); 77.96 (C5A); 73.08 (CH2Ph); 72.42 (C5B); 71.5 (C3B); 70.99 (C3A); 69.59 (C2B); 68.28 (C6A); 68.11 (C4B); 62.73 (C6B); 55.15 (C2A).
Phenyl  (-d-galactopyranosyl)-(1→4)- 6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside  (9)
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     M = 653 g/mol
14.5 mg (0.63 mmol, 1 eq) of sodium were added in small portions to a solution of 1.35 g (1.26 mmol, 2 eq) of disaccharide 8 in MeOH/CH2Cl2 (30 mL/15 mL). The reaction was stirred at room temperature for 2h. Then Amberlite 120 (H+) was added to the mixture until pH=4. The solution was filtered and evaporated. 791 mg (yield 90%) of orange solid were obtained. This compound was used directly for the next step without further purification.
Phenyl  (4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside   (10)
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     M = 741 g/mol
In 20 mL of anhydrous DMF were dissolved 270 mg (0.43 mmol, 1 eq) of disaccharide 9 and 0.33 mL (2.1 mmol, 2.5 eq) of PhCH(OMe)2. pTsOH (around 30 mg) were added to adjust the pH of the solution until 3.5. The mixture was stirred at 50°C under reduced pressure for 3 days then neutralized by K2CO3. The color of the solution changed to brown. After filtered though Celite and evaporated, 298 mg of yellow oil were obtained with a yield of 94% after purification by chromatography (MeOH/ CH2Cl2 : 3 / 97).  

1H NMR (CDCl3) : 8.1-7.1 (19H aromatic); 5.4 (H benzylidene, s); 5.26 (H1A, d, J = 10.52 Hz); 4.34 (H2A and H1B, m); 4.19 (CH2Ph, m); 4.17-4.07 (H6,6’B and H4B, m); 3.88 (H4A, m); 3.73-3.6 (H6,6’A, m); 3.65-3.45 (H2B, H3B, H3A, H5B and H5A, m).
13C NMR (CDCl3) :167.5, 167(2 C=O); 138, 137 (2 Cq aromatic); 133-125 (10 CH aromatic); 103.6 (C1B); 102.9 (CH benzylidene); 83.6 (C1A); 82.5 (C4A); 76.9 (C5A); 76 (C4B); 73.07 (CH2Ph); 72 (C3B); 71.6 (C3A); 70.6 (C2B); 68.8 (C6B); 68.2 (C6A); 67 (C5B); 55.3 (C2A).
Phenyl  (2,3-O-acetyl-4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 3-O-acetyl-6-O-benzyl-2-phthalimido-1-thio--d-glucopyranoside  (11)
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 M = 867 g/mol 
450 mg (0.61 mmol, 1 eq) of disaccharide 10 were dissolved in 20 mL of pyridine and 20 mL of acetic anhydride were added. The reaction was stirred at room temperature overnight then diluted in CH2Cl2 and washed successively with HCl 2M, NaHCO3 sat and brine. The organic layer was dried over Na2SO4, filtered and evaporated. The crude product was purified by flash chromatography (AcOEt/Cy : 3 / 7) and afforded 480 mg of dissacharide 11 as a white solid with yield of 86%.

D = +10

m.p. = 125°C

IR : 1746, 1716, 1369, 1218, 1049, 915, 738, 720, 698 cm-1
1H NMR (CDCl3) : 7.8-7.1 (19 H aromatic); 5.73 (H1A and H3A, m); 5.4 (H benzylidene, s); 5.17 (H2B, dd, J2-1 = 8.3 Hz, J2-3 = 10.56 Hz); 4.76 (1H of CH2Ph; H3B, J3-2 = 10.56 Hz); 4.52 (1H of CH2Ph; H1B, J1-2 = 8.3 Hz,); 4.3 (H2A, m); 4.23 (H4B and H6B, m); 4.03 (H4A, dd, J4-3 = 9,6 Hz, J4-5 = 10.08 Hz); 3.96 (H6’B, m); 3.82 (H6,6’A, s); 3.71 (H5A, m); 3.23 (H5B, m); 1.95, 1.92, 1.8 (3 OAc, 3s).  

13C NMR (CDCl3) : 171, 170.6, 168.8, 167.9, 167.5 (5 C=O); 138, 137.6, 131.9, 131.7 131.3, (5 Cq); 134-123.6 (19 CH aromatic); 101.36 (CH benzylidene); 100.23 (C1B); 83.2 (C1A); 79.14 (C5A); 74.96 (C4A); 73.66 (CH2Ph); 73.31 (C4B); 72.2 (C3B); 71.5 (C3A); 69.12 (C2B); 68,.1 (C6B); 67.8 (C6A); 66.2 (C5B); 54 (C2A); 20.98, 20.90, 20.53 (3 OAc).
6-N-Boc-aminohexyl  (2,3-O-acetyl-4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 3-O-acetyl-6-O-benzyl-2-phthalimido--d-glucopyranoside  (12)
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  M = 974 g/mol
In 13 mL of anhydrous CH2Cl2 were mixed 450 mg (0.523 mmol, 1 eq) of sugar 11, 114 mg (0,523 mmol, 1 eq) of 6-Boc-aminohexan-1-ol and 1.3 g of MS- 4Å. Then 236 mg (1.04 mmol, 2 eq) of NIS and 13.9 mL (0,157 mmol, 0,3 eq) of triflic acid were added at -30°C. The reaction was kept stirring at this temperature under argon atmosphere for 2h then neutralized by NaHCO3 sat and filtered through Celite. The filtrate was washed with saturated Na2S2O3 and the color of the solution changed from red to transparent. The organic layer was washed with brine, dried over Na2SO4, filtered and evaporated. After purification by chromatography (EtOAc/Cy : 1/1), 412 mg of white solid were obtained with a yield of 81%. 

1H NMR (CDCl3) : 7.8-7.1 (14 H aromatic); 5.7 (H3A, t, J = 9.16 Hz); 5.39 (H benzylidene, s); 5.31 (H1A, d, J1-2 = 8.72 Hz); 5.14 (H2B, dd, J2-1 = 8,24 Hz, J2-3 = 10.08 Hz); 4.77 (1H of CH2Ph); 4.73 (H3B, m, J3-2 = 10.08 Hz); 4.5 (1H of CH2Ph); 4.46 (H1B, d, J1-2 = 8,24 Hz); 4.25-4.19 (H2A, H4B and H6B, m); 4.02 (H4A, dd, J4-3 = 9.16 Hz, J4-5 = 9.6 Hz); 3.95 (H6’B, m); 3.79 (H6,6’A and H7, m); 3.64 (H5A, m); 3.34 (H7, m); 3.2 (H5B, m); 2.88 (H12, m); 1.98, 1.95, 1.85 (3 OAc, 3s); 1.3, 1.2 (H8, H9, H10 and H11, m); 1,41 (9 H of Boc, s).  
13C NMR (CDCl3) : 170.57, 170.37, 168.55, 16.9, 16.5 (5 C=O); 155,75 (C=O of Boc); 138.1, 137.89, 131.6, 131.3, (4 Cq aromatic); 135-123 (14 CH aromatic); 101.33 (CH benzylidene); 100 (C1B); 98.13 (C1A); 79.02 (Cq of Boc); 75.33 (C4A); 74.83 (C5A); 73.70 (CH2Ph); 73.29 (C4B); 72.17 (C3B); 70.78 (C3A); 69.81 (C7); 69.16 (C2B); 68.6 (C6B); 67.62 (C6A); 66.16 (C5B); 55.1 (C2A); 40.42 (C12); 29.8, 29.7, 26.4, 25.6 (C8, C9, C10 and C11); 28.52 (Boc); 21, 20.94, 20.9 (3 OAc).
6-N-Boc-aminohexyl (4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 2-amino-6-O-benzyl--d-glucopyranoside  (13)
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  M = 719 g/mol
In 3.5 mL of ethanol were dissolved 126 mg (0,129 mmol, 1 eq) of sugar 12. Then 60 mL (1.21 mmol, 10 eq) of hydrazine monohydrate were added and the mixture was stirred overnight under reflux (around 100°C). After filtering the precipitates, the filtrate was evaporated and afforded 120 mg of disaccharide 13 as a white solid with a quantitative yield.

1H NMR (MeOD) : 7.4-7.2 (10 H aromatic); 5.6 (H benzylidene, s); 4.59 (CH2Ph); 4.35 (H1B, d, J1-2 = 8.6 Hz); 4.2 (H1A, d, J1-2 = 9.2 Hz); 4.16 (H4A, m); 4.14 (H6,6’B, m); 3.85 (H6,6’A, s); 3.65-3.5 (H2B, H3B, H4B, H3A, H5A and H7, m); 3.45 (H5B, m); 3.0 (H12, m); 2.65 (H2A, m); 1.44-1.42 (H8, H9, H10 and H11, m); 1.44 (9H of Boc, s).  

13C NMR (MeOD) : 158 (C=O of Boc); 138, 137 (2 Cq aromatic); 133-125 (10 CH aromatic); 105 (C1B); 104.2 (C1A); 102 (CH benzylidene); 78.5 (Cq of Boc); 76 (C4A); 79.5, 75.5, 74.1, 72.1 (C5A, C4B, C3B, C3A); 72.5 (CH2Ph); 70.5 (C2B); 69.6 (C7); 68.7 (C6B); 68.2 (C6A); 66.7 (C5B); 57 (C2A); 40 (C12); 29.7, 29.5, 26.2, 25.7 (C8, C9, C10 and C11); 27.5 (Boc).
6-N-Boc-aminohexyl (2,3-O-acetyl-4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 2-acetamido-3-O-acetyl-6-O-benzyl--d-glucopyranoside  (14)
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  M = 887 g/mol
120 mg (0.166 mmol, 1 eq) of disaccharide 13 were dissolved in 0.6 mL of pyridine and 0.3 mL of acetic anhydride were added. The solution was stirred at room temperature overnight and diluted in 2 mL of ethyl acetate. After washed successively with HCl 1M, H2O and NaHCO3 sat, the organic layer was dried over Na2SO4, filtered and evaporated. The crude product was purified by flash column (EtOAc/Cy: 4 / 6) and gave 118 mg of white solid with yield of 81%.

1H NMR (CDCl3) : 7.4-7.2 (10H aromatic); 5.37 (H benzylidene, s); 5.07 (H2B, t, J = 9.16 Hz); 4.99 (H3A, t, J = 9.6 Hz); 4.7 (H3B, dd, J3-2 = 9.16 Hz, J3-4 = 10.08 Hz); 4.67 (1H of CH2Ph, d, J = 12.36 Hz); 4.42 (1H of CH2Ph, d, J = 12.36 Hz); 4.37-4.32 (H1B and H1A, m); 4.18 (H4B, m); 4.16 (H6B, m); 4.05 (H2A, m); 3.93 (H6’B, m); 3.86 (H4A t, J = 9.6 Hz); 3.78 (H7, m); 3.67 (H6,6’A, s); 3.35 (H5A and H7’, m); 3.2 (H5B, m); 2.96 (H12, m); 2.33 (NHAc, s); 1.97, 1.94, 1.87 (3 OAc, 3s); 1.43, 1.3 (H8 and H11, m); 1.37 (9H of Boc, s); 1.18 (H9 and H10, m).  

13C NMR (CDCl3) : 171.48, 170.46, 170, 168.7 (4 C=O); 155.93 (C=O of Boc); 137.89, 137.48 (2Cq aromatic); 130-126 (10CH aromatic); 101.21 (C1A); 101.14 (CH benzylidene); 100.12 (C1B); 79 (Cq of Boc); 74.79 (C4A); 74.68 (C5A); 73.48 (CH2Ph); 73.08 (C4B); 72.93 (C3A); 71.76 (C3B); 69.18 (C7); 68.97 (C2B); 68.4 (C6B); 67.52 (C6A); 65.94 (C5B); 53.27 (C2A); 40.37 (C12); 30, 29.2, 26.33, 25.5 (C8, C9, C10 and C11); 28.52 (Boc); 25.07 (NHAc); 23, 20.9, 20.8 (3 OAc).
6-N-Boc-aminohexyl (4,6-O-benzylidene--d-galactopyranosyl)-(1→4)- 2-acetamido-6-O-benzyl--d-glucopyranoside  (15)
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    M = 761 g/mol
In 2 mL of methanol were dissolved 150 mg (0.169 mmol, 1 eq) of sugar 14 and 3.6 mg (0.034 mmol, 0.2 eq) of potassium tertbutoxide. The mixture was stirred at room temperature for 5h and neutralized by DOWEX 50Wx8 100-200. The solution was filtered and evaporated in vacuum. 120 mg of white solid were obtained with a yield of 94% after purification by chromatography (MeOH / CH2Cl2: 5/95).

1H NMR (MeOD) : 7.4-7.2 (10H aromatic); 5.6 (H benzylidene, s); 4.57 (CH2Ph); 4.38-4.36 (H1B and H1A, m); 4.17-4.07 (H4B and H6,6’B, m); 3.88 (H4A and H6,6’A, m); 3.71 (H2A, m); 3.64-3.6 (H2B and H3A, m); 3.57-3.52 (H3B and H7, m); 3.48-3.44 (H5A and H5B, m); 2.98 (H12, m); 1.96 (NHAc, s); 1.5-1.3 (H8, H9, H10 and H11, m); 1.43 (9H of Boc, s).

13C NMR (MeOD) : 170.83 (C=O of NHAc); 157 (C=O of Boc); 138.46, 138.22 (2Cq aromatic); 129, 128, 127.65, 127.36, 126.13 (10CH aromatic); 103.6 (C1B); 101.46 (C1A); 100.81 (CH benzylidene); 79.7 (C4A); 78.5 (Cq of Boc); 76 (C4B); 74.41 (C5A); 73.07 (CH2Ph); 72.67 (C3A); 72.22 (C3B); 70.57 (C2B); 69.33 (C7); 68.8 (C6B); 68.43 (C6A); 67 (C5B); 55.36 (C2A); 40 (C12); 29.7, 29.2, 26.3, 25.6 (C8, C9, C10 and C11); 27.8 (Boc); 22 (NHAc).
(1,2),(5,6)-diacetone-d-glucofuranose  (16)

[image: image82.emf]O

OH

O

O

O

O

6

8

7

1

4

5

3

2

9

10

11

12

     M = 260 g/mol
75 g of dried ZnCl2 (0.55 mol, 1 eq) and 3 mL of phosphoric acid (0.06 mol, 0.09 eq) were added to a solution of 100 g of d-glucose (0.55 mol, 1 eq) in 665 mL of anhydrous acetone. The reaction was stirred at room temperature for 30h. 

41.6 g of glucose that didn’t react were at first filtered and recovered. Then a solution of 100 g of NaOH in 100 mL of water was added to the mixture. The precipitated salts were filtered and the filtrate was evaporated. The concentrated product was diluted in 150 mL of water and extracted three times with CH2Cl2. The organic phase was dried over MgSO4, filtered and evaporated. The crude product was recrystallized from cyclohexane and gave 52.1 g of white solid with a yield of 62%.

1H NMR (CDCl3) : 5.91 (H1, d, J1-2 = 3.68 Hz); 4.5 (H3, m); 4.29 (H2 and H5, m); 4.13 (H4, m); 4.06 and 3.96 (H6 and H6’, m); 1,41, 1.34, 1.33 and 1.29 (4 CH3, 4s). 
3-O-benzyl-(1,2),(5,6)-diacetone-d-glucofuranose  (17)
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    M = 350 g/mol

In 250 mL of anhydrous DMF were dissolved 25 g of diacetone glucose 16 (96 mmol, 1 eq) and 22.8 mL of BnBr (192 mmol, 2 eq). Then 7.67 g of sodium hydride (192 mmol, 60% in mineral oil, 2 eq) were added at 0°C. After stirring at room temperature for 90 min, 8.3 mL of anhydrous methanol was added dropwise at 0°C. The solvent was evaporated and the residue was diluted in diethyl ether. The organic layer was washed with water, dried over MgSO4, filtered and evaporated. 40.8 g of yellow product were obtained with a quantitative yield.

1H NMR (CDCl3) : 7.4-7.2 (5 H aromatic); 5.9 (H1, d, J1-2 = 3.9 Hz); 4.65 (CH2Ph, s); 4.59 (H2, m); 4.39 (H5, m); 4.29 (H2 and H5, m); 4.16 (H4, m); 4.11 and 4.03 (H6 and H6’, m); 4.01 (H3, m); 1.49, 1.43, 1.38 and 1.31 (4 CH3, 4s).

13C NMR (CDCl3) : 137.7 (Cq aromatic); 129.1-127.7 (5 CH aromatic); 111.9 and 109.1 (2 Cq of diacetone); 105.4 (C1); 82.3 (C2); 81.8 (C3); 81.4 (C4); 72.6 (C5); 72.4 (CH2Ph); 67.5 (C6); 27; 26.9; 26.4 and 25.5 (4 CH3).
3-O-benzyl-(-d-glucopyranose  (18)
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    M = 270 g/mol
40 g of compound 17 (96 mmol) were dissolved in 250 mL of water. Then 50 g of Amberlite-IR 120 (H+) were added. The reaction was stirred under reflux for 6h, filtered through Celite and evaporated. 26 g of a white solid were obtained with a yield of 91%.

1H NMR (DMSO) : 7.4-7.2 (5 H aromatic); 4,78 (CH2Ph, s); 4.32 (H1, d, J1-2 = 7.32 Hz); 3.64 and 3.46 (H6 and H6’, m); 3.21 (H4 and H5, m);  3.11 (H2 and H3, m).  
13C NMR (DMSO) : 128.4, 127.9, 127.5 (5 Cq aromatic); 97.4 (C1); 85.8 (C5); 77.2 and 75.37 (C2 and C3); 74.2 (CH2Ph); 70.4 (C4); 61.6 (C6).
1,2,4-Tri-O-benzoyl-3-O-benzyl-6-O-tert-butyl-dimethylsilyl-()-d-glucopyranose  (19)
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    M = 696 g/mol
In 71 mL of pyridine were dissolved 7.8 g of compound 18 (28.9 mmol, 1 eq), then 4.6 g of TBDMSCl (30.4 mmol, 1.05 eq) were added at 0°C under argon atmosphere. After stirring at room temperature for 2 heures, 19.9 mL of benzoyl chloride (171.1 mmol, 6 eq) were added dropwise. The reaction was stirred at room temperature overnight.
The solvent was evaporated and the residue was diluted with dichloromethane. After washed with HCl (1 M), NaHCO3 sat and brine, the organic layer was dried over MgSO4, filtered and evaporated. The crude product was purified by chromatography (EtOAc/Cy: 1/9) and gave 19.6 g of a pure white solid with a yield of 97%. 

1H NMR (CDCl3) : 8.2-7.4 (40 H aromatic); 6.8 (H1, d, J1-2 = 3.64 Hz); 6.18 (H1, d, J1-2 = 7.8 Hz); 5.73 (H2, t, J = 7.8 Hz); 5.60 (H4, m); 5.58 (H4m); 5.55 (H2, m); 4.72-4.68 (2 CH2Ph, m) 4.49 (H3, t, J = 9.4 Hz); 4.24 (H5, m); 4.18 (H3, m); 3.99 (H5, m); 3.92-3.82 (H6, H6’, H6and H6’, m); 0.87 and 0.86 (2 Si-C-Me3 ,2s); 0,03, 0,00 (4 Si-Me2 , 4s).
13C NMR (CDCl3) : 165.1, 165.0 and 162 (6 C=O) ; 137.4-137.2 (Cq aromatic); 134.6-128.6 (40 CH aromatic); 92.7 (C1); 90.5 (C1); 79.2 (C3); 77 (C3); 76.2 (C5); 74.5 and 74 (2 CH2Ph); 73.6 (C5); 72.4 (C2); 72.2 (C2); 70.5 and 70.4 (C4 and C4); 62.8 and 82.4 (C6 and C6); 25.8 (Si-C-Me3); 18.3 (Cq, Si-C-Me3); -5.3 and -5.4 (Si-Me2).
1,2,4-Tri-O-benzoyl-3-O-benzyl-()-d-glucopyranosuronate  (20)
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      M= 596g/mol
Under argon atmosphere, 2.5 g (3.59 mmol, 1 eq) of sugar 19 were dissolved in 14.6 mL of acetone. Then a Jones solution of 1.42 g of CrO3 (14.20 mmol, 4 eq) in 6.57 mL of H2SO4 (3.5 M) was added dropwise at 0°C. The mixture was stirred for 4 hours, diluted with dichloromethane and washed with distilled water. The organic layer was dried over MgSO4, filtered and evaporated. The crude product was purified by chromatography (EtOAc /cyclohexane/acetic acid: 4 / 5.7 / 0.3) and gave 2.1 g (quantitative yield) of a yellow oil with α/β = 40 / 60.
1H NMR (CDCl3) : 9.2 (COOH, s); 8.02-7.1 (40 H aromatic); 6.80 (H1, d, J1-2 = 3.4 Hz); 6.32 (H1, d, J1-2 = 5.72 Hz); 5.87 (H4, t, J = 6.88 Hz); 5.72 (H4, t, J = 8.6 Hz); 5.62 (H2, dd, J2-1 = 5.72 Hz, J2-3 = 6.4 Hz); 5.57 (H2, dd, J2-1 = 3.4 Hz, J2-3 = 8.6 Hz); 4.78 (CH2Ph, s); 4.7 (H5, d, J = 8.6 Hz); 4.61 (H5, d, J = 6.88 Hz); 4.46 (H3, t, J  = 8.6 Hz); 4.25 (H3, dd, J3-2 = 6.4 Hz, J3-4 = 6.88 Hz).
13C NMR (CDCl3) : 171.8, 171.4, 166-164 (8 C=O); 137 and 129 (8 Cq aromatic); 134-127 (40 CH aromatic); 91.3 (C1); 89.6 (C1); 76.1 (C3); 75.2 (C3); 74.3 and 73.7 (2 CH2Ph); 72.9 (C5); 71.5 (C5); 70.5 (C2); 70.3 (C2); 70.1 (C4); 69.2 (C4).
Methyl 1,2,4-tri-O-benzoyl-3-O-benzyl-()-d-glucopyranosuronate  (21)
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    M = 610 g/mol
2.48 g (4.32 mmol, 1 eq) of sugar 20 was dissolved in 20 mL of DMF. Then 1.33 mL (21.6 mmol, 5 eq) of iodomethane and 2.6 g (25.9 mmol, 6 eq) of potassium bicarbonate were added. The mixture was stirred at room temperature overnight and the white precipitate was filtered through Celite and washed with distilled water. After 3 times of extractions with diethyl ether, the organic layer was dried over MgSO4, filtered and evaporated. 1.92 g (yield 73 %) of yellow oil were obtained with α/β = 49 / 51.

1H NMR (CDCl3) : 7.99-7.18 (40 H aromatic); 6.75 (H1, d, J1-2=3.68 Hz); 6.17 (H1, d, J1-2 = 6.4 Hz); 5.74 (H4, t, J = 7.32 Hz); 5.61 (H4, t, J = 9.2 Hz); 5.6 (H2, dd, J2-1 = 6.4 Hz, J2-3 = 7.32 Hz); 5.54 (H2, dd, J2-1=3.68 Hz, J2-3=9.2 Hz); 4.65 (s, CH2Ph); 4.62 (H5, d, J = 9.2 Hz); 4.50 (H5, d, J = 7.32 Hz); 4.44 (H3, t, J = 9.2 Hz); 4.23 (H3, t, J = 7.32 Hz); 3.58 and 3.41 (2 COOMe, 2s).

13C NMR (CDCl3) : 168-161 (8 C=O); 137-136.2 (8 Cq aromatic); 132.9-128.37 (40 CH aromatic); 91.5 (C1); 89.8 (C1); 77 (C3); 76 (C3); 74 and 73 (2 CH2Ph); 71.5 (C5 and C5); 71 (C2 and C2); 70.5 (C4); 69.5 (C4).
Methyl 1,2,4-tri-O-benzoyl -()-d-glucopyranosuronate  (22)
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   M = 520 g/mol
A solution of 2 g (3.27 mmol, 1 eq) of sugar 21 in 10 mL of ethyl acetate was hydrogenated (5 bars of pressure) in the presence of 400 mg of Pd(OH)2 /C for 24h. Then the mixture was filtered through Celite with ethyl acetate and the filtrate was concentrated in vacuum. Quantitative yield of product 22 was obtained with α/β = 53 / 47.
1H NMR (CDCl3) : 7.99-7.40 (30 H aromatic); 6.8 (H1, d, J1-2 = 3.68 Hz); 6.17 (H1, d, J1-2 = 7.36 Hz); 5.74 (H4, t, J = 7.76 Hz); 5.61 (H4, dd, J4-3 = 8.72 Hz, J4-5 = 9.16 Hz); 5.6 (H2, dd, J2-1 = 7.36 Hz, J2-3 = 9.16 Hz); 5.54 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 7.76 Hz); 4.63 (H5, d, J = 7.76 Hz); 4.45 (H5, d, J = 9.16 Hz); 4.28 (H3, t, J  = 7.76 Hz); 4.04 (H3, dd, J3-4 = 8.72 Hz, J3-2 = 9.16 Hz); 3.62 and 3.56 (2COOMe, 2s).
Methyl 1,2,4-tri-O-benzoyl-3-O-levulinyl-()-d-glucopyranosuronate  (23)
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  M= 618 g/mol
402 mg (3.465 mmol, 1.1 eq) of levulinic acid and 423 mg of DMAP were dissolved in 14 mL of anhydrous CH2Cl2. The mixture was cooled to 0°C and stirred for 15 min, then 0.48 mL (397 mg, 3.15 mmol, 1 eq) of DIC were added at this temperature. After 10 min of stirring, a solution of 1.64 mg (3.15 mmol, 1 eq) of sugar 22 in 14 mL of anhydrous CH2Cl2 was added. The reaction was carried out at room temperature overnight and then filtered through Celite and washed with dichloromethane and ethyl acetate. After purified by chromatography (EtOEAc/Cy: 15 / 85), 1.13 g (yield 58%) of white solid were obtained with α/β = 18 / 82.

1H NMR (CDCl3) : 8.04-7.44 (30 H aromatic); 6.8 (H1, d, J1-2 = 3.68 Hz); 6.15 (H1, d, J1-2 = 7.32 Hz); 6.01 (H3, t, J = 10.08 Hz); 5.78 (H3, t, J = 8.65 Hz); 5.67 (H2, dd, J2-1 = 7.32 Hz, J2-3 = 8.65 Hz); 5.62 (H4 and H4, m); 5.52 (H2, dd, J2-1 = 3.68 Hz, J2-3 =10.08 Hz); 4.67 (H5, d, J = 10.08 Hz); 4.5 (H5, d, J = 9.16 Hz); 3.61 and 3.56 (2COOMe, 2s); 2.47 and 2.36 (H6 and H7, 2m); 1.86 (H8, s).
Methyl 2,4-di-O-benzoyl-1-bromo-3-O-levulinyl--d-glucopyranosuronate  (24)
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   M=577 g/mol
800 mg (1.3 mmol, 1 eq) of sugar 23 were dissolved in 4 mL of anhydrous CH2Cl2. Then 4 mL of hydrobromic acid 33% in AcOH solution was added. The reaction was stirred at room temperature for 4 hours, neutralized by saturated NaHCO3 and washed with distilled water. The organic layer was dried over MgSO4, filtered, and evaporated to afford the sugar 24 (435 mg) as a yellow oil with a yield of 58%. 
1H NMR (CDCl3) : 7.96-7.41 (10 H aromatic); 6.83 (H1, d, J1-2 = 3.68 Hz); 6.01 (H3, t, J = 9.64 Hz); 5.57 (H4, dd, J4-3 = 9.64 Hz, J4-5 = 10.08 Hz); 5.24 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 9.64 Hz); 4.76 (H5, d, J = 10.08 Hz); 3.63 (COOMe, s); 2.51 and 2.4 (H6 and H7, 2m); 1.88 (H8, s).

13C NMR (CDCl3) : 177.43, 171.8, 171.6, 166.6, 165.1 (5 C=O); 129.2, 129 (2 Cq aromatic); 134-128 (10 CH aromatic); 85.63 (C1); 72.2 (C5); 70.6 (C2); 69.2 (C3); 68.8 (C4); 53 (COOMe); 37.61 and 27.72 (C6 et C7); 29.4 (C8).
Methyl 2,4-di-O-benzoyl-3-O-levulinyl-1-O-trichloroacetonitrile--d-glucopyranosuronate  (26)
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   M = 658.5 g/mol

Under argon atmosphere, 376 mg of Methyl 2,4-di-O-benzoyl-3-O-levulinyl--d-glucopyranosuronate were dissolved in 18 mL of anhydrous CH2Cl2 at 0°C. Then, 1.1 mL of trichloroacetonitrile and 23.2 L of DBU were added. The reaction was stirred at room temperature for 2 hours. The solvent was evaporated and the crude product was purified by chromatography (EtOAc/Cy: 3 / 5). 430 mg of sugar 26 were obtained with a yield of 89%.

1H NMR (CDCl3) : 8.59 (=NH, s); 7.96-7.3 (10 H aromatic); 6.77 (H1, d, J1-2 = 3.64 Hz); 5.96 (H3, t, J = 9.64 Hz); 5.5 (H4, dd, J4-3 =9.64 Hz, J4-5 = 10.08 Hz); 5.41 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 9.64 Hz); 4.61 (H5, d, J = 10.08 Hz); 3.61 (COOMe, s); 2.45 and 2.34 (H6 and H7, 2m); 1.84 (H8, s).
13C NMR (CDCl3) : 177-165 (5 C=O); 129.2, 129 (2 Cq aromatic); 133-128 (10 CH aromatic); 92.5 (C1); 70.7 (C5); 70 (C2); 69.5 (C4); 68.7 (C3); 53 (COOMe); 37.74 and 27.78 (C6 and C7); 29.2 (C8).
Methyl (6-N-Boc-aminooctyl 2,4-di-O-benzoyl-3-O-levulinyl--d-glucopyranosid) uronate   (27)
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    M = 713 g/mol 
Method 1: In 5 mL of anhydrous CH2Cl2 were mixed 100 mg (0.17 mmol, 1 eq) of sugar 24, 37 mg (0.17 mmol, 1 eq) de 6-Boc-aminohexan-1-ol and 500 mg of molecular sieve 4Å. Then 78 mg (0.34 mmol, 2 eq) of NIS and 4.6 L (0.05 mmol, 0.3 eq) of triflic acid were added at -30°C. The reaction was kept under argon atmosphere and stirring at this temperature for 2h, then neutralized by NaHCO3 sat and filtered through Celite. The filtrate was washed with saturated Na2S2O3 and the color of the solution changed from red to transparent. The organic layer was washed with brine, dried over Na2SO4, filtered and evaporated. After purification by chromatography (EtOAc/Cy : 1/1), 98 mg of a white solid 27 were obtained with a yield of 81%.
Method 2: In 20 mL of anhydrous CH2Cl2 were mixed 430 mg (0.65 mmol, 1 eq) of sugar 26, 353 mg (1.63 mmol, 2.5 eq) de 6-Boc-aminohexan-1-ol and 2 g of molecular sieve 4Å. Then 252 L (1.95 mmol, 3 eq) of BF3.Et2O were added at 0°C. After stirring at this temperature overnight, the solution was neutralized by saturated NaHCO3 and filtered through Celite. The organic layer was washed with brine, dried over Na2SO4, filtered and evaporated. 51 mg of white solid were obtained after purification by chromatography (EtOAc/Cy : 1/1) with a yield of 11%.
1H NMR (CDCl3) : 7.9-7.4 (10H aromatic); 5.99 (H3, t, J = 10.08 Hz); 5.79 (H1, d, J1-2 = 3.64 Hz); 5.47 (H4, t, J =10.08 Hz); 5.19 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 10.08 Hz); 4.78 (H5, d, J = 10.08 Hz); 3.65 (COOMe, s); 3.45 (H9, m); 3.1 (H14, m); 2.5 and 2.4 (H6 and H7, 2m); 1.91 (H8, s); 1.7-1.2 (H10, H11, H12 and H13, m); 1.42 (9H of Boc, s).
Methyl -d-glucopyranosuronate   (28)
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  M = 208 g/mol
11 g (62.5 mmol, 1 eq) of glucuronolactone were dissolved in 30 mL of MeOH. Then 0.25 g (11.1 mmol, 0.17 eq) of sodium were added in small portions. The solution was stirred at room temperature overnight and then concentrated in vacuum. 13 g of white solid were obtained with a quantitative yield.

1H NMR (D2O) : 5.08 (H1, d, J1-2 = 3.68 Hz); 4.51 (H1, d, J1-2 = 8.24 Hz); 4.18 (H5, t, J = 10.08 Hz); 3.87 (H5, m); 3.62 (COOMe, s); 3.54 (H3, m); 3.43-3.36 (H2, H4 and H4, m 3.32 (H3, m); 3.11 (H2, m).
13C NMR (D2O) : 172 and 171 (2 C=O); 96.2 (C1); 92.4 (C1); 75.2 (C3); 74.6 (C5); 73.7 (C2); 72.3 (C3); 71.5, 71.3 and 71.1 (C2, C4and C4); 70.7 (C5); 53.1 (COOMe).
Methyl 1,2,3,4-tetra-O-acetyl--d-glucopyranosuronate  (29)
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 M = 376 g/mol
13 g (62.5 mmol, 1 eq) of compound 28 was diluted in 63 mL of pyridine and then 63 mL of acetic anhydride were added. After one night at room temperature, 100 mg of ice were added to the solution and stirring was maintained for another 30 min. The mixture was extracted with CH2Cl2 and washed with HCl 2M, H2O and NaHCO3 sat. The organic layer was dried over MgSO4, filtered and evaporated. The residue was purified by flash chromatography (EtOAc/Cy: 7 / 3) to give 14 g (yield 62%) of a yellow solid with  = 69/31.
1H NMR (CDCl3) : 6.37 (H1, d, J1-2 = 3.68 Hz); 5.7 (H1, d, J1-2 = 7.8 Hz); 5.49 (H3, t, J =10.08 Hz); 5.3-5.07 (H2, H3, H4 and H4, m 5.08 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 10.08 Hz); 4.6 (H5, d, J = 10.08 Hz); 4.16 (H5, d, J = 9.16 Hz); 3.71 (COOMe, s); 2.16-2.01 (8 OAc, 4s).
13C NMR (CDCl3) : 170-168 (10 C=O); 91.4 (C1); 88.8 (C1); 76.2 (C5); 70.7 (C5); 73.1, 71.9 and 70.2 (C2, C3and C4); 70.4 (C5); 69.2 (C4); 68.9 (C3); 68.7 (C2); 53 (COOMe); 20.7-20.4 (OAc).
Methyl 1-bromo-2,3,4-tri-O-acetyl--d-glucopyranosuronate  (30)
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     M = 397 g/mol
1 g (2.66 mmol, 1 eq) of sugar was dissolved in 8 mL of anhydrous CH2Cl2. Then 10 mL (excess) of hydrobromic acid 33% in AcOH solution was added. The mixture was stirred at room temperature for 4 hours, then neutralized with saturated NaHCO3 and washed with distilled water. The organic layer was dried over MgSO4, filtered and evaporated. 750 mg of a yellow oil were obtained with a yield of 72%.

1H NMR (CDCl3) : 6.64 (H1, d, J1-2 = 4 Hz); 6.61 (H3, t, J = 9.9 Hz); 5.27 (H4, dd, J4-3 = 9.9 Hz, J4-5 = 10.3 Hz); 4.86 (H2, dd, J2-1 = 4 Hz, J2-3 = 9.9 Hz); 4.6 (H5, d, J = 10.3 Hz); 3.76 (COOMe, s); 2.1, 2.09 and 2.05 (3 OAc, 3s).
1,2,3,4,6-penta-O-acetyl--d-glucopyranose  (31)
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 M = 390 g/mol
2.5 g (37.8 mmol, 1.4 eq) of sodium acetate was added in 34 mL of acetic anhydride. The solution was heated to reflux for complete dissolution. And then, 5 g (27 mmol, 1 eq) of d-glucose were added in small portion. The reaction was kept stirring under reflux for 2 hours. When reaction is finished, 80 mL of ice were added for crystallization and the solution was stirring for another 2 hours. The crude product was then filtered and recrystallized from ethanol. 5.85 g of pure conformer (yield 56%) were obtained as a white powder. 

1H NMR (CDCl3) : 5.65 (H1, d, J1-2 = 8.24 Hz); 5.22 (H3, t, J = 9.64 Hz); 5.07 (H2, dd, J2-1 = 8.24 Hz, J2-3 = 9.64 Hz);  5.06 (H4, t, J = 9.64 Hz); 4.24 and 4.21 (H6 and H6’, m); 3.78 (H5, m); 2.08, 2.06, 2.01, 2.0 and 1.98 (5 OAc, 5s).

13C NMR (CDCl3) : 170.6, 170.2, 169.4, 169.3 and 169 (5 C=O); 91.7 (C1); 72.8 (C5); 72.7 (C3); 70.2 (C2); 67.8 (C4); 61.5 (C6); 20.9-20.6 (5 OAc). 

Octyl 2,3,4,6-tetra-O-acetyl--d-glucopyranoside  (32)
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  M = 460 g/mol
390 mg (1 mmol, 1 eq) of peracetate d-glucose were mixed with 136 mg (1 mmol, 1eq) of dried ZnCl2 and 0.24 mL (1.5 mmol, 1.5 eq) of octanol. The mixture was heated to 113°C under microwave irradiation (P=60W) and kept on stirring for 3 min. The crude product was purified by flash chromatography (EtOAc/Cy: 3 / 7) and gave 270 mg of pure  product with a yield of 70%. 
1H NMR (CDCl3) : 5.31 (H3, dd, J3-4 = 10.08 Hz, J3-2 = 10.2 Hz); 4.9 (H1, d, J1-2 = 3.73 Hz); 4.71 (H2, dd, J2-1 = 3.73 Hz, J2-3 = 10.2 Hz); 4.12 (H4, m); 4.88 (H5 and H7, m); 3.54 and 3.26 (H6 and H6’, m); 1.89 (4 OAc, 4s); 1.45-1.42 and 1.26-1.06 (H8, H9, H10, H11, H12 and H13, m); 0.72 (H14, m).
13C NMR (CDCl3) : 170.7, 170.2, 169.7 and 169.3 (4 C=O); 95.4 (C1); 70.7 (C5); 70.1 (C3); 68.4 (C2); 66.9 (C4); 64.3 (C7); 61.7 (C6); 31.6, 29.3, 28.4, 26.7, 25.8 and 22.4 (C8, C9, C10, C11, C12 and C13); 20.6-20.3 (4 CH3 of Ac); 13.8 (C14).
Octyl -d-glucopyranoside  (33)
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  M = 292 g/mol
380 mg (0.826 mmol, 1 eq) of sugar 32 were dissolved in 8 mL of methanol, and 5 mg (0.215 mmol, 0.26 eq) of sodium were added. The mixture was stirred at room temperature for 2 hours and then neutralized by Amberlite 120H+. The solution was filtered and the solvent was removed in vacuum. 233 mg of a yellow oil was obtained with a yield of 98%.
1H NMR  (MeOD) : 4.78 (H1, d, J1-2 = 3.65 Hz); 3.38-3.28 (H2, H3, H4, H5, H6 and H7, m); 1.63, 1.52 and 1.31 (H8, H9, H10, H11, H12 and H13, m); 0.89 (H14, m). 

13C NMR  (MeOD) : 98.6 (C1); 73.7 (C5); 72.1 (C3); 70.2 (C2); 67.7 (C4); 61.6 (C7); 61.2 (C6); 32.3, 31.7, 29.2, 29.1, 25.9 and 22.4 (C8, C9, C10, C11, C12 and C13); 13.2 (C14).
Methyl (octyl 2,3,4-tri-O-acetyl--d-glucopyranosid)uronate  (34)
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 M = 446 g/mol
752 mg (2 mmol, 1 eq) of sugar 29 were mixed with 408 mg (3 mmol, 1.5 eq) of dried ZnCl2 and 0.32 mL (2 mmol, 1 eq) of octanol. The mixture was heated to 115°C under microwave irradiation (P=60W) and kept on stirring for 15 minutes. The crude product was purified by flash chromatography (EtOAc/Cy: 2 / 8) to give 386 mg of pure product as a yellow oil with a yield of 46%. 
1H NMR (CDCl3) : 5.49 (H3, t, J = 9.88 Hz); 5.11 (H1and H4, m); 4.82 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 9.88 Hz); 4.28 (H5, d, J = 10.08 Hz); 3.7 (COOMe, s); 3.68 and 3.41(H6, 2m); 1.98 (3 OAc, 3s); 1.55-1.1 (H7, H8, H9, H10, H11 and H12, m); 0.83 (H13, m).
13C NMR (CDCl3) : 170-168 (4 C=O); 95.9 (C1); 70.7 (C2); 69.8 (C4); 69.4 (C3); 69.2 (C6); 68.2 (C5); 52.9 (COOMe); 31.8, 29.4, 29.3, 26.2, 26 and 22.7 (C7, C8, C9, C10, C11 and C12); 14.2 (C13).
Octyl -d-glucopyranosiduronic acid  (36)
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  M = 306 g/mol

435 mg (0.97 mmol, 1 eq) of sugar 34 were dissolved in THF/H2O (36 mL/ 1.5 mL), then 9.7 mL of LiOH 1.25N were added at 0°C. After stirring for 3 hours, the solvent was removed in vacuum. The residue was diluted in MeOH and 65 mg of sodium were added at 0°C. The mixture was stirred at room temperature for 1 hour and then neutralized by Amberlite 120H+. The solution was then filtered and evaporated. 297 mg of product 36 was obtained as a white powder with a quantitative yield.

1H NMR  (MeOD) : 4.82 (H1d, J1-2= 3.65 Hz); 4.07 (H5d, J5-4= 9.75 Hz); 3.8-3.46 (H3, H4 and H6, m); 3.42 (H2, dd, J2-1= 3.65 Hz, J2-3= 9.75 Hz); 1.65-1.21 (H7, H8, H9, H10, H11 and H12, m); 0.89 (H13, m).

13C NMR  (MeOD) : 172.1 (C=O); 99.2 (C1); 73.2 (C5); 72 (C3); 71.7 (C2); 71.3 (C4); 68.4 (C6); 31.6, 29.2, 29.1, 29, 25.9 and 22.3 (C7, C8, C9, C10, C11 and C12); 13.1 (C13).
Methyl (octyl 2,4-di-O-benzoyl-3-O-benzyl--d-glucopyranosid)uronate (37)
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  M = 618 g/mol
610 mg (1 mmol, 1 eq) of sugar 21 were mixed with 136 mg (1 mmol, 1eq) of dried ZnCl2 and 0.24 mL (1.5 mmol, 1.5 eq) of octanol. The mixture was heated to 140°C under microwave irradiation (P=60W) and kept on stirring for 25 minutes. The crude product was purified by flash chromatography (EtOAc/Cy: 35 / 65) and gave the pure  product as a yellow oil with a yield of 24%.

D = +14.8

1H NMR (CDCl3) : 8.1-7.04 (15 H aromatic); 5.48 (H4, t, J = 9.64 Hz); 5.34 (H1, d, J1-2 = 3.64 Hz); 5.21 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 10.08 Hz); 4.72 (CH2Ph, s); 4.48 (H5, d, J = 9.64 Hz); 4.37 (H3, dd, J3-4 = 9.64 Hz, J3-2 = 10.08 Hz); 3.75 and 3.45 (H6, 2m); 3.64 (COOMe, s); 1.53-1 (H7, H8, H9, H10, H11 and H12, m); 0.82 (H13, m).
13C NMR (CDCl3) : 171.6-165 (3 C=O); 129.4-129 (3 Cq aromatic); 133.8-128.6 (15 CH aromatic); 96.3 (C1); 76.6 (C2); 75.1 (CH2Ph); 73.3 (C4); 71.8 (C3); 69.2 (C6); 68.8 (C5); 52.9 (COOMe); 31.8 (C7); 29.4, 29.3, 26.3, 26.1 and 22.7 (C8, C9, C10, C11 and C12); 14.2 (C13).

Methyl (octyl 2,4-di-O-benzoyl--d-glucopyranosid)uronate  (38)
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  M = 528 g/mol
A solution of 451 mg (0.73 mmol, 1 eq) of sugar 37 in 10 mL of ethyl acetate was hydrogenated (5 bars of pressure) in the presence of 200 mg of Pd(OH)2 /C for 24h. Then the mixture was filtered through Celite with ethyl acetate and the filtrate was concentrated in vacuum. 316 mg of product 38 was obtained with a yield of 82%.

1H NMR (CDCl3) : 7.96-7.26 (10 H aromatic); 5.39 (H4, dd, J4-3 = 9.6 Hz, J4-5 = 9.64 Hz); 5.28 (H1, d, J1-2 = 3.64 Hz); 5.11 (H2, dd, J2-1 = 3.64 Hz, J2-3 = 10.08 Hz); 4.51 (H3, dd, J3-4 = 9.6 Hz, J3-2 = 10.08 Hz); 4.48 (H5, d, J = 9.64 Hz); 3.73 and 3.42 (H6, 2m); 3.6 (COOMe, s); 1.5-0.9 (H7, H8, H9, H10, H11 and H12, m); 0.72 (H13, m).

13C NMR (CDCl3) : 171-166 (3 C=O); 129.3, 129 (2 Cq aromatic); 133-128 (10 CH aromatic); 96.4 (C1); 73.5 (C2); 72.7 (C4); 69.6 (C3); 69.1 (C6); 68.7 (C5); 52.8 (COOMe); 31.8 (C7); 29.4, 29.3, 26.9, 26 and 22.7 (C8, C9, C10, C11 and C12); 14.2 (C13).
Methyl (octyl 2,4-di-O-benzoyl-3-O-sulfo--d-glucopyranosid)uronate  sodium salt  (39)
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 M = 630 g/mol
208 mg (0.39 mmol, 1 eq) of sugar 38 were dissolved in 17 mL of DMF and 821 mg (5.9 mmol, 15 eq) of Me3N.SO3 were added. The mixture was stirred at 40°C for 20h and the solvent was evaporated in vacuum. The residue was purified through column of DOWEX 50 (Na+) and eluted with MeOH. 118 mg of white powder were obtained with a yield of 49%.
1H NMR (CDCl3) : 7.92-7.24 (10 H aromatic); 5.23 (H4, dd, J4-3 = 9.6 Hz. J4-5 = 10.08 Hz); 5.18 (H1, d, J1-2 = 2.28 Hz); 4.97 (H2, dd, J2-1 = 2.28 Hz, J2-3 = 9.16 Hz); 4.4 (H3, dd, J3-2 = 9.16 Hz, J3-4 = 9.6 Hz); 4.37 (H5, d, J = 10.08 Hz); 3.67 and 3.32 (H6, 2m); 3.63 (COOMe, s); 1.4-0.8 (H7, H8, H9, H10, H11 and H12, m); 0.65 (H13, m).

13C NMR (CDCl3) : 168.6, 165.7 and 165.2 (3 C=O); 129.7, 129.5 (2 Cq aromatic); 133-128 (10 CH aromatic); 96 (C1); 73.5 (C2); 72.7 (C4); 69.1 (C6); 69 (C3); 68.5 (C5); 52.3 (COOMe); 31.5 (C7); 29.9, 29.7, 25.6, 25.4 and 22.2 (C8, C9, C10, C11 and C12); 13.7 (C13).
Octyl 3-O-sulfo--d-glucopyranosiduronic acid sodium salt  (40)
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 M = 408 g/mol
110 mg (0.18 mmol, 1 eq) of sugar 39 were dissolved in THF/H2O (13.3 mL/ 0.7 mL), then 1.8 mL of LiOH 1.25N were added at 0°C. After 3 hours of stirring, the solvent was removed in vacuum. The residue was dissolved in THF/H2O (7 mL/ 7 mL) and 48 mg of sodium were added at 0°C. The mixture was stirred at room temperature for 3 hours and then neutralized by Amberlite 120H+. The solution was then filtered and evaporated. The crude product was purified on a column of Sephadex LH-20 eluted with distilled water. 120 mg of product 40 was lyophilized as a white powder with a quantitative yield.

1H NMR (400MHz, DMSO-d6), (ppm) : 4.98 (H1and H3, m); 4.61 (H5, m); 3.88 (2 and 4, m); 3.4 and 3.16 (H6, m); 1.5-0.9 (H7, H8, H9, H10, H11 and H12 ,m); 0.65 (H13, m). 

8-N-phthalimido-octan-1-ol  (41)

[image: image105.emf]1

2

3

4

5

6

7

8

N

O O

OH

M = 275 g/mol
In 12 mL of anhydrous DMF were dissolved 2.22 g (12 mmol, 1 eq) of potassium phthalimide. Then 2 mL (12 mmol, 1 eq) of 8-bromooctan-1-ol were added. The mixture was stirred at 158°C overnight. The solvent was evaporated and the residue was diluted in ethyl acetate. After washed twice with H2O and once with brine, the organic layer was dried over MgSO4 and evaporated. 3.22 g of yellow liquid were obtained with a yield of 98%.
1H NMR (CDCl3) : 7.76-7.75, 7.64-7.62 (4H of Phth, 2m); 5.59-5.55 (H1 and H8, m); 1.7-1.1 (H2, H3, H4, H5, H6 and H7, m).

13C NMR (CDCl3) : 168.4 (2 C=O); 134.3 and 123.5 (4 CH of Phth); 132.2 (2 Cq of Phth); 62.9 (C1); 33 (C8); 32.7 (C2); 29.3, 29.1, 28.6, 26.8 and 25.7 (C3, C4, C5, C6 and C7). 
Methyl (8-N-phthalimidooctyl 2,4-di-O-benzoyl-3-O-benzyl--d- glucopyranosid)uronate  (42)
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  M = 763 g/mol
305 mg (0.5 mmol, 1 eq) of sugar 21 were mixed with 136 mg (1 mmol, 2 eq) of dried ZnCl2 and 138 mg (0.5 mmol, 1 eq) of product 41 in 0.1 mL of anhydrous CH2Cl2. The mixture was heated to 140°C under microwave irradiation (P=60W) and kept on stirring for 25 minutes. The crude product was purified by flash chromatography (EtOAc/Cy: 2 / 8) to give 386 mg of pure  product as a yellow oil with a yield of 21%.

1H NMR (CDCl3) : 8.05-7.14 (19 H aromatic); 5.64 (H4, t, J = 10.08 Hz); 5.43 (H1, d, J1-2 = 3.68 Hz); 5.31 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 10.08 Hz); 5.19 (CH2Ph, s); 4.63 (H5, d, J = 10.08 Hz); 4.47 (H3, t, J = 10.08 Hz); 3.79 and 3.46 (H6 and H13, 2m); 3.64 (COOMe, s); 1.6-1 (H7, H8, H9, H10, H11 and H12, m). 

13C NMR (CDCl3) : 171.9-168.3 (5 C=O); 133-132 and 129.4-129 (5 Cq aromatic); 133.8-128, 123.6 and 123.3 (19 CH aromatic); 96.1 (C1); 76 (C2); 74.5 (CH2Ph); 73.1 (C4); 70.7 (C3); 69.2 (C6); 68.5 (C5); 53 (COOMe); 38.1 (C13); 30.2, 29.2, 28.6, 26.9, 26.1 and 25.8 (C7, C8, C9, C10, C11 and C12).
Methyl (8-N-phthalimidooctyl 2,4-di-O-benzoyl--d-glucopyranosid) uronate  (43)
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  M = 673 g/mol
A solution of 80 mg (0.1 mmol, 1 eq) of sugar 42 in 10 mL of ethyl acetate was hydrogenated (5 bars of pressure) in the presence of 100 mg of Pd(OH)2/C for 24h. Then the mixture was filtered through Celite with ethyl acetate and the filtrate was concentrated in vacuum. 40 mg of product 43 were obtained with a yield of 60%.

1H NMR (CDCl3) : 8.1-7.3 (14H aromatic); 5.32 (H4, dd, J4-3 = 9.6 Hz, J4-5 = 10.08 Hz); 5.23 (H1, d, J1-2 = 3.68 Hz); 5.04 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 10.08 Hz); 4.43 (H3 and H5, m); 3.7 and 3.38 (H6, 2m); 3.6 (COOMe, s); 1.6-0.9 (H7, H8, H9, H10, H11, H12 and H13, m).  

13C NMR (CDCl3) : 171-166 (5 C=O); 132.1 and 129.6 (4 Cq aromatic); 134-133.5, 130.2-129.9, 128.5 and 123.2 (14CH aromatic); 96.4 (C1); 73.4 (C2); 72.6 (C4); 69.5 (C3); 69 (C6); 68.5 (C5); 52.9 (COOMe); 38.1 (C13); 29.8-26 (C7, C8, C9, C10, C11 and C12).
Methyl (8-N-phthalimidooctyl 2,4-di-O-benzoyl-3-O-sulfo--d-glucopyranosid)uronate sodium salt (44)
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 M = 775 g/mol
120 mg (0.178 mmol, 1 eq) of sugar 43 were dissolved in 8 mL of DMF and 373 mg (2.674 mmol, 15 eq) of Me3N.SO3 were added. The mixture was stirred at 40°C for 20h and the solvent was evaporated in vacuum. The residue was purified by a column of DOWEX 50 (Na+) and eluted with MeOH. 81 mg of a white powder were obtained with a yield of 58%.
1H NMR (CDCl3) : 8.1-7.2 (14 H aromatic); 5.37 (H4, t, J = 10.08 Hz); 5.28 (H1, d, J1-2 = 3.68 Hz); 5.11 (H2, dd, J2-1 = 3.68 Hz, J2-3 = 10.08 Hz); 4.43 (H3 and H5, m); 3.7 and 3.42 (H6, 2m); 3.6 (COOMe, s); 1.6-0.9 (H7, H8, H9, H10, H11, H12 and H13, m).

13C NMR (CDCl3) : 171-168 (5 C=O); 129.5-129 (4 Cq aromatic); 133-128, 123 (14 CH aromatic); 96.4 (C1); 73.9 (C2); 72.8 (C4); 69.7 (C3); 69.2 (C6); 68.6 (C5); 52.9 (COOMe); 38.1 (C13); 29.8-26 (C7, C8, C9, C10, C11 and C12).
8-N-aminooctyl 3-O-sulfo--d-glucopyranosiduronic acid sodium salt  (45)
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 M = 423 g/mol
81 mg (0.1 mmol, 1 eq) of sugar 44 were dissolved in THF/H2O (16 mL/ 0,8 mL), then 1.1 mL of LiOH 1.25N were added at 0°C. After stirred for 3 hours, the solvent was removed in vacuum. The residue was dissolved in THF/H2O (7 mL/ 7 mL) and 48 mg of sodium were added at 0°C. The mixture was stirred at room temperature for 3 hours and then neutralized by Amberlite 120H+. The solution was then filtered and evaporated. The crude product was purified on a column of Sephadex LH-20 eluted with distilled water. 30 mg of product 45 were lyophilized as a white powder with a yield of 71%.

1H NMR (400MHz, DMSO-d6), (ppm) : 4.97 (H1and H3, m); 4.65 (H5, m); 3.9 (2 and 4, m); 3.4 and 3.19 (H6, 2m); 2.51 (H12, m); 1.5-0.9 (H7, H8, H9, H10 and H11, m).
IV.2. PART B: PEPTIDE SYNTHESIS
Solid Phase Peptide Synthesis (SPPS)
 IV.2.1 General procedure for functionalization of resin
  IV.2.1.1 Anchoring of amino acid on resin
The resin is placed in a flask, sufficient DMF is added to cover and allow swelling for 30 min. At the same time, the Fmoc amino acid (10 eq relative to resin loading) is dissolved in dry DCM. Then, another solution of diisopropylcarbodiimide (5 eq relative to resin loading) in dry DCM is prepared and added to the previous amino acid solution. The mixture is stirred for 20 min at 0°C and then concentrated under reduced pressure using a rotary evaporator. The concentrated residue is dissolved in a minimum volume of DMF and added to the resin prepared at the beginning. A solution of DMAP (0.1 eq relative to resin loading) in DMF is also added. This mixture is shaken at room temperature for 1 hour.

A small amount of resin sample was washed and dried. The level of the first residue attachment was estimated using the procedure described below (IV.2.1.2 Loading test). If the loading of resin isn’t sufficient, the procedure of the first residue attachment is repeated.
 IV.2.1.2 Loading test
The measurement of UV absorbance is used to estimate the loading of resins:

Step 1: The Fmoc amino acid-resins were dried over vacuum and a small amount of resin (4-5 mg) was weight in a 10 mL graduated flask. Then, 0.4 mL of piperidine and 0.4 mL of DCM were added. The solution was left for 30 min.

Step 2: 1.6 mL of MeOH and DCM were added until the total volume arrives 10 mL.

Step 3: A reference solution is prepared as the previous steps but without addition of resins.

Step 4: 2 cuvettes were filled with 3 mL of test solution and 1 cuvette with 3 mL of reference solution. 
Step 5: The cuvettes were placed in the spectrophotometer and the absorbance was recorded at 301 nm.

Step 6: An estimate of the anchoring can be calculated from the equation below:

Loading (mmol/g) = (Abssample - Absref) × 10 mL/(const 7,8 × mg of resins exactly weighted)
IV.2.2 General procedure for Solid Phase Peptide Synthesis 
IV.2.2.1 SPPS on a manual PLS synthesizer

Peptides are synthesized on a manual batch synthesizer (PLS 4(4, Advanced ChemTech) using a Teflon reactor (20 mL), following the Fmoc/tBu SPPS procedure. The resin is placed in the 20 mL Teflon reactor, equipped with a filter. Mixing is provided by vortex, while filtration is performed connecting the reactor to a vacuum pump. The resin is swelled for 40 min with DMF (1 mL/100 mg of resin) before use. Each amino-acid cycle is characterized by the following four steps: 

· Fmoc-deprotection: Resin is washed twice (1×5 min+1×15 min) with 20% piperidine in DMF (1 mL/100 mg of resin).

· Washings: with DMF (3×5 min),

· Coupling reaction: Fmoc protected amino acids (4 equiv) in DMF (1 mL/100 mg resin), TBTU/HOBt/NMM (4 equiv, 4 equiv, 2 equiv) as coupling system for 50 min.

· Washings: DMF (3×5 min) and DCM (2×5 min).

After DCM washings, each coupling reaction is checked by a Kaiser test. After the last Fmoc-removal, the resin is washed with DCM and dried under vacuum.
IV.2.2.2 SPPS on an automatic peptide synthesizer

All the reactions are performed in a SYRO II (Biotage) fully automatic parallel peptide synthesizer. The resin is placed in the 10 mL reactor and then swollen for 30 min. Each amino-acid cycle is characterized by the following four steps:
· Fmoc-deprotection (1×5 min + 1×15 min),

· Washings: with DMF (5×2 min),

· Coupling reaction (2 x 20 min),

· Washings: with DMF (3×2 min).

For the coupling reaction, Fmoc protected amino acids (5 equiv) in DMF (1 mL/100 mg resin), 0.5 M solution of TBTU in DMF, and 1.5 M solution of DIPEA in NMP are used. DMF is eventually added to reach the good swelling volume of the resin (1 mL for 100 mg of resin). After removal of the last Fmoc-residue, the resin is washed with DCM and dried under vacuum.
IV.2.3 General procedure for removal of allyl protecting groups

Peptide-resin protected by allyl group is swollen in anhydrous DCM under argon atmosphere for 20 min. The resin is shaken for 5 min with a solution of PhSiH3 (24 equiv) in dry DCM. Then a solution of Pd(PPh3)4 (0.25 equiv) in dry DCM is added for the allyl group cleavage (1mL of total volume for 100 mg of resin). After 40 min the resin is filtered and washed with dry DCM. The treatments with PhSiH3/ Pd(PPh3)4 is repeated once again. Finally the resin is filtered and washed successively with DCM, a solution of 0.5% sodium diethyldithiocarbamate in DMF, DMF and DCM. 
IV.2.4 General procedure for head-to-tail peptide cyclization
IV.2.4.1 Cyclization on solid phase
To perform a head-to-tail cyclization on solid phase, a resin which has low loading is neccesary to avoid the intra-molecular reaction. After final deprotection, peptide-resin is swollen in DMF, coupled witn a base DIPEA or NMM and the activator HOBt. After shaken for 25 min, the resin is washed with DMF, DCM, and checked by Kaiser Test.    
IV.2.4.2 Cyclization in diluted solution

Peptides are firstly cleaved from resin and purified before the head-to-tail cyclization in solution. Coupling reagent HATU (1 equiv) and base NMM (1 equiv) are dissolved in DCM (1.5 mM), then a solution of peptide in DMF (1mL DMF for 100 mg of resin) is added dropwise to the previous mixture. The reaction is monitored and controlled by LC-MS. When the reaction is completed, solution is evaporated and the peptide is lyophilized.
IV.2.5 General procedure for cleavage 

Peptides which don’t contain Arg, Trp, Cys and Met residues are cleaved from the resin using a cleavage mixture (TFA/TIS/H2O: 95/2.5/2.5). Peptides which contain an Arg residue are cleaved from the resin using a cleavage mixture (TFA/H2O/EDT/TIS: 91.5/5/2.5/1). The reaction was performed for 3 h (1 mL solution for 100 mg of resin) at room temperature. The resin is filtered off and the solution is concentrated by flushing with N2. The peptide is precipitated from cold ether or isopropylether as indicated for each reaction, centrifuged and lyophilized.
IV.2.6 General procedure for pre-purification by solid-phase extraction (SPE)

SPE is performed on RP-C18 LiChroprep columns:

· The column is washed with MeOH (3 column volumes) and CH3CN (3 column volumes); conditioned with H2O (3 column volumes).

· The peptide is dissolved in H2O (1 column volume). If the peptide isn’t totally soluble or the peptide forms a gel, pH must be checked. 

· Peptides are adsorbed on silica by passing their solution for 3 times; eluted with H2O (3 column volumes) and after with 5%, 10%, 15%, 20% H2O/CH3CN (column volume for each concentration), and 100% CH3CN. Fractions are checked by analytical UPLC-ESI-MS, and then lyophilized.

Purification: All Peptides are further purified by semi-preparative RP-HPLC. Fractions are checked by UPLC-ESI-MS and lyophilized.

IV.2.7 Synthesis of linear peptides 
LSETTI   (47)
Peptide 47 was synthesized on automatic synthesizer as described in the general procedure, starting from Fmoc-Ile-Wang Resin (500 mg, loading 0,7 mmol/g). Amino acids were coupled using HOBt, TBTU and DIPEA in DMF for 30 min. Peptide was cleaved from the resin and side chains were deprotected as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptides were characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 20-60% B in 5 min, Rt = 3.37 min. Yield = 76%. MS (m/z): found 663.42 [M+H]+, calcd 663.75.
LSETTl  (48)
Peptide 48 was synthesized on automatic synthesizer as described in the general procedure, starting from Fmoc-d-Leu-Wang Resin (300 mg, loading 0,7 mmol/g) Amino acids were coupled using HOBt, TBTU and DIPEA in DMF for 30 min. Peptide was cleaved from the resin and side chains were deprotected as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptide was characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 20-60% B in 5 min, Rt = 3.88 min. Yield = 73%. MS (m/z): found 663.49 [M+H]+, calcd 663.75.
TYTKlLSE  (49)
Peptide 49 was synthesized on automatic synthesizer as described in the general procedure, starting from Fmoc-Glu(OtBu)-Wang Resin (500 mg, loading 0,59 mmol/g). Amino acids were coupled using HOBt, TBTU and DIPEA in DMF for 30 min. Peptide was cleaved from the resin and side chains were deprotected as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptide was characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 10-60% B in 5 min, Rt = 4.143 min. Yield = 71%. MS (m/z): found 955.02 [M+H]+, calcd 955.102.
TY(SO3)TKlLSE  (50)
Peptide 50 was synthesized on automatic synthesizer as described in the general procedure, starting from Fmoc-Glu(OtBu)-Wang Resin (500 mg, loading 0,59 mmol/g). Amino acids were coupled using HOBt, TBTU and DIPEA in DMF for 30 min. Peptide was cleaved from the resin and side chains were deprotected at 0°C as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptide was characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 10-60% B in 5 min, Rt = 4.321 min. Yield = 61%. MS (m/z): found 1035.04 [M+H]+, calcd 1035.102.
IV.2.8 Synthesis of cyclic peptides 
cyclo(TTILSE)  (51)
Method 1: Peptide 51 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.706 min. Yield = 44%. MS (m/z): found 645.52 [M+H]+, calcd 645.75.
Method 2: Peptide 51 was synthesized in manual way starting from Fmoc-Glu(OtBu)-Wang Resin (500 mg, loading 0,59 mmol/g). The sequence was elongated using orthogonally protected amino acids: Fmoc-Glu(ODmab)-OH and Fmoc-Lys(NDde)-OH by Fmoc/tBu strategy, peptide was cleaved from resin as described in the general procedure. Cyclization was perfomed in solution and finally side chains were deprotected using 2% of hydrazine in DMF. Peptide was obtained with yield of 72%. 
cyclo(TTlLSE)  (52)
Peptide 52 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.714 min. Yield = 47%. MS (m/z): found 645.63 [M+H]+, calcd 645.75.
cyclo(TKTlLSE)  (53)
Peptide 53 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.264 min. Yield = 45%.  MS (m/z): found 773.67 [M+H]+, calcd 773.925.
cyclo(TETKlLSE)  (54)
Peptide 54 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.153 min. Yield = 39%. MS (m/z): found 902.82 [M+H]+, calcd 903.04.
cyclo(-TYTKlLSE-)  (55)
Peptide 55 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.768 min. Yield = 37%. MS (m/z): found 937.02 [M+H]+, calcd 937.102.
cyclo[TY(SO3)TKlLSE]  (56)
Peptide 56 was synthesized in manual way starting from Fmoc-Glu(Wang Resin)-OAll (500 mg, low loading 0,3 mmol/g). The allyl group was removed using Pd(PPh3)4 as described in the general procedure IV.2.3. Cyclization was performed on solid phase. Peptide was cleaved from resin at 0°C and pre-purified by SPE and further purified by semi-preparative RP-HPLC. UPLC: 10-60% B in 5 min, Rt = 4.432 min. Yield= 31%. MS (m/z): found 1017.04 [M+H]+, calcd 1017.102.
IV.2.9 Biotinylation
Biotinylated LSETTI (57)

N-(+)-Biotinyl-6-aminohexanoic acid (2 eq) was dissolved in water, then EDC (2 eq) and sodium N-​hydroxysulfosuccinimide (2 eq) were added. After 2 hours of activation, pure peptide 47 (1 eq) in water was added. The reaction was performed at room temperature for 4 hours then solution was lyophilized. The product 57 was purified by semi-preparative and characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 20-60% B in 5 min, Rt = 4.98 min. MS (m/z): found 1002.95 [M+H]+, calcd 1003.
Biotinylated cyclo(TETKlLSE) (58)

N-(+)-Biotinyl-6-aminohexanoic acid (2 eq) was dissolved in water, then EDC (2 eq) and sodium N-​hydroxysulfosuccinimide (2 eq) were added. After 2 hours of activation, pure cyclic peptide 52 (1 eq) in water was added. The reaction was performed at room temperature for 4 hours then solution was lyophilized. The product 58 was purified by semi-preparative and characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 20-60% B in 5 min, Rt = 4.89 min. MS (m/z): found 1242.37 [M+H]+, calcd 1243.
Biotinylated TYTKlLSE (59)

Biotinylated peptide 59 was synthesized in a manual batch synthesizer, as described in the general procedure, starting from Fmoc-Glu(OtBu)-Wang resin (500 mg, 0.59 mmol/g). Amino acides were coupled using HOBt, TBTU, and NMM in DMF for 30 min. When the peptide sequence was completed, N-biotinyl-6-aminohexanoic acid was manually introduced at the N-terminus using HOBt/TBTU (2.5 equiv) as activators for 1 h. Then the peptide was cleaved from the resin and side chains were deprotected as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptides were characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 30-70% B in 5 min, Rt = 2.69 min. MS (m/z): found 1294.47 [M+H]+, calcd 1295.
Biotinylated cyclo(TYTKlLSE) (60)

N-(+)-Biotinyl-6-aminohexanoic acid (2 eq) was dissolved in water, then EDC (2 eq) and sodium N-​hydroxysulfosuccinimide (2 eq) were added. After 2 hours of activation, pure cyclic peptide 55 (1 eq) in water was added. The reaction was performed at room temperature for 4 hours then solution was lyophilized. The product 60 was purified by semi-preparative and characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 20-60% B in 5 min, Rt = 4.99 min. MS (m/z): found 1276.03 [M+H]+, calcd 1277.
Biotinylated TY(SO3)TKlLSE (61)

Biotinylated peptide 61 was synthesized in a manual batch synthesizer, as described in the general procedure, starting from Fmoc-Glu(OtBu)-Wang resin (500 mg, 0.59 mmol/g). Amino acides were coupled using HOBt, TBTU, and NMM in DMF for 30 min. When the peptide sequence was completed, N-biotinyl-6-aminohexanoic acid was manually introduced at the N-terminus using HOBt/TBTU (2.5 equiv) as activators for 1 h. Then the peptide was cleaved from the resin and side chains were deprotected as described in the general procedure. After pre-purification by SPE and further purification by semi-preparative RP-HPLC, the peptides were characterized using analytical UPLC and ESI-MS spectrometry. UPLC: 30-70% B in 5 min, Rt = 4.78 min. MS (m/z): found 1374.46 [M+H]+, calcd 1375.
Biotinylated cyclo[TY(SO3)TKlLSE] (62)


N-(+)-Biotinyl-6-aminohexanoic acid (2 eq) was dissolved in water, then EDC (2 eq) and sodium N-​hydroxysulfosuccinimide (2 eq) were added. After 2 hours of activation, pure cyclic peptide 56 (1 eq) in water was added. The reaction was performed at room temperature for 4 hours then solution was lyophilized. The product 60 was purified by semi-preparative and characterized using analytical UPLC and ESI-MS spectrometry. 

Biotinylated sulfated sugar (63)


N-(+)-Biotinyl-6-aminohexanoic acid (2 eq) was dissolved in water, then EDC (2 eq) and sodium N-​hydroxysulfosuccinimide (2 eq) were added. After 2 hours of activation, pure monosaccharide 45 (1 eq) in water was added. The reaction was performed at room temperature for 4 hours then solution was lyophilized. The product 63 was purified by semi-preparative and characterized using analytical UPLC and ESI-MS spectrometry. 

 IV.3.Part C: Immunoassays

IV.3.1 SPR binding study with commercial gammopathy antibody
A pH scouting procedure was performed using the following buffers: D-PBS buffer pH=6.5 and 7.2; 0.1 mM NaOAc pH=6.0 and 7.0, 0.5 mM NaOAc  pH=5.5 and 6.5, 5 mM NaOAc pH 6.0 and 5.0, and 5 mM NaCl pH 6. Antibody was solubilized in each buffer at a final concentration of 5 μg/mL and injected for 120 s at a flow rate of 10 μL/min. The best immobilization buffer was found as a solution of 5 mM NaOAc at pH=5.
The carboxyl groups on sensor chip Biacore CM5 were activated twice using EDC 0.4M / NHS 0.1M 50/50 for 420 s and 60 s to give reactive succinimide esters. Commercial anti-HNK-1 Ab was immobilized on the chip in automatic way.  The antibody was injected twice (4 μg/mL in immobilization buffer 5 mM of NaOAc pH=5) for 420 s and 240 s. Additionnally, another antibody injection  on the chip in manual way was also performed.  Free reactive sites, were finally blocked with ethanolamine-HCl (1 M pH=8.5) for 420 s and 120 s.
Kinetic studies were conducted injecting different concentrations of synthesized mimics, on the immobilized antibody. Peptide were prepared in 0-8 mM and sugars in 0-18 mM both in Running Buffer (0.1M HEPES, 1.5M NaCl, 30 mM EDTA, 0.5% v/v p20). Each diluted sample was injected in a different cicle of analysis repeating the following steps at a flow rate of 10 L/min:  sample injection for 120 s, dissociation for 100 s with running buffer flow,  one regeneration with NaOH 0.1M. Obtained results were elaborated with Biacore Evaluation Software 2.0 and summarized with Biacore kinetic summary application.

Figure IV-1 Binding study of LSETTI (47)
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Figure IV-2 Binding values of LSETTI (47)
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Figure IV-3 Stability values of LSETTI (47)
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Figure IV-4 Binding study of c-(TETKlLSE) (52)
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Figure IV-5 Binding values of c-(TETKlLSE) (52)
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Figure IV-6 Stability values of c-(TETKlLSE) (52)
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Figure IV-7 Binding study of sulfated sugar 40 (octyl 3-O-sulfo-glucuronic acid) 
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Figure IV-8 Binding values of sulfated sugar 40 (octyl 3-O-sulfo-glucuronic acid) 
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Figure IV-9 Stability values of sulfated sugar 40 (octyl 3-O-sulfo-glucuronic acid) 
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IV.3.2 Antigen-antibody interaction study 
Biotin-tagged peptides and sulfated sugar were immobilized in automatic way on the streptavidin surface of the sensor chip Biacore SA. The surface was conditioned with 3 consecutive injections of NaCl 1M and NaOH 50 mM for 60 s with flow rate of 10 L/min. Then ligand (20 g/mL in running buffer) was injected with the same flow rate for 120 s. After the injection, biotinylated ligand remained in the flow system was removed by washing with NaCl 2M+NaOH 100 mM/isopropanol (50:50). Additionally, an injection of ligand in manual mode (changing ligand concentration and contact time) was kept on until reaching a satisfactory immobilization level. Once the ligand was immobilized on the streptavidin chip, the commercial antibody anti HNK-1 was injected in different concentrations (0-5-10-20-50 mM) to test chip performance:
Figure IV-10 Interaction between commercial gammopathy antibody with LSETTI (47) (concentration 0-50 mM)
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Figure IV-11 Interaction between commercial gammopathy antibody with c-(TETKlLSE) (52) (concentration 0-50 mM)
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Figure IV-12 Interaction between commercial gammopathy antibody with sulfated sugar 40 (concentration 0-50 mM)
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IV.3.3 Binding studies of sulfated sugar in gammopathy patients’ sera
Every serum has been tested at dilution 1:50 and dilution 1:100 in running buffer according to the following method: sample injection at a flow rate of 30 L/min for 120 s, 60 s of running buffer flow to allow a partial dissociation, a first regeneration with Glycine 10 mM pH=2.5 for 30 s, a second regeneration with NaOH 50 mM for 40 s.
Figure IV-13 Interaction between peptide LSETTI (47) and sera
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Figure IV-14 Interaction between peptide c-(TETKlLSE) (52) and sera
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Figure IV-45 Interaction between sulfated sugar 40 and sera
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V. ABBREVIATIONS
Ab: Antibody;

Ac: Acetyl;

Ag: Antigen;
Bn: Benzyl;

Boc: tert-butoxycarbonyl;
Bz: Benzoyl;

CIDP: Chronic inflammatory demyelinating polyneuropathy;
CNS: Central Nervous System
DBU: 1,8-Diazabicyclo[5.4.0]undec-7-ene;
DCM: Dichloromethane;
DIC: N,N’-Diisopropylcarbodiimide;
DIPEA: Diisopropylethylamine;
DMAP: 4-(Dimethylamino) pyridine;

DMF: N,N-dimethylformamide; 
DMSO: Dimethylsulfoxide;

EDC:  1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride;

ELISA: Enzyme-linked immunosorbent assay;

FCC: Flash column chromathography;

Fmoc: 9-H-fluoren-9-ylmethoxycarbonyl;

GBS: Guillian Barré syndrome;

HOBt: 1-Hydroxybenzotriazole;

HPLC: High performance liquid chromatography;

Ig: Immunoglobulin (IgE, IgG, etc.);
Lev: Levulinyl;

MAG: Myelin associated glycoproteins;

MGUS: Monoclonal gammopathy of undetermined significance;

MMN: Multifocal motor neuropathy with conduction blocks;
MRI: Magnetic Resonance Imaging;

MS: Multiple Sclerosis;

MW: Microwaves;
NHS: N-Hydroxysuccinimide ;

NIS: N-iodosuccinimide;

NMM: N-Methyl morpholine;

NMR: Nuclear magnetic resonance;

Phth: Phthalimide

PNS: Peripheral nervous system;

PPN: Paraproteinemic Polyneuropathies;

Rt: Retention time;
SGPG: Sulfated glucuronosyl paragloboside;

SPE: Solid phase extraction;
SPEP: Serum protein electrophoresis 
SPPS: Solid phase peptide synthesis;

SPR: Surface plasmon resonace;
TBDMSCl: tert-Butyldimethylsilyl chloride;
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;
WB: Western blot.
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Abstract
Sugar and Peptide mimics for SPR characterization of autoantibody in monoclonal gammopathy
IgM Monoclonal gammopathy is a common age-related demyelinating sensory and motor polyneuropathy. It has been shown to be associated with antibodies against myelin-associated glycoproteins (MAG/SGPG). The HNK-1 carbohydrate epitope is a terminal 3-sulfo-glucuronyl residue attached to lactosamine structures and it is shared both in MAG and SGPG. It is mostly expressed in the nervous system and plays an important role in preferential motor reinnervation. Nevertheless, the HNK-1 epitope is difficult to be isolated and synthesized and diagnostic assays used in the clinics are not always reproducible and reliable.
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Therefore in our study, our goal is to identify a simple synthetic diagnostic tool (peptide or monosaccharide), mimetic of the HNK-1 epitope, able to recognize antibodies in neurogammopathies sera by Surface Plasmon Resonance to be used in earlier stage patients and possibly to monitor disease activity. For this reason, we firstly tried to synthesize this trisaccharide and its terminal monosaccharides with different function groups. Then 10 linear and cyclic peptides conformationally and/or structurally mimicking HNK-1 were also synthesized.  
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The SPR kinetic binding affinities of all these sugar and peptide mimics were studied with commercial anti HNK-1 antibody using Biacore. Moreover, mimics with highest binding affinities were chosen for antigen-antibody interaction study in IgM gammopathy patients’ serum.
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