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OVERVIEW

This thesis discusses a glycomimetic approach to selectively target C-type lectin receptors.

In the Introduction, the function, biological importance and characteristics of C-type lectin receptors are
explained. Several aspects of interactions with natural and synthetic ligands are discussed, in order to introduce
the Reader to the challenges of C-type lectin targeting. Closely related to this, a general summary of carbohydrate
ligands is offered, with particular emphasis on their pharmaceutical relevance. Later, the advantages of

glycomimetic ligands are highlighted, with a detailed overview of the molecules developed in our group.

PartIis divided into two chapters. Chapter I describes the design and synthesis of a mannose- and fucose-based
glycomimetic ligand library.

Earlier results indicated that modification of a mannosylated glycomimetic scaffold can increase affinity towards
C-type lectin receptors, and, at the same time, generate selectivity against others. Therefore, a glycomimetic
library was built on this scaffold, with the purpose of screening various C-type lectin receptors. The ligands carry
mannose or fucose as a natural sugar residue, and they are diversified with amide substituents, selected with the
help of chemoinformatic tools. We anticipated that primary screenings of the library with C-type lectins will be
able to identify high affinity and possibly selective ligands for further elaboration.

The microarray-based screening with different C-type lectins is discussed in Chapter II.

During their synthesis, ligands were equipped with a linker moiety to allow their presentation on the microarray
chips, or later, in multivalent systems. Microarrays are powerful tools to study lectin-carbohydrate interactions,
as their size allows hundreds of simultaneous assays, requiring only minute amounts of the protein. The first part
of this work focused on the optimization of printing conditions and validation of the screening setup with lectins
of known carbohydrate specificity. Once optimal conditions were established, the library was screened against
various human C-type lectin receptors, available through the Immunoshape Network. Promising results were

obtained whose confirmation and elaboration is underway.

Part II consists of a single chapter (Chapter III) that describes the design and synthesis of high affinity
glycomimetic antagonists of the dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin
(DC-SIGN).

This receptor is of particular interest among C-type lectins, as it promotes numerous viral (HIV, HCV, Ebola,
Dengue), bacterial (Mycobacterium tuberculosis) and parasital (Schistosoma mansoni) infections. Based on the X-
ray crystal structure of a glycomimetic ligand/DC-SIGN complex, a virtual fragment screening identified a new
binding pocket in the vicinity of the ligand. This pocket can be reached with modifications of the glycomimetic
molecules, and fragment-like structures could engage in favourable interactions at this site. These additional
contacts could significantly increase the overall affinity of glycomimetic ligands towards DC-SIGN, therefore we
set off to explore interactions around the binding site. The results obtained open up new perspectives for

glycomimetic ligand design and validate previous models.

To conclude, the thesis finishes with a brief summary of results and an outlook on future directions in this

research.






1. INTRODUCTION — C-TYPE LECTIN RECEPTORS AND
THEIR CARBOHYDRATE LIGANDS

The immune system is undoubtedly one of the most marvellous machineries ever crafted by Nature to protect
the living organism. A healthy immune system, just like an impregnable fortress, shields its owner from
malignant external invaders by comprising an entire apparatus of complex recognizing, signalling and executing
mechanisms. These are the fundamental steps of discrimination between self and non-self structures and the
latters’ neutralization or destruction - the core tasks in host defence against pathogens. The immune system is
capable of more than fighting against foreign species, though. It can memorize and remember previously
encountered harmful structures to trigger an adequate response more rapidly on a following confrontation; and
it is responsible for the detection and elimination of potentially dangerous abnormal self-cells. Because of the
closely interacting partners, and biological processes relying on each other, even the smallest dent in the walls
of this fort can start a cascade of malfunctioning and expose the individual to infections and diseases.

When a pathogen — organism capable of causing infection — enters the body, the evolutionarily older innate
immune system represents the first line of defence. This immediate response is non-specific: it recognizes
primarily the molecular patterns present on viruses, bacteria, fungi and parasites — the ancient miniature-sized
threats for higher level organisms — and destroys them. The adaptive immune system developed upon the cellular
and humoral elements of the innate system to recognize and learn specific structures and to adapt the immune
response, thus enhancing the efficiency and storing the information for a recurring encounter. During the first
exposure to a new pathogen, the adaptive response is delayed, but during this period a more specific response
is set in motion and an immunological memory is acquired, which will facilitate a faster, improved reaction to a
similar structure upon a next meeting,

The two levels of immune defence are tightly linked, complementing each other. The first cells to confront
antigens, the antigen presenting cells (APCs), belong to the innate system, but they also set off the adaptive
pathway by presenting the antigens (or their fragments) to T-cells - the main mediators in the cellular immunity

- and to B-lymphocytes - involved in the humoral system.

1.1 THE CELL-MEDIATED IMMUNE RESPONSE

Non-self, damaged-self or altered-self associated structures within the organism are detected by sentinels of the
immune system, the antigen presenting cells. APCs internalize and process the antigens - either by completely
demolishing them, or by chopping them into smaller bits — and present these antigenic fragments to T-
lymphocytes. T-cells, however, do not become activated by ,free” antigens, they only recognize antigens that
are bound to the major histocompatibility complex (MHC) - a group of cell-surface proteins that mediate the
immune signalling. The two major classes of MHC molecules relevant for the display of antigens are MHC
class T and MHC class II. The first group can be found on the cell-surface of almost every nucleated cell of the
body and the antigens exhibited in the complex are typically endogenous peptides from the degradation of
cytosolic proteins (endogenous pathway). In contrast, MHC class II expression is a characteristic of specialized
APCs, who are in charge of displaying degraded extracellular proteins to T-cells (exogenous pathway), in

addition to intracellular peptides.
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T-cells express on their surface antigen-specific T-cell receptors (TCR), which can interact with antigen-MHC
complexes of both classes, depending on the presence of additional co-stimulatory glycoproteins on the cell
surface. The antigen-MHC class I complex on the surface of the cell membrane is exclusively recognized by
cytotoxic T-cells, also known as CD8* cells. These white blood cells can immediately kill the signalling tumoral,
infected or otherwise damaged cells. MHC class II-bound antigens are presented to another subgroup of T-
cells, the T-helper cells (also referred to as CD4" cells), which - upon activation - initiate distinct processes
crucial in the adaptive immune defence. Activated T-cells first proliferate, then differentiate into effector cells
or memory cells, and simultaneously release various cytokines and chemokines which regulate, stimulate or

suppress the immune signalling.!"! (Figure 1)

T cell
receptor

@ The MHC proteins, now carrying
antigens, are released from the vesicle
and travel to the outer surface of the
cell membrane.

MHC |
protein

Peptide-
binding
cleft

The dendritic cell is now
presenting antigens, which will
activate T cells that bind with the
MHC proteins.

Antigen from
digested pathogen

bl

<Z @ The antigens bind
[ = with MHC proteins
’?:i’ \ MHC Il that enter the vesicle.
o/ %" protein
f Lysosome
=S - < releasing digestive
@ N enzymes
® ' »
: \
Vesicles :
Pathogen

@ A pathogen or extracellular antigen is
phagocytized by an antigen-presenting
cell (dendritic cell here) and placed into
a vesicle. Ingested pathogens are
digested by lysosomes to extract their
antigens.

Figure 1. Schematic illustration of pathogen internalisation, processing and presentation by APCs. APCs encounter antigens
from damaged, apoptic or infected cells ready to be presented to T-cells; or pathogens that professional APCs first proteolyze to
different degrees of degradation in the phagolysosome. The antigens are then loaded onto MHC class I or class II molecules
(depending on the cell type) and are expressed on the cell surface. Various subtypes of T-cells are able to recognize the antigen-
MHC complex by their specific T-cell receptors and use additional glycoproteins and co-stimulation for the interaction. Modified
from: Anatomy and Physiology. OpenStax CNX, 2016.1%



APCs can be classified into two groups. Non-professional or amateur APCs can serve as occasional antigen-
presenters, but have otherwise different major functions. Essentially all nucleated cells in animals express MHC
class I molecules coupled with B-2-microglobulin, to be able to activate cytotoxic T-cells. When intracellular
proteins are degraded by the proteasome, the smaller peptide chains are loaded onto MHC class I molecules in
the endoplasmic reticulum and the complexes are inserted into the cell membrane.

The antigens originating from the normal protein turnover of the cell will be tolerated by T-cells, but unfamiliar
peptides will lead to the activation of cytotoxic T-cells for cell-destruction. When the antigen is presented on
MHC class I molecules, the complex is recognized by the specialized T-cell receptor on the surface of the
cytotoxic T-cell membrane. However, for active signalling another co-receptor on the cell-surface of cytotoxic
T-cells is also essential. CD8 (cluster of differentiation 8) glycoproteins support the MHC class I-antigen-TCR
interaction by binding with their extracellular IgV-like domain to the a; portion of the MHC class I constant
region (figure 2.A) — cytotoxic T-cells are therefore also called CD8" T-cells. This collective interaction sends
off a primary signal (signal-1) to the T-cells which alone is not sufficient to activate their cytotoxic function.
Signal-2 is a confirmation that the T-cells encountered a genuine foreign antigen, and do not induce auto-
immune response against host antigens. CD28 is a co-receptor on the cell surface of naive T-cells that interacts
with B7.1 (CD80) and B7.2 (CD86) ligands — proteins, whose expression on APCs is upregulated after the
detection of antigens. In lack of any of the two interactions, T-cells are not activated.

When the two signals together stimulate cytotoxic T-cells, anti-tumoral, anti-viral or anti-microbial cytokines
are secreted, most importantly TNF-a (tumour necrosis factor-a) —an “acute phase reaction” inducer with pro-
inflammatory and apoptotic effects; and IFN-y (interferon-y) — that activates macrophages and promotes
MHC class II expression. At the same time, cytotoxic granules are released from the CD8" T-cells, which
contain perforin and granzymes. The close proximity of the two cells and the tight immune synapse ensure that
the cytotoxic species are targeting only the signalling cell and not healthy ones nearby. Lastly, an interaction of
the Fas(first apoptosis signal)-receptor (expressed by the target cell) and the Fas-ligand (found on the cytotoxic
T-cells) activates caspases - a set of protease enzymes which initiate programmed cell death, eventually killing
the abnormal cell. (Figure 2.B) Cytotoxic T-cells are able to perform several rounds of this recognition-

elimination cycle during their lifespan.
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Figure 2. A. Antigen presented on MHC class I protein complex (with B-2-microglobulin) to a cytotoxic T-cell. CD8
glycoprotein, expressed on the CD8* T-cell surface strengthens the interaction by connecting with the constant region of the
MHC molecule.

B. CD8* T-cell activation by APC signalling and initiation of apoptosis. Antigen presented by MHC class I molecules is
recognized by a specific T-cell receptor, and after a verifying CD28-mediated co-stimulation (not shown in the figure), the
cytotoxic T-cell begins its effector function. Fas-FasL binding activates caspases. TNF-a and cytotoxic granules are released

towards the tumoral, infected or damaged cell. Modified from: Neumann et al.’]

As opposed to amateur APCs, professional APCs are fully committed to their role in the immune system and
this class of immune cells include monocytes and macrophages, dendritic cells (DCs) and B-cells. Similarly to
other cell types in the phagocyte family, mast cells and neutrophils exhibit professional antigen-presenting
capacity like macrophages and DCs, but only after activation.

Professional APCs ingest the pathogen by phagocytosis, fluid phase pinocytosis or receptor-mediated
endocytosis and then degrade it to different levels by various mechanisms. Macrophages, for example, engulf
the detected invaders in phagosomes, which vacuoles later mature by joining lysosomes — and create an acidic
organelle, where the pathogen proteins are degraded by hydrolysis. This powerful proteolysis is facilitated not
only by the low pH, but also by the presence of protease enzymes, so that the peptide chains are destroyed to
the constituent amino acid level.

On the contrary, in DCs - although they also have phagocytic activity until their maturation and express a wide
range of proteases - the degradation of internalized material is significantly less efficient than in macrophages.
The remaining larger structures, however, preserve the antigenic information of the original pathogen, making
DCs, under normal circumstances, the most potent subset of phagocytes to stimulate naive T- and indirectly
B-cells - forming the link between the innate and adaptive immune response.

DCs originate from the bone marrow, but then spread all throughout the peripheries, like the skin, oral-, nasal-
, pulmonary-, genital- and gastrointestinal mucosa - practically every lymphoid and most of the non-lymphoid
tissue. DCs, just like macrophages, display on their surface numerous phagocytic receptors, such as Toll-like
receptors (TLR), scavenger receptors, retinoic acid-inducible gene I receptors (RIG-I-like receptors),
nucleotide-binding oligomerization domain-like receptors (NOD-like receptors, NLRs), and C-type lectin
receptors (CLRs) to capture pathogens, infected cells or apoptosing cells. These receptors belong to the
pattern-recognition receptors (PRR) and are exceptionally good at detecting unknown molecular fingerprints
among healthy cells. They play the key role in distinguishing between healthy and non-self- (pathogen-
associated molecular patterns - PAMP), damaged-self- (damage-associated molecular patterns - DAMP) or



altered-self (tumor-associated molecular patterns - TAMP)-related structures in the organism. In addition to
their antigen-receptors, DCs also present several adhesion molecules which act as co-stimulatory factors during
T-cell activation and facilitate DC migration within the lymphatics and their homing after they accomplished
T-cell activation in the lymph nodes. These molecules include intercellular adhesion molecules (ICAM) 1, 2
and 3; members of the TNF family; the previously mentioned CD80 and CD86 for signal-2 initiation and
integrin proteins, like LFA-1 and LFA-3 (lymphocyte function-associated antigen 1 and 3). Apoptotic cell
phagocytosis is restricted to the immature phase of DC lifespan and induces the expression of specialized
receptors, like afs integrin and CD36.

When surface PRRs capture unfamiliar structures originating from pathogens, or when DCs receive
inflammatory signals, their maturation begins. DCs have a set of sophisticated control mechanisms to lower the
phagosomal activity and acidification level in their endo- or phagolysosomes. Unlike macrophages, they digest
proteins only partially - to fragments of some 10 amino acids, which antigenic fractures contain the information
for the specific immune response and immunological memory of the adaptive immune system. The epitopic
peptide antigens are then conjugated to MHC class II molecules in the phagosomal or endosomal
compartments and are transported to the DC cell surface via the endoplasmic reticulum. Mature DCslose their
phagocytic capability and migrate to secondary lymphoid organs, such as lymph nodes, tonsils or the spleen for
T- and B-lymphocyte activation. At the same time, other DCs are attracted to the site of pathogen entry.

In the secondary lymphoid tissue, the antigens on DCs are presented in conjunction with the MHC class II
molecules to T-helper cells — who will later orchestrate an entirety of coordinated mechanisms in the immune
response. The initial interaction is formed between the antigen-MHC complex’s al/p1 domain and the specific
T-cell receptor. In this case, the co-receptor strengthening the bond is the glycoprotein CD4, expressed on T-
helper cells, thus these T-lymphocytes are also called CD4" T-cells. CD4 binds with its D1 region to the 32
region of the MHC class II molecule. (Figure 3.A) This alone triggers only a set of intracellular pathways
though; for the complete activation and proliferation a synergistic effect of signal-1 and the aforementioned
signal-2 must occur. Without signal-2, T-helper lymphocytes become anergic, and lose their capacity to induce
immune response until their apoptosis. After the first time of receiving both signals simultaneously, signal-1 will
be enough in the future to activate antigen-experienced T-cells, and this is valid also after their differentiation
into T-memory cells. In other words, during the next encounter with the same antigen, T-cell receptor
detection of the antigen-MHC molecule complex will activate T-effector cells more rapidly than the first time.
The two signals lead to T-helper cell proliferation, although different receptor signals from the APC produce
different T-helper cell subsets. This is achieved by the release of different cytokines both by the DC and the T-
helper cell itself, and one of the major initiators of T-helper cell proliferation is IL-2 (interleukin-2). Numerous
other cytokines and chemokines take part in the communication and steer the proliferation in certain
directions. Eventually, the activated T-helper cells differentiate into various subsets of T-helper cells, T-effector
cells and T-memory cells; stimulate macrophages, natural killer cells (NKs), neutrophils, eosinophils and

basophils; and instruct B-cells to produce specific antibodies. (Figure 3.B)
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secreted, and part of the T-helper cells differentiate into T-effector and T-memory cells. Modified from Kambayashi et all¥



1.2 CARBOHYDRATES ENCODE BIOLOGICAL INFORMATION

Glycans are elemental constituents of every plant and animal tissue; ubiquitously present in living systems in
the form of oligo- and polysaccharides, or in conjugation with other biomolecules as glycoconjugates. They
exhibit enormous structural diversity, mainly due to the fact that individual carbohydrates are multifaceted
building blocks.

Monosaccharides are inherently different from nucleic- and amino acids with regards to constructing
biopolymers. The latter monomers are bound to form linear macromolecular constructs, as they can only be
linked by the two ends of a limited number of internally variable elementary units. The biodiversity of proteins
is determined by the residues appended to the C, of each amino acid, and more advanced structures are formed
by chain folding and peptide arrangement into refined complexes. Similarly, DNA and RNA consist of
repetitive units of only a few nucleotides; and yet, the sequences contain information of the entire genome -
sufficient encoded instruction to synthesize the full set of vital proteins. Carbohydrate oligomerization, on the
other hand, can be achieved by the formation of glycosidic linkages on more than two functional groups
(hydroxyl groups) of the same monosaccharide - these bonds then determine various regio- and stereoisomers,
such as a and  anomers. Additionally, the most common modifications of natural glycans for altered bioactivity
are acetylation, methylation, sulfatation, phosphorylation and epimerization of different functional groups.
The multiple positions available for functionalization on the same monomer allow chain branching, which is a
singularity of oligo- and polysaccharides among other biopolymers. More interestingly, asymmetrically
branched chains can be distinguished from linear or symmetrical multiantennary glycans exhibiting the same
saccharide epitopes. This distinct feature was decisively demonstrated by the modulated recognition between
systematically branched oligosaccharides and GBPs (glycan binding proteins). In the studies of Wang et al.l*!
complex N-glycans were chemoenzymatically modified into asymmetric multiantennary structures and their
interactions with lectins and influenza-virus agglutinins were analyzed on microarray chips. The minimal
epitopic elements were recognized differently when presented on linear, symmetrically- or asymmetrically-
branched oligosaccharides. This indicates that the glycan environment around specific carbohydrate ligands
and the capacity to form branched chains affect the biological information that oligo- and polysaccharides carry.
Carbohydrates are abundantly employed by biological organisms to store energy; maintain tissue structure and
integrity; facilitate transport mechanisms; or to improve the efficacy of specific processes, such as the folding
of polypeptides synthesized in the endoplasmic reticulum. In addition, hydrophilic saccharide moiety
decorations are used to improve the solubility of other biomolecules; and to protect peptides in glycoproteins
from the effects of protease enzymes and antibodies. Furthermore, glycans are crucial in numerous recognition
and signalling events, determining their selectivity and effectiveness. Consequently, they are capable of
initiating differing pathways, for example during fertilization,*) embryogenesis,”! disease development,® or in
the immune response.”’

The information encrypted by sugars is often referred to as ‘glycomics’'® (analogously to genomics and
proteomics), but this discipline is still far from comprehensive understanding. The study, analysis and
quantification of interactions between individual carbohydrates and proteins pose a serious challenge, as
monovalent glycans have generally very low affinities towards GBPs. Most of the naturally occurring mono-
and oligosaccharides typically show dissociation constants within the mM range towards their receptors,!"!!
while in vivo events triggered by glycans require a stronger binding interaction between proteins and their
ligands. To be able to observe and assess the functions of carbohydrates in living systems though, one has to
look beyond individual sugars.

To overcome this problem, glycans are presented to their receptors in multivalent ensembles of

oligosaccharides and glycoconjugates, and so, the accumulated affinities compensate for the individually
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insufficient interaction, setting a threshold for initiating biological events. The increased activity of these
constructs is known as the “glycoside cluster effect”, "™ 2] which was clearly demonstrated during numerous
valence-corrected binding assays,m] both in vivo and in vitro.'"¥) Multivalent carbohydrate structures are
widespread within organisms, both in soluble form (e.g. in blood, the cytosol or subcellular organelles) or as
constitutional units of the cell membrane surface — and one of the best examples of multivalent glycan display
in biological environments is the glycocalyx.

The three-dimensional matrix of glycans and glycoconjugates coating the eukaryotic and bacterial cell surface
— the glycocalyx — is a major platform of communication between the cell and external molecules, pathogens
and other cells. Various types of glycoconjugates are embedded into the lipid bilayer, with their carbohydrate
segments exposed to the extracellular media. The glycan patterns, the density and composition of the glycocalyx
may be indicative of the cell’s developmental, physiological or pathological status.''! It undergoes dynamic
changes during cell differentiation or degeneration, but pathogenic modifications or other malignant
transformations also leave their distinct marks on the coating of cells. For example, abnormal embryonic!'® and
tumoral cells!'”) show recognizable characteristics in their glycocalyx, which can be associated with atypical or
uncontrolled cell growth - these cells are identified by detection of non-self or altered-self antigens and patterns
on their surface.

The glycocalyx is a densely occupied nano-layer on the external face of the cell membrane: its typical
dimensions range from a few nanometers (e.g. in adhesion-related molecules) to some micrometers (for
example in carotid arteries).!"s It is built mainly from glycoconjugates of various kinds, where glycans are

covalently bound to other biomolecules, such as proteins (glycoproteins and proteoglycans) and lipids

(glycolipids). (Figure 4)
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Figure 4. Left top: Electron micrograph of fibroblast glycocalyx, stained with ruthenium red (120 000x). Modified from:
Martinez-Palomo et al.[’]
Left middle: Klebsiella pneumonia glycocalyx visualized by substitution fixation with osmium tetraoxide. Modified from:
Amako et al.2°]

Left bottom: Human immunodeficiency virus (HIV-1) particles observed by transmission electron microscopy. Glycoprotein
spikes on the virion detected after 1% tannic acid treatment of virus-producing H9 cells. Modified from: Gelderblom et al.?!]
Right: Major classes of glycoconjugates. In glycoproteins and proteoglycans, oligo- and polysaccharides are covalently bound to
cell-membrane integrated peptide chains. Glycolipids, such as glycoglycerolipids and glycosphingolipids are amphiphilic
conjugates of fatty acid chains embedded in the lipid bilayer and glycans are exposed to the extracellular side of the membrane.
GPI-cores anchor glycoproteins to the cell-surface by tying their C-terminus to a lipid via a glycosylphosphatidylinositol-linker.
Modified from: Essentials of Glycobiology, 3 Edition. Cold Spring Harbor, 2015-2017.12]

The structure of glycoproteins depends on both the conformation of the polypeptide backbone and the
distribution and organization of glycans. N- and O-glycosylations and ethanolamine-phosphate linkages are
among the typical functionalization methods that bind oligosaccharides to peptides.**! Saccharide-adorned
proteins have altered physicochemical and biological properties from the native peptide - this strategy often
improves the stability, solubility or specificities of the protein. Examples of glycopeptides can be found among
enzymes, antibodies, hormones, cytokines and receptor proteins - some of which were mentioned in the
previous chapter. For the proper functioning of glycoproteins, it is extremely important that the peptides are
appropriately glycosylated during the post-translational phase.!*"

Proteoglycans are constructs of a core protein covalently attached to one or more large glucosaminoglycan
(GAG) chains. Because of the presence of numerous sulfate and uronic acid groups, these polysaccharides are
of polyanionic character, and they are built-up from small disaccharide blocks. Depending on the repetitive
unit, the major classes of proteoglycans are: hyaluronic acid, chondroitin sulfate, dermatan sulfate, heparin,
heparin sulfate and keratin sulfate. These molecules are commonly found in connective tissue where they
maintain the overall organization, integrity and porosity of the tissue matrix.!*"!

The amphiphilic nature of glycolipids grants these glycoconjugates a mobility to laterally diffuse within the cell
membrane.?®! The lipophilic lipid chains are integrated into the bilayer and connected to glycans through a
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phosphate group. The freedom to assemble allows the organization of two-dimensional multivalent arrays on
the membrane surface, therefore these molecules can actively enhance their avidity towards GBPs.?!

Another class of glycoconjugates, the glycosylphosphatidylinositol (GPI) anchors tether the C-terminus of
proteins on the extracellular side of the membranes to fatty acids integrated into the lipid membrane during
post-translational modification.?*!

In the past decades, numerous tools have been provided by scientists to observe or analyse the interactions of
native glycans; or to exceed their pharmacokinetic (PK) and pharmacodynamic (PD) behaviour by artificial
constructs.?) Synthetic glycoconjugates are nano-scale materials whose architecture is designed to imitate or
emulate the structure of the native molecules. Glycoclusters,m] glycodendrimers,[m neo-glycoproteins
(NGPs)?) and recombinant glycopeptides,**! for example, typically resemble smaller, globular glycoproteins
with a relatively-high density of saccharides; whereas fabricated glycopolymers[34] simulate long, extended,

polyvalent glycoproteins and proteoglycans. Different carbohydrate-based structures can be organized into

[35 [36]

higher-level multivalent constructs by fine-tuned carrier-scaffolds, like cyclodextrins, I calixarenes,

(7] 8l macrocyclic peptide scaffolds™®’ and glycosylated nanoparticles*”! — offering help

rotaxanes,’*”) nanofibers,®
for targeting, delivery and bioimaging. It has also been demonstrated that glycan interactions can be
investigated in the context of the complex glycocalyx environment. Mimetics of mucin (a type of densely
glycosylated glycoprotein) with well-defined glycosylation patterns and dimensions were functionalized with
lipids and then passively inserted into the cell membrane to model and evaluate properties of the glycocalyx.!*!)
Later the same research group achieved a precise, bio-orthogonal method to synthesize membrane-protein
chimeras!**) — taking a step towards engineering the glycocalyx.

The biological importance of the glycocalyx spans from being a physical barrier between the cell and its
environment; through structural and modulatory tasks; to engaging receptors on neighbour cells or in the
extracellular media during specific recognition, cellular adhesion and signalling events. Such biological
processes involve proteins like enzymes, glycan-specific antibodies, glycosaminoglycan-binding proteins, and

another wide class of GBPs, the lectins.



1.3 ABOUT THE VERSATILE NATURE OF CARBOHYDRATE-LECTIN
INTERACTIONS

Lectins are carbohydrate-specific proteins that vary greatly in size, structure and functions. One discrete
modular element is common, however - lectins bind their sugar partners primarily through a carbohydrate
recognition domain (CRD).

Lectins are found in animals both in soluble forms (in serum or in the extracellular matrix) and as integral
membrane proteins. The mannose-binding lectin[*! (MBL; also referred to as mannose/ mannan-binding
protein, MBP) is one example of soluble lectins in the circulation. It is an important receptor in the immune
system that recognizes terminal mannose and N-acetylglucosamine moieties expressed on the surface of
pathogens, such as Candida albicans (fungal), HIV and influenza (viral), Salmonella and Streptococci (bacterial)
and Leishmania (parasital pathogen). MBL also triggers the lectin pathway of the complement system which
can eventually kill the pathogen.

The expression of integral membrane lectins mirrors the presentation of their cell-surface glycan partners: the
CRDs are oriented towards the extracellular or luminal side of the membrane, linked by a neck to the
transmembrane segment, and reaching into the cytoplasm with their N-terminus region of various lengths. The
primary interaction between lectins and sugars is formed between the CRD and a carbohydrate unit of the
lectin’s specificity, while other domains on the lectin peptide mediate different functions in response to the
recognition.

In principle, the CRD structure determines the main carbohydrate specificity of these proteins, but the

(1] 1 addition to the essential

recognition event is largely dependent on the presentation of glycans.
monosaccharide composition, the stereochemistry of different functional groups, the epitope-density, the three
dimensional arrangement, as well as the supramolecular environment (e.g. glycoconjugates of the glycocalyx)
affects the affinity of glycans towards many lectins. Consequently, many classes oflectins belong to the pattern
recognition receptors (PRRs).

Apart from the main CRD, numerous lectins display extended or secondary binding sites that can
accommodate additional glycan or aglycon motifs. These sites increase of affinity towards certain ligands, but
can also determine selectivity among various carbohydrates. They may also provide an explanation for the
discriminative recognition of identical epitopes on asymmetrically branched N-glycans in contrast to the linear
or symmetrical multiantennary oligosaccharides (see 1.2). The diverse ligand specificity of lectins is further
broadened by multiple ligand-binding modes - some examples will be discussed in the following section.

It had been demonstrated that some lectins show major structural changes upon binding to carbohydrates, in
order to tune their fine selectivity. Sialic acid-binding immunoglobulin-type lectin 7 (Siglec-7), for instance,
features a peptide loop crucial for ligand-specificity in siglec-fold proteins, that undergoes significant
conformational changes during co-crystallization with a synthetic oligosaccharide similar to a(2,8)-disialylated
GT1b ganglioside.!*]

The low affinity of individual glycans towards proteins was already mentioned in 1.2 (from the carbohydrate
point of view), and lectin-sugar interactions are no exception to this phenomenon. The dissociation constants
(Kp) of natural glycans and lectins lie typically within the 10°M - 10°M range,!'">* and this can be attributed
to several distinct causes. These receptors usually feature relatively shallow binding sites, rather than deep, well-
defined pockets, which could tightly accommodate ligands. There are only a few examples of lectins which grab
their glycan partners in hollow cavities. One of these rare cases are the M-type lectins, where a deep cleft is
found at the end of a barrel-shaped structure.*) FimH, a bacterial lectin expressed by Escherichia coli promotes
bacterial adherence to host cells - in this adhesin two tyrosines and alysine residue form the so-called “tyrosine-

gate” that leans over the more restricted CRD.*”!
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The flat binding sites of lectins allow a high solvent access to the receptor-ligand complex, thus giving room for
disruptive hydrogen-bonding and formation of salt-bridges under physiological conditions. At the same time,
while glycosidic bonds are flexible in solution, the loss of this flexibility upon binding a single conformation
results in disadvantageous entropy loss, that is compensated by beneficial enthalpy gain from newly formed
linkages, such as H-bonds."***!

To enhance affinity between carbohydrate ligands and lectins, natural glycans and glycoconjugates are
organized into multivalent structures of various types, where recognition motifs are presented in close
proximity to each other (glyco-cluster effect, see 1.2). However, this multivalent appearance is also reflected
by the lectin partners, who often form oligomers — usually from dimers to hexamers. Oligomerization is a type
of hemophilic protein-protein interaction, as it involves two subunits of the same lectin; however lectins are
capable of forming heterophilic protein-protein complexes as well. Galectin-8, a galactose specific lectin was
shown to attract Nuclear Dot Protein 52 kDa (NDPS2) for the activation of anti-bacterial autophagy against
Salmonella proliferation. This is achieved by binding NDP52 on the convex side of the galectin-8 CRD, which
allows simultaneous interaction with carbohydrates on the concave side of the domain.!*¢!

When several binding sites of alectin engage glycans, the interaction can be described by two generally accepted
models. The face-to-face model explains the binding of glycans and glycoconjugates exhibiting clustered
carbohydrate epitopes, in which case the affinity is greatly increased. The trimeric asialoglycoprotein receptor,
for example, has an approximately 10°fold affinity enhancement when it binds to a trivalent glycan structure
displaying terminal LacNAc motifs, in comparison with individual LacNAc.!**] The bind-and-slide (or internal
diffusion) model*”! is used for globular and linear glycoproteins, and synthetic multivalent glycomaterials. In
this scenario, one binding site of a lectin engages a single glycan-epitope at a time, but dynamically dissociates
and rebinds to adjacent epitopes, this way increasing the persistence time (and observed avidity) of the
complex. Further binding sites on the multivalentlectin - which do not participate in the primary glycan binding
- are capable of cross-linking other glycoconjugates.

The outcome of these mechanisms leads to different biological results. Oligomeric lectins can bind
carbohydrates on the same multivalent structure in a 1:1 complex (lectin inhibition); bridge two or more
glycoconjugates on the same cell’s surface (e.g. clustering of membrane-glycoproteins); or alternatively, cross-
link glycans expressed on different cells.* The ability to form agglutinates from neighbouring cells is a
characteristic of lectins, and this technique is often used for their detection and characterization.!!!

Indeed, the first plant lectin, ricin, was discovered in 1888 when castor bean (Ricinus communis) seed extracts
were reported to agglutinate erythrocytes, hence the name ‘hemagglutination’. Numerous other plant lectins
were observed and characterized since then and although their function is not entirely understood, they are
thought to have effects on plant growth, tissue development and defence reactions.*?! They are present in bulbs,
fruits and seeds where these lectins play key roles in protecting the plant from herbivores, pests and microbial
pathogens.!s?]

Legume lectins (also known as L-type lectins) are the most studied plant lectins thanks to the high access to
soluble lectins in the extracts of legume seeds. Structurally, the monomers consist almost always of antiparallel
p-sheets which are connected by loops and p-bends - a-helices are rarely found in these proteins. Typically, 3
antiparallel sheets — a flat back-sheet, a concave front-sheet and a linking top-sheet — build up a dome (the
“lectin fold”). Glycan-binding is mediated by one Ca** ion and one transition metal ion (usually Mn**) which
are based in the vicinity of the primary CRD - on the top of the front sheet, in the apex of the fold.[s*

The carbohydrate specificity of legume lectins varies significantly, however, in spite of their almost
superimposable crystal structures and sharing the major part of their amino acid composition. This is the result
of their variable tertiary structure, or more specifically, the size of one of the four main loops. Furthermore,
additional binding sites, as well as aqueous interactions and post-translational modifications of the lectins can

affect the recognition of carbohydrates.*! As a consequence, some of these lectins bind mannose or glucose



with high specificity (e.g. Concanavalin A)!*! while there are others with exclusive affinity towards sialylated
oligosaccharides (e.g. Maackia amurensis,'s”) Sambucus nigra).l**! Legume lectins are more often than not
organized into oligomers; regardless to being soluble or membrane-bound proteins, they usually construct
tetramers or dimers.

This property — in addition to increased avidity when binding carbohydrates — stands behind the mitogenetic
activity of legume lectins, as they are capable of stimulating DNA synthesis by quiescent cells.|) Moreover,
they can mimic natural protein ligands, like cross-linking growth factor receptors through their glycans, and this
provides a useful application in cell growth control studies.””) Consumption of undenaturated lectins
originating from uncooked beans intensely stimulates intestinal epithelial cell surface receptors and lead to
severe toxic effects in animals — this likely belongs to the plant defence activity.

Researchers have since long exploited the abundantly available plant lectins as biological tools. Immobilized
lectins are ideal for the purification of oligosaccharides and glycopeptides in affinity chromatography. Lectins
of well-characterized sugar-specificity are often used to detect certain structures on glycoproteins, or to

[52,99] Ag some lectins show selectivity for blood

determine the carbohydrate composition of various structures.
group antigens and are excellent hemagglutinating agents, these proteins may be used for blood typing.*”!
Viruses and bacteria purposefully use lectins to adhere to membrane surfaces or to invade host cells. Influenza
virus displays two proteins as “spikes” on the outer surface of the virion capsid to help infecting host cells.!*"
The first protein — the trimeric viral hemagglutinin (HA) facilitates entering the cell membrane by binding to
sialic acid residues on the glycoproteins of the glycocalyx. After replication of the virus, the other protein,
neuraminidase removes sialic acid from the cell-surface glycans to enable release of the new virus particles. This
way, the newly produced virions will not be retained by the same cell and are free to spread within the organism.
Similarly, bacteria, like E. coli expresses lectins for binding to carbohydrate structures on host cells in the urinary
or gastrointestinal tract, without being washed away by extracellular fluids. Two types of adhesins, FimH and
PapG are presented on the tips of pili and fimbriae — short projections on the bacterial surface.!®”)

Lectins are essential means of communication and transportation between cells in multicellular organisms and
between invading pathogens and host tissues. However, some lectins are directly involved in intracellular
glycoprotein trafficking. For these purposes, the glycoside motifs on the glycoproteins serve as a “handles”
which lectins grab in order to move these glycoproteins or to read out information. Calnexin and calreticulin
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play a crucial role in the quality control of protein folding in the endoplasmic reticulum.!®*! Incorrectly folded
peptides are retained and presented to folding factors until the right structure is obtained, before they proceed
in the secretory system. If the protein folding is beyond repair, another class of lectins, the M-type lectins are
responsible to submit the faulty peptide to endoplasmic reticulum-associated protein degradation (ERAD).1*4
The glycoprotein transport is facilitated by the L-type lectin subfamily (see legume lectins). %! To avoid the
release of destructive enzymes from the cells and to direct the freshly synthesized hydrolases from the trans-
Golgi towards lysososmes, the enzymes are tagged with mannose-6-phosphate groups which are recognized by
P-type lectins.!) During infection, inflammation and tissue damage, oligomannose N-glycans are released into
the circulation and are cleared out by the mannose receptor (MR), found on macrophages and the sinusoidal
cells of the liver.!*”)

Other lectins are involved in adhesion processes and contribute to cell migration. Selectins are cell-adhesion
glycoproteins expressed on endothelial cells, lymphocytes and platelets, with a single chain integrated into the
membrane. During leukocyte homing to peripheral lymph nodes, adhesive interactions are formed between the
selectins on the blood vessel lining and the glycans expressed by the leukocytes. The strength of these
interactions depends on the density and clustering of selectins and glycan moieties, but it is generally weak, and
thus, the leukocytes keep rolling along the vessels until binding to an integrin enables their migration through

the endothelium. ¢!
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Often intracellular signalling is also induced or mediated by lectin receptors. Siglecs, a class of the I-type lectin
superfamily are able to initiate signals which will then activate or suppress immunological responses.[”’ On the
other hand, the B-cell associated CD22 molecule, a member of the Siglec family, is necessary to avoid the
overactivation of the defence mechanism in the humoral immune system, thus decreasing the risk of developing
auto-immune reactions.”® In another example, when the macrophage-inducible C-type lectin (Mincle) - a
CLR expressed by macrophages - binds to pathogenic glycans on the cell wall of Mycobacterium tuberculosis, a
signalling pathway is induced and by the end, the macrophage starts secreting pro-inflammatory cytokines.!”"
Occasionally, lectins can take part in bactericidal pore-formation. Regllla (hepatointestinal
pancreatic/pancreatitis associated protein, also known as HIP or PAP) attaches to intestinal bacteria through
binding to its peptidoglycan backbone. Consequently, the lectin forms hexameric pores, inducing uncontrolled
ion-efflux which causes lysis of Gram-positive bacteria.”””!

Lectins are fundamental elements of the cell-mediated immune response - from the step of recognizing
molecular patterns on antigens and pathogens (PRRs); through the antigen uptake and internalization; to the
antigen-presenting of APCs and signal transmission. At least three families of lectins serve as PRRs. They are
grouped based on the architecture of their structural domain and the minimal carbohydrate epitope required

73] while galectins possess a specificity for galactose

for recognition. Siglecs recognize sialic acid residues,!
containing sugars - typically derivatives of lactose and N-acetyllactosamine.” The largest and most diverse
family of lectins, the C-type lectin receptors, are involved in all of the abovementioned steps during the cellular

immune response.



1.4 THE STRUCTURE AND FUNCTIONS OF C-TYPE LECTIN RECEPTORS

C-type lectin receptors (CLRs) display at least one independently folding, modular domain defined by
conserved residues — the C-type lectin-like domain (CTLD)."”s! The overall fold of the CTLD is determined
by the architecture of a hydrophobic core held together by disulfide bonds formed between Cys residues. In
addition to the CTLD, CLRs typically require one of more Ca*" ions to bind sugars (hence the letter ‘C’ in their
name) — the metal is ligated by various sets of conserved residues and they collectively represent primary or
secondary sugar-binding sites.

Not every protein that presents the CTLD is Ca**-dependent, or binds saccharides at all, thus there is a
distinction between CLRs and proteins featuring the CTLD, although Ca** mediated carbohydrate recognition
is the most common function of vertebrate CTLDs. Taking an even broader view, there are structural
similarities between C-type lectin CRDs and other protein domains without significant sequence analogy —
domain structures of this type are commonly described as C-type lectin-like folds (CTLF).

The crystal structure of numerous CTLD containing protein (with or without bound ligands) revealed a
common compact, globular structure of about 115-130 amino acid residues, adorned with a characteristic
double-loop (loop-in-a-loop). This is stabilized by two highly conserved disulfide bonds and other conserved
hydrophobic and polar interactions. (Figure §)
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Figure S. Double-loop structure of the CTLD. The domain is defined by an overall disordered loop, with an antiparallel B-sheet
located at the bottom of the domain (B1 and PS strands) and a second B-sheet on the top, and two additional a-helices (al and
a2). The CRD defining long loop enters and exits the domain at the same location, close to the 2, B3 and B4 strands. The
domain is stabilized by 4 Cys residues which link BS with al and B3 with BS. Modified from: Zelensky et al..7>%/

The overall domain is defined by a disordered loop whose N- and C-terminal B-strands (f1 and BS) assemble
into an antiparallel B-sheet under the domain. In CLRs, the presence of a secondary loop (the longloop) defines
the Ca**-dependent CRD, however this loop contains only a few conserved structures — it is both evolutionarily
and structurally flexible. The variable primary and secondary structure of the CRD-defining loop might be a

result of the enormous evolutionary pressure on CLRs, as they have to adjust to the rapid transformation of
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microbes. In some bacterial CTLDs, this whole loop can be entirely missing and in a few cases, this loop is
involved in domain-swapping dimerization.”

This long loop enters and exits the core domain at one location, close to a second {3-sheet which is formed by
the B2, B3 and B4 strands. Two a-helices (a1 and a2) adjoin the main domain and the whole CTLD is stabilized
by four highly conserved cysteine residues — from one side they link the main domain loop (#5) with al via a
disulphide bridge, and on the top of the domain, they fix the long loop entrance and exit site by connecting 3
with (3S. There is also a highly conserved WIGL motif located on the B2 strand which is used as a landmark in
sequence analysis.

Typically, there are up to four Ca’* ions present on each CRD, from which usually the second serves as the
sugar-binding site. Some CLRs, however, lack the canonical Ca**-mediated sugar binding site completely — for
example dectin-1 and layilin. Eventually, a few highly characteristic motifs around the main Ca** determine the
carbohydrate-specificity of the CLR itself. In the majority of these lectins, the primary CRD is formed around
a Ca’ centre which is stabilized by carboxylic and amide moieties either in the peptide backbone or in the side
chains — these include Asn, Asp, Glu and GIn residues. The first two amino acids are present in a highly
conserved WND triplet located on the 4 strand. While Asn and Asp are directly involved in the metal
coordination, Trp is a highly conserved follower of these residues and serves as a key point to detect the motif
in the sequence. Additionally, there are two variants of specificity-defining group of residues present in the
majority of CLRs, the EPN and QPD triplets. These amino acid residues create an intricate network of
interactions with the Ca** ion as well as H-bonding with each other and the carbohydrate ligand. During ligand
binding, an eightfold coordination of the metal ion is accomplished by the WND and EPN/QPD residues and
two hydroxyl groups from a monosaccharide.

In both the EPN and QPD triplets, the internal Pro has a conserved cis conformation which maintains the
backbone conformation and positions the two adjacent carbonyl groups in the appropriate positions for Ca**
coordination. The Glu-Asn (EPN) and Gln-Asp (QPD) residues are directly coordinating the Ca®* and form
further H-bonds with the carbohydrate ligands — whose nature is specifically determined by these triplets.
During ligand binding, two vicinal hydroxyl groups of specific carbohydrates form a complex with the amino
acid residues in the CRD. In EPN containing CLRs, two equatorial hydroxyl groups in positions 3 and 4 of the
sugar ring are ligated by the Ca, and therefore these lectins recognize primarily mannose, glucose and N-
acetylglucosamine related structures, as well as fucose-containing saccharides, which use OH groups in position
2 and 3 for coordination with the Ca*. The QPD sequence determines a preference for galactose and N-
acetylgalactosamine, where the hydroxyl groups in position 3 and 4 have an equatorial-axial geometry.

The proof for this sugar-specificity determination was provided for the first time by Iobst et al.,””) who replaced
the originally Man/Glc defining EPN sequence in murine MBL with a QPD triplet. The obtained QPD mutant
showed dramatically increased affinity towards Gal-type structures coupled with a loss of affinity towards Man,
although the naturally QPD-containing CRDs discriminate between the two carbohydrates more efficiently. In
the same model, crystallographic analysis did not reveal any significant structural difference in the geometry of
the Ca* binding site, except for the fact that swapping the H-bond donor and acceptor across the carbohydrate
binding plane changes the formerly asymmetrical (Man-type) pattern of H-bonding to symmetrical (Gal-type).
This leads to the assumption that other H-bonding networks are formed between the saccharide and the amino
acid residues, and these effectively determine the ligand specificity, orientation and conformation. This is
supported by the observation that in many cases CLRs bind sugars atypical for their pre-determined preference
- EPN motif containing CRDs occasionally recognize galactosides (e.g. CEL-IV,”* a CLR isolated from sea
cucumber Cucumaria echinata) and binding sites displaying the QPD sequence accept mannosylated structures

(e.g. Tc-CTL-1,") a CLR secreted by the parasitic nematode Toxocara canis). (Figure 6)
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Figure 6. Generalized presentation of the primary Ca®* binding site in CLRs. The residues contributing to sugar-binding are
organized around a Ca** core, and typically comprise Asn, Asp, Glu and GIn. Upon ligation of a monosaccharide, an eightfold
coordination and H-bond network is created around the metal. The carbohydrate residue uses its 3 and 4 hydroxyl groups
(occasionally 2 and 3) to directly coordinate the Ca**. EPN motifs in the CRD sequence grant room for two equatorial OH
groups in these positions, leading to the recognition of Man and Glc-type monosaccharides (or Fuc, in the case of OH at positions
2 and 3). The QPD triplet allows the ligation of Gal-type carbohydrates where 3-OH is directed equatorially and 4-OH is in an
axial position. Modified from: Zelensky et al.[73*]

The primary monosaccharide interactions within the Ca’*-binding site are often accompanied by several
additional interactions which may fundamentally deviate empirical observations from predictions based on the
peptide sequence. For example, while langerin - a CLR expressed on the surface of Langerhans cells - binds
mannose structures at the primary sugar-binding site in accordance with its EPN motif, it can also
accommodate sulphated galactose in the same pocket.*") This non-optimal Ca** ligation was later attributed to
the formation of salt-bridges between the sulfate-group and two positively charged Lys residues - this charge-
charge interaction compensates for the disfavourable coordination geometry of the galactose hydroxyl groups.
It was similarly difficult to explain, why the blood dendritic-cell antigen-2 (BDCA2) recognizes selectively
galactose-terminated biantennary N-linked glycans on microarrays when it has a high specificity towards Man-
related sugars and displays the EPN motif at the Ca?* site.*!) Competition assays then determined the binding
epitope as a trisaccharide Galp1-3/4GlcNAcP1-2Man and further crystallographic and mutagenesis studies
revealed that a mannose residue is indeed ligated at the conserved Ca** binding site, however a wide, shallow
groove adjacent to the primary binding site forms extra interactions with the galactose unit. Likewise, extended

or secondary binding pockets near the primary epitope-binding site offer room for extra ligand moieties in the

case of mouse dendritic cell inhibitory receptor 2 (mDCIR2) and a biantennary, complex N-glycan, bearing
bisecting GIcNAc.*) X-ray crystallography demonstrated that mDCIR2 accommodates one arm of the
multiantennary glycan near the primary Ca** sugar binding site. On the other hand, the dendritic cell specific
intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) binds simultaneously two arms of a
similar GIcNAc terminated branched glycan.!**! Although the main interactions are formed between a core
mannose and the primary sugar-binding site, the two branches on the nearby CRD surface maximize the affinity
between the lectin and glycan. DC-SIGN is well-known to bind numerous highly mannosylated
oligosaccharides through accessory binding sites — analogously to the previous example — by accommodating

the saccharide arms adjacent to the mannose residue ligated in the primary binding site. (Figure 7)
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Figure 7. A. Non-optimal sugar-binding in the CRD. Left - Binding of Man in the CRD of langerin, as anticipated by the
presence of the EPN triplet (langerin-ManS complex; PDB — Protein Data Bank - code: 3PSD). Right — non-optimal
recognition of sulphated galactose by forming salt-bridges between the sulfate group and two Lys residues (langerin-6SO,-
GalP1-4GIcNAc complex; PDB code: 3PSI). Modified from: Nagae et al.[s¥
B, C, D. Extended and adjacent secondary sugar-binding sites. B. Mouse DCIR2 binds to different arms of bisected GIcNAc-
terminated N-glycans (mDCIR2-branched N-glycan complex, PDB code: 3VYK). Modified from: Nagae et al.l¥]

C. DC-SIGN binds simultaneously two branches of a biantennary oligosaccharide, as a result of interactions between the glycan
and secondary binding sites close to the primary Ca?* site (DC-SIGN-branched GIcNAc-terminated N-glycan complex, PDB
code: 1K9I) Modified from: Nagae et al.3¥
D. BDCAZ2 recognizes Gal-terminated biantennary N-glycans via accommodating Gal residues in a shallow groove adjacent to

the primary Ca®* binding site (BDCA2-GalB1-3/4GIcNAcB 1-2Man complex, PDB code: 4ZET). Modified from: Jégouzo et
al 1

Even though high-resolution crystallography provides an intimate insight to the spatial arrangements of sugar

recognition, it may not always reveal every aspect of the interactions. In addition to exhibiting adjacent binding

sites close to the primary one, DC-SIGN was confirmed to utilize multiple binding modes to recognize highly
mannosylated oligosaccharides.[ss] In particular, Mang co-crystallized with DC-SIGN was discovered to have
two binding modes (3:1 ratio), and the resolution of the binding epitope Manal-2Man revealed that the two
orientations differ in ligand coordination by a 180° rotation about the C3-C4 bond bisector (this two-fold
rotation axis is a recurring geometrical feature of multiple-mode binding). Coordinates could be assigned for
the major complex, but the minor one lacked the definition of a few ligand atoms. The less populated
conformation was resolved by saturation-transfer difference nuclear magnetic resonance (STD-NMR)
studies,'*) and thus, both ligand orientations are now well-characterized. It is important to stress that the
presence of the Manal-2Man motif significantly improves DC-SIGN’s affinity towards oligosaccharides due to
both the additional contacts and the entropic enhancement of binding through different conformations.

Another example of multiple binding modes in the same Ca®* binding site involves the macrophage galactose
lectin (MGL). The CLR binds Gal and GalNAc with different affinity which can be traced back to the dual
recognition mode of the two sugar rings. STD-NMR experiments complemented with molecular dynamics
(MD) simulations unveiled opposite trends in the major interaction patterns for the two ligands; as well as
further H-bonds and CH-x interactions between the NHAc group and amino acid residues in the peptide
backbone.*”) These observations offer an explanation to the affinity contrast between the two similar ligands

and highlight the restrictions of relying only on one structural-analysis technique. (Figure 8)
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Figure 8. Multiple sugar binding mode in the primary Ca?* binding site.

A and B. Two orientations observed in the crystals of DC-SIGN-Mang complex (3 : 1 ratio for major : minor, PDB code:
2ITS). Co-crystallization with the epitopic Manal-2Man disaccharide (PDB code: 2IT6) reveals the conformation of the
major orientation (A), most importantly H-bonding with Phe313 and Ser360. In the minor orientation (B) only one Man

residue is visible, rotated by a 180° axis bisecting the C3-C4 bond, forming the typical coordination interactions and H-bonding.
In Man6, a second Manal-2Man unit at the non-reducing end interacts with Val351, but this interaction was not confirmed by
crystallographic data about Manal-2Man. Further computational predictions and their confirmation by STD-NMR solved the
minor binding mode of the disaccharide. Modified from: Feinberg et al.’*]
C. Dual binding-mode of Gal and GalNAc in the CRD of MGL. Selected molecular dynamic (MD) simulation conformations
representing the two orientations (supported by STD-NMR) data show a rotation of the galactopyranose ring of about 180°.
This orientation allows the formation of additional CH- interactions between the NHAc group of GalNAc and the peptide
residues, significantly enhancing the affinity of GalNAc towards MGL. Modified from: Marcelo et al.[¥”]

More remote secondary binding sites are capable of enhancing affinity towards extended ligands, such as larger

oligosaccharides, glycoconjugates and additional aglycon motifs appended to the glycan core. For instance, the
mouse scavenger receptor C-type lectin (SRCL) Ca** site coordinates the 3 and 4 hydroxyl groups of Gal in the
Lewis® blood group antigen (Galp1-4[Fucal-3]GlcNAcp), as predicted by the QPD motif in its sequence.
Furthermore, the relatively apolar “B” face of Gal is oriented towards a tryptophan sidechain, which allows
packing of this side of the sugar with the aromatic functionality, while the Fuc moiety interacts with other
residues (e.g. Lys), reaching out from the CRD surface.l*®) Although the human CRD has not been co-
crystallized with the ligand, probably similar interactions account for the restricted specificity of the two ligands
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towards Le* and Le®. In another example, Mincle coordinates one Glc of a trehalose (Glcal-alGlc) headgroup
of a glycolipid, while a hydrophobic groove in the CRD accommodates a long acyl chain on the 6-OH of the
sugar,”!J significantly improving the affinity between the lectin and the glycoconjugate.

Occasionally, the ligand may form additional interactions not only around the CRD, but with the neck region

as well. Langerin, on one hand, binds small heparin oligosaccharides (containing 1-8 trisaccharide units) at the
primary Ca** binding site — a common key structural element is used for coordination. On the other hand,
heparin oligosaccharides larger than 6 kDa use a hexasaccharide motif that fits into a positively charged groove
formed by the base of two CRDs and the neck domain - this binding takes place in a Ca**-independent
manner.* (Figure 9)
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Figure 9. Secondary binding sites and further additional interactions between CLRs and ligands. A. Mouse SRCL (PDB code:
20X8) binding Le* by coordinating two vicinal hydroxyl groups of Gal (QPD triplet in the peptide); packing the apolar face of
galactopyranose with a nearby Trp and forming additional H-bonds between the Fuc and a Lys residue. Modified from:
Feinberg et al.53%]

B. A hydrophobic groove in Mincle is capable to accommodate apolar chains of glycolipids, while the minimal epitope
monosaccharide is ligated at the primary sugar-binding site (cow Mincle-trehalose monobutyrate complex, PDB code: 4ZRV).
Modified from: Taylor et al.""’

C. More remote additional interaction between langerin and heparin. Smaller heparin trisaccharide motifs are bound at the
primary Ca®* binding site. Heparin polysaccharides larger than 6 kDa, however, fit a hexasaccharide unit into a positively
charged region located at the junction of the neck and two CRDs. The 3D model of langerin extracellular domain (ECD) and 6
kDa heparin was built based on molecular modelling simulations supported by STD-NMR and trNOESY experiments, using
the crystal structure of langerin complexed with laminaritriose (PDB code: 3PSH). Modified from: Mufioz-Garcia et al.l3!

Many CLR-ligand complexes have been structurally explored and the results have successtully explained
unexpected or vague ligand recognition observations, but further factors are yet to be revealed. These examples
were meant to pinpoint that unique binding modes; extended and secondary recognition sites; and additional
interactions with saccharide or aglycon moieties powerfully expand the diversity among CLRs. The lectins will
consequently possess finely tuned saccharide-specificity — a requirement to professionally orchestrate a wide
range of biological events.

The sugar binding activity of a CRD can be strictly dependent on the Ca®* concentration of the surrounding
media. SIGNR1 (a mouse homologue of DC-SIGN) showed important differences in binding sialylated
glycans on IgG when crystallized at low Ca** levels compared to the conventional recognition modes, because
the secondary adjacent Ca** site was absent from its structure.”"! This raises the question that if the metal ions
stabilize the overall architecture of the CRD, but are missing from the crystal, the obtained image might not
represent the binding geometry in physiological environment. In Mincle, a similarly absent accessory Ca**
binding site causes re-arrangement at the primary coordination site, which does not allow sugar-binding at

lower metal concentrations.®” Only higher Ca** levels enable the canonical sugar ligation at the primary site,



when the secondary site is occupied by a metal ion. As biological environments vary in their Ca®
concentrations, as well as in their acidity, ligand binding and release occurs in different compartments.
Endocytic CLRs tend to sharply lose their Ca® binding and with it, their sugar-binding activity at lower pH

levels in the endosome, resulting in the discharge of their saccharide ligands.

The C-type lectin CRDs display different evolutionary patterns that is portrayed by several conserved receptors
across the animal kingdom, or the absence of certain lectins in some species. Furthermore, a few relatively
recent divergences and duplications were observed in the case of some receptors.*! Close orthologues of cell
adhesion molecules (such as selectins), MR and SRCL were identified in different species, testifying the
conservation of endogenous receptors. One of the most striking examples for the absence of orthology is
demonstrated by the DC-SIGN family. Humans express two closely related genes for DC-SIGN and its
homologue, DC-SIGNR (DC-SIGN related molecule); while the mouse genome encodes eight SIGN-R
lectins - significantly different from the human receptors. The structural and functional differences among
these proteins limit the applicability of mouse models.

Drickamer ef al. defined 14 families of CTLD-containing proteins,'*) which system was later expanded into 17

7] (Figure 10) These subdivisions of the protein superfamily are

different classes by Zelensky and Gready.!
based either on phylogeny or on the overall domain architecture and sequence alignment, rather than the
oligomerization patterns. The largest and most extensively studied families of CTLD-containing proteins are
the NK-receptors (e.g. NKR-P1), collectins (e.g. MBL), selectins (L-/E-/P-selectins), and the myeloid C-type
lectins (for example DC-SIGN) - from which the last three groups belong to the more restricted family of C-

type lectins.
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Figure 10. Major subclasses of the C-type lectin receptors and their schematic representation with respect to the CTLDs, neck

regions and transmembrane domains (if applicable). Modified from: Drickamer et al.[>*]

As discussed earlier, oligomerization is one of the strategies to enhance the rather poor affinity between sugars
and CLRs. C-type lectin CRDs are no exception and are often found in clusters in the cell-membrane or in
soluble forms. The spatial arrangement of the multiple CRDs is diverse: in a few cases, multiple CRDs are
decorating a single neck (e.g. MR),!) while in other cases, lectin polypeptides bearing only one CRD assemble
into homo-oligomers (e.g. DC-SIGN,”" langerin,®”! MBLP"), occasionally hetero-oligomers (e.g.
macrophage C-type lectin - MCL - and dectin-2),'”! to increase avidity. Some CLRs, like MBL, present their
CRD:s in a fixed, moderately rigid geometrical arrangement, whereas other oligomers are flexibly linked (e.g.
DC-SIGN).

The architecture of the assemblies can be of crucial importance however, and may deeply affect the biological
role of the CLR. The trimeric langerin undergoes significant structural alterations upon the replacement of one
residue at the interface between two CRDs.!'® This sole mutation perturbs the correct presentation of the
CRDs and destabilizes the global oligomerization architecture, consequently causing abnormalities in the
membrane structure of Birbeck granules — cytoplasmic organelles in Langerhans cells essential in the
degradation of HIV-1.1'%!

In a biological environment, CLR homo-oligomers can organize into higher order multimeric structures. DC-
SIGN is known to form well-defined, discrete microdomains of 1-2 tetramers on the surface of DCs,'°* which
domains facilitate binding and internalization of virus particles (e.g. HIV-1), although no rearrangement of the

domains was observed during this process.



The rich diversity of CLRs in terms of distribution in tissues, structure and specificity strongly implies their
wide range of biological functions, which often require delicate coordination and selectivity. The central role
of myeloid cells (such as monocytes, macrophages, neutrophils and DCs) in anti-microbial host-defense is
primarily mediated by the CLRs expressed on their surface. These receptors are involved in pathogen
recognition and binding to the cell walls of viruses, bacteria, fungi and parasites by detecting non-self molecular
patterns (PRRs, see previous chapters), and are directly or indirectly involved in their internalization and
degradation (endocytosis and phagocytosis), followed by the further antigen-processing and presentation. The
myeloid CLRs modulate the immune response by inducing the proliferation and differentiation of various Ty
cell subsets based on the specific CLR and pathogen. They dampen or enhance certain immunological

[103

reactions by regulating natural killer functions or activating the complement system,!'®*) as well as by triggering

alternative signalling pathways in order to direct gene expression or platelet activation. CLRs also help myeloid
cells in cell adhesion, for example during their migration and antigen-presentation to T-cells — some examples
will be detailed at specific CLR discussions.

Not only do CLRs initiate immune responses, but some of them play a role in maintaining immune
homeostasis. Dectin-1, for instance, has a major role in gastrointestinal homeostasis due to its capability to
sense mycobiota in the guts, because it supresses fungal-mediated inflammation after mucosal damage.!"*"
Furthermore, dectin-1 polymorphism was detected in the intestinal tissue of patients with severe ulcerative
colitis.['%!

Abnormal CLR expression was demonstrated in different autoimmune responses. mDCIR deficient mice are
more likely to develop autoimmune diseases because of the excessive expansion of DCs whose growth would

106

normally be downregulated by this CLR.["! In humans, the gene encoding DCIR is associated with

[197] Patients with systemic lupus erythematosus (SLE) showed significantly reduced levels

of BDCA2, expressed by plasmacytoid DCs, which is required for limiting the TLR-induced type I IFN

rheumatoid arthritis.

1198 TEN-a and B are therefore excessively produced, and their concentration in circulation increases

secretion.
— this might bear pathogenic significance in SLE.

CLRs were confirmed to initiate or alter allergic responses. Dectin-2 facilitates the development of allergy to
house dust mite (HDM) allergens,'®! as it induces the production of cysteinyl leukotriene and IL-33, leading
to airway inflammation and Th2 immunity. The macrophage CLR Mincle, upon detecting glycolipids released
after cell-damage, initiates skin allergy and consequently promotes the development of experimental
autoimmune uveoretinitis.!' %!

In addition to the previously mentioned pathological conditions, C-type lectins exhibit immense therapeutic

17,111

potential to detect and target dead and tumoral cells.!'” ') Roughly half of the human proteins carry glycan
appendages as glycosylation is the most common post- and co-translational transformation modification. Upon
malignant transformations or tumor progression however, major alterations in the expression levels of
glycosyltransferases in the Golgi-apparatus cause aberrant glycosylation patterns on the tumoral cell
population. One of the most characteristic glycan alteration is the increased size and branching of N-glycans,
while another prominent sign is the upregulation of N-acetylneuraminic acid and fucose in the cell-surface

2] Overexpression

[113]

glycoconjugates as a result of the increased sialyltransferase and fucosyltransferase activity. [

of Lewis-type and sialylated Lewis-type antigens (Le, Le", sLe¥, sLe”) is reported to occur in carcinomas,

[114 115

and excessively fucosylated cell-surface glycoproteins are observed in ovarian,!''¥ prostatel!’! and colorectal
cancers,''® for example. These warning structural marks of malignant cells and, similarly, the characteristic
antigens on the surface of necrotic cells can be recognized and effectively distinguished from the normal

glycosylation patterns. CLEC9A (also referred to as DNGR-1) is reported to detect dead cell antigens, promote
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their phagocytosis by DCs and cross-present the epitopes to CD8* T-cells.!''”? Macrophages recruit neutrophils

to damaged tissue by expressing various chemokines and TNF as a consequence of Mincle recognizing a

118

necrotic cell antigen released from dead cells, for example after ischemic stroke"'® and traumatic brain

injuries.!!”]

Adhesion molecules, such as DC-SIGN, DC-SIGNR and LSECtin (lymph node sinusoidal endothelial cell C-
type lectin) have been affiliated with cancer occurrence, progression and metastasis. DC-SIGN binds to tumor-
associated carcinoembryonic antigens containing aberrantly glycosylated forms of Le* and Le® on cell-surface
oligosaccharides that causes attenuated function of DC-mediated antitumor-immunity and leads to colon
cancer progression and subsequent metastasis by immune evasion.!'””! Similarly, LSECtin present on B16
melanoma cells hinders the antitumor immune response by the suppression of tumor-specific T-cell
response.[lm On the other hand, some CLRs, like MR, LSECtin and the selectins also promote metastasis by
contributing to the circulation of cancerous cells in the blood or lymphatic system, their adhesion to endothelial
cells and the eventual migration through the endothelium.'?)

Occasionally, CLRs are directly contributing to anti-tumoral responses, as it was reported in the case of the DC
and macrophage associated dectin-1.'”! The lectin binds to tumor surface N-glycans and triggers a cascade of
signaling events, including the nuclear translocation of interferon regulatory factor S (IRES) and specific gene
expression, in order to promote NK-mediated tumor-cell killing via hemophilic interactions.

Two engaging possible applications of the selective recognition of tumor-antigens are the application of DCs

[124] and the exploitation of their signalling functions in vaccine development where

in cancer diagnostics
traditional vaccination fails (e.g. infectious diseases like AIDS and tuberculosis, or inflammatory diseases, such
as autoimmune diseases and asthma). Partially successful attempts were made to target CD20S (or DEC-205)
where mouse models indicated that the method can stimulate CD4* T-lymphocytes, but the approach could

[125

not be transferred efficiently into nonhuman primates and humans.!"! Ex vivo generated DC vaccination

therapies combined with delivering tumor antigens to the antigen-presenting interfaces were proven to elicit

(126 and recently a set of metastatic melanoma immunotherapy clinical trials were

directed immune responses,
based on primary myeloid DCs in the natural circulation.!'"””) These studies demonstrated feasible and safe DC
vaccination that improved progression-free survival rates of patients with virtually no side effects. According to
the authors, the production of the myeloid DC vaccines is fast and highly controlled, and the effects include
multifunctional, antigen-specific T-cell responses. It still remains open, however, whether the laborious and
costly development of specific DC-subset targeting vaccination could compete with the protein-based or
particle-based therapies (TLR adjuvants).['>! DC vaccines could have an advantage at targeting receptors that
are engaged in certain, desired immune responses - like antigen loading on one of the two MHC molecules
versus the other, or the initiation or redirection of specific signalling pathways.

For adequate immune response, the proper differentiation of Ty cells is crucial, and for this, DCs need to
convey specific and detailed information about pathogens. The PAMPs on the cell-walls of bacteria, viruses,
fungi and parasites are akin to fingerprints which is only recognized by a particular set of PRRs. Among PRRs,
CLRs are directly or indirectly (through the modulation of TLR signalling) involved in the initiation of
specialized gene expression pathways in response to certain pathogens. As mentioned in an earlier chapter,
upon presentation of antigens in conjugation with MHC molecules, CD4* cells will proliferate and differentiate
into distinct Ty cell subsets, based on the invading pathogen and the PRR induced signalling. Tu1 cells express
IFNY for the activation of macrophages, and these phagocytes can effectively clear the microbes. Tu2 cells
secrete a number of interleukins, such as IL-4, IL-S, IL-13, in order to trigger the humoral immune response
(mediated by antibodies and the complement system). Finally Ty17 cells express IL-17 for the stimulation of
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phagocytes which eliminate fungi and bacteria from the extracellular media.!'*) Therapeutic attempts have

been aiming to direct T cell differentiation towards these specialized subsets of Ty cells in order to combat



tumor-induced immunosuppression, viral, bacterial and fungal infections as well as to redirect allergic
responses caused by T2 cells towards favourable Tx1 responses.!'>")

Several aspects of the signalling pathways still remain among the less understood functions of CLRs. Some
lectins of the CLR superfamily, such as Mincle, dectin-2, BDCA2 and CLECSA induce signalling by assembling
with immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor molecules, like Fc receptor
v-chain (FcRy) and DAP12. Other C-lectins, for example dectin-1, DC-SIGN, DCIR and MICL (myeloid C-
type lectin-like receptor) trigger a cascade of signaling steps by activating various protein kinases and
phosphatases which then engage directly or indirectly with their cytoplasmic domains. Although numerous
CLRs, like DC-SIGN, BDCA2, DCIR and MICL are capable of initiating signaling pathways that affect the
TLR induced gene-expression at the transcriptional or post-transcriptional level, they require signaling by other
PRRs to effectively trigger the gene-expression. At the same time, dectin-1, dectin-2 and Mincle can initiate
gene expression after carbohydrate ligand binding, regardless to other PRRs. In all the pathways listed here, a
central mediator of inducible gene expression is the transcription factor nuclear factor-«xB (NF-xB) and other
supplementary transcription factors.!'3!]

CLRsand TLRs can and need to engage in coordinated crosstalk to promote specific gene expression.[** When
DC-SIGN binds mannose-containing pathogens, it modulates the immune response activated by TLR4, but
this “conversation” is dependent on the preceding activation of NK-xB by TLR3, TLR4 or TLRS. Upon ligand
recognition by DC-SIGN, the serine/threonine protein kinase (RAF1) becomes activated by a complex
cascade of events, and by the end, the p65 subunit of NF-xB undergoes phosphorylation. This phosphorylation
allows binding of histone acetyltransferase CREB-binding protein and p300 to p65, and the consequent
acetylation of p6S on several Lys residues which enhances its DNA binding affinity. Therefore the nuclear
activity of p65 and the transcriptional rate increases, and accordingly, the gene expression rate increases as well.
Accumulating evidence indicates however, that other factors still remain hidden in the DC-SIGN triggered
signaling pathway, as fucose-structures initiate a pathway independent from RAF1 activation.

On the contrary, BDCA2 signalling!'**) is facilitated by the non-covalent association with the ITAM-containing
signalling adaptor molecule FcRy, followed by its phosphorylation and recruitment of spleen tyrosine kinase
(Syk). This induces the assembly of a signaling complex, comprising caspase recruitment domain family
member 9 (CARDY), B-cell lymphoma 10 (BCL-10) and mucosa associated lymphoid tissue lymphoma
translocation gene 1 (MALT1). This complex normally participates in the activation of NK-xB or expression
of cytokines, but BDCA2 recognition of saccharide ligands results in calcium mobilization via the Syk-
dependent activation of another signaling complex. When the high-avidity ligation of ITAM-associated
receptors triggers transient calcium signalling and this is coupled with the activation of NK-xB and mitogen-
activated protein kinase pathways, a collective signalling with TLRs start pro-inflammatory cytokine
production.

As opposed to BDCA2, DCIR and MICL present immunoreceptor tyrosine-based inhibitory motifs (ITIMs)
in their cytoplasmic tails and sH2-domain containing protein tyrosine phosphatase 1 (sHP1) and sHP2 are

1] None of the two lectins are capable of inducing

recruited by these motifs upon ligand binding!
immunological responses alone, they rather alter the signalling pathways initiated by other PRRs. When
antibodies bind to DCIR, the CLR-antibody complex is internalized and transferred into endosomal
compartments to join TLR8 and TLR9. Upon activation of the CLR, the ITIM motif in the tail becomes
phosphorylated and the phosphatases gather around the cytoplasmic tail. The following pathway is yet to be
understood, but eventually results in the suppression of IL-12 and TNF production by myeloid DCs (mediated
by TLR8) and IFNa and TNF secretion by plasmacytoid DCs (induced by TLR9). In other words, the
presence of ITIM motifs in the cytoplasmic tails leads to the inhibition of cytokine response induced by other

PRRs. (Figure 11)
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Figure 11. TLR dependent signalling pathways induced by various CLRs. A. DC-SIGN engages in crosstalk with various TLRs
through the RAF1-mediated modulation of the TLR-induced NF-«xB activation; and by the end of a complex cascade, the gene
expression rate increases.

B. The cytoplasmic tail of BDCA2 associates with the ITAM-containing signalling adaptor molecule FcRy, which in turn
recruits Syk-kinase to activate the CARD9-BCL-10-MALT1 complex to initiate NK-xB induced cytokine expression. As a result
of joint signalling, pro-inflammatory cytokines are secreted.

C. DCIR and MICL contain ITIM motifs in their cytoplasmic tails which associate with sHP1 and sHP2 phosphatases. A
collective signalling with TLRs is necessary to suppress cytokine expression induced by other PRRs. Modified from: Geijtenbeek
et al 131

Dectin-1 is a particular CLR, as it can initiate gene expression without the help of other PRRs or adaptor
molecules.[3s! The lectin recognizes -1,3-glucans on fungal pathogens, and following their binding, induces
NF-«B activation. Dectin-1 contains the YXXL motif in its cytoplasmic domain and Syk associates with the
phosphorylated group of residues. Similarly to BDCA2, the CARD9-BCL-10-MALT1 complex assembly
activates NF-xB — this is the canonical NF-kB signalling pathway. However, dectin-1 also employs the RAF1
mediated pathway (independent of Syk-signalling, but involving crosstalk) and the two routes interlink at the



NF-kB stage. The downstream signalling steps also induce a non-canonical pathway unique of dectin-1, as well
as the NLRP3 inflammasome."*) The non-canonical pathway is presumably a major checkpoint during the
induction of specific T-cell responses and together with the canonical NF-xB pathways, they fine-tune the
induced cytokine responses by cross-regulating each other. In summary, dectin-1 possesses a specialized,
delicate control system over the cytokine gene transcription profile.

Dectin-2 and Mincle both associate in the cytoplasm with the ITAM-bearing signalling adaptor molecule FcRy

[137]

and induce its phosphorylation upon ligand binding.'*”! The recruitment of Syk kinase is followed by a number
of undefined steps, supposedly analogous to the other FcRy-paired receptors, but eventually the Syk-CARD9-
BCL-10-MALT1 complex activates NF-xB and thus induces gene transcription. These two receptors are
different from BDCA2 however, as they are able to trigger pro-inflammatory cytokine-production (e.g. TNF,
IL-6) independently from TLRs, and because they are present on several myeloid-derived APCs, whereas

BDCA2 is expressed solely by plasmacytoid DCs. (Figure 12)
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Figure 12. Independent signalling pathways induced by various CLRs. A. Dectin-1 has a unique signalling pathway, comprising
RAF]1-, Syk- and CARD9-BCL-10-MALT1 complex-mediated NK-xB activation together with a non-canonical signalling
pathway. This delicate system is capable of activating cytokine gene transcription without additional PRR signalling or
assembling with adaptor molecules.

B. Dectin-2 and Mincle associate with the ITAM containing FcRy adaptor molecule to recruit Syk-kinase. The CARD9-BCL-
10-MALT]I complex activates the NK-xB via unknown pathways to produce pro-inflammatory cytokines — this gene expression
induction is not dependent on signals from other PRRs. Modified from: Geijtenbeek et al.'3

The abovementioned signalling pathways rarely ever operate alone — they are in constant communication and
coordination to collectively steer the T-cell differentiation patterns. The subsequent immunological response
relies on the combined signalling pathways induced by the different PRRs present on DCs. The hypothesis that
manipulations of the receptor and signalling crosstalk will result in controlled Ty cell differentiation is one of

the pillars of CLR targeting therapeutic approaches.
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1.5 CARBOHYDRATE-BASED DRUGS AND VARIOUS APPROACHES IN
LECTIN-TARGETING

The extensive involvement of CLRs in biological events renders this group of receptors an attractive target for
therapeutic strategies. The main lines of CLR-based research focuses on the prevention of microbial adhesion
to the host cells and prevention of the subsequent colonization and invasion of the body; suppression of
inflammatory reactions and the modulation of specific immune responses. Phagocytic CLRs, for example, are
outstanding targets to promote or dampen certain APC functions, such as DC and macrophage mediated
endocytosis and to direct immunological signalling. So far, the majority of lectin-targeted investigations (not
limited to C-type lectins) focused on extracellular receptors, like siglecs, galectins, selectins; on bacterial and
viral lectins; and on APC receptors, like DC-SIGN.

Selective targeting of CLRs has enormous potential in the cell-specific delivery of drugs, vaccine agents or
genes. For instance, asialoglycoprotein receptor (ASGPR) is used to transfer genes exclusively into
parenchymal hepatocytes, as the receptor is expressed solely on the surface of these liver cells. This application
was first described when coupling artificial tetra-antennary galactose oligosaccharides (selective ligands of
ASGPR) to polylysine-plasmid DNA complexes lead to the transfer of the luciferase gene into murine and

[138) As this and other cases illustrate, successful attempts to harness CLR-mediated

human hepatocyte cell lines.
processes for medical purposes usually rely on glycan-protein interactions, while there are only a few examples
of non-carbohydrate based CLR ligands with a therapeutic relevance. Before rationally realizing any medical
strategies, one needs to look at the already existing saccharide structures with a biomedical application and be
cautious with certain boundaries associated with natural glycans to successfully overcome the difficulties.

Glycan and glycan-derived drugs typically rely on the formation or disruption of carbohydrate-protein
interactions. The most common goals behind this principle are the modulation of enzyme activity during
disease-related glycan synthesis and processing; and the interference with cellular recognition and signalling
events through the directed alteration of ligand-receptor interactions. Glycan-structures are therefore good
candidates in the treatment and diagnostics of numerous inflammatory, immunological, oncological,
neurodegenerative and infectious diseases. In particular, poly- and oligosaccharides are widespread anti-
inflammatory, anticoagulant and antithrombotic agents. The marketed poly- and oligosaccharide drugs are
usually derived from heparin, obtained from animal tissue, or synthetic low molecular weight heparin
(LMWH).!***I Small-molecule carbohydrate and glycomimetic drugs, on the otherhand, offer clinical potential,

140

for example, as antibacterial, antiviral and anti-adhesive agents.!'*) Glycosylated proteins, comprise adaptive

141

immunity-related agents, such as engineered antibodies,!'*") or erythropoietin glycoforms that are used, for

[142] Pharmacopoeia statistics from the US, Europe, Japan and China

example, in the treatment of anaemia.
showed that from ca. 100 marketed and under-development carbohydrate-drugs (98 registered in the US in
2015) about 77% consisted of polysaccharide structures (or derivatives), and 11.5-11.5% of oligo- and
monosaccharides (and derivatives).!'*!

Carbohydrate-based drugs are found among blood- and cardiovascular therapeutics, like anticoagulants - one
example from the LMWH family is Fondaparinux, a synthetic coagulation-cascade enzyme inhibitor.!"*!
Topiramate is an anticonvulsive fructopyranose derivative used for epilepsy.!'"**) The drug lacks the detailed
description of its action mechanism, although it presumably blocks the action potential that would otherwise
be repeatedly stimulated by sustained depolarization of neurons. Acarbose, a drug in the treatment of diabetes

mellitus type 2, is an a-glycosidase inhibitor oligosaccharide that blocks the release of glucose from large
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polysaccharides.!"*! The monovalent iminosugar Miglitol, although structurally quite different, functions as an

'47] Another relatively simple-structured iminosugar - Miglustat

anti-diabetic drug, based on the same principle.!
- functions as a competitive and reversible inhibitor of glucosylceramide synthase — an activity which is
exploited against lysosomal storage disorders, in mild and moderate type I Gaucher’s disease.!'**) Antiviral
pharmaceuticals also involve examples of sugar-based drugs, like the neuraminidase inhibitors Zanamivir and

[149] These small molecule ligands bind to the sialic acid-

Oseltamivir in the treatment of Influenza A and B virus.
removing enzyme expressed on the viral surface and prohibit the escape of the virus from the single infected
cell, preventing its spreading in the tissue (see 1.3). On the margins of carbohydrate therapeutics, there are
some saccharide-based drugs which act based on physicochemical principles - such examples include

Icodextrin, a colloidal osmotic agent in peritoneal dialysis.!'*"!

As indicated by the contradiction between the vast number of medically important functions of glycans and, in
spite of this, the limited number of approved carbohydrate drugs, native sugars exhibit suboptimal drug-like
properties that hinder their broad therapeutic application. The high number of hydroxyl groups and additional
charged functional groups, such as sulfate- and carboxylate-functionalities, lead to high polarity, and thus, alow
tissue-permeability of unmodified carbohydrates. This pharmacokinetic burden poses a problem for orally
administered drugs, as they are not absorbed into enterocytes in the small intestine by passive transport, thus
significantly reducing the active ingredient’s bioavailability. Carbohydrate structures that have reached the
circulatory system have short plasma half-life because they are subjected to degradation by plasma glycosidases
and liver microsomes, and they are rapidly cleared from the blood by the organic cation and anion transport
systems found in the liver and kidneys.!"**"]

As discussed earlier in details, monovalent carbohydrates display insufficient affinities towards their protein
receptors, well-below therapeutic potential, but the synthesis of larger oligo- and polysaccharides is a
cumbersome procedure. The synthetic routes almost always comprise numerous steps with low atom
efficiency, therefore a reasonable alternative is the use natural saccharide sources. Indeed, LMWHs are
obtained by heparin depolymerization by different methods, and many polysaccharide carrier scaffolds are
based on modified starch from plants. The control over these processes does not always reach the
pharmaceutical standards of certain national authorities though, and so, approvals for drugs from natural
carbohydrate sources are often regionally restricted. Poorly controlled purification or derivatization from these
saccharide sources can result in mixed composition, vaguely understood mechanism of action and challenging
analysis and quality control. Advances in the recent years, however, opened new horizons in controlled oligo-

[151]

and polysaccharide synthesis. The growing exploration and application of chemoenzymatic reactions,"*" as

152] will undoubtedly accelerate the integration of these

well as optimized automated carbohydrate-synthesis!
techniques into the large-scale production of biologically relevant glycomolecules.

Laborious synthesis is not the sole reason standing behind the scarcity of carbohydrate drugs, however. The
glyco-code is encrypted in an intricate structural complexity and heterogeneity that is close to impossible to
decipher in the absence of specialized, accurate and sensitive analytical tools. The thorough understanding and
quantification of structure and activity relationships (SAR) is an inevitable step during modern rational drug
design. At the same time, the accurate observation and measurement of glycan-target interactions is required
to identify hit and lead structures and to further develop their properties into drug candidates. The hitherto

hindered progress of glycoscience for medical applications has greatly benefited from the technical progress of
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the past decades in the fields of NMR spectroscopy, X-ray crystallography, molecular modelling and
microarrays.

During binding event studies, two major aspects of carbohydrate-protein binary complexes need to be
characterized. On one hand, identification of the functionalities and binding sites that contribute to the
interaction will offer later a valuable guidance to improve the chemical composition of glyco-drugs for higher
affinity. On the other hand, the three-dimensional organization of pharmacophores ensure the required spatial
arrangement of these groups, in order to maximize contact between the ligand and receptor. Presumably the
most detailed insight into the molecular basis of glycan-recognition is provided by X-ray crystallographic
structures of receptor or receptor-ligand complexes. For many therapeutically relevant lectins, the CRD
structure has been described and can facilitate rational ligand-design, but in lack of an accessible X-ray structure,
or an appropriate homology model, NMR serves as a useful alternative to examine the binding event. Two
techniques - the transferred nuclear Overhauser-effect spectroscopy (trNOESY) and saturation transfer

[153) The former

difference (STD-NMR) - are particularly helpful to assess carbohydrate-binding specificities.
serves as a tool to observe the bound ligand-conformation in the CRD, while the second provides useful
information to map the glycan-epitopes and protein sites which are in close contact during binding. Even if
NMR data cannot fully replace structural characterization by X-ray crystallography, the two analytical tools
complement each other and offer deeper SAR understanding. When none of the two techniques provide
sufficient information to start rational design of therapeutically desired ligands, molecular mechanics (MM)
and molecular dynamics (MD) are used to open up new perspectives in the structure of ligand-receptor
complexes. An additional NMR technique consists of recording the protein NMR in the absence or in the
presence of the (sugar) ligand. Using labelled protein allows the identification of signals that are perturbed in
the presence of the ligand and therefore are the most likely to interact with it.['s*

New high affinity or selective carbohydrate lead structures can be identified by in silico virtual fragment
screenings and powerful and facile high-throughput methods, such as the screening of libraries of small
molecules in automated assays, NMR-guided fragment-based approaches and glycan microarrays. However, in
order to target specific proteins by the means of rational drug design, the drug-like properties of previously
identified leads need to be improved and adjusted according to the specific requirements. The pivotal criteria
in the development of ideal carbohydrate-therapeutics are the enhanced affinity and selectivity of ligands
towards the target receptors; the satisfactory PK/PD/ADMET (absorption, distribution, metabolism,
excretion and toxicity) properties for appropriate bioavailability and the straightforward and well-controlled
synthetic strategy. All of these requirements point in the direction of two main strategic approaches for the
development of novel glyco-drugs - the rational design of optimized glycomimetic ligands, and the
construction of multimeric systems to improve affinity through increased avidity. 20 140> 155]

To accomplish these goals, one needs to address and purposely eliminate the above discussed obstacles lying
in the way of glycan-based therapeutics during carbohydrate drug-design.'*! Based on the binding
characteristics of a natural ligand in the CRD, a synthetic carbohydrate can be designed to present the crucial
epitopes in a pre-organized manner to mimic the required contacts with different sites at the protein surface.
Additionally though, in the case of well-defined binding pockets, further elements can also be included and
oriented towards the protein surface to form additional contacts, and thus, provide enthalpic contributions.
Optimally, these newly included functionalities would increase the otherwise low affinity between the
glycomimetic ligand and receptor, and ideally present a very unique binding architecture for the given CRD,
which will not be bound by other proteins. In other words, selectivity among receptors can be achieved by
accommodating specific epitopes in one CRD which would either not interact with any site in other CRDs (no
enhanced affinity) or block binding with others, as a result of a spatial clash (decreased affinity). Once the
pivotal points in the binding network are identified, the attention can be turned to improving the drug-likeness

of the molecule.



Bioavailability can be improved or adjusted by optimizing the molecular mass, polarity and number of H-bond
donors and acceptors within the molecule. These properties can be tuned by elimination of functional groups
which do not contribute to binding interactions or the conformation and by the bioisosteric replacement of
motifs which cannot be omitted. If absorption by passive transport is inherently impaired, rational design allows
the exploitation of active transport systems for example in the intestine, liver, kidney or the brain; by appending
specific functional groups that promote the crossing of these barriers. If the glycomimetic contains charged-
groups, transporter assays specific for the ion should be performed from early on during the development.
Similarly, regular testing of the metabolic stability throughout chemical modifications of the lead structure
helps to elongate the serum half-life of the drug. Enzymatic resistance can be enhanced, for example, by
incorporating structural motifs that prohibit the recognition of the molecule by glycosidase and
glycosyltransferase enzymes. Occasionally, smartly designed drug release can profit from the activity of
enzymes, allowing the oral administration of a prodrug, which will be degraded into an active metabolite with
finely tuned ADME profile.

Aglycon motifs in glycomimetic structures, as well as carrier scaffolds and nano-cores in multivalent
glycoconstructs potentially pose the problem of toxicity. This might be one of the major pitfalls, for example,
in the case of gold nanoparticles (GNPs), and needs to be carefully evaluated. Additionally, similarly to every
drug-discovery process, minimizing the costs of development (and possible production) is a basic requirement
that one needs to consider.

Oseltamivir - a competitive inhibitor of the neuraminidase enzyme on the Influenza virus surface - is a

156 The molecule, structurally similar to sialic acid, was developed from

benchmark among glycomimetic drugs.!
a carbohydrate lead by the omission and transformation of polar and enzymatically sensitive groups. It is orally
available as an ester, and about 80% of the administered prodrug is released as the active metabolite. (Figure

13)
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Figure 13. Oseltamivir drug release from prodrug. The orally administered ethylester is hydrolysed to yield the bioactive

carboxylic acid.

CLR-, and in general lectin-targeting has always been challenging, as even if the binding site is maximally
occupied by the carbohydrate ligand, the flat and extended CRD is an easily accessible region in the protein
(for further details on CRD structures, see 1.4.1). Therefore, similarly to clustered, multimeric natural
glycoconjugates, artificial constructs can also present several copies of the epitopic saccharide unit. The affinity
of multivalent glycoconstructs towards CLRs is highly dependent on the spatial arrangement and rigidity of the
carrier scaffold, as well as the length of linkers which tether the monovalent units to the core. Although in the
case of densely functionalized multivalent systems, there is not always precise control over the presentation
characteristics of the monovalent ligands (GNPs, glycopolymers, NGPs, larger glycodendrimers); well-defined
scaffolds can be tailored for certain CLRs. The appropriate spacing of ligands can be tuned by rigid spacers in
cases when the spatial presentation and the distance between adjacent binding sites is known (e.g. from X-ray

157]

crystallography).!
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1.5.3.1 The broader class of mammalian lectins

1.5.3.1.1 Siglecs
Examples of successful lectin targeting can be found in the Siglec family - co-receptors that play a role in

leukocyte signalling during adaptive and innate immune responses. One member of this lectin class, the myelin-
associated glycoprotein (MAG) inhibits neurite outgrowth after injuries of the central nervous system
(CNS).['¥] Small molecule antagonists of MAG, displaying nanomolar affinities and optimal stability in the

spinal cord fluid, are encouraging results to pursue the glycomimetic strategy in the search for siglec inhibitors.

1.5.3.1.2 Selectins

Several examples of promising antagonists have been developed against the three members of the selectin-

family. E-selectin is primarily expressed on endothelial cells upon stimulation by inflammatory cytokines; P-
selectin is present on activated platelets, and intracellularly stored supplies of the lectin can be rapidly recruited
to the platelet surface if necessary, while L-selectin plays a role in homing and trafficking of leukocytes.
Targeting selectins has an attractive therapeutic potential in the treatment of diseases where cell-adhesion,
escape from the blood stream and migration of leukocytes has been implied in the pathologic progress. All three
selectins recognize sLe* and sLe™-type cancer-related antigens and therefore they have been associated with the
false recognition of tumor cells as migrating leukocytes; their extravasation from the bloodstream and

[159

metastasis to other organs.'*”) Selectins are also involved in acute and chronic inflammation processes, and this

has been exploited to develop glyconanoparticles for the in vivo, pre-symptomatic visualization of brain-

[160] Dextran-coated nanoparticles with high Fe-content were functionalized with glycans through an

diseases.
amine-linker, and the obtained glyconanoparticles were efficiently detected as cerebral endothelial markers of
acute inflammation by magnetic resonance imaging (MRI).let] Rivipansel (GMI-1070), a pan-selectin
glycomimetic antagonist reduces soluble E-selectin levels in the bloodstream."” The drug-candidate
promotes accelerated recovery from vaso-occlusive crisis in patients with sickle-cell disease and has successfully
completed phase I and II clinical trials. Another glycomimetic inhibitor of E-selectin has been developed for
potential anti-inflammatory applications. A sLe* mimic was linked with the best ligands identified for the

1831 Kp, values of the optimized structures raged

second binding-site by NMR-guided fragment-based approach.!
within 30-89 nM and the ligand-receptor complex half-life reached minutes, as opposed to the typical value of

a few seconds.

1.5.3.2 Anti-bacterial agents

Probably one of the most interesting perspectives in lectin targeting lies within the development of anti-

[1402] Bacteria in the enteric, oral and respiratory mucosa benefits

adhesive agents against microbial infections.
from adherence to host tissue because it increases the chances of host invasion and colonization, as well as
unperturbed biofilm-formation. Pathogens gain improved resistance against natural clearing mechanisms of
the host, like destruction by immune-factors, bacteriolytic enzymes and they are less likely to be eradicated by
antibiotics. At the same time, they gain better access to nutrients, and can more easily deliver their toxins. The
alarming emergence of antibiotic-resistant bacterial strains and the possibility of intervention at an early stage
of pathogen invasion turned the focus towards anti-adhesive therapies in the treatment of many infectious
diseases. Anti-adhesive agents which inhibit lectins involved in pathogen-host cell interaction can prevent the

adhesion of microbes to the host, and their spreading within the body, and they are effective in combatting



biofilm-formation. One of their major expected advantages, though, is that they lack bactericidal effect, and
thus they do not contribute to the propagation of resistant strains, like the excessive use of antibiotic drugs.

Pathogens typically adhere to host tissue by two methods: either by host cell PRRs recognizing carbohydrate
structures present on the invader’s surface, or by expressing adhesin proteins themselves, which will then bind
to host-cell surface glycans. Bacteria often express several types of adhesins, therefore a potent anti-adhesive

drug must inhibit multiple lectins of this kind.

1.5.3.2.1 FimH - E.coli
FimH has been linked to uropathogenic E. coli (UPEC),!"*) as well as with adherent invasive E. coli (AIEC),
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isolated from the small intestine of patients with Crohn’s disease.!'® UPEC causes urinary tract infection by
migrating from the rectal microbiota through the urethra until it reaches the bladder. Infections are usually
treated with oral antibiotics, however, and therefore recurrent cases hold the threat of drug resistance. Studies
of the CRD of FimH adhesin over 200 strains showed an invariant structure: a deep sugar-binding pocket with
a specificity for mannose, where the entrance is narrowed by a conserved group of residues, the so-called
tyrosine-gate (Tyr48, Tyr137, IleS2, see 1.5.3).1471%] Therefore, rational glycomimetic development began to

11671 Tn the synthetic ligands, a

form additional interactions with the hydrophilic sidechains found in this region.
Man monosaccharide element creates a H-bonding network in the pocket with its 2, 3, 4 and 6 hydroxyl groups,
and an a-linked hydrophobic aglycon motif that interacts with the gate. Alkyl chains (e.g. n-butyl) were found
to significantly increase the affinity of monovalent ligands, but the #-heptyl substituted glycomimetic dimerized
two CRDs in vitro which causes a likely overestimation of the observed binding affinity. Nanomolar antagonists
were developed by incorporating aromatic aglycon motifs in the anomeric position because these groups can
form favourable n-x interactions with the Tyr residues.'® The most potent inhibitors belong to the class of
biphenyl derivatives. During a PK/PD profile optimization process,'®  3’-chloro-4’-(a-D-
mannopyranosyloxy)biphenyl-4-carbonitrile emerged as the best drug candidate — an orally available molecule
that is absorbed in the intestine, renally excreted and has a finely-tuned residence time in mouse bladder to
reduce the bacterial load 1000-fold.
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Figure 14. FimH antagonists and binding mode in the CRD. A. X-ray crystal structure of a biphenyl-group containing a
mannose-based lead, complexed with FimH CRD (PDB code: 3MCY). The aryl groups pack against the tyrosine gate above the
principal binding site, creating s- interactions with the lipophilic residues in this region. B. Optimized structure with enhanced

PK/PD properties. Modified from: Pang et al.l16]
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1.5.3.2.2 PA-IL and PA-IIL (LecA and LecB) — Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative bacterium present in healthy flora that becomes a severe threat for

hospitalized, immunocompromised or otherwise critically ill patients and for patients with cystic fibrosis. The
traditional treatment involves antibiotics; although the bacterium is particularly resistant, mainly as a result of
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its capability to form biofilms.['7%) Bacterial cells which are shielded from external conditions by this protective

clustering are less likely to be accessed by host-defense mediators and 1000-times more resistant against

[171]

antibiotic treatment. Attempts were made to combat the biofilm formation of P. aeruginosa by

1172 Quorum sensing is a

autoinduction of quorum sensing triggered by analogues of the native mediator.
coordinated mechanism of bacteria to adjust gene-expression levels to the local population density. The
expression of two virulence factor lectins — PA-IL (LecA) and PA-IIL (LecB) — are controlled by this
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machinery.[ I'These tetrameric lectins are originally soluble intracellular proteins, but upon their release, they

promote adhesion of the bacteria to host cells and biofilm formation by cross-linking glycans expressed on

174 175)

bacterial cells.l'’* LecA recognizes terminal a-linked Gal saccharides and requires one Ca** ion for binding,!

while LecB has an exceptionally high affinity - 1.6 uM - towards L-Fuc (in lectin-monosaccharide relation) and

uses two Ca** ions.['7¢

I Bacterial adherence can be reversed in the case of both LecA and LecB by the addition
of D-Gal (for LecA) and D-Man (for LecB). These monosaccharides are included as a supplementary agent
during combination therapies with Tobramycin — an antibiotic drug particularly effective against P. aeruginosa,

1177} In spite of the Ca®* requirement, the lectins do not

that prohibits mRINA translation into protein synthesis.
share sequence or folding characteristics with CLRs, but LecA displays a highly similar Gal-binding mode to
animal lectins, like the QPDWG mutant rat-MBL and the tunicate Gal-specific CLR, TC14, isolated from
Polyandrocarpa misakiens. Interestingly, LecA binds Gal 10-fold more strongly than animal CLRs, which can be
attributed to an additional interaction with 6-OH.["”*! LecB, on the other hand, in addition to the unusually low
ICso value for monosaccharides, has a binding affinity towards Le” in the nanomolar range (210 nM). In an
attempt to develop simpler glycan molecules, the trisaccharide structure was simplified to a Fuca(1-4)GlcNAc
disaccharide, but the higher flexibility of the molecule resulted in an increased entropy loss that was only slightly

1781 The breakthrough in LecB glycomimetic ligand development was

compensated by newly formed H-bonds.!
provided by the Titz group, after screening 4 series of a-mannoside glycomimetics in competitive binding
assays on ELLA (enzyme linked lectin assay) plates.'"””! The highest-affinity binders were identified as 6-
modified a-mannosides, particularly the cinnamide and sulfonamide derivatives. (Figure 15) X-ray images
were not able to provide sufficient information about the complex structure, but further biochemical assays,
NMR studies, MD simulations and bacterial adhesion tests showed two distinct binding modes where the Man
core was accommodated the binding-cleft, while the aromatic rings got in close contact with the protein surface.
Additionally, in the case of the sulfonamide derivative, a further H-bond was formed between the NH and
Asp96. The most promising ligands were transferred into fucosylated glycomimetics, decorated with cinnamide
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and sulfonamide moieties, deliberately aiming for increased drug-likeness.""! By designing highly potent
monovalent ligands, the authors intended to circumvent two major issues of LecB inhibitors: the probability of
stabilizing the biofilm by bridging several tetrameric LecB proteins by larger oligosaccharides; and the restricted
use of multivalent constructs by topical application, instead of oral administration. The most potent ligands
compete with the affinity of Le* — for example, a tiophene sulfonamide decorated fucoside reached a Kp value
0290 nM. These derivatives have improved pharmacokinetic and pharmacodynamic behavior - low MW, oral
availability, high concentrations in plasma and urine and receptor-ligand half-lives of minutes. Moreover, they
show selectivity towards LecB over host lectins, low toxicity; high metabolic stability in vitro and superior
binding kinetics and thermodynamics. Most importantly, unlike the natural ligands, the monovalent

glycomimetic ligands were able to efficiently inhibit biofilm formation by P. aeruginosa.
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Figure 1S. LecB inhibitors and their crystal structure in the CRD. A and B: 6-OMe-Fuc-based sulphonamide and cinnamide
inhibitors and their binding mode in the LecB CRD (PDB codes: 3ZDV, SA30 respectively). C: Optimized structure of a
sulphonamide derivative (Kp: 290 uM) with improved selectivity and pharmacokinetic properties, and its binding mode in the
CRD (PDB code: SMAY). Modified from Hauck et al. and Sommer et al{17%-180]

As mentioned earlier, lectin-targeted anti-adhesive therapeutic approaches can involve either the adhesins
expressed by pathogens, or the receptors found in the host — primarily APC-surface receptors. Dendritic cell-
induced signalling pathways and immune responses are greatly influenced by the type of encountered pathogen
and the nature of the PRR (TLRs and CLRs) that captured the microbe. Various DC subsets express different
CLRs, such as DC-SIGN, DC-SIGNR, Langerin, MR, DEC205, BDCA-type lectins, dectin-type lectins, DCIR,
DCAR, DCAL-type lectins, CLEC1, MGL - the majority of these work as endocytic receptors. MR and
DEC20S display 8-10 CRDs on a single neck and are type I transmembrane proteins, while the rest belong to
the type II transmembrane receptors. Arguably, the most important CLR involved in first-line host-defense is
DC-SIGN, a dendritic-cell expressed PRR that is among the firsts to encounter pathogens within the body.

Precisely DC-SIGN’s versatile role in the immune response, and its interlaced functions with other what makes

DC-SIGN an attractive target for pathogens to escape defense mechanisms and infect the host.
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1.6 DC-SIGN TARGETING IN THE CENTRE OF ANTI-MICROBIAL AND
IMMUNOMODULATING STRATEGIES

Humans express two closely related DC-SIGN homologues, DC-SIGN (CD209) and DC-SIGNR (L-SIGN,
DC-SIGN related protein, CD209L, CD299), whereas the mouse genome encodes 8 homologues (SIGNR1-
8), although SIGNR-6 is likely a pseudogene.!'*!! The mouse homologue family, however, has undergone such
a significant divergence that none of the SIGNR receptors are real orthologues of DC-SIGN - their functions,
signalling pathways, cell and tissue distribution patterns and ligand-binding characteristics are only partially
overlapping with the human homologue.'"*?) In vivo studies of DC-SIGN are therefore restricted to SIGNR
knockout mice and transgene introduction of human DC-SIGN - the majority of information about the
biological role of the human receptor originates from in vitro investigations.

DC-SIGN is primarily expressed by immature DCs in the peripheries and mucosa, like the skin, lungs, rectum,
cervix and placenta, but it is also found on the surface of mature DCs that migrated to lymphoid organs. DC-
SIGN is not exclusively associated with DCs, though, as the receptor is present on other APCs in
immunoprivileged tissues, such as macrophages in the dermis and intestinal mucosa, tumor-associated
inflammatory M2 macrophages, lymph node sinus endothelial cells and Hofbauer cells in the placenta.!"®! The
expression of DC-SIGN is stimulated by IL-4, a cytokine that is produced by Tu2 cells and additionally
promotes naive T helper cell differentiation into Tx2 cells in a positive feedback-loop.['™! DC-SIGN is often
co-expressed with other CLRs (e.g. MR), but studies until now indicate that this receptor recognizes a broader
repertoire of pathogen-associated ligands than other DC-related PRRs with a mannose-specificity.!'*

The CRD of DC-SIGN exhibits the Glu-Pro-Asn motif around the primary Ca®* binding site,® and
accordingly, the lectin binds Man and Fuc-containing stuctures: internal mannose trisaccharides (Manal-
3Manal-6Man) in branched glycans; terminal mannose disaccharides (Manal-2Man) - for example in the
Mycobacterium tuberculosis bacterial cell-wall component lipoarabinomannan (ManLAM); the four Lewis-type
antigens — Le¥, Le", Le?, Le® and sLa" but not sLe*.l *) Notably, DC-SIGN has a generally higher affinity
towards fucosylated natural ligands than towards mannosylated ones, and it is the main receptor for Le* on
DCs,"*”) while mannosylated ligands are captured by several other CLRs expressed on the surface of APCs.
The CRD structure-ligand binding relationship will be discussed in more details later on.

ADC-SIGN monomer consists of a globular CRD oriented towards the extracellular site of the cell-membrane;
a neck domain that includes 7 complete and one incomplete 23-amino acid tandem repeat units; the
transmembrane region and a short cytoplasmic tail. Characteristic recycling and internalization motifs — Leu-
Leu, triacidic Glu-Glu-Glu cluster and an incomplete ITAM - are found in the tail region, which direct the
captured pathogens towards lysosomes and MHC class II containing late endosomes for processing and
presentation to T-cells.['**

In vivo, DC-SIGN organizes into coiled coil oligomers by autonomous tetramerization of the neck domains in
a highly coordinated process that presumably skips the dimerization state. As these regions are not fully helical
(ca. 40% a-helical structure) and there is only little interaction between the individual CRDs, the four clustered
monomers are flexibly linked.® This loose, 4-stranded bundle differs from several other CLR oligomers that
contain fully helical necks and are therefore more intimately associated. At least 6 repeat units are needed for
oligomerization in the SIGN family of CLRs.!"**! (Figure 16)

This allows multimeric interactions between the extracellular domain (ECD) and pathogens leading to

increased affinity through enhanced avidity, as well as a more efficient screening of the environment for ligands.



The CRDs are pointed ca. 32 nm away from the cell surface and the individual CRDs are presented
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approximately S nm away from each other."®! The spatially constrained arrangement of the CRDs suggests

that merely the multimeric presentation of ligands is not sufficient to enhance affinity, their geometry can
improve or reduce avidity effects. Neck polymorphism has been described on the genetic level (5 alleles),!*"
and the resulting variable neck lengths affect susceptibility to pathogens, such as HIV-1. Menon et al. reported
191]

a certain degree of flexibility upon ligand binding,!*") as established by surface force measurements between
DC-SIGN presenting lipid bilayers and Mans functionalized neoglycolipids (NGLs). Ligand engagement was
accompanied by a “contraction” in the CRD length — from 33 nm (unligated) to 27 nm (ligated form) — and
this conformational change presumably facilitates the engagement of all CRDs when approaching pathogens
that exhibit numerous copies of ligands.

Once the receptor-ligand complex is formed, the neck plays a central role in the internalization of pathogens
for further processing in endosomes and lysosomes of decreasing acidity. The oligomerization state of the
domain depends on the pH and ionic strength of these compartments, and in the studies of Tabarani et al.,!**’
DC-SIGN ECD tetramer dissociation into monomers was observed around pH ~ 5, with an approximate
transition midpoint at pH ~ 5.9. It was previously shown in vivo that DC-SIGN releases its ligands in the acidic
luminal environments around pH ~ 6, and the demonstrated acidity-dependent change in the oligomerization
state, the extended receptor conformation and the CRD organization and spatial presentation may provide the
molecular-level explanation for this phenomenon.

In addition to tetramerization, DC-SIGN expression on the cell surface is organized also on a second level. The
lectin oligomers assemble into well-defined membranous microdomains, and these sites are located in the so-
called lipid rafts — a region in the cell membrane with high concentrations of cholesterol and
glycosphingolipids.''*?) Importantly, microdomain formation by the receptor enhances virus binding and
uptake (e.g. HIV-1),[!% compared to randomly localized DC-SIGN. Tetrameric presentation and organization
into microdomains allow the formation of multiple interactions between the CRDs and PAMPs — and a
facilitated uptake of pathogens that differ in size. As it was discussed in earlier sections, multivalent ligands

(both natural and artificial) benefit from this synergistic affinity enhancement of individual interactions, and

avidity can be purposefully exploited to design inhibitors of DC-SIGN.
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Figure 16. The structure of DC-SIGN tetramer and CRD. A. Schematic image of the type II transmembrane receptor. Four
CRDs are projected towards the extracellular surface through a long, coiled-coil neck that contains seven and a half tandem
repeats. The transmembrane domain connects the extracellular domain (overall conformation represented on the right, based on
a GASBOR model) to a short cytoplasmic domain that contains di-leucine (LL) and triacidic (EEE) clusters, as well as an
incomplete ITAM-motif.

B. CRD tetramers in top- and side-view. Four copies of Mans;GIcNAc; are ligated at the four sugar-binding sites (based on the

same GASBOR model). Two neck repeats are included in the bottom image. Modified from: Drickamer et al. and Tabarani et
al.[o4 189]

The primary role of DC-SIGN is pattern recognition to capture microbes encountered by DCs, followed by
pathogen internalization and submission to classical endolysosomal degradation and MHC class II
presentation to T-lymphocytes. Additionally, DC-SIGN is able to modulate signalling pathways induced by
other PRRs, such as TLRs (see the earlier discussion of DC-SIGN-TLR crosstalk), but it cannot initiate DC

[132] DC-SIGN recognizes molecular patterns on pathogens, as well as

maturation and cytokine secretion alone.
self-glycoproteins, such as intercellular adhesion molecules (ICAM). This capability endows DC-SIGN with
an important function as cell-adhesion mediator during DC migration and antigen presentation. More
specifically, DC-SIGN binding to heavily glycosylated ICAM-2 and 3 drives important cell-cell adhesion
processes, regulated by the cell and tissue specific glycosylation patterns. DC-SIGN uses ICAM-2 present on
endothelial cells as a “handle” during DC migration from peripheries and in the blood to lymph nodes. "** This
CLR-ligand promoted trafficking is similar to the selectin-mediated rolling of lymphocytes along the blood
vessel linings. DC-SIGN-ICAM-3 interactions, on the other hand, are crucial in DC-T-cell signal transmission,
because the transient adhesion gives time to T-lymphocyte TCRs to find and recognize MHC-antigen
complexes on the DC surface, and the created immune synapse is further stabilized by the adhesive receptor.
The importance of DC-SIGN’s contribution to this immunological communication was illustrated by
inhibiting the CLR with mABs - an obstruction that abrogated DC-T-lymphocyte clustering and prevented
resting T-cell proliferation.*'! ICAM-3 is expressed by endothelial cells and neutrophils as well, therefore DC-
SIGN-ICAM-3 binding facilitates attachment to these cells too. Other self-glycoproteins recognized by DC-
SIGN include macrophage receptor-1, carcinoembryonic antigen, butyrophilin, the Fc (fragment
crystallizable) region of immunoglobulins and milk bile-salt-stimulated lipase.!'*>

An intriguing study from Geijtenbeek and co-workers proposes that the receptor is unique among EPN motif-

containing CLRs in the sense that it can distinguish and react differently to Man and Fuc structures.'* In



healthy higher-order mammals, mannosylated saccharide conjugates are present almost exclusively in the ER,
during the maturation of glycoproteins (post-translational modification) and on the surface of invading
microbes (viral envelope, bacterial cell-walls). According to the reported observations, if DC-SIGN detects
Man-structures, the TLR induced DC response is modulated towards pro-inflammatory reactions (e.g.
chemokine expression) to eliminate the pathogen or the damaged cell which has exposed these — normally
intracellular — elements. On the contrary, fucosylated saccharides are expressed by a large number of healthy
cells, and these antigens require tolerance by the immune system. In this case, DC-SIGN contributes to
immune-homeostasis by steering the TLR induced pathways towards anti-inflammatory signalling. Notably, a
few pathogens learned how to subvert this mechanism, as this is seen in the case of some Helicobacter pylori
mutants that express Le" antigens and accordingly, exhibit improved pathogenicity.

The suggested differential recognition of mannose and fucose and the opposite signalling pathways induced by
the two epitopes are not the only characteristics of DC-SIGN that opportunistic pathogens hijack. Microbes
exploit DC-SIGN to infect DCs and furthermore, to shift the naive T-cell differentiation towards Tul or T2
cells — towards a response that favours the pathogens’ persistence against eradication. Pathogens, like
Schistosoma mansoni and Helicobacter pylori, expressing fucosylated structures exert pressure on the Tu1/Tu2
equilibrium towards adaptive T2 responses, mediated by atypical NK-«B family member Bcl3 activation.
Indeed, a common feature among these microbes is that they cause long(lifetime)-lasting, chronic

[187,195

infections. I Because of the IL-4 dependent expression of DC-SIGN, high levels of the receptor expression

are related to Tu2 cell polarization.

Interestingly, DC-SIGN was discovered only “after” the identification of one of its pathogen ligands, as during
its first description in 2000 by Geijtenbeek et al,!'*) the receptor was found to be identical to a previously

197] Since then, numerous

cloned HIV-1 envelope binding CLR from placenta, reported in 1992 by Curtis et al.!
pathogenic ligands were associated with DC-SIGN. Viruses are bound primarily through their exposed
glycoproteins in the viral envelope — these include HIV-1 (DC-SIGN ligand: gp120),!"*) Ebola virus (GP1),!**
Dengue virus (E glycoprotein),'®) Hepatitis C (E1, E2),?® Cytomegalovirus,**"! SIV-1 (Simian

202]

Immunodeficiency Virus-1), SARS-CoV (Severe Acute Respiratory Syndrome Coronavirus; S

glycoprotein),’*® Lassa virus (GP1),*" West Nile virus (E glycoprotein).?*s) Bacteria, such as Helicobacter
pylori,!
by bacterial cell-wall constituents, like ManLAM and phosphatidylinositol-mannosides (PIMs).1**®) DC-SIGN
captures also parasite-specific ligands, such as Man-capped lipophosphoglycans and Le*-type structures - for

195 185a 206

I Klebsiella pneumonia,[ ] Mycobacterium tuberculosis?®® and Neisseria meningitides[lm are recognized

example, from Leishmania (Leishmania pifanoi)?® and Schistosoma (Schistosoma mansoni soluble egg antigen;
and fungal epitopes of Candida albicans’®'” and Aspergillus fumigatus.*'') DC-SIGN has been associated
furthermore with allergic reactions through the capture of house dust mite and dog-allergens.*'*) Detailed
carbohydrate profiling of the lectin allows the prediction of pathogen recognition.*'*

The envelope glycoproteins of various viruses contain diverse N-linked oligosaccharides whose differential
expression leads to discriminative recognition by DC-SIGN, suggesting selectivity in pathogen binding. For
example, vesicular stomatitis virus doesn’t bind to DC-SIGN, in spite of its heavily glycosylated viral capsule.*'*
In other viruses, for instance HIV-1, the role of the high affinity DC-SIGN ligand gp120 is not restricted to

215]

recognition by the CRD as a PAMP, but the glycoprotein plays a role in the viral uptake as well.!
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1.6.2.1 DC-SIGN helps HIV cis- and trans-infections

HIV-1 is the most common and pathogenic strain of HIV that causes HIV infection and leads, over time, to

acquired immunodeficiency syndrome (AIDS). This is due to the fact that upon entering the host, the viral
particles are able to escape and impair the eradicating immune response by infecting vital cells of the immune
system, such as dendritic cells, macrophages and CD4" T helper cells. Infected CD4" T helper cells are then
killed by several mechanisms, either directly by the virus itself, or by a number of virus-induced immunological,
self-targetting processes (for example by CD8* cytotoxic T-lymphocytes). The drastic decrease in CD4* T-cell
count results in abolishment of the cell-mediated immune system, and the host becomes susceptible to
infections that would otherwise be no challenge to a healthy immune system.

The main route of virus transmission from host to host is during sexual intercourse, but HIV-positive mothers
can transmit the virus (as free viral particles and infected immune cells) during childbirth - through the
exposure to blood and vaginal fluid, or during lactation via breastmilk (mother-to-child transmissions). During
sexual transmission, dendritic cells in the mucosal genital tissue are among the first host cells to encounter the
virus. DCs capture HIV-1 at the site of entry, and then migrate to lymphoid organs, effectively transporting the
virus to T helper cells. Here, HIV-1 is presented and transmitted to CD4" lymphocytes, or — in higher
concentrations — to other DCs, and so, the immune cell infection process begins.

HIV-1 uses several pathways to enter DCs, replicate in these cells and infect other immune mediators. On the
surface of DCs, both TLRs and CLRs encounter HIV-1, although the receptors recognize different PAMPs on
the viral envelope. DC-SIGN binds with high affinity the mannosylated residues of gp120 (nM range for the
entire ECD, mM in the case of individual CRDs),*'' but the glycoprotein is found at relatively low density on
the viral capsule as trimers, altogether in 8-10 copies. The receptor-gpl120 interaction triggers several
mechanisms that protect the virus from intracellular degradation, promotes its transmission to T-cells and other
DCs, and initiates viral replication. Even though the mechanisms are not entirely understood on the molecular
level, gp120 takes part in all the crucial steps from capture, through internalization and replication, to
presentation to other cells. Once HIV-1 entered DCs, the virus is oriented into non-lysosomal acidic
intracellular compartments, but the receptor-bound virus retains its potency to infect other cells, presumably
because gp120 maintains its native conformation that protects the virus from destruction.'** DC-SIGN-HIV-
1 complexes “hide” close to the DC membrane and are relatively stable until they are recycled to the cell surface,
to present the virus particles to other immune cells. The protective role of DC-SIGN was indicated in studies
when deletion of the receptor’s cytoplasmic tail or neutralization of the pH in the intracellular organelles -
where the DC-SIGN-HIV-1 complex resides within DCs - significantly reduced viral uptake and trans-
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infection to T-cells.>'] Binding to HIV-1 subverts DC-SIGN’s conventional signalling routes and modulates

[132) I particular, TLR-8 is able to stimulate NF-xB transcription factor upon

TLR induced adaptive responses.
activation by viral ssRNA, but for successful, full length transcription and thus virus replication and
dissemination, DC-SIGN-HIV-1 stimulated pTEF-b transcription-elongation factor is also necessary.

Interestingly, for an enhanced HIV-1 frans-infection to T-lymphocytes, DC-SIGN-mediated internalization
and intact storage of the viral particles is not required - yet, the lectin increases the rate of transmission to T-
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cells, even if it loses its internalization capacity.’*'”? HIV-1 uptake and replication in DCs is initially mediated by
receptors, like CD4 and chemokine receptors, such as CCRS and CXCR4, but gp120 binding by the — in this
context - co-receptor DC-SIGN enhances the interactions between CD4 and HIV-1, and it is absolutely
required for successful production of new virus particles. During replication, viral uptake by CD4 and similar
receptors is followed by fusion with the cell membrane, viral uncoating, reverse transcription of the virus ssRNA
and eventually the integration of HIV-1 in the host genome.

When infected DCs get in close contact with T-lymphocytes in lymph nodes (trans-infection), or immature

DCs (cis-infection), receptor-bound HIV-1 recycles back to the DC surface and is presented to T-cells. DC-



SIGN plays a stabilizing role in the formation of these infectious synapses, and again, facilitates virus
transmission to T-cells.*'*!

Although some aspects of DC-SIGN’s involvement in all the above mentioned interlocking processes still
remains unexplored, it seems that the CLR is an unavoidable, key-mediator of HIV-1 infection and
dissemination. This is greatly supported by DC-SIGN inhibition experiments — blocking the receptor (e.g. with
the natural ligand mannan or CLR-specific antibodies) prevents binding to viral gp120 and as a result, abrogates

DC infection and virus transmission to T-lymphocytes. (Figure 17).
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Figure 17. DC-SIGN mediated HIV-1 capture, internalization and trans/cis-infection. The main routes of virus entry include
sexual intercourse, childbirth and lactation. In the genital, rectal, cervical and skin mucosa, the viral particles encounter DCs.
DC-SIGN, a PRR expressed on the surface of DCs, recognizes the viral envelope protein gp120, but upon binding, the typical
signalling pathways induced by DC-SIGN and TLRs are subverted to favour the viral survival. As a result, after capture and
internalization, the virus avoids the classical lysosomal degradation. The unharmed virus is able to replicate in DCs and infect

other DCs (cis-infection ), and furthermore, to infect CD4* T-cells in the lymph node (trans-infection). Viral particles are
transmitted to T-cells with the help of DC-SIGN. The drastic loss of T-cells leads to the long-term impairment of immune
responses, otherwise known as AIDS. Modified from Wu et al.’*]

1.6.2.2 DC-SIGN mediated uptake of other pathogens
Similarly, DC-SIGN is the target of other viral infections, like Ebola, with analogous, glycoprotein-mediated

cellular entry.'”®! Ebola virus causes severe hemorrhagic fever with alarmingly high mortality rates during
outbreaks. DC-SIGN functions as a co-receptor during Ebola virus uptake by DCs and then both as a cis- and
trans-receptor for the infection of DCs and T-lymphocytes, respectively. The clear demonstration of DC-
SIGN’s role in Ebola virus cellular entry was provided by viral infection of DC-SIGN and DC-SIGNR
expressing Jurkat-cells. These receptor deficient, immortalized human T-lymphocytes are often used to
elucidate T-cell signalling and chemokine receptor expression upon viral entry. CLR expression was induced
by retroviral vectors in the cells, which are otherwise non-permissive for Ebola virus and viral infection was
observed both in th case of DC-SIGN and DC-SIGNR presence on the cell surface. On the contrary, viral
infectivity was suppressed by inhibition of the receptors, either by mannosylated ligands or ABs.
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Dengue virus is another widely spread pathogen, that normally causes fever, headache, muscle and joint pain,
but during a second infection or encounter with a heterologous strain, symptoms may escalate to life
threatening-conditions, such as severe bleeding and shock. The single stranded, enveloped RNA virus induces
platelet activation (common observation of thrombocytopenia in patients) and infects immature DCs, and
Langerhans cells, in a DC-SIGN mediated process.!"” The rate of DC-SIGN expression on the surface of DCs
is correlated to Dengue virus infection rates, moreover, antibody-blocking of DC-SIGN strongly diminishes
Dengue infections. Similarly to HIV-1, different studies suggest that DC-SIGN enhances, but is not the major

(2201 At the same time,

mediator of Dengue virus cellular entry, although it can rapidly internalize the pathogen.
DC-SIGN interactions with mannosylated N-glycans on the viral E-glycoprotein increas binding to other
receptors on the DC surface, which are later responsible for pathogen uptake. The CLR facilitates cis- and trans-
infections to susceptible cells, but virus dissemination is efficiently blocked by inhibition of DC-SIGN.

The bacterial pathogen Mycobacterium tuberculosis is taken up in human monocyte-derived DCs by binding to
DC-SIGN.2% The bacterium is responsible for millions of deaths worldwide each year, but challenges only the
impaired immune system, which — unlike the healthy one - allows the development of an active disease. M.
tuberculosis triggers mainly Tyl responses (IFN-y secretion for microbicidal effect) and stimulates DCs to

21 M. tuberculosis

express co-stimulatory molecules and cytokine expression by TLR-induced pathways.!
interacts with various PRRs on the surface of DCs, these include TLR-2 and TLR-4, dectin-1, MR and DC-
SIGN.!

DC-SIGN binds capping mannose di- and trisaccharide residues in bacterial cell-wall glycoproteins and
glycolipids (e.g. ManLAM, phosphatidylinositol-mannosides) in mycobacterial pathogens, like M. tuberculosis
and M. bovis. In the second case, the receptor was shown to mediate bacterium-internalization, and blocking
DC-SIGN with antibodies abrogated M. bovis infection. M. tuberculosis, upon binding to DC-SIGN, is directed
to phagosomal compartments in DCs, but instead of directly triggering DC maturation, the DC-SIGN-
ManLAM interaction downstream signalling modulates TLR-induced pathways on the transcriptional level,
and upregulates the secretion of IL-10, IL-12p35, IL-12p40 and IL-6.!""* The altered immune respons leads to
immunosuppressive results that hinders protective immunity against mycobacterial infections, and it can be
reversed by antibody-inhibition of DC-SIGN during encounters with M. tuberculosis.

The rapidly growing number of newly-discovered DC-SIGN functions gave rise to a number of medically
relevant investigations. Targeting DC-SIGN is a plausible method to enhance or suppress DC functions and to
steer the immune response in therapeutically desired directions. The highest potential among these attempts
lie in the inhibition of the receptor to block pathogen uptake and dissemination (anti-adhesive strategy);!"*"}
modulation of signalling routes for altered biological outcomes (anti-inflammatory applications);!'*?) and
exploitation of its antigen cross-presentation ability in order to stimulate anti-tumoral CD8" responses
(immunotherapy and vaccine-development).[?2*!

The wide range of pathogen ligands suggest that DC-SIGN antagonists can effectively ambush and halt
numerous microbial infections at the first stage, and that these agents could be used as topical microbicides and
virostats. Ideal candidates, however, need to fulfill several criteria. First of all, competitive inhibitors have to
exceed the binding affinity of pathogenic ligands towards DC-SIGN (and suppress immune-cell infections in
vivo), while being selectively recognized by the receptor, in order to avoid unwanted, occasionally opposite
physiological effects. A careful evaluation of DC-SIGN-induced or modulated signalling allows the
understanding of DC-evoked defensive immune responses and tolerance, but — as it was shown during the
previous examples of infectious pathogens, this cannot be predicted with a high degree of certainty at the
moment.

The second requirement for selectivity can be easily understood through the example of DC-SIGN and
langerin. The HIV-1 surface glycoprotein gp120 is recognized by several Man-specific CLRs, including DC-

SIGN (see above), MR and langerin. Langerin is an endocytic receptor expressed by a specialized subset of



DCs, the Langerhans cells (LCs), found in the skin and mucous tissues.'®) While binding to DC-SIGN
promotes infection of DCs and viral transmission to T-helper cells, the capture of gp120 by langerin initiates
the eradication of HIV-1.2#) The lectin induces formation of specialized, “tennis-racket” shaped cytoplasmic
organelles — the Birbeck-granules, and mediates viral internalization into these compartments, where HIV-1 is
rapidly degraded. Birbeck-granules display superimposed and zippered membranes and are uniquely present
in LCs — they are essential for the eradication of HIV-1 infections that are promoted and spread by DC-SIGN.
An optimally designed CLR inhibitor has to be therefore not only efficient against one receptor, but additionally
selective among different CLRs.

DC-SIGN antagonists have long been designed and synthesized by several research laboratories, including the
Bernardi group, which has been focusing on small-molecule glycomimetics and the tailored design of

multivalent constructs.
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1.7 THE CRD OF DC-SIGN ACCOMMODATES NATURAL AND SYNTHETIC
LIGANDS IN MULTIPLE BINDING-MODES

1.7.1.1 The structure of the CRD

Up to now, 7 CRD-ligand complexes are available in the PDB and provide an insight to the structure of the DC-
SIGN CRD, as well as to the molecular-level interactions between the protein and ligands (1K91, 1SL4, 1SLS,
2ITS, 21T6 - with oligosaccharides built from natural monosaccharides and 2XRS, 2XR6 - complexes with
glycan-based glycomimetic molecules). Additionally, the structure of Dengue virus, complexed with DC-SIGN
CRDs, was obtained by cryogenic electron microscopy and it is accessible in the same database (2B6B).12**!
These crystallographic results, coupled with NMR observations and glycan-microarray binding profiles form
the core of DC-SIGN inhibitor development. Knowledge about the ligand diversity and binding mechanisms
is actively exploited during the development of DC-SIGN specific antagonists, therefore an overview of the
main discoveries is provided below, before the discussion of our work on antagonist design, synthesis and
evaluation.

The C-terminal CRD exhibits the typical long-form C-type lectin fold (see 1.3 and 1.4.1) — 12 B-strands, two
a-helices and three disulfide bonds organize into a globular domain.**) (Figure 18) One of the two a-helices
is unusually long and flanks the domain more closely than in other CLRs, furthermore, the COOH-terminal
end of the helix extends the surface formed by the loop linking B-strands 3 and 4. This continuous area offers
more room for interactions with extended oligosaccharide ligands. The long loop determining the primary
carbohydrate binding-site protrudes from the surface of the domain and accommodates three Ca** ions, one of
which directly coordinates sugars and is therefore designated the primary Ca®* site. The three Ca’* ions also
contribute to maintaining the overall conformation of the CRD.!**]

The principal Ca’ is nestled among the Glu347-Asn349-Glu354-Asn365 residues that determine the
monosaccharide epitopes that can be ligated here. The binding site defines a flat, shallow hydrophobic “trough”
on the protein surface that is bordered, on one side, by Val351.['%%!

The peptide sequence contains the EPN motif (Glu347-Pro348-Asn349) and in consistence with this, the
lectin has a preference for two equatorial OH-groups in positions 3 and 4 (or 2 and 3). These functionalities
simultaneously form coordination bonds with the metal and participate in H-bonding with amino acid residues

that also ligate the Ca*". More specifically, the CLR has affinity towards Man- and Fuc-structures. (Figure 18)



Figure 18. The structure of DC-SIGN CRD. A. The overall CRD domain. -strands (numbered 1-S), two a-helices (al, a2)
and disulfide bonds (purple linakges) build a globular domain where a long loop protrudes from the top and accommodates 3
Ca?* ions.

B. Zoom on the primary sugar binding site. Amino acid residues directly involved in the ligand coordination (Glu347-Asn349-
Glu354-Asn36S) line the Ca®* binding site. The sidechains also determine the nature and orientation of the monosaccharide
epitopes ligated at this site. Modified from: Feinberg et all*3 and Geijtenbeek et al.[226]

1.7.2 Natural DC-SIGN ligands assume different binding poses

This prediction was proven early-on in glycan-microarray screenings - numerous oligosaccharide ligands were
defined by Guo et al. in this robust, high-throughput ligand-binding assay.'*”) The poor individual affinity of
low-valency carbohydrates can be significantly enhanced by multivalent presentation on the surface of
microarray chips - sufficiently to obtain relative binding profiles and identify the most prominent binders. The
originally described glycan library consisted of 12 mono-, 33 di-, 43 tri- and 40 larger oligosaccharides that were
equipped with a biotin-tag for immobilization on streptavidin-coated wells. The wells were probed with
fluorescently labeled DC-SIGN ECD. Highly mannosylated structures (notably Many as ManyGIcNAc,Asn)
and branched Fuc-containing ligands bearing a terminal Gal (4 Lewis-type antigens, blood group antigen A and
B) stood out among the findings. Likewise, recombinant DC-SIGN-Fc chimera recognized almost exclusively
Manal-2Man terminated oligosaccharides and Fucal-3GlcNAc and Fucal-4GlcNAc containing glycans from
more than 200 synthetic and natural glycans immobilized on glass-slides by amino functionalities.!>*
Secondary incubation with goat anti-human-IgG-Alexa Fluor-488 antibody was used for fluorescent

visualization. (Figure 19)
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Figure 19. Top: Array-format screening of ca. 130 natural glycans against DC-SIGN. High mannose and fucosylated
structures, like the Lewis and blood group antigens stand out with their affinities towards the CLR.
Bottom: More than 200 oligosaccharides show similar results of microarrays against DC-SIGN. Man and Fuc-containing

glycans are recognized almost exclusively. Modified from: Guo et al.’?*” and Blixt et al.(??%]

Microarrays are powerful tools for the determination of relative ligand-binding affinities (more on this topic in
Chapter I1), but the results can be accurately elucidated solely in the context of a single assay and does not allow
the precise estimation of an absolute inhibitory potency. For comparable quantification of affinities, the most
commonly used measures are the ICs, Kp and K; values (half maximal inhibitory concentration, dissociation
constant and inhibition constant, respectively). Although not interchangeable, the three values are closely
related for competitive antagonists and they are suitable to compare ligand potency. With a critical eye, it can
be noticed, however, that diverse experimental settings and presentations of the protein and/or ligands; the
lack of a standard, widespread reference and the deviation of independent measurements even with an identical
setup discourage the usage of precise values. The numbers provided here serve to indicate affinity values
compared to references in the same study and assay, as well as the magnitude of binding potency.

Among natural monosaccharides, DC-SIGN displays the highest affinity towards L-Fuc (K; = 6.7 mM), D-Man
(Ki = 13.3 mM) and ManNAc (K; = 8.7 mM) as determined by radioactivity-based solid phase competition
assays with '*I-Man;-BSA (bovine serum albumin) against immobilized protein CRDs.2* n accordance with
the glycan-array screenings, the highly mannosylated ManyGIcNAc, was not only the most potent inhibitor on
the microarray chips, but the highest affinity binder in solid-phase competition assays as well (K; = 0.21 mM,
where K;(Man) = 7.7 mM).l"7*) In the fucosylated series, van Leimpt et al.l'**) performed binding studies with
DC-SIGN-Fc and multivalent, biotinylated Fuc-containing neoglycoconjugates immobilized on streptavidin
coated plates, followed by fluorescent read-out with goat anti-human Alexa Fluor-488 antibodies. ICs, values
ranged from low affinities, like 1S pg/ml (L-Fuc), through moderate (Le": 5.2 pg/ml; Le™: S pg/ml) to the
highest potency ligands (Le®: 3.5 ug/ml; Le®: 2.4 ug/ ml). During a competition assay between glycomimetic
ligands and a mannosylated-BSA surface against DC-SIGN ECD in solution, the ICs, values of the reference
compounds were measured as following: D-Man (1.8 mM), L-Fuc (1.2 mM) and Le* (0.8 mM).?**!

The binding affinity of larger, pathogenic glycoproteins has also been determined and compared, although the
cell-type used to express DC-SIGN presumably affects the results. HIV-1 gp120 has shown the highest
inhibitory potency, compared to ICAM-2 and ICAM-3, regardless to the cell-lines.!*

The high ligand promiscuity of DC-SIGN is a burden in the way of selective antagonist development, but

rational design can profit from a closer look on specific sugar binding interactions in the CRD. As stated



previously, the definitive, trademark ligation between the Ca** and two hydroxyl groups of a monosaccharide
are directly complemented by H-bonding with the peptide backbone and sidechains in the vicinity of the
primary binding site. Eventually, the differentiation among specific oligosaccharides is the result of a number
of additional contacts around the CRD, and/or preformed conformational states of the ligand and the protein.
From the CRD point of view, the binding-site is already preformed to some extent, even without any bound
ligand. This, and the crystal structure of the CRD alone suggests that the replacement of water molecules by
sugar OH-groups is sufficient to form binding interactions and does not require further rearrangement of the
peptide chain.**"! From the ligand point of view, the binding modes of natural high Man-oligosaccharides and
Fuc-containing glycans are only partially overlapping, and differences may be explained by the abovementioned
two favourable energy contributions to the overall free energy state of the complex.

The majority of oligosaccharides on pathogenic glycoproteins, like gp120 belong to the high Man family and
these glycans have been shown to assume various conformations. None of these would match the architecture
of the preformed binding site, therefore a conformational entropy penalty accompanies binding events — in
particular during the crystallization of ligand-protein complexes. This unfavourable energy debt is
compensated by a number of secondary contacts which add up to a significant enthalpy gain that tilts the energy
balance of CRD-high Man interactions to the favourable side.

The additional contacts between mannosylated oligosaccharides and DC-SIGN CRD were confirmed by a
model built on the X-ray structure of a Mans mimic pentasaccharide. In the crystallized ligand, the trimannose
core terminates in two GlcNAc residues.'*) The CRD of DC-SIGN is unique among CLRs, as it recognizes
internal Man-epitopes, rather than terminal ones. In this case, equatorial 3-OH and 4-OH in the al-3-linked
Man are directly coordinated by the Ca*" ion, but these hydroxyl groups also form H-bonds with amino acid
residues that ligate the metal. Three carboxylates (Glu347, Glu354, Asp366), two side-chain (Asn349, Asn365)
and one backbone (Asp366) carbonyls, and two ligand hydroxyl functionalities create the 8-fold coordination

185b] The exocyclic C6 contacts

system around the Ca®™, with ligation distances ranging between 2.35-2.75A!
Glu366, while the hydroxyl group on this carbon interacts with Asp367 indirectly, through a water molecule.
Man3 and Man4 are supported by Ser360.

The X-ray image unveiled an additional binding motif that bears crucial importance in the recognition of high-
Man structures. The oligosaccharide bends over Phe313 to fit into an adjacent groove that is lined by Asn311.
This region, and in particular Phe313 are critical for binding high mannose structures, because the aromatic
ring presumably slips in between Manl and Man4 in the Man; model. Interestingly, Feinberg et al. attributed
the discrimination between branched and linear mannose-oligosaccharides to the phenylalanine, based on the
assumption that the residue could cause disruptive steric clash that may completely prevent the binding of
linear structures. This speculation has been challenged by Anderluh et al,'**") based on the fact that linear
oligosaccharides were shown to bind in a similar fashion to branched ones, although the affinity of these ligands
is lower. Additionally, other ligated complex structures also indicate that the phenylalanine sidechain is flexible
and has some degree of freedom to incline in different directions, adjusting to the ligand. The amino acid is
capable of forming beneficial interactions as well, like van der Waals contacts, or complementing the binding
surface for improved accommodation of the a-linked outer arm Manal-6Man moiety of a branched N-
glycan.[“] In the same glycan, Phe313 abrogates binding to the p-linked core branch exhibiting a similar
mannosylated motif — an effective discrimination of analogous epitopes in multi-antennary oligosaccharides,

based on their position relative to the junction. (Figure 20)
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Figure 20. Binding mode of branched mannosylated oligosaccharides - MansGlcNAc, pentasaccahride and Man, - in the CRD
of DC-SIGN. A: MansGIcNAc, is ligated at the Ca®* binding site by an internal Man epitope. Phe313 interacts with the

b

Manal-6 moiety and presumably blocks the binding of linear mannose oligosaccharides. (PDB code: 1K9I) B: Binding mode of
Man, from top view. (PDB code: 1SL4) The two ligands have analogous binding modes, as seen in panel C. Panel C modified
from Guo et al,[22"] the rest imported from PDB by using NGL viewer.

The high Man family progenitor Man, displayed the highest affinity towards DC-SIGN on glycan

2271 The oligosaccharide is present in multiple copies on the surface of pathogens (linked to

microarrays.[
glycoproteins), thus DC-SIGN targeting for drug development demanded the identification of key binding
elements and minimal recognition epitopes in the glycan structure. Once more, microarray technology proved
to be a useful tool for screening the characteristic structural features of various Man-oligosaccharides. Adams et
al. printed smaller, linear fragments of the native glycan, as well as a branched structure, and found that the
Manal-2Manal-2Man trisaccharide and Manal-2Manal-6Manal-6Man tetrasaccharide displayed similarly
good affinities towards DC-SIGN as Mans, on—chip.[m] This result strongly implied that the Manal-2Man
epitope at the nonreducing termini of larger Man-oligosaccharides is a key mediator in establishing contacts
with the CRD. This idea was further supported by the fact that a pentasaccharide - based on Mans, but lacking
terminal Manal-2Man moieties — exhibited significantly poorer affinity towards DC-SIGN, than the full
oligosaccharide. The Manal-2Man epitope, that alone is 4-times more potent than mannose (similarly to the
Manal-3[Manal-6]Man trisaccharide), was therefore assumed to dramatically enhance affinity.

As it has already been discussed in a previous section, X-ray crystal structures were obtained for Mang and
Manal-2Man, but they did not reveal the complete molecular arrangement of the two (major and minor)

bound conformations.®

] The observed dual binding mode helps to reduce the entropy debt of ligation, but
additional interactions between the sugar and different sites on the protein surface were also suspected to
contribute to the affinity difference. STD-NMR experiments coupled with computational studies were able to
provide a description of both ligand conformations and highlight key-residues in the binding site.’* In Mans,
the major conformer allows a direct contact between the nonreducing terminus Manal-2Man and Val351. On

the other hand, the minor conformation is swapped by a 180° axis around the C-3/C-4 bisector of the principal



Ca’*-bound Man, and the 1-2 linked terminus is positioned to form H-bonds with Glu358 and Ser360, as well
as interacting with Phe313. The two binding modes of Manal-2Man reflects Mang in its two orientations in the
primary binding site. In this case, the major conformation nonreducing end is in contact with Phe313, and the
NMR experiments and computational model brought to light the engagement of the same phenylalanine with
the minor conformer, although through a reversed ligation at the Ca**-site. (Figure 20)

Major conformation

= /L f Val3si

VaI3S’L(,]O';‘ \

Asn34%- W :

Glu347

Minor conformation

Val351

fr’

Asn34%_

Glu347 Asp366

Asn365
Glu3s4

Figure 21. Manal-2Man conformations in the CRD of DC-SIGN. Top: The major conformation uses the reducing end
mannose epitope for Ca®* ligation and this orientation is stabilized by Val3S1 through a H-bond. At the same time, the
nonreducing moiety directly contacts Phe313 and forms H-bonds with Ser360 and Glu3S58. (PDB code: 2IT6)
Bottom: Minor conformation of Manal-2Man, revealed partially by X-ray crystallography and by computational studies and
STD-NMR. In this case, the nonreducing terminus is found at the principal Ca** binding site, and the reducing end reaches
Phe313. Modified from: Feinberg et al.’*s and Angulo et al.[3¢/

The other most prominent class of natural DC-SIGN ligands, the Lewis-type antigens, benefit from their
preformed conformation when binding to the receptor. The Le* epitope consistently assumes the same
conformation in solution and crystals, as well as when bound to different receptors (shown by X-ray structures
and NMR experiments). This rigid structure can be attributed to the van der Waals mediated packing of the
Fuc ad Gal residues and an unusual C-H---O hydrogen bond found between these sugar rings.?** This stable
conformation substantially reduces the entropy cost of binding to the similarly preformed CRD of DC-SIGN.
The CLR recognized all 4 Lewis-type antigens and blood antigens A and B on the glycan microarrays, but,

(227] Thus, identification of additional factors playing role in

surprisingly, not all Fuc-terminated structures.
ligand binding became the object of investigations, and eventually Guo et al. succeeded in crystallizing lacto-N-
fucopentaose 111 (LNFP-III) with the DC-SIGN CRD (PDB code: 1SLS). This oligosaccharide contains the
Le* structure and engages with Ca** through the fucose 3-OH and 4-OH groups. (Figure 22) These hydroxyl
groups orientate the Fuc-ring differently than Man, however, as one of them (4-OH) is axial. As a consequence,
the tilted sugar ring interacts with Val351 through its 2-OH. The valine creates a hydrophobic site for strong
interactions with Fucal-3/4GlcNAc moieties, where GalNAc is projected vertically, away from the CRD
surface. (Figure 22) Val351 is crucial for the recognition of Lewis-type structures, and mutation of the amino
acid residue can completely abrogate binding to this class of ligands. The terminal galactose interacts with a
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secondary binding site, and notably, the stacked, compact conformation of fucose and galactose does not allow
Phe313 to reach and interact with the ligand.

It would be tempting to connect the distinct binding mechanism of mannose and fucose containing
oligosaccharides with the differential signalling activation described by Gringhuis and co-workers * The lack
of any evidence of conformational differences in the overall CRD structure in unligated, mannose- and fucose-
bound complexes, however, does not support this hypothesis. Additionally, synthetic glycomimetic ligands
(discussed later on), which interact with the same secondary site (Val351) in the CRD as Le¥, were not

described to elicit the same biological response, and so, this explanation needs to be handled with caution.
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Figure 22. Crystal structure of lacto-N-fucopentaose in the CRD of DC-SIGN. (PDB code: 1SLS) A and B: The rigid Le* core
forms interactions through the stacked Fuc and Gal epitopes, while the GIcNAc residue “sticks out” from the CRD.
C: Fucose is coordinated at the primary Ca®* site by the 3-OH and 4-OH groups, one of which (4-OH) is axial. Consequently,
the sugar ring tilts toward Val3S1 and interacts with the sidechain by 2-OH. Modified from: Taylor et al’>**! and Guo et al.?"]

In summary, the multiple binding modes can, on one hand, statistically enhance binding (for example to
diversely arranged epitopes on pathogens), and on the other, engage in interactions with various binding sites
in the CRD. In the latter case, Phe313 and Val351 are pivotal residues for ligand accommodation in the DC-
SIGN CRD.

Microbial adhesion, the activation of T-cells by dendritic cells and shaped immune response can be achieved
by blocking DC-SIGN.!"*%) The lectin is efficiently blocked by DC-SIGN specific antibodies, Ca®* chelators,
mannan and Man/Fuc-based oligosaccharides, but undoubtedly, the most straightforward strategy in DC-
SIGN targeting is the design and synthesis of small-molecule inhibitors that exploit various interactions in the
CRD or multiple CRDs (multivalent constructs). The synthetic difficulties associated with larger
oligosaccharides, as well as their complexity that prevents their presentation on multivalent systems for medical
applications, put forward smaller glycan-based molecules. Glycomimetic antagonists can achieve higher affinity
than the natural monosaccharides and smaller oligosaccharides, without the cumbersome synthetic effort
requirement of complex oligosaccharides. Furthermore, their advantages include enhanced metabolic stability

and the relative ease of chemical modifications for their presentation on multivalent systems.



1.7.3.1 Non-carbohydrate inhibitors

Based on the modest affinities displayed by natural saccharides, the Kiessling group turned towards non-
carbohydrate based DC-SIGN antagonists. High-throughput fluorescence-based competition assays of two
commercially available small-molecule libraries (16 000 membered Chembridge DIVERSet and 20 000
membered Chemical Diversity Labs - ChemDiv) allowed the estimation of K; values.!*! The assay was
performed on immobilized tetrameric DC-SIGN, with a fluorescent mannosylated-BSA competitor against the
non-carbohydrate molecules. As opposed to the reference compounds, Many (K; = 0.21 mM) and ManNAc
(K; = 6.9 mM), the screening resulted in 7 outstanding hits (1.1 — 1.7), with K; values ranging from 1.6 - 32 uM.
Comparing these values to monosaccharide affinities towards DC-SIGN, the ligands show an1000-fold
increase in affinity. These molecules do not only inhibit the binding of carbohydrates by DC-SIGN, but they
also block DC-SIGN mediated cell-adhesion, although the affinity values determined by these assays are ca. 10-
fold lower than in the fluorescent-competition experiments (7.3 to 227 uM). These findings highlight two main
messages. Firstly, carbohydrate-based structure is not essential in targeting DC-SIGN, and therefore sugar-
related drawbacks can be completely circumvented during drug-candidate development for the CLR. Secondly,
the lack of obvious Ca®* chelators (like 3-OH and 4-OH in mannose) raise the question that a binding site,
other than the principal Ca** pocket is involved in binding these ligands. This suspicion is dampened by the fact
that amide carbonyl groups present in the structures are capable of interacting with the metal ion. Additionally,
the hits contain aromatic rings in their structure and these could contact aromatic sidechains around the
shallow, but rather extended groove in the CRD.

The identified ligands belong to two major classes: molecules that contain a pyrazolone scaffold, and structures
featuring a quinoxalinone core.!*! The electrophilic nature of the first group prevents their study in cellular
assays. Quinoxalinones, on the other hand, undergo degradation due to the oxidizable thioether found in these
compounds. Nonetheless, the later issue was successtully addressed by replacement of the sensitive sulfur-atom
by a methylene functionality. This optimized structure was developed into a 20 member library by late-stage
derivatization during the synthetic route. The divergent strategy significantly increases the efficiency of alibrary
synthesis, and the incorporation of diverse elements in the final steps allows the evaluation of distinct features
contributing to DC-SIGN binding. Ca. 25% of the tested compounds showed good affinities towards the lectin
in competitions assays (highest affinity: 1.8: 0.31 — 10 pM). A sensitive flow cytometry technique was
developed to evaluate the ligands’ cell surface binding and inhibitory capacity of Man-FI-BSA (fluorescent
mannosylated BSA) uptake in DC-SIGN" Raji cells. The compounds were able to block both the binding of
glycoconjugates and their DC-SIGN-mediated internalization.

1.7.3.2 (ilycomimctic DC-SIGN ligands

1.7.2.3.1 Shikimic acid-based inhibitors
The same research group has also developed carbohydrate-inspired inhibitors of DC-SIGN, starting from the

23] In this cyclohexene-based structure hydroxyl groups in positions 2, 3 and 4

structure of Shikimic-acid.!
resemble the configurations of the respective mannose and fucose OH groups. These glycomimetic molecules
(1.9) were derivatized at 3 focal-points by solid-phase synthesis. Although aliphatic substituents were also
implemented in one of these positions, the main focus was placed on benzyl groups, because these could

interact with the aromatic residues lining the CRD of the lectin. From the rationally optimized common
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scaffold, aligand-library of 192 molecules was developed and screened in a fluorescence-based high-throughput
format. (Figure 23)

Competition between the synthetic ligands and immobilized mannan surface was evaluated against
fluorescently-tagged DC-SIGN ECD in solution. The ICso value of the highest-affinity glycomimetic was
determined as 3.2 mM (in the previously described assays of immobilized DC-SIGN ECD against Man-Fl-
BSA) which is superior to the 11.2 mM value of ManNAc in the same assay. Furthermore, the ligands showed
good selectivity towards DC-SIGN over MBL - a CLR inducing innate inflammatory immune responses and

activating the complement system.
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Figure 23. Non-carbohydrate based DC-SIGN inhibitors developed by the Kiessling group. A. Screening commercially available
small molecule libraries yielded 7 hits with K; values in the low micromolar range.
B. Based on the library screening a quinoxalinone structure was developed, and some optimized ligands exhibited affinities in the
nM range.
C. Shikimic acid derivatives. The mannose configuration on C2, C3 and C4 is mimicked by the Shikimic acid hydroxyl groups.
The best ligands from a library of 192 compounds reached affinity values of 3.2 mM. These ligands can be multivalently
presented after the synthesis of artificial glycopolymers by the ROMP method (ring-opening metathesis polymerization,).

1.7.2.3.2 Fucosylated inhibitors

The screening results of 130 glycans by the Consortium for Functional Glycomics suggested a key role of
fucose-containing glycans in selectivity between DC-SIGN and other CLRs.*””) 14 glycans containing a
terminal fucose and displaying Lewis-type structures were exclusively recognized by this lectin, but it was also
clear, that a reducing-end fucose alone does not determine binding to DC-SIGN. The highly conserved, rigid
structure of Le*, however, serves as a well-defined starting point in glycomimetic approach. Based on the three-
dimensional structure of GalPl-4[Fucal-3]GlcNAc, where Fuc is stacked on the Galring, a set of
glycomimetics were designed with an a-fucosylamide anchor (1.10).2**! The fucose-residue was used to take

part in the primary coordination with Ca**, and the rest of the molecule was built to resemble the structure of



the natural glycan with enhanced affinity and metabolic stability. In the first series of ligands, the fucose was
linked to a galactose-mimic through a cyclic cis-B-amino acid ((1S,2R)-2-amino-cyclohexanecarboxylic acid)
that ensures a conformation almost identical to that of Le*. The nature of linkages bear crucial importance, as
a-fucosides are enzymatically, as well as chemically unstable. a-Glycosylamides are basically nonexistent in
natural glycans, implying that they will be resistant to enzymatic and chemical degradation. Moreover, the
formation of amide-bonds simplifies the chemical route to these ligands, although the DeShong synthesis of a-

glucopyranosylamides!?>”!

is a peculiar glycosylation method.

SPR competition-assay studies against a mannosylated-BSA gold-chip revealed an increased affinity of
glycomimetic ligands towards DC-SIGN. In contrast to the weak binding of the natural saccharide references
(D-Man: 1.8 mM, L-Fuc: 1.2 mM and Le*: 0.8 mM), the ICs, value of the synthetic LeX mimic reached 0.35
mM, and even more interestingly, the Gal-lacking ligand (1.11) showed almost the same affinity (0.5 mM).
This similarity in inhibitory concentrations indicates that contribution from the galactose-like moiety is
negligible and therefore other functional groups could be introduced in this position.

An NMR and molecular modelling based evaluation of the pivotal interactions between two aromatic a-
fucosylamides confirmed that the main mediator in binding is the fucose-residue which is coordinated at the
primary binding-site. STD-NMR spectra clearly showed that the a-fucosylamides assume the same chair
conformation as natural a-fucosides. Further interactions were detected from the aromatic substituents, and, in
consistence with the hairpin-like conformation of Le¥, the cyclohexane ring’s contribution in the STD-NMR
spectrum is minor — suggesting that this moiety stands out from the CRD surface. Notably, the aromatic phenol
(e.g. 1.12a and b) and pyridine groups interact with Phe313, a residue that was previously only accounted for
enhancing or diminishing binding towards mannosylated oligosaccharides, as proven by X-ray-based docking
studies and NMR analysis. Encouraged by these results, other derivatives of the a-fucosylamide glycomimetics

28 for example by systematic variation of the B-amino acid and by using a more flexible

were synthesized,[
alanine linker for a simpler synthesis, but the affinity of these compounds (1.13) did not outperform the one of

the original a-fucosylamide. (Figure 24)
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Figure 24. a-Fucosylamide-based DC-SIGN inhibitors. The structure of 1.10 was based on the natural ligand Le* and docked
into the available crystal structure of the LeX-containing lacto-N-fucopentaose. (PDB code: 1SLS). The original trisaccharide
mimetic 1.10, and surprisingly the same structure lacking Gal (1.11) exhibited ca. 2-fold higher affinity towards DC-SIGN
than LeX. Further glycomimetic structures were synthesized, based on the same a-fucosylamide anchor. X-ray structure based
docking studies suggested that aromatic groups (like phenyl moieties in 1.12a and 1.12b) interact with Phe313 — an amino

acid earlier only associated with mannosylated oligosaccharides. Modified from: Andreini et al13%!

1.7.2.3.3 Ligands based on a monosaccharide mannose ore and aglycone elements

The number of mannose-based monovalent glycomimetic inhibitors considerably exceed the fucosylated ones,
as most natural ligands of DC-SIGN bind through this epitope. An early paper from Mitchell et al. describes a
single modified monosaccharide ligand whose affinity is 48-times higher compared to mannose.l?*!
Substituents in position 2 on the sugar-ring, like Me, CH,OH, CH,Nj; and in particular CH,NH, (1.14)
dramatically increased the affinity towards the lectin, as determined by SPR competition assays, against
immobilized gp120 (K;(2-C-aminomethyl-D-Man) = 0.35 mM; Ki(mannose) = 17.1 mM). The pM affinity of
such a small molecule suggests that the appropriate modifications can create striking differences in binding, by
forming strong interactions with the CRD and that these ligands can become potential lead structures for
turther development.

Similarly, modifications in the anomeric position of mannose can yield highly potent monovalent
glycomimetics, Tomasic ef al. saw Phe313 as an optimal target that could be exploited to form additional
interactions between the ligands and the CRD.**" As discussed earlier, this amino acid can be accounted for
hindering the binding of linear Man-oligosaccharides, and enhancing the affinity of branched ones. As the
sidechain creates hydrophobic pockets both in the direction of the Ca’ ion and behind the residue
(hydrophobic groove), they believed that aromatic groups could engage in hydrophobic or -x interactions in
this region - presumably even two aryl groups simultaneously on both sides. Docking studies predicted 1,3-
diaminopropan-2-ol and glycerol as linkers of the appropriate length that could span the distance between the
primary sugar binding site and Phe313. The two most potent ligands (dinaphthyl-substituted O-aryl ethers, e.g.
1.15) reached ICs values of 40 and 50 uM in inhibition assays with DC-SIGN ECD against gp120 (reference



compound L-Fuc: 2.95 mM). The ligands were also evaluated in DC-adhesion inhibition assays, as well as
molecular docking and molecular dynamics simulations, where the hydrophobic interactions with Phe313 were
partially confirmed, although one ligand exhibited high flexibility in the binding site.

Mannosylated glycolipid mimetics (1.16) were inspired by the structure of ManLAM, a natural ligand of DC-
SIGN and numerous other CLRs.*") In these glycoconjugates, the lipid chains are suspected to help
supramolecular organization of the ligands and promote micelle formation which leads to increased avidity
effects in solutions. The glycolipid-mimetics contain a polar mannose head that is linked to a hydrophilic linker,
crucial for aqueous solubility. The ligands end in a saturated lipid tail of various length that was optimized to
exhibit the highest affinity values in the low micromolar range, as measured by SPR direct binding assays and

DC-mediated HIV-1 trans-infection experiments. (Figure 25)
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Figure 25. Monovalent mannose-based glycomimetic ligands as DC-SIGN inhibitors. A. C-2 modified mannose glycomimetic
developed by the Fleet group.”] B. The anomerically functionalized mannose glycomimetics developed in the Anderluh group
target Phe313. The best results were reached by naphtyl-derivatives. (FlexX-calculated binding mode shown on the right).
Modified from: Tomasic et al.?*] C. Mannosylated glycolipids contain a polar sugar-head and a hydrophilic linker that is
conjugated with a long lipid chain. The molecules supposedly assemble into micelles, and this creates a multivalent platform to

interact with the receptor and enhance avidity.
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1.7.4 Pseudo-disaccharide glycomimetic ligands

2321 that smaller, linear fragments of Many are able to

Based on the high-density array findings of Adams et al.,!
reach similar affinity towards DC-SIGN as the native N-glycan; and that a crucial epitope in these
oligosaccharides is the terminal Manal-2Man motif (1.17); Bernardi et al. have been designing and optimizing
glycomimetic inhibitors that resemble this structure.

The progenitor glycomimetic pseudo-mannobioside 1.18a was built on a mannose-anchor for coordination at
the primary binding site (based on the terminal Manal-2Man disaccharide, the nonreducing-end sugar was
replaced by a conformationally locked diol that resembles the second mannose.?*?) This structure was
predicted to retain the three-dimensional arrangement of the natural disaccharide, based on the X-ray structure
of Mans-DC-SIGN complex (PDB code: 1SL4), as predicted by docking studies.””! The mimetic cyclohexane
moiety serves several purposes: it can enhance metabolic stability against mannosidase activity and its
modifications enable a straightforward incorporation of functional groups for additional interactions with the
CRD, or linkers for conjugations to multivalent constructs, for example. The 1,2 diaxial dioxygen array of this
cyclohexane mimics the 1,2-substituted mannose conformation in the natural saccharide, MM3* calculations
showed that compared to the *C; chair, assuming the 'C4 conformation would be accompanied by a +2.7
kcal/mol energy penalty.**!

Molecular modelling studies highlighted that both Manal-2Man and pseudo-mannobioside populate two low
energy conformations rapidly interconverting into each other — the major extended conformation and the

(2426] Both the synthetic and the natural disaccharide exhibit similar ¢ and ¥ angles

minor stacked structure.
around the glycosidic linkage that are characterized by typical NOE cross peaks — for the pseudo-disaccharide:
extended conformation — exclusive H1(M)-H3eq(C) and stacked conformation — exclusive H1(M)-H1(C).
The two conformers are rotating around the C1-O1-C2’-CI’ glycosidic bond in fast dynamic equilibrium and
they are detectable in solution by trNOESY.

STD-NMR experiments with DC-SIGN had confirmed that the mannose coordinates the Ca** ion - in
accordance with expectations based on docking studies — and additionally, the cyclohexane resides close to the
protein surface. As described by Feinberg et al.*! and Angulo et al.'*®) natural Manal-2Man has two distinct
binding modes in the CRD of the lectin, one of which uses the reducing end mannose for ligation to the metal
and another that is anchored by the nonreducing sugar, both interacting furthermore with Phe313. (Figure 21)
Although considered as a possible alternative, a binding mode in which the reducing end mannose is ligated at
the principal Ca®" site and the second Man leans over Val351 was experimentally (STD-NMR) shown not to
contribute to the multimodal binding of the disaccharide in the CRD. Based on these observations with Manal-
2Man, the pseudo-mannobioside mimic was anticipated to use the same binding epitopes and CRD sites, and
possibly exhibit several distinct binding modes.

Resolution of the crystal structure of pseudo-mannobioside in the DC-SIGN CRD has, however, unveiled a

4] Although almost identical in shape and conformation to the natural disaccharide, the

surprising result.!
glycomimetic uses a third, unique binding mode that is closer to the one described for Le* than to any of the
binding modes employed by mannose oligosaccharides. Differences can be seen already at the principal Ca**
coordination, as 3-OH and 4-OH are swapped by 180° compared to the major Manal-2Man binding mode, so
that 3-OH contacts Glu354 and 4-OH interacts with Glu347, as opposed to the natural ligand using 4-OH and
3-OH to contact the same residues. The asymmetrical pattern of H-bonding with Glu347, Asn349, Glu354 and
Asn365 is not different from the previously described H-bond networks for mannose-epitopes though; this
alone would not be enough to account for the essentially distinct orientation.

The X-ray image of the complex revealed that the ligand is bound in the CRD in its major, extended
conformation (¢ O5-C1-02'-C2’": 66.3°% ¥’ C1-02'-C2'-C1’: —~141.11°), with the cyclohexane ring lying
on top of Val351 - the key residue for Le* binding. The apolar sugar-mimic ring forms van der Waals



interactions with the sidechain, significantly contributing to the affinity of the ligand. The short ethanolamine
tether points away from the CRD surface, implying that using this linker for multivalent presentations would
not significantly affect the binding mode. From the three water molecules visible in the crystal structure, one
links 2-OH indirectly with Asp367.

Further STD-NMR experiments assigned a key role of H6ax(C) (the axial hydrogen atom in position 6 on the
cyclohexane) that is located the closest to the methyl groups of Val351. The poor STD-NMR “visibility” of the
ethanolamine linker, and the dimethyl ester functionalities indicate that these moieties remain flexible in
solution. The NMR studies proved that the binding mode in the crystallized complex is identical to the binding
mode detected in solution and therefore the structure is a good representation of the ligand binding in both

phases. (Figure 26)
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Figure 26. The development, structure and binding mode of pseudo-mannobioside 1.18 in the CRD of DC-SIGN. A:

Microarray screenings from Adams et al. showed that simpler, linear fragments of the progenitor Many structure have similar

affinity towards DC-SIGN as the large, complex oligosaccharide and that Manal-2Man terminal epitopes have crucial role in
binding. Modified from: Adams et al. (2%

Band C (similar point of view): The Bernardi group developed glycomimetic ligands where the nonreducing-end sugar was
replaced with a conformationally constrained cyclohexane-ring. The synthetic ligand assumes an extended conformation in the
CRD and surprisingly, the cyclohexane ring leans on Val351 - a residue that typically interacts with the fucosylated ligands, but
not with mannosylated oligosaccharides. The reducing end terminus is ligated at the Ca®* binding site. The short linker
aminoethanol is not involved in binding, but is rather oriented towards the solvent. This suggests that using this arm for
multivalent presentation of the glycomimetic molecule would not interfere with the binding mode. The methyl-ester groups on the
sugar-mimetic ring are extending towards the protein surface, and presumably larger groups can be fitted in this position to form
additional contacts with the CRD. B modified from Thépaut et al.*+

The antiviral activity of the pseudo-mannobioside was evaluated in Ebola infections models.*** The
glycomimetic ligand inhibited pseudotype Ebola virus uptake in DC-SIGN™ Jurkat cells three-times more
efficiently than the natural disaccharide (ICso glycomimetic 1.18a: 0.62 mM; Manal-2Man: 1.91 mM).
Additionally, the higher concentrations of Manal-2Man, required to record the inhibition curve, caused poor
dose-response of the cells, due to cytotoxicity at these concentration levels.

One of the major purposes behind including an unnatural cyclohexane ring in the ligand structure was the
improvement of metabolic stability, and indeed, the pseudo-mannobioside was six-fold more resistant to the
activity of commercial jack-bean mannosidase that the natural counterpart. Along the same lines, the thio-
glycosidic analogue 1.19 was synthesized to further enhance enzymatic stability in the pseudo-disaccharide
based glycomimetics.'*** This ligand was found to exhibit a very similar affinity towards DC-SIGN - ICs, =
0.78 mM, as opposed to 0.72 mM of the O-glycoside in SPR experiments against a Man-BSA surface.

The protective role of langerin and the importance of selectivity between DC-SIGN and langerin has been
stressed before. Langerin is capable of binding the Manal-2Man epitope (crystal structure PDB code:
3PSF),[® and thus the selectivity of the pseudo-mannobioside needed to be addressed. The two CLRs



coordinate different mannose residues in natural oligosaccharides — DC-SIGN has a preference for internal
epitopes, while langerin binds terminal motifs. The natural disaccharide exhibits a 4-fold enhanced selectivity
towards DC-SIGN over langerin, and the synthetic glycomimetic’s selectivity was studied in comparison with
this ligand. An increased selectivity of the synthetic ligand was observed in SPR experiments on mannosylated
BSA surface compared to the natural disaccharide.

The crystal structure of Manal-2Man complexed with the CRD of langerin offers an explanation for this
selectivity. Similarly to DC-SIGN, the ligand has two binding modes, depending on which sugar ring is engaged
in the Ca*" ligation, but the favoured orientation of the molecule is the opposite of the one in DC-SIGN CRD,
due to a steric clash with Lys299. In this direction DC-SIGN displays Val351, but in langerin this residue is
replaced with Ala289. The absence of additional methyl groups compared to valine that could contact alanine,
and the lack of substituents on C6 of the glycomimetic cyclohexane ring prevent the formation of van der Waals
interactions in this region, and cause a low affinity between the pseudo-mannobioside and langerin.

The D3 arm of Many exhibits a linear Manal-2Manal-6Man trisaccharide that was also the basis of

(2461 By replacing the central mannose with a conformationally constrained carbocyclic

glycomimetic structures.
diol, the pseudo-trisaccharide 1.20 was synthesized. NMR experiments indicated a high degree of flexibility,
mainly due to the 1-2 and 1-6 glycosidic linkages, but the ligand inhibits DC-SIGN binding to mannosylated-
BSA surface with an increased affinity of 125 M, as compared to one order of magnitude higher ICs, of pseudo-
disaccharide (1.0 mM) and mannose (1.8 mM) in the same SPR assay. Moreover, the pseudo-trisaccharide
successfully inhibits HIV infection of DC-SIGN" B-THP-1 cells.

Some equivocal observations about the pseudo-trisaccharide, however, raised enough doubt about its
inhibitory potency to promote further investigations.*”) (Figure 27) Firstly, the order of magnitude difference
in affinity between the pseudo-di and trisaccharide was not confirmed by the X-ray structure of the two ligands
bound in the CRD (PDB codes: 2XR6, 2XRS). No additional interactions were identified and the binding
mode, ligand epitopes and protein sites involved in the binding essentially did not differ in the two cases.
Additionally, this difference in inhibitory potency was lost as soon as the monovalent glycomimetics were
tethered to multivalent systems. Isothermal titration calorimetry (ITC), analytical ultracentrifugation (AUC),
static light-scattering (SLS), and dynamic light scattering (DLS) experiments finally unveiled the reason
behind the increased affinity of the tested pseudo-trisaccharide. The relatively small molecule can function as a
bivalent ligand that clusters two DC-SIGN tetramers and this results in an artificial overestimation of affinity at
low ligand-to protein ratios. This phenomenon was not observed in multivalent systems, when pseudo-
trisaccharide is tethered to larger scaffolds. This negative feature and considering that the pseudo-trisaccharide
is synthetically more demanding than the pseudo-disaccharide, the second ligand became the lead structure for

further glycomimetic development.
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Figure 27. A.: Pseudo-thiosaccharide. Replacement of the O-glycosidic bond with a sulfur atom can lead to enhanced enzymatic
stability, while the three-dimensional structure of the ligand is retained. The affinities of the O- and S-glycosides were almost
identical (0.72 and 0.77 mM, respectively).

B. Pseudo-trisaccharide. Although the order of magnitude affinity increase for the monovalent trisaccharide-mimetic compared
to the parent pseudo-mannobioside 1,18 was encouraging, this difference was lost as soon as the ligands were presented on
multivalent scaffolds. Neither could the X-ray structure of both ligands complexed with the CRD of DC-SIGN explain the
inhibitory potency increase, as apparently the two binding modes are almost identical. Further studies by ITC, AUC, SLS and
DLS unveiled the CRD clustering capability of 1.20, which leads to artificial overestimation of the affinity of the monovalent

trisaccharide in solution-phase. Proposed model from Sutkeviciute et al.>+']

The X-ray structure of the pseudo-disaccharide, as well as the cyclohexane ring’s close proximity to the CRD
surface suggested that functionalization in the dimethyl ester positions could establish additional interactions
with the protein. The position of the methyl ester substituents pointed towards an area on the CRD surface
where larger groups could be accommodated, and presumably contact the surface. In particular, the
introduction of lipophilic groups was suspected to contribute to ligand potency, by engaging in hydrophobic
interactions with the CRD surface in areas which were not occupied by natural ligands. From the variously
tethered (Me, CH,-CH,-NH,, CH,-CH=CH, CH,-CH,-N;) pseudo-mannobiosides, a small library of

248

bisamide derivatives (1.21) was developed with the allylic linker.***) From these ligands, the bis(benzylamide)-
substituted molecules - with or without further functional groups on the aromatic ring - inhibited DC adhesion
to mannan-coated plates with the highest potency (ICs values in the mM range). Compared to pseudo-
mannobioside, this meant a 2 order of magnitude affinity enhancement. On the other hand, preliminary SPR
studies showed that tertiary amides in this position resulted in poor affinities towards DC-SIGN.>*

The bis(benzylamide) series served as a promising starting point for further studies. The allylic tether was
replaced by azido-ethanol linker because the first was found to slightly influence the measured affinity by
aspecific interactions with the protein. Furthermore, by featuring an azido group, the monovalent ligands can
be readily “clicked” on multimeric scaffolds in copper(I)-catalyzed alkyne-azide cycloadditions (CuAAC).
Docking studies indicated that the presence of H-bond donors or acceptors out of the plane of the aromatic
ring could establish H-bonds with amino acid residues in the CRD and contribute to the affinity of the

2501 haged on

glycomimetic ligands. Thus, a library of 15 bis(benzylamide) ligands was synthesized,!
considerations like participation in H-bonding, solubility and synthetic accessibility — all of these structures
exhibited polar, O-containing functional groups on the two benzyl substituents. STD-NMR confirmed that the
conformation of the bis(benzylamide) molecules in the binding site was similar to the pseudo-disaccharide,
and that the aromatic rings formed lipophilic interactions with the protein surface. Notably, with the exception
of 3 ligands, the 15 membered library showed increased activity towards DC-SIGN compared to the dimethyl
ester 1.18 in SPR competition assays on a mannosylated BSA surface. Most of the ligands exhibited an ICs of
ca. 0.3-0.4 mM, while in the same assay, the structurally significantly more complex Man, exhibited an

inhibitory potency of 130 uM.



The role in H-bonding was deduced by comparing the ligand, bearing 4-hydroxymethelene groups on the aryl-
ring (1.21a, also referred to as Man030) and the one with methyl esters in the same position. Since these ligands
show similar affinities, it was postulated that the functional groups participate as H-bond acceptors in the
interactions. Fluorine atoms and lipophilic groups attached to the phenyl ring virtually did not influence the
potency.

A suitable balance between affinity (ICs: 325 uM), selectivity, water solubility and synthetic accessibility was
established in the case of Man030 (1.21a) which was the lead for further optimizations and the construction
of multivalent systems, like glycodendrimers. Docking studies and STD-NMR experiments served as a proof
that the ligand is bound by DC-SIGN in its main conformation, in a similar binding mode as the pseudo-
mannobioside dimethyl-ester 1.18.

Similarly to the pseudo-mannobioside, the bis(benzylamide) derivatives were also evaluated for their selectivity
against langerin and displayed low affinity towards the lectin in single-point inhibitory assays, even at 100%
DC-SIGN inhibition levels. This underlines that glycomimetic ligands can exhibit high affinity towards a target
lectin, while maintaining selectivity towards another, with a highly similar CRD structure.

Achieving selectivity can be approached from various directions, though. In the classical strategy, ligands are
modified and optimized to form additional contacts, or stronger interactions with the protein. During rational-
differential design, elements are incorporated in the ligand structure to hinder, abolish binding to proteins
which should be specifically avoided by the bioactive molecule. The first approach — although the previous
examples of glycomimetic inhibitors all followed this one - is challenging, especially in the case of shallow,
extended, accessible binding sites, like the CRD of DC-SIGN. The CRD oflangerin, however, contains a certain
residue and binds to an uncharacteristic carbohydrate-epitope that inspired a set of pseudo-mannobioside
derivatives, with enhanced selectivity between the two lectins.

The natural ligands of langerin include 6-SO,-Gal terminated glycans (see non-optimal binding mode 1.4.1),
as well as sulfated GlcNAc-containing GAGs. The crystal structure of langerin CRD complexed with the
disulfated ligand GIcNS6S (PDB code: SG6U), ! together with site-directed mutagenesis identified K313 as
the key mediator of accommodating negatively charged moieties in the binding site. Mutations in this residue,
like K313A, canlead to a complete loss of binding. On the contrary, inclusion of a positive charge in position 6
could result in electrostatic repulsion, or steric hindrance with the amino acid sidechain. The 6-amino modified
pseudo-disaccharide derivative 1.22a served as the proof of this theory, as the ligand had drastically increased
selectivity towards DC-SIGN over langerin, compared to the parent glycomimetic. Additionally, its relative
affinity for the first CLR has also improved (ICso = 481 uM, as opposed to 956 uM); analogously to 6-amino-
Man030 (ICso = 254 uM, as opposed to 329 uM). (Figure 28)
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Figure 28. A. Bis(benzylamide) derivatives of pseudo-disaccharide 1.18. Based on the X-ray crystal structure of 1.18

complexed with the CRD, various amide derivatives were synthesized to form additional interactions with the proteins surface.

In particular, benzylamides showed superior affinity towards DC-SIGN, compared to 1.18. Additionally, they were selective

against langerin, a CLR that promotes HIV eradication by inducing the formation of Birbeck granules. 1.21a, also known as

Man030 offered an optimal balance between good affinity, selectivity, solubility in water and straightforward synthesis. The
ligand'’s docked pose in the CRD of DC-SIGN (right) qualitatively accounted for the STD-NMR data. Modified from Varga et

aZ.[ZSOJ

B. Highly selective monovalent DC-SIGN inhibitor conceived by rational-differential design. The crystal structure of langerin
CRD (right, unligated) complexed with the disulfated ligand GIcNS6S (PDB code: SG6U) and mutagenesis studies identified
K313 as the key mediator for interacting with negatively charged groups in C6. Positive charges in this position were suspected to
cause electrostatic repulsion and/or steric clashes, and therefore blocked binding by langerin. Compound 1.22a showed not only
exceptional selectivity towards DC-SIGN (left, unligated CRD) over langerin, but also enhanced affinity towards the first CLR.

Modified from Porkolab et al.1>s1
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2.1 SYNTHESIS OF A GLYCOMIMETIC LIGAND LIBRARY

2.1.1 DESIGN AND SYNTHESIS OF THE LIGAND LIBRARY

The fundamental role of CLRs in the immune response has been extensively discussed in the introduction.
Depending on the receptor involved, CLRs are capable of activating different APC signalling pathways, induce
cytokine secretion or the expression of co-stimulatory molecules. Furthermore, it has also been demonstrated
that an early intervention in the immune signalling can steer the response towards medically desired directions.
Selective targeting of specific C-type lectins can lead to the initiation of cellular or humoral immune pathways,
like macrophage and B-cell activation, or elicit pro-/anti-inflammatory and allergic responses. These roles endow
CLRs with an enormous potential for applications in areas, such as cancer immunotherapy, the treatment of
autoimmune diseases or allergy, and vaccine development.

However, many aspects of the vital sugar-lectin interactions remain to be understood and described, with regards
to the CLRS’ structure, functions and carbohydrate specificity, as well as the in-depth exploration of key-epitopes
and CRD sites involved in glycan recognition events. These are central points to address for the therapeutic
exploitation of CLRs. Therefore, the main objective of the Immunoshape European Training Network is the
development of highly selective lead structures as glycan-based immunotherapeutics for the treatment of cancer,
autoimmune diseases and allergy.

CLRs do not always show high selectivity against natural glycans, and vice versa, pathogens are often recognized
by several C-type lectin receptors. Selective inhibitors targeting exclusively one type of CLR on APCs, will thus
have improved chances to induce only the desired responses (e.g immune-stimulatory or immune-suppressive),
without any cross-reactivity. A powerful method to identify high-affinity and selective ligands for these receptors
is the screening of glycan or glycomimetic libraries against different CLRs.

This concept is radically distinct from the previously seen approach of ligand optimization for a single lectin (e.g.
DC-SIGN, see Introduction) and benefits greatly from high-throughput technologies, such as microarray-based
binding assays. Several partners in the Immunoshape Network study immunologically-relevant glycan-based
structures and employ state-of-the-art synthetic methods, involving chemoenzymatic diversification and
automated solid-phase carbohydrate synthesis.

Our research group has been focusing on the synthesis of a glycomimetic ligand library via classical, solution-
phase methods. This approach offers more freedom for major and minor modifications in the structure of
glycomimetics, and facilitates tailored introduction of pharmacophores and other functional elements, like a
linker moiety. In 1.5.2, the numerous advantages of glycomimetics over natural glycans were discussed in details
— these include improved (or altered) affinity and selectivity towards specific CLRs, enhanced metabolic stability,
“drug-like” PK/PD profile and simpler synthesis than complex, natural oligosaccharides.
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As discussed earlier, CLRs sharing the EPN motif in their CRD can be expected to recognize both Man and Fuc
epitopes in the principal sugar-binding site, while secondary structural elements can significantly enhance binding
to certain lectins and lead to selectivity over others. Therefore, we envisioned a glycomimetic ligand library based
on mannose and fucose, equipped with structurally diverse aglycon motifs. We anticipated that by screening
various CLRs against this library, we would be able to identify active ligands that can selectively target specific
CLRs on APCs.

During the initial library development, an already established synthetic route for DC-SIGN inhibitors was
followed and expanded, in order to prepare a diverse set of mannosylated glycomimetics. Later, the same
synthetic strategy was adapted to the synthesis of fucose-based ligands. Members of the library were numbered
as ISh0XX, based on the chronological order of the synthesis. Subsequently, different CLRs available through
the Immunoshape Network were screened against this ligand library that comprises both mannosylated and
fucosylated glycomimetics.

The comparative assessment of binding-affinities on a large number of ligands can be extremely resource-
demanding. The problems are rooted in the low affinities of monovalent ligands towards CLRs, while the
construction of multivalent systems, like dendrimers, requires relatively large amounts of the ligand and increases
the burden of synthetic effort. Moreover, the limited access to pure CLRs narrows down the applicability of
techniques like SPR and NMR that use significant amounts of the protein.

Microarray technology is a robust, miniaturized binding-assay with accordingly low protein and ligand demand.
This facile method provides a platform for the rapid identification of high affinity library ligands towards specific
CLRs. During screening, the appropriately functionalized glycomimetic compounds are printed on
functionalized glass-slide surfaces and the chips are incubated with fluorescently tagged CLRs. The read-out of
the binding profile is fast and straightforward, and complementary assays (like SPR) can be used to validate the
results on a smaller set of compounds. Cross-comparison of these profiles over different screenings with various
CLRs requires standard, optimized microarray fabrication and incubation conditions, which also enable to

determination of experimental reproducibility (more on this subject in a following section). (Figure 29)
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Figure 29. Glycomimetic approach to target C-type lectins. A mannose and fucose-based ligand library has been synthesized and
diversified with bisamide-moieties. The molecules are equipped with an azido-group terminated linker that enables their
presentation on multivalent platforms. As a robust binding assay, we chose microarray technology to screen various CLRs against

the glycomimetic library, to identify high-affinity and potentially selective ligands.

The orthogonal “handles” incorporated in the structure of our library members serve several purposes. On one
hand, these linkers were used as anchors for ligand immobilization the microarray slides. Furthermore, once array
screening and further binding assays (e.g. SPR) provide a selection of the most potent monovalent ligands, the
glycomimetics can be tethered to core scaffolds, in order to build multivalent glycoconjugates (such as dendrons
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and dendrimers, glycopolymers, GNPs or NGPs). These constructs typically exhibit increased affinity compared
to the same number of monomers individually presented, because of enhanced avidity effects (see Introduction).
Quantitative SPR assays and crystallographic data can further drive the rational design of high affinity inhibitors
for specific CLRs. These methods are used to map crucial binding epitopes and exploitable sites on the surface of
the CRD, to form new interactions between the CLRs and ligands.

As a future, late-stage evaluation option, the immunomodulatory properties of glycomimetic ligands can be
assessed in functional immune assays. The top candidates may be conjugated with known tumor-antigens,
anticipating that their presence facilitates the CLR-mediated antigen-uptake into DCs in human ex-vivo skin
models. The subsequent antigen processing, stimulatory or tolerance-inducing response depends on the type of
CLR and APC recognizing these antigens. Eventually, the selective targeting of DCs may improve anti-tumor

immunity.

2.1.3.1 Synthesis of the mannosylated scaffold
The previously described small library of pseudo-mannobioside-based bis(benzylamide) inhibitors (1.21)

showed improved affinity towards DC-SIGN over the natural disaccharide and simultaneously, enhanced
selectivity over langerin.**") The results suggested that the set of target CLRs could be expanded to other
mannose-/fucose-specific lectins by using the major monosaccharide epitope as an anchor in the primary Ca*
binding site, while modifications of secondary structural elements, such as the amide-moieties can tune the
activity and selectivity of glycomimetic ligands. This is supported by important observations that are the basic
pillars of our library development.

First, the presence of Glu-Pro-Asn motif in the vicinity of the principal binding site determines a preference for
mannose and fucose. These sugars will therefore be used to ligate the glycomimetics at this site. Second, the
conformationally constrained cyclohexane ring enables a unique, well-defined conformation of the mimic and
favors a well-deifned binding mode in the CRD of DC-SIGN by interacting with Val351, while it also improves
the enzymatic resistance of these compounds. Additionally, the X-ray structure of the pseudo-disaccharide 1.18
(Figure 26) in complex with DC-SIGN indicated that the methyl-ester groups appended to this sugar-mimic ring
are projected towards the protein surface and indeed, their replacement with amide moieties significantly
influenced the affinity towards DC-SIGN, based on the nature of these amide groups (see 1.7.3). Lipophilic
bis(benzylamides), for example, could enhance ICs, values by an order of magnitude, while tertiary amides
virtually abrogated binding to the receptor.l**”) Likewise, varying solely the amide-moieties resulted in various
levels of selectivity towards DC-SIGN over langerin.

On the whole, we can expect that by modifying the pseudo-disaccharide structure with diverse amide groups, the
IShOXX ligands can achieve increased affinity towards specific CLRs and they can be selectively recognized by
certain receptors and not by others. Moreover, decorating the glycomimetic structures with both mannose and
fucose can broaden the range of potential CLR targets and/or interactions in the primary binding site; as well as
help the evaluation of the epitope’s role.

These considerations allow us to rely on the previously established synthetic route to prepare the mannosylated
library. The pathway serves our purpose particularly well, as the library diversification takes place during the
penultimate step, and so, from there we can follow a divergent synthetic strategy by scaling-up the common

scaffold 2.11 and appending the amide moieties at a late stage. The very last step is a straightforward Zemplén-
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deprotection) that — in most of the cases - can be performed immediately after the amide coupling, leading

directly to the mannosylated library members ISh0XX, equipped with the linker arm. (Scheme 1)
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Scheme 1. Synthesis of the mannosylated glycomimetic library. Starting from the enantiomerically pure diacid 2.1, activated ester
groups and a short azidoethanol-linker were incorporated in the structure of the acceptor 2.6. This trans-diaxially substituted
cyclohexane ring mimics the conformation of 1,2-substituted mannose. The mannose-donor 2.10 was prepared through
benzoylation, selective deprotection at the anomeric center and activation for the glycosylation step as a trichloroacetoimidate.
After formation of the glycosidic linkage, a common scaffold was obtained (2.11) that readily reacts with diverse amines. In the

last step, the mannobioside mimetics were debenzoylated under Zemplén conditions.

The disaccharide scaffold is built from a natural mannose residue and an unnatural sugar-mimic ring. The
orientation of the functional groups on the cyclohexane ring are crucial, as their proper configuration imitates the
trans-diaxial hydroxyl groups on C1 and C2 positions of the nonreducing terminus mannose ring in Manal-
2Man. Therefore, the position of these substituents has an influence on the final conformation and the binding
characteristics of the final glycomimetic ligands.

For this reason, the required configuration of two functionalities of the four is already implemented in our starting
material - (18,25)-4-cyclohexene-1,2-dicarboxylic acid 2.1 - that was custom-synthesized by Alchemy, following
aroute described by our group.*s*!

The diacid functionalities were transformed into the corresponding p-nitrophenyl esters; on one hand, to protect
the acid functionalities in the subsequent steps, and on the other, to pave the way later for a facile insertion of the
amide moieties. Pentafluoro-phenyl esters had also been tested previously with the same purpose, but this

activating-group was discarded due to the lower yields obtained during the glycosylation step.!***

I Reacting diacid
2.1 overnight at 50°C, with 4-nitrophenyl trifluoroacetate in the presence of pyridine allows us to crystallize the
pure product from cold diethyl-ether without any column purification step. This procedure has also reached

higher yields (>70%) than the previously reported ester activation step with 4-nitrophenol, EDC and DIPEA
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(62%). The formation of tetrahydrophtalic-anhydride had been described earlier at elevated temperatures,

254] Nonetheless, the reaction had satisfactory

therefore the reaction rate could not be accelerated by heating.!
yields to scale-up from an expensive starting material, in order to produce alarger amount of the common scaffold
2.11.

The carboxylic acid protection/activation step was followed by the epoxidation of the double bond with mCPBA.
The reaction has excellent yields and again, further purification of the isolated product was not needed.

The acid-catalyzed hydrolysis of the epoxide 2.3 leads to the trans-diaxial product 2.6 — the acceptor in the
following glycosylation reaction. The selective opening of the epoxide is a key step that eventually determines the
appropriate conformation of the glycomimetic ligands, and introduces the linker tail in the structure. The
alcoholysis of the epoxide was catalyzed by Cu(OTf), — a Lewis acid that offered the highest yields and selectivity
during a previously reported Lewis acid and electron-transfer catalyst screening for the opening of this
epoxide. !

An appropriately chosen alcohol in the epoxide opening step can simplify the future conjugation of the ligands to
multivalent supports, such as the surface of microarray chips or dendrimers. The functional group at the end of
the tether also defines the type of chemistry that can be employed to link the compounds to multimeric systems.
Although numerous methods have been described, in the majority of the cases, coupling relies on the practical
and prosperous chemistry of amine functionalities, or the copper(I)-catalyzed alkyne-azide cycloadditions
(CuAAC) between an azido-group and a triple-bond. Additionally, these strategies are applied by other partners
of the Immunoshape Network, and protocol uniformity among collaborating research groups, ie. standard
coupling chemistry enables a more efficient cooperation among different sites. The inclusion of an azide-moiety
is suitable for the exploitation of both strategies, as the group can be easily reduced with palladium catalyst, to

afford an amino-functionality, if necessary.

2.1.3.2 Trials to elongate the linker arm

Individual glycomimetic ligands and libraries of fewer members were typically synthesized in our group by
242b, 248, 256

opening the epoxide with allyl alcohol, 2-bromoethanol or 2-chloroethanol.! ] Using allyl alcohol as the
linker is inconvenient, because the double bond does not allow a straightforward coupling with the previously
mentioned multivalent platforms. Moreover, the same functional group is suspected to interact non-specifically
with DC-SIGN, as indicated by saturated signals in STD-NMR experiments.?*! 2-Bromoethanol could not
entirely dissolve the copper-promoter, and thus, dichloromethane had to be added to the reaction, which, on the

(2426] Eurthermore, the purification of

contrary decreased the conversion and the yield (ca. 40%) of the reaction.
the crude was difficult and degradation of the reagent was often observed over time. Using 2-chloroethanol, both
as reagent and solvent — both the catalytic amount of copper, as well as the substrate are dissolved - significantly
improved the yield of the epoxide opening, compared to 2-bromoethanol. The replacement of the chlorine atom
with sodium azide in DMF, however, could only be performed one-by-one for each ligand after the
transformation of the activated ester groups into the bisamide substituents. This cumbersome protocol was

250 who directly installed the azide-group at the end of the linker - prone to react with

omitted by Varga et al.,|
alkynes for multivalent presentation of the ligands - by using 2-azidoethan-1-ol in the epoxide-alcoholysis step.
Ring opening by 2-azidoethan-1-ol can drastically simplify the required synthetic steps during our gram-scale
preparation of the common scaffold 2.11 and thus, this alcohol was considered first as a linker for the preparation
of our library.

This small organic azide compound can be potentially hazardous and explosive, however, and therefore, it needs

to be handled with care. As a rule of thumb, the following equation indicates threshold for organic azide safety: ")
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N(carbons) + N(oxigens) S 3

N(nitrogens)

As 2-azidoethan-1-ol does not fulfill this criterion (left side equals 1), it is not safe to isolate the liquid in its pure
form, and its distillation is essentially forbidden. Safety measurements include the storage of small amounts, only
in solution, at low temperatures, limited to short periods of time. The compound was synthesized from 2-
chloroethanol, with sodium azide — metal spatulas (and generally any contact with metals, more specifically heavy
metals) should be avoided during weighing of the salt, and extra attention must be paid not to leave any powder
in ground glass joints. Wastes of azide-containing solutions must never be disposed in drains (toxicity of azide
salts, metal pipelines) and have to be collected in dedicated containers, in order to prevent the release of the highly
toxic hydrazoic acid (pK, = 4.6) under acidic conditions. Alternatively, less than $% sodium azide content in
aqueous solutions may be destroyed by using freshly prepared nitrous acid, following strict safety rules during the
procedure (see details in the experimental section).

In our case, the tether was intended to be used primarily for ligand immobilization during the microarray-based
CLR screening process, and this role could later be extended to linking the most promising candidates to
multivalent scaffolds. The micro-scale surface of commercially available microarray slides is not two-dimensional,
however, the glass-chips are coated with an appropriately functionalized, permeable polymer that has an
increased immobilization capacity. To ensure the CLRs sufficient access to our ligands, and provide the
glycomimetics a certain degree of freedom to assume conformations which can be recognized by the lectins, we
attempted to incorporate longer linker arms at this stage of the synthesis. We reasoned that a more extended,
flexible spacer, already attached to the molecules, could project the glycomimetics away from the glass microarray
surface and the three-dimensional polymer layer, so the solution phase CLRs could reach their ligands more
easily. Furthermore, this slightly more distant orientation would help to maintain the native three-dimensional
structure and functionality of the ligands.

Trials were conducted to open the epoxide 2.5 with azidoalcohols of different length which are also safer to
synthesize and use (C : N = 1). The most extensive attempts were focused on equipping the cyclohexane moiety
with commercially available 3-azidopropan-1-ol (2.13), however the product acceptor could not be entirely
purified and was always contaminated with significant amounts of the alcohol. This is due to the fact that while
2-azidoethan-1-ol can be wholly removed from the reaction crude by evaporation (b.p.: 77°C at 32 mbar), 3-
azidopropan-1-ol is not nearly as volatile as the shorter alcohol (b.p.: 62°C at 3-4 mbar). During column
chromatography, purification of the product was hampered by the lengthy streaking of 3-azidopropan-1-ol.
Similarly, our attempts failed with S-azidopentan-1-ol (2.15), as well as with the more polar 2-(2-
azidoethoxy)ethanol (2.17), whose additional aim was to increase the overall water-solubility of the
glycomimetic ligands. These azide-terminated linkers were synthesized from S-bromopentan-1-ol (2.14) and 2-
(2-chloroethoxy)ethanol (2.16), respectively, with sodium azide. (Scheme 2)

As the following step of the synthetic route is the particularly sensitive glycosylation, even minimal amounts of
residual nucleophile from the epoxide-opening could spoil the central reaction in our synthetic pathway. Instead
ofthe continued search for another alcohol, we eventually decided to follow the established epoxide-opening with
2-azidoethan-1-ol and to elongate the linker with a double-functionalized spacer right before printing our
glycomimetic library on the microarray chips (see Chapter II). This strategy also leaves room for various
modifications on the short tether, or the introduction of various motifs in this position - like conjugation of the
monovalent ligands to multivalent dendrons, without granting the constructs too much flexibility (which can also

be disadvantageous in certain cases).
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Scheme 2. Epoxide-opening trials with various azido-alcohols, in order to incorporate a longer, safer-to-handle linker than 2-
azidoethan-1-ol. A. 3-azidopropan-1-ol is commercially available, S-azidopentan-1-ol and 2-(2-azidoethoxy )ethanol were
prepared with NaN; from S-bromopentan-1-ol and 2-(2-chloroethoxy Jethanol, respectively.

B. The product acceptor could not be purified from residual azidoalcohols which were added in excess to the reaction. While
leftover 2-azidoethan-1-ol can be evaporated from the reaction crude after the epoxide opening, longer linkers have too high boiling
points. During column chromatography. The streaking alcohols are collected together with the product. Nucleophile impurities,

even in small amounts, can represent serious problems during the following glycosylation step in the synthetic pathway.

The trans-diaxial carbocyclic diester 2.6 plays the role of the acceptor in the following glycosylation step. The
donor 2.10, on the other hand, is a trichloroacetoimidate(TCA)-activated and benzoyl-protected mannose
which was prepared from D-Man through well-known and straightforward transformations. All § hydroxyl-
groups on the sugar were benzoylated with BzCl in pyridine (2.8), followed by the selective deprotection of the
anomeric position with MeNH (2.9). During previous trials in our group, acetyl-protected donors had been used
for the glycosylation, but the product was obtained in low yields after a difficult purification. Using benzoates
significantly improved the yield of this reaction and reduced the formation of orthoesters which are common
byproducts of glycosylations in the presence of a participating group on C-2.

T CA activating groups are popular among carbohydrate chemists, thanks to their ease of synthesis — the anomeric
hydroxyl group is readily converted into the imidate with trichloroacetonitrile, under basic conditions (here:
DBU) - and the fact that this functionality is an excellent leaving group during the course of glycosylation, with
satisfying stereoselective outcome of the newly formed glycosidic linkage. The downside of activating the
protected mannose is that the TCA-donor is not stable during long periods of storage, even at -20°C, thus, the
activation has to be performed not long before the glycosylation.

The connection of the unnatural acceptor moiety and the appropriately functionalized (protected and activated)
mannose donor forms the link in the convergent first half of the synthetic pathway, leading to the common
scaffold 2.11. This is arguably the most delicate reaction in our sequence — traces of moisture need to be removed
from the reactant mixture by co-evaporation with toluene, and by adding 4A molecular sieves. The reaction is
initiated by a Lewis acid activator (in our case TMSOTT), used in catalytic amounts, which promotes the cleavage
of the leaving group. The so-formed oxocarbenium ion is stabilized as a benzoxonium ion - with the help of the
axially oriented neighbouring group on C-2 - that is attacked in an Sx2-type reaction by the free OH group of the
acceptor. The anchimeric-effect that defines the side of attack on the intermediate, and the strong anomeric-effect
of mannose collectively lead to the exclusively 1,2-trans-glycosylated a-product. The glycosylation reaction is
remarkably fast, and the step is carried out at -30°C in order to prevent the decomposition of the reactants and
minimize the chances of possible side-reactions. The residual Lewis acid is quenched with TEA at the end of the
reaction.

In summary, the convergent synthetic branches leading to the donor and acceptor were joint in the glycosylation

step that yielded 2.11, a common scaffold for the derivatization of the mannose-glycomimetic library. This
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compound can be readily conjugated with different amine moieties as a result of the PNP-activation of the ester
groups, and was therefore scaled-up to gram-scale. From here, we followed a divergent concept, to attach
structurally diverse amines to the common pseudo-disaccharide scaffold - these bisamide-groups are the variable
elements of the ligand library.

250]

Based on the previous results with DC-SIGN and langerin,”**! we anticipated that the glycomimetic constructs’
affinity and selectivity will be modified against various CLRs, depending on the nature of the amide groups (see
2.1.1). At this point, we faced the challenging problem of having to select a diverse set of amines that will be
appended on our molecules and screened against various CLRs. As we lacked a specific lectin target and because
the library was synthesized with the main goal of screening - at that point - unspecified CLRs (that we would later
have access to through our partners in the Immunoshape Network), rational choices could only originate from
results with DC-SIGN. This lectin showed high affinity towards bis(benzylamide) moieties, and could not bind
tertiary amides attached to the cyclohexane sugar-mimetic ring.**! Furthermore, many lectin receptors have not
yet been characterized, with respect to the structure of their binding pockets and preferred epitopes, therefore we
turned to chemoinformatic tools to select a pool of structurally diverse amines which could contribute to the

binding interactions between the pseudo-disaccharide ligands and the CRD oflectins.

2.1.3.3 Selection of diverse amines

With the help of Dr. Fabio Zuccotto from the University of Dundee, primary and secondary amines were
collected from the compound databases available at eMolecules (>6.5 million compounds in August 2013) and
Molport (>10 million compounds in December 2013), by using Markush structures. The findings were refined
by applying physicochemical filters (150 < MW < 275; 9 < number of heavy atoms < 20; number of rotable bonds
< 6; number of rings > 0, no undefined stereocentres), in agreement with “lead-like” drug properties. Structures

(25%] and molecules that had been identified as pan-assay interference

containing potentially reactive species
compounds (PAINS)??! were removed from the lot. These amines could carry a risk of showing activity against
a range of array-platforms, as well as proteins, typically by the means of metal chelation, chemical aggregation,
redox activity, fluorescence, cysteine oxidation and binding promiscuity. These properties could significantly
influence the results of binding assays, both in vitro and in vivo, and thus, should be avoided.

The remaining structures were clustered and the cluster centres defined by using chemoinformatic descriptors,
for example extended connectivity fingerprint 4 (ECFP4), and by defining the maximum distance between
cluster members (Tanimoto = 0.6). To allow visual inspection of the still vast number of amines, the original
number of compounds in the cluster centres was narrowed down to 20%, while the molecular diversity was
maximized by functional-class fingerprint 4 (FCFP4). These steps yielded 1116 primary amines (630 aliphatic
and 486 aromatic) and 796 secondary amines (472 aliphatic and 324 aromatic), altogether 1912 structures that
could be used for our glycomimetics. Representatives of the cluster centres were selected based on commercial
availability and intuition.

The amide coupling reaction between the primary and secondary amines (added in excess) and the PNP-esters
is straightforward, although insufficient reactivity or decomposition of the amine partner, and steric hindrance
can slow down or block the formation of the two amide bonds. In cases, where passivity of the amine reactant was
suspected, or when the ammonium salt was used for the reaction, TEA was added. Attempts to increase the
reaction rate by heating, lead to the decomposition of the scaffold 2.11 even at 50°C, and was henceforward
avoided.

Ideally, after completion, the reaction crude contained only the bisamide product, the p-nitrophenolate
byproduct, the excess of amine (typically added in 3-S equivalents) and possibly TEA. Where possible, i.e. the
product did not contain any sensitive functional groups (that could significantly alter the polarity of the product

upon protonation/deprotonation), the p-nitrophenolate was removed by basic workup, while the amine species
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by acidic aqueous extraction. To facilitate the time-consuming and laborious workup steps, we installed Biotage
ISOLERA® HM-N liquid-liquid extraction systems, in order to rapidly extract several reaction mixtures
simultaneously. (Figure 30) The supported liquid extraction (SLE) method consists of dissolving the reaction
crude in a compatible organic solvent and passing the solution through connected cartridges. These are packed
with a solid matrix which is pre-conditioned with 1M HCI or 1M NaOH solutions in the different column
elements, and a last (bottom) cartridge contains pure water, as a final washing step. Addition of a Vacmaster™
unit can speed up the descent of the organic phase by applying vacuum sucking at the end of the column.
Optionally, any of the cartridges may be omitted (e.g. the acid-conditioned one, in case of undesired protonation
of the product), and several extractions of the same type can be performed if necessary. The tetra-O-benzoylated
bisamides (2.12) were only purified by flash chromatography where significant amounts of the amine or other

by-products could not be removed by the SLE system.

A B
CRRUER N CRORUN R
Tightly fitting adapters to | L d |
|| 1M NaOH - connect cartridges and the TR R TR R 1
vaccum unit ‘ I 3 ' | ] |
I C ) PNP
? [
- - =]
\

1M HCI resid.
|| amine
L
- -

water

Vacmaster™ unit to
apply vaccum

LN

Figure 30. Rapid workup of the amide coupling reactions with Biotage ISOLERA® HM-N liquid-liquid extraction system. A.
Solid matrix-packed cartridges were pre-conditioned with IM NaOH, IM HCl solutions and water and connected in a column
system. The p-nitrophenol byproduct is removed on the basic cartridge, the excess amine is extracted in the acidic phase and the
organic phase is washed on the final column with water. B. Vacuum can facilitate the descent of the organic phase which is then

collected into test tubes in the Vacmaster™ unit. 10 samples can be extracted simultaneously — a great help for time-efficient

preparation of a molecule library.

The final debenzoylation under Zemplén-conditions is rapidly achieved by NaOMe in MeOH, and alternatively,
this deprotection step can be carried out one-pot after the amide coupling. This way, even the simplified workup
of the previous reaction might be skipped, and the two steps require only one chromatographic purification. The
high boiling point of methyl-benzoate (199.6°C) coupled with the heat-sensitivity of the products does not allow
the removal of the byproduct by evaporation.

2.1.3.4 B-fucosyalted glycomimetic ligands

Asithasalready been foreshadowed at the beginning of this section, we set out to expand the glycomimeticlibrary
to fucosylated pseudo-disaccharides, in addition to the mannose bearing ligands. According to our expectations,
selective and/or high affinity CLR ligands could be identified among fucose-decorated glycomimetics whose
structure was based on a natural mannobioside ligand of DC-SIGN. This prospect was based on the fact that often
both of these sugar epitopes are recognized by lectins who share structural similarities in the CRD (EPN motif,
see above and Introduction), and furthermore, that many mannosylated and fucosylated oligosaccharides (high

Man structures, Lewis-antigens) can be found among the ligands of C-type lectins. The Glu-Pro-Asn residues
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define the architecture in the direct vicinity of the Ca®* binding site where they primarily allow the ligation of two
equatorial hydroxyl groups — 3-OH and 4-OH of mannose and 2-OH and 3-OH of fucose. (Figure 31) Some
ligands are ligated in a noncanonical manner though, such as Le* in the CRD of DC-SIGN - the trisaccharide is
tilted towards Val351 because of the atypical coordination by the equatorial 3-OH and axial 4-OH of the fucose

moiety (see Introduction).
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Figure 31. Minimal sugar epitopes for C-type lectins with an EPN motif in their CRD. These CLRs show the highest affinity
towards mannose and fucose among natural monosaccharides, although they can often recognize glucose as well. In the case of
Man, 3-OH and 4-OH are directly coordinated by the Ca®* and the surrounding Asn and Glu residues, while 2-OH is axially
oriented. The same architecture is exhibited by fucose, although the metal-coordinated hydroxyl groups are 2-OH and 3-OH, while
4-OH is found in axial position.

Fucose is among the few common monosacchride building blocks found essentially only in L-configuration in
Nature. Although natural oligosaccharides contain almost exclusively a-linked fucose residues, from our
glycomimetic point of view, the synthetic challenges associated with the different preparation routes leading to
the two types of glycosidic linkages (a and p-Fuc) are incomparable. While the p-linked ligands could be prepared
analogously to the mannosylated structures - by applying the same protecting group pattern and activation as in
the case of the Man-donor - the substantially more difficult 1,2-cis-glycosylation of the donor could require a
major effort during the synthetic pathway. 1,2-cis-glycoside linkage-formations are particularly problematic, and
require carefully planned protecting strategies, activation methods (e.g. halogenation) and often special
conditions during the glycosylation (e.g. solvent-effect), in order to achieve good yields and stereocontrol.
Additionally, for the same reason, it is reasonable to hypothesize that fucosidase enzymes encountering essentially
only a-linked fucose in Nature, will less rapidly hydrolyze the B-fucoside structures.

In an attempt to predict how the synthetically less demanding p-fucosylated glycomimetics could interact with a
CLR, we returned to the crystal structures and binding modes of Le* and pseudo-mannobioside 1.18 in the CRD
of DC-SIGN. (Figure 22, Figure 26) As a starting point, a conformational search was performed for $-1,2-
pseudofucobioside, and the findings were ranked. The 8" highest-scoring ligand exhibited extended
conformation — similar to the binding mode of a-1,2-pseudo-mannobioside 1.18. The Ca** coordination
observed for lacto-N-fucopentaose indicated that in spite of the configurational analogy between 3-OH and 4-
OH of mannose and 2-OH and 3-OH of fucose, the oligosaccharide is tethered at the primary binding site
through 3-OH (equatorial) and 4-OH (axial) of fucose. Therefore, the p-fucoside moiety of the glycomimetic
ligand was rigidly overlapped with the fucose-residue in the LNFP-III-DC-SIGN CRD complex model (PDB:
ISLS). Then, this binding mode at the principal binding site was adopted to the crystal structure obtained with
pseudo-mannobioside 1.18, where the cyclohexane ring gets in close contact with Val351. Similarly to the
crystallized glycomimetic ligand, B-fucosylated glycomimetic molecules are oriented towards this region, where
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the cyclohexane ring and its substituents have the potential to interact with the protein surface, enhancing the

affinity of the ligand. (Figure 32)
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Figure 32. A. Crystal structure of lacto-N-fucopentaose in the CRD of DC-SIGN (PDB code: 1SLS). The a-Fuc
residue is ligated by Ca®* through its 3-OH and 4-OH and engages in H-bonding with Val3S1. Modified from: Guo et
al.[227]

B. Green ligand: 1,2-pseudo-mannobioside 1.18 binding mode in the CRD of DC-SIGN, based on the crystal structure
of the complex (PDB code: 2XRS). Grey ligand: A conformational search had been performed for 1,2-
pseudofucobioside, analogous to al,2-pseudomannobioside 1.18. The highest-scoring extended conformation (8"
among the top conformations) was used to predict the binding mode of P-fucosylated glycomimetics in the CRD of DC-
SIGN. Based on the lacto-N-fucopentaose structure, the 3 and 4 hydroxyl groups are assumed to engage in
coordination with Ca**, while the cyclohexane ring, mimicking the second sugar residue leans towards Val3S1,
similarly to the crystallized glycomimetic 1.18. This suggests that — in the case of DC-SIGN, at least — glycomimetic
ligands containing the same cyclohexane structure have similar potential to form additional interactions with the CRD
through the sugar mimetic moiety and its substituents. Pseudo-fucobioside does not contain the azidoethanol linker
moiety. The Ca®* coordinating OH-groups are highlighted in red. Image generated in Maestro, Schrodinger, LLC, New
York, NY, 2018. Courtesy of Dr. Monica Civera.

Based on this estimated binding orientation towards Val351, we concluded that p-fucoside glycomimetic ligands
could potentially be recognized by the CRD of various C-type lectins and thus, we synthesized a number of -
fucose-bearing molecules.

Similarly to the Man-based library, the f-fucosylated ligands consist of a carbocyclic ring that can be linked to the
monosaccharide in a 1,2-frans-glycosylation, using the previously described common acceptor 2.6. The
mannosylated donor-preparation route was adopted and adjusted to the synthesis of the 2,3,4-tri-O-benzoyl-L-
fucopyranosyl-trichloroacetoimidate donor 2.21. (Scheme 3)
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Scheme 3. Synthesis of the fucosylated glycomimetic library. The fucose-donor 2.21 was prepared through benzoylation, selective
deprotection at the anomeric center and activation for the glycosylation step as a trichloroacetoimidate. The synthetically less
challenging 1,2-trans-glycosylation step leads to the p-fucosylated common scaffold (2.22) that readily reacts with diverse amines.

The bisamide derivatives were debenzoylated under Zemplén conditions.

Based on our observations that the benzoyl-protected mannose donor proved to be more efficient during
glycosylation than the acetylated one, BzCl (and initially also the less reactive Bz,O) was used during the first step
of the synthesis for the protection of the 4 hydroxyl groups on L-(-)-Fuc. Surprisingly, after the isolation of
seemingly two different compounds with close Revalues (0.26 and 0.24 in toluene : EtOAc =97 : 3), which were
suspected to be the a and p anomers, the NMR spectra indicated altogether four different, but similar structures
with the same m/z value (ESI-MS calcd. for C3,H,309Na(M + Na*): 603.16; found: 603.35). This is due to the
formation of 4 isomers: a and P 1,2,3,4-tetra-O-benzyol-fucopyranose and a and B 1,2,3,4-tetra-O-benzoyl-
fucofuranose. (Scheme 4) Separation of the latter, S-membered ring form - and later its derivatives - is challenging
throughout the entire synthetic sequence and reduces the atom-efficiency of the procedure, therefore its
formation had to be minimized in the first step. We found that dissolution of L-(-)-Fuc in pyridine at low
temperature (-40°C) and immediate addition of the reagent BzCl can reduce the time allowed to reach
equilibrium between the two forms in solution. Furthermore, running the benzoylation reaction at this
temperature, as long as the free-sugar is present (more polar compound than the mono-, di- and tri-benzoylated
intermediates, or the product; lowest Ry value) helped to limit the formation of the fucofuranoside form to less
than 1%. A practical issue arises from the fact that benzoyl chloride freezes out from the reaction mixture over
time (melting point in pure form: -1°C), and this makes stirring more difficult. Initially, this is not observed
because the reaction is exothermic, but by adding more reagent, particular care needs to be taken on larger scales
to avoid the formation of local hot spots in the mixture. Vigorous stirring facilitates the rapid benzoylation of the
anomeric center, and continuous monitoring can help to indicate the point when the free sugar is consumed. At
this point, the temperature can be elevated, as sugar ring opening and re-closure in the furanose-form is not a

threat anymore.
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Scheme 4. L-Fucose chain-ring tautomerism. In solution, the open form aldose closes into S- or 6-membered rings. Depending on
which hydroxyl group is involved in the hemiacetal formation, there are 4 various outcomes: closure between the aldehyde (C-1)
and 5-OH leads to a and f anomers of the pyranoside-form, while a and p furanosides are formed if the carbonyl reacts with 4-
OH. The formation of furanosides can be reduced by low temperatures and minimizing the time that the free-sugar spends in

solution, i.e. rapidly protecting the anomeric hydroxyl group after dissolution.

The next steps of anomeric deprotection and activation were carried out analogously to mannose, and by the end
of the sequence, we obtained the 2,3,4-tri-O-benzoyl-fucopyranosyl-trichloroacetoimidate donor 2.21. This
activated sugar is significantly less reactive in the glycosylation, than its mannosylated counterpart. The reaction
was initiated by the same TMSOT promoter at low temperature (-30°C), but even after one hour, only partial
conversion was observed. The temperature was therefore allowed to warm up - first until 0°C, then to room
temperature - and after 3.5 hours, we obtained the product 2.22 in satisfactory yield (72%). This fucosylated
scaffold was used for the derivatization of a smaller library, analogously to the Man-ligands (bisamide formation,
deprotection).

Both the mannosylated dimethyl-ester 1.18 (from now on ISh002) and fucosylated ligands, carrying dimethyl-
ester groups (ISh049), had been synthesized and added to the library. The acceptor, leading to these ligands,
differs from the PNP-activated diester 2.6, as this one is equipped with the two methylester groups at the start of
the synthesis (Fischer-esterification). Later the already discussed epoxidation, epoxide opening, glycosylation
and deprotection steps were followed — in the case of the fucosylated ligand, the epoxide was opened with 2-
chloroethan-1-ol, and the nucleophilic substitution with NaNj; took place after the Zemplén-debenzoylation.
(Scheme 5)
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Scheme S. Preparation of the dimethyl-ester substituted ligands. The acceptor is prepared from the enantiomerically pure diacid
2.1, through Fischer-esterification, epoxidation with mCPBA and the epoxide-opening step. In the case of the fucosylated ligand
ISh049, the alcoholysis of the epoxide was performed with 2-chloroethan-1-ol 2.4, while for the mannosylated ligand ISh002 the
previously discussed 2-azidoethanol 2.8 was used. The acceptor was glycosylated with the properly functionalized mannose- and
fucose-donors 2.10 and 2.21, respectively, to form the glycosidic linkage. The debenzoylation step leads directly to the a-mannoside
ligand ISh002, while B-fucosylated ISh049 still required the displacement of the chlorine atom with NaNs during the final step.

Eventually, our glycomimetic ligand library consisted of S0 members - 39 mannosylated and 11 fucosylated
compounds® - which also included 1.21.a (Man030) as ISh001, and pseudo-mannobioside 1.18a as ISh002.
Furthermore, appropriately functionalized a-D-mannose (ISh044) was also added to the library, as well as the
aminoethanol-functionalized counterpart of the two best-characterized ligands: ISh046 (Man030) and ISh045
(pseudo-mannobioside) as amino-derivatives of ISh001 and ISh002, respectively (reasons are discussed in

Chapter IT). (Table 1)

* Note: 7 ligands were synthesized by Norbert Varga (ISh004, ISh012, ISh014, ISh015, ISh018, 1Sh019, ISh039) and 2
by Alessio Maria Caramiello (ISh016, ISh017), and added to the library. The spectral data of each library ligand are added
here for convenience.
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Table 1. Glycomimetic ligand library. 40 a-mannosylated and 11 B-fucosylated ligands have been prepared and diversified in
bisamide positions. The compounds are terminated with an azidoethanol linker, and in two cases the aminoethanol-equipped
ligands have also been included (ISh001 - ISh046 and ISh002 - ISh04S). Additionally, mannose has also been added to the
library.

Ligands ISh035, 1Sh041, ISh042, ISh043, ISh047 and ISh048 - although printed on the microarray chips and
screened against C-type lectins - are not part of this discussion. The original numbering ofligands is retained here

for convenience.
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2.1.2 EXPERIMENTAL SECTION

Chemicals were purchased from commercial sources (Sigma-Aldrich or Acros Organics, and specific amines from
Key Organics, Crea-Chim, Vitas M Labs, Life Chemicals, Alinda Chemicals, Chem Bridge or Enamine BB -
source indicated at the bisamide derivatives characterization) and used without further purification, unless
otherwise indicated. When anhydrous conditions were required, the reactions were performed under nitrogen or
argon atmosphere, the latter indicated in the procedure. Anhydrous solvents were purchased from Sigma-
Aldrich® with water content < 0.005%. TEA, DCM, MeCN and MeOH were dried over calcium hydride, THF
was dried over sodium/benzophenone and freshly distilled. Reactions were monitored by analytical thin-layer
chromatography (TLC) performed on Silica Gel 60 F254 plates (Merck) or Silica Gel 60 RP-18F254s (Merck)
plates with UV detection (254 nm and 365 nm) and/or staining with ammonium molybdate acid solution,
potassium permanganate alkaline solution or ninhydrin. Flash column chromatography was performed according
to the method of Still and co-workers® using Silica gel 60 (40-63 um) (Merck). Automated flash
chromatography was performed on a Biotage Isolera Prime system; unless otherwise indicated, Biotage SNAP
KP-Sil cartridges were used. NMR experiments were recorded on a Bruker AVANCE-400 MHz instrument at
298 K. Chemical shifts (8) are reported in ppm. The 'H and *C NMR resonances of compounds were assigned
with the assistance of COSY and HSQC experiments. Multiplicities are assigned as s (singlet), d (doublet), t
(triplet), q (quartet), quint (quintet), m (multiplet). Mass spectra were recorded on a ThermoFischer LCQ
apparatus (ESI ionization); high resolution mass spectra (HRMS) were acquired on a Waters SYNAPT G2 Si
ESI QTof instrument, (Waters, Manchester, UK) and processed with Waters MassLynx software. The
instrument was operated with a capillary voltage of 1.0 — 3.0 kV; sample infusion flow rate: 5 pl/min; source
temperature: 100°C; sampling cone: 24.0000 V; desolvation temperature: 150°C. Desolvation gas flow was set
to 500.0 L/hr; and the nebulizer gas flow to 7.0 Bar. Furthermore, MALDI-Tof mass measurements were
performed on an Ultraflextreme III time-of-flight mass spectrometer, equipped with a pulsed Nd:YAG laser (A
355 nm) and controlled by FlexControl 3.3 software (Bruker Daltonics, Bremen , Germany). The acquisitions
(total of 2000-3000) were carried out in linear positive ion mode with pulsed ion extraction of 450 ns and laser
frequency of 1000 Hz. Laser fluence was set up to 60-80% and the m/z range was chosen according to the mass
of the sample. The accumulated spectra were processed using the Bruker software FlexAnalysis 3.3. Specific

optical rotation values were measured using a Perkin-Elmer 241 polarimeter, at 589 nmina 1 dm cell.
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Bis(4-nitrophenyl) ( 1S,28)-cvclohex—4-ene-1,2-dicarboxylate 2.2

b
O CF,4
11.NO,
QCOOH
pyridine
COOH OMF
50°C NO,
78%
21 2.2

4.23 g (24.86 mmol, 1 equiv.) diacid 2.1 ([a]p™: +153° (c = 1 in EtOH)) was dissolved in dry DMF under N,
and 5.23 ml (64.63 mmol, 2.6 equiv.) pyridine was added dropwise to the solution. 14.03 g (59.66 mmol, 2.4
equiv.) 4-nitrophenyl trifluoroacetate was added to the mixture and the reaction was stirred overnight at 50°C.
After completion (R¢ (product): 0.58 in toluene : EtOAc = 8 : 2 + 0.1% acetic acid), the reaction was diluted with
200 ml dichloromethane and washed twice with 100 ml 0.5M HCI, twice with 50 ml cold, saturated NaHCQ3

and twice with 50 ml water. The organic phase was dried over Na,SO,, filtered and concentrated in vacuo. The

obtained dirty white crystals were washed with cooled diethyl ether and filtered to yield the pure product 2.2 as

white crystals.

Yield: 78%
[a]p®: +129.6° (c = 1 in CHCl;)

'H NMR (400 MHz, CDCL): § = 8.28 - 8.22 (m, 4H; H,), 7.27 - 7.22 (m, 4H; Hy), 5.83 (app d, J=2.8 Hz, 2H;

H,, Hs), 3.27 - 3.19 (m, 2H; Hy, H), 2.78 - 2.68 (m, 2H; Hpe ey Hops cq), 2.48 — 2.37 (m, 2H; Haps s Heps ax)

3C NMR (100 MHz, CDCL): § = 172.8 (C;); 155.4 (C11); 145.7 (Cs); 125.5 (Cio); 124.9 (Cy, Cs); 122.5 (Cy);

415 (C1, Cz); 280 (C3, Cé)

MS (ESI): m/z calculated for [ Co0HsN,OsNa]*: 435.08 [M+Na]*; found: 435.33

M. p.: 171°C
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"H NMR spectrum of 2.2 in CDCI; (400 MHz)
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Bis( 4-nitrophenyl) ( 3S.4S)-7-oxabicyclo [4.1.0]hept-1(6)-ene-3,4-dicarboxylate 2.3

NO
2 mCPBA 11NO;,

@ /©/ DCM ‘k
e, ™ go 3 CLNOZ

2.2

To a solution of the PNP ester 2.2 (1367 mg, 3.32 mmol, 1 equiv.) in dry CH,CL, (11 ml) 891 mg mCPBA (3.98
mmol, 1.2 equiv.) was added under stirring. The reaction was stirred under nitrogen at room temperature for 16
h. The solvent was evaporated at reduced pressure and then the reaction mixture was diluted with EtOAc and
washed three times with saturated NaHCO; and with water. The organic phase was dried over Na,SO, filtered

and the solvent was evaporated under reduced pressure to yield 94% of the pure product 2.3 as a white solid.
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Yield: 94%

[a]p®: +82.2° (c = 1.1 in CHCl;)

'H NMR (400 MHz, CDCl;): § = 8.28 — 8.22 (m, 4H; H,,), 7.27 - 7.21 (m, 4H; Hy), 3.43 — 3.36 (m, 1H; H, or
Hs), 3.35 - 3.31 (m, 1H; Hs or Hy), 3.32 - 3.24 (m, 1H; H, or H,), 3.08 — 3.00 (m, 1H; H, or H,), 2.79 - 2.71
(m, 1H, Hjq or Heeq), 2.63 — 2.54 (m, 1H; Hgeq or Héeq), 2.42 - 2.33 (m, 1H; Hs,, or He), 2.21 — 2.12 (m, 1H;
Hg.. or Ha,,)

3C NMR (100 MHz, CDCL;): § = 172.6, 171.5 (C;); 155.4, 155.3 (Cs); 149.9 (C11); 125.5 (Co); 122.5,122.6
(Cy); 51.8,50.3 (C4, Cs); 40.1, 38.1 (C,, C,); 26.8, 26.3 (Cs, Cs)

HRMS: m/z calculated for [ C20H6N,O9Na]*: 451.07480; found: 451.07525

"H NMR spectrum of 2.2 in CDCIl; (400 MHz)
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3C NMR spectrum of 2.3 in CDCI; (100 MHz)
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2-Azidoethan-1-012¢"1 2.5

NaNg
water
70°C
quant.
24 2.5

2.68 g (41.22 mmol, 1.18 equiv.) NaN; was dissolved in 6 ml water. To this mixture 2.35 ml (34.9 mmol, 1 equiv.)
2-chlorothan-1-ol was added and the reaction was stirred for 1 hour at RT, then at 70°C for 3 days. After
completion, the reaction was cooled to RT, saturated with NaCl and extracted three times with DCM. The
combined organic layers were dried over Na,SOy, filtered and concentrated in vacuo to ca. 20 ml (2.5 in DCM

solution).

Destruction of residual NaN; solution with less than 5% azide-content:

The operation must be carried out under a working fumehood. The aqueous NaNj solution isloaded into a three-
necked flask, equipped with a dropping funnel, gas outlet and stirbar. 20% aqueous solution of sodium nitrite
containing 1.5 g (ca. 40% excess) of sodium nitrite per gram of sodium azide is added with stirring. Then, 20%
aqueous solution of sulfuric acid is added dropwise via the dropping funnel, until the reaction mixture is acidic.

The reaction is accompanied by intense gas formation - these gases include toxic nitric oxide and should not be

inhaled.

2NaNO, + H,S0, » 2HNO, + Na,SO0,
2NaN; + HNO, —» 3N, + 2NO + 2NaOH

Yield: quant.

'"H NMR (400 MHz, CDCL): § = 3.77 (t, 2H, HO-CH,-, ] = 5 Hz), 3.46 (t, 2H, -CH,-N;, ] = 5 Hz), 1.71 (brs,
1H, OH)

3C NMR (100 MHz, CDCL): § = 60.7 (HO-CH.-); 52.9 (-CH»-N3)

"H NMR spectrum of 2.5 in CDCI; (400 MHz)
Ho N

4.0 35 3.0 25 2.0 [ppm]
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S-azidopentan-1-0126212.15

NaN3
DMF

90°C
B """y —m— N3/\/\/\OH
2.14 quant 215
200 mg (1.19 mmol, 1 equiv.) S-bromopentan-1-ol (2.14) and 234 mg (3.59 mmol, 3 equiv.) NaN; were
dissolved in 2 ml dry DMF. The reaction was warmed to 90°C and stirred overnight. After completion, the
mixture was cooled to RT and concentrated, then diluted with 10 ml EtOAc and washed three times with water

and twice with brine. The organic phase was dried over Na,SOy, filtered and concentrated.

Yield: quant.

'"H NMR (400 MHz, CDCl;): 8§ = 3.66 (t,2H, HO-CH,-, ] = 6.5 Hz), 3.29 (t,2H, -CH,-N;, ] = 6.8 Hz), 1.67-1.41
(m, 6H, HO-CH,-CH,- CH,- CH,- CH,-N3)

BCNMR (100 MHz, CDCl;): § =61.5 (HO-CH,-); 50.8 (-CH,-N); 31.5, 28.0, 22.4 (HO-CH,-CH,- CH,- CH,-
CH,-N;)

2-(2-azidoethoxy)ethanol**' 2.17

NaNj3;
water
90°C
O o Ny SO0
2.16 quant. 217

616 pl (5.84 mmol, 1 equiv.) 2-(2-chloroethoxy)ethanol (2.16) and 759 mg (11.67 mmol, 2 equiv.) NaN; were
dissolved in 2.5 ml water. The reaction was stirred at 90°C overnight with a condenser. The mixture was cooled
to RT and extracted three times with DCM. The combined organic layers were dried over MgSO,, filtered and

concentrated.

Yield: quant.

'"H NMR (400 MHz, CDCL;): § = 3.74 (t, 2H, HO-CH,-, ] = 4.5 Hz), 3.67 (t, 2H, HO-CH,-CH,-O, ] = 5§ Hz),
3.61 (t,2H, O-CH,-CH,-N;, ] = 4.6 Hz), 3.41 (t, 2H, -CH,-N;, ] = S Hz)

BCNMR (100 MHz, D,0): § =72.7 (HO-CH,-); 70.3 (HO-CH,-CH,-0); 62.1 (O-CH,-CH,-N3); 51.0 (-CH,-
Ns)

1,2-Cyclohexanedicarboxylic acid, (18,25,48,58)-5-( 2-azid0ethoxv)-4-hydroxv-1,2-bis-p-nitrophenvl ester 2.6

1 11
T Q HOT o™ 4]0
~No 25 o) 1,
O o 3 2
\©\ Cu(OTh), 8
) NO, DCM

68% O,N
23 2.6

1.1 g (2.57 mmol, 1 equiv.) epoxide 2.3 and 186 mg Cu(OTf), (0.51 mmol, 0.2 equiv.) were added to a solution
of 2-azidoethan-1-01 2.5 (ca. 38.5 mmol, 15 equiv) in dichloromethane (20 ml) and the mixture was stirred under
105



nitrogen at room temperature. After completion (16 h), the solvents were removed under reduced pressure and
the crude was purified by flash chromatography (hexane with gradient of ethyl acetate from 20 to 50%) to yield

68% of pure product 2.6 as a colorless wax.

Yield: 68%

[a]p®: +33.8° (c= 1.1 in CHCl,)

'"H NMR (400 MHz, CDCl;): § =8.27 - 8.17 (m, 4H; H,»), 7.31 - 7.23 (m, 4H; Hi,), 4.19 — 4.14 (m, 1H; H,),
3.88 - 3.82 (m, 1H; Hy.), 3.73 - 3.63 (m, 2H; Hx, H,), 3.49 — 3.29 (m, 4H; Hy, Hs, Hg,p), 2.40 — 2.10 (m, 4H;
H;, He)

*C NMR (100 MHz, CDCl): 8§ = 172.7, 172.6 (Cy); 155.5 (C10); 145.8, 145.7 (C3); 125.5 (Ci); 122.6,122.6
(C11);76.5(C,); 68.7 (C1); 66.3 (Cy); 51.1 (Cs); 39.4, 39.1 (C4, Cs); 30.5,27.0 (Cs, Cs)

MS (ESI): m/z calculated for [ C,H2:N30,0Na]*: 5§12.4 [M-N,+Na]*; found: 512.0.

"H NMR spectrum of 2.6 in CDCI; (400 MHz)
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3C NMR spectrum of 2.6 in CDCl; (100 MHz)
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(18,2S)-dimethyl cyclohex-4-ene-1,2-dicarboxylate 2.24

MeOH
«coon 2S04 s 2 .COOMe
—_—
COOH 42 CoO0Me
93%
2.1 2.24

To a solution of diacid 2.1 (500 mg, 2.94 mmol, 1 equiv.) in 7.35 ml dry MeOH (0.4 M), 31 pl sulfuric acid (0.59
mmol, 0.2 equiv.) was added. The mixture was refluxed overnight under nitrogen atmosphere. Upon completion
(R¢=0.33 in Hex : EtOAc = 1: 1), the mixture was diluted with EtOAc and washed with NaHCOj; until the pH
was neutral, then twice with water. The organic phase was dried over anhydrous Na,SO,, filtered and the solvent

was evaporated at reduced pressure to afford the pure product as a colourless oil.

Yield: 93%

[a]p®: +115.1° (c = 1.31 in CHCl;)

'H NMR (400 MHz, CDCL): § = 5.65 (m, 2H, Hy, H;), 3.7 (s, 6H, OMe), 2.85 (m, 2H, H,, H,), 2.0 - 2.5 (m,
4H, Hiuy Hieqy Howy Heeg).-

3C NMR (100 MHz, CDCL): § = 174.8 (C=0); 124.7 (C4, Cs); 51.5 (COOMe); 41.0 (C,, C,); 24.5 (Cs, Cy)

"H NMR spectrum of 2.24 in CDCI; (400 MHz)
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Synthesis of (3S,4S)-dimethyl 7-oxabicyclo[4.1.0|heptane-3,4-dicarboxylate 2.25

mCPBA .

.COOMe DCM 5 1 .COOMe
X oL
COOMe

4 5 2 COOMe

quant.

2.24 2.25

Compound 2.24 (542 mg, 2.74 mmol, 1 equiv.) was dissolved in 6.8 ml dry DCM and 708.4 mg mCPBA (4.11

mmol, 1.5 equiv.) was added. The reaction was stirred at room temperature for 3 hours under nitrogen
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atmosphere. Upon completion (R¢= 0.5 in Hex : EtOAc =1 : 1), the mixture was diluted with DCM and washed
twice with sat. NaHCOj3 and with water. The organic phase was dried over anhydrous Na,SO,, filtered and the
solvent was removed at reduced pressure. The crude was purified by automated flash chromatography to afford

the pure product 2.285.

Yield: quant.

[a]p?: +71.6° (¢ = 1.275 in CHCL;)

'"H NMR (400 MHz, CDCl;): § = 3.66 - 3.65 (2s, 6H, OMe), 3.23 (m, 1H, H,), 3.16 (m, 1H, H;), 2.84 (dt, 1H,
H,, Jiseq=4.8 Hz, ]12= JLen = 10.7 Hz), 2.62 (dt, 1H, Hy, J36q = 4.8 Hz, rau= 10.7 Hz), 2.42 (ddd, 1H. Heeg, Joeo
s= 1.8 Hz, Joeqoux = 15 Hz,), 2.27 (ddd, 1H, H3eq, Jseq4 = 6.7 Hz, J3eq3: = 15.5 Hz), 2.06 - 2.02 (m, 1H, Hs.y), 1.90
(ddd, 1H, Heu Jeus = 2.2 Hz).

"H NMR spectrum of 2.25 in CDCl; (400 MHz)
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(1S,25,48,58)-1-( 2-chloroethv1)-2-hvdr0xvcyclohexen-4.5-carboxylic acid bis-methylester 2.27

cl
HO o o
@:COOMe 24 v . o|.é
o .~ 5
COOMe Cu(OTf), O=a"2 ' 1
—_— /\/
DCM o— o7
86%
2.25 ° 2.27

To a solution of epoxide 2.25 (572.8 mg, 2.67 mmol, 1 equiv.) in 2-chloroethanol (5.4 ml, 80.2 mmol, 30 equiv.)
Cu(OT1), (96.7 mg, 0.27 mmol, 0.1 equiv.) was added. The light blue mixture was stirred at room temperature
for one day under nitrogen atmosphere. Upon completion (R¢=0.33 in Hex : EtOAc=6: 4), the reaction mixture
was diluted with EtOAc and washed once with NH3/NH,Cl solution and twice with water. The organic phase
was dried over anhydrous Na,SO,, filtered and the solvent was evaporated at reduced pressure to yield the pure

product 2.27 as a colourless oil.

Yield: 86%
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'H NMR (400 MHz, CDCly): § = 3.84 — 3.75 (m, 2H, H,, H>,), 3.67 - 3.58 (m, 7H, OMe, Hy,), 3.58 - 3.52 (m,
2H, Hg,1), 3.38 (dd, 1H, H,, ] = 5.6 Hz, ] = 3.2 Hz,), 3.10 - 2.95 (m, 2H, Hy, Hy), 2.07 - 1.94 (m, 2H, Hs,,, Hew),
1.88 - 1.72 (m, 3H, Hseq, Heeqy OH)

CNMR (100 MHz, CDCly): § = 174.7 (C=0); 77.7 (C1); 69.3 (C7); 67.6 (Cs); 52.0 (OMe); 43.2 (Cs); 39.5,
39.2 (C4, Cs); 30.5 (Cs); 27.2 (Co)

MS (ESI): m/z calculated for [ C1,H9ClOgNa]*: 317.7 [M+Na]*; found: 317.1

"H NMR spectrum of 2.24 in CDCIl; (400 MHz)
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(18,25,48,58)-1-( 2-azidoethvl)-2-hydroxvcvclohexen-4,5-carboxylic acid bis-methylester 2.26

N
HO™ N\ "3 o. 0O
.COOMe 2.5 Ve OH
SO G I~
COOMe o 2
Cu(OTf), 3 7. N
DCM O— 07"
86%
2.25 ° 2.26

To a solution of epoxide 2.25 (113.3 mg, 0.53 mmol, 1 equiv.) in 1 ml DCM 2-azidoethanol (10.6 mmol, 20
equiv. in S ml DCM) and Cu(OTf), (96.7 mg, 0.27 mmol, 0.1 equiv.) was added. The light blue mixture was
stirred at room temperature for one day under nitrogen atmosphere. Upon completion (R¢= 0.33 in Hex : EtOAc
=6: 4), the reaction mixture was diluted with EtOAc and washed once with NH;/NH,Cl solution and twice with
water. The organic phase was dried over anhydrous Na,SOy, filtered and the solvent was evaporated at reduced

pressure to yield the pure product 2.26 as a colourless oil.

Yield: 83%

[a]p®: +19.2° (¢ = 1.15 in CHCI)

'H NMR (400 MHz, CDCL): § = 3.75 (br s, 2H, H,), 3.48 (s, 3H, OMe), 3.47 (s, 3H, OMe), 3.50 — 3.30 (m,
2H, H,, Hy), 3.28 - 3.20 (m, 2H, Hy, Hy,), 3.03 (ddd, 1H, Hy,, Jeem = 10.4 Hz, Hy5, = 3.6 Hz, Hyg = 7.6 Hz),
2.78 (m, 1H, Hg), 2.68 (m, 1H, Hy,), 2.18 (dt, 1H, Hay, Jucz = 2.8 Hz, Jgem = Jues = 13.6 Hz), 2.10 - 1.95 (m, 2H,
Hg), 1.97 (dt, 1H, Hieg, Jgem = 13.6 Hz, J1eq4 = J3eq2 = 4.4 Hz)

3C NMR (100 MHz, CDCL): § = 174.9 (C=0); 77.7 (C.); 66.7 (C;); 66.6 (C>); 55.9 (Cs); 51.2 (OMe); S1.1

(OMe); 39.4 (C4); 39.0 (Cs); 30.8 (C3); 26.5 (Cs)
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HRMS (ESI): m/z calculated for [ C1,H906N3Na]*: 324.11661 [M+Na]; found: 324.11624

1,2,3,4,6-penta-O-benzoyl-mannopyranose 2.8 — Crude prepared by Roberto Russo?5*!

BzClI

OH pyridine OBz
OH 0°C ->RT X OBz
HHOO O BzO 2O |
1 BzO
OH 83% °* "oBz
2.7 2.8

10 g (55.6 mmol, 1 equiv.) D-mannose was dissolved in 114 ml dry pyridine at 0°C and 62.4 g (444.4 mmol, 8
equiv.) BzClwas added dropwise to the solution. The reaction was stirred at RT, under N atmosphere overnight.
After completion (R¢=0.35 in Hex : EtOAc =7 : 3), the reaction was cooled again to 0°C and 100 ml water was
added dropwise to the stirred reaction. The mixture was diluted with additional 100 ml water and extracted with
200 ml EtOAc. The organic phase was washed twice with 200 ml 1M HClI solution, dried over Na,SOy, filtered

and concentrated in vacuo.

Yield: 83%, a: p=2.6:1

'"H NMR (400 MHz, CDCl;): a-anomer: § = 8.24 — 7.22 (m, 25H, BzO), 6.44 (s, 1H, H,), 6.17 (t, 1H, H,), 6.12
(d, 1H, H,), 5.80 (dd, 1H, H;), 4.77 (dd, 1H, Hg,), 4.58 (dd, 1H, Hs,), 4.38 (dt, 1H, H;)

B-anomer: § =8.24 - 7.22 (m, 25H, Bz0), 6.40 (s, 1H, H.), 6.28 (t, 1H, H.), 5.92 (d, 1H, H,), 5.80 (dd, 1H, H3),
473 (dd, 1H, He), 4.54 (dt, 1H, H;), 4.48 (dd, 1H, Hg,)

MS (ESI): m/z calculated for [C4H330,1Na]*: 724.19 [M+H+Na]*; found: 724.09

2,3,4,6-tetra-O-benzoyl-D-mannopyranose 2.9

MeNH,
OBz THF 6OBZ
OBz 0°C -> RT OBz
Bgooé& ——— B0
z o z
0Bz 78% s % "oH
2.8 2.9

S g (7.14 mmol, 1 equiv.) 1,2,3,4,6-penta-O-benzoyl-mannopyranose 2.8 was dissolved in 4 ml dry THF and
cooled to 0°C. 10.7 ml 2M MeNH, in THF (21.4 mmol, 3 equiv.) was added to the solution and the reaction was
stirred at RT for 7 hours. After completion, the mixture was concentrated and the crude was purified by flash
chromatography (Re: 0.44 in Hex : EtOAc=6:4).

Yield: 78%

'"H NMR (400 MHz, CDCl;): § = 8.20 — 7.40 (m, 20H, BzO), 6.19 (t, 1H, H,, ] = 10 Hz), 6.04 (dd, 1H, H, ] =
11Hz, ] = 3.2 Hz), 5.76 (m, 1H, H,), 5.56 (m, 1H, H.), 4.79 (dd, 1H, Hg, ] = 12.2 Hz, 2.3 Hz), 4.71 (dt, 1H, H,
J=9.7Hz, ] = 3.0 Hz), 4.50 (dd, 1H, Hq,, ] = 12.2 Hz, ] = 3.5 Hz)

MS (ESI): m/z calculated for [ C34H230,0Na]*: 619.16 [M+Na]*; found: 619.60

"H NMR spectrum of 2.9 in CDCI; (400 MHz)
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2,3,4,6-tetra-O-benzoyl-D-Mannose-1-trichloroacetimidate 2.10

ClsCCN
OBz DBU, DCM OBz
OBz 0°C -> RT J{( 0OBz
oV RS
Z o z
OH 69% * % "rea
2.9 2.10

2.5 g (4.19 mmol, 1 equiv.) 2,3,4,6-tetra-O-benzoyl-D-mannopyranose (2.9) was dissolved in 10 ml DCM,
cooled to 0°C and 1.2 ml (20.9 mmol, § equiv.) trichloroacetonitrile was added to the solution. Then, 125 pl (0.84
mmol, 0.2 equiv.) DBU was added and the reaction was stirred at RT under N overnight. After completion, the
mixture was concentrated and the crude was purified by flash chromatography (Re: 0.38 in Hex : EtOAc=8:2)

to yield to pure product as a white foam.

Yield: 69% (Exclusively a-product)

'H NMR (400 MHz, CDCL): 8 = 8.9 (s, 1H, NH), 8.00 - 7.20 (m, 20H, BzO), 6.57 (d, 1H, H,, ] = 1.7 Hz), 6.23
(t, 1H, Hy, ] = 10 Hz), 6.00 — 5.94 (m, 1H, H,, H;), 4.74 (dd, 1H, Ha, ] = 12.4 Hz, ] = 2.5 Hz), 4.66 (m, 1H, H;),
4.51(dd, 1H, H,, ] = 12.3 Hz, ] = 4.14 Hz)

MS (ESI): m/z calculated for [ C3H010Na]*: 762.07 [M+Na]*; found: 762.90
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"H NMR spectrum of 2.10 in CDCIl; (400 MHz)
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1,2,3,4-tetra-O-benzoyl-L-fucopyranose 2.19

BzCl

pyridine
OH -40°C -> RT OBz
?QioH LY ce:
HOOH quant. BZOOBZ
2.18 2.19

200 mg (1.22 mmol, 1 equiv.) L-(-)-fucose (2.18) was dissolved at -40°C in 1 ml pyridine under N, atmosphere
and 636 pl BzCl (5.48 mmol, 4.5 equiv.) was added dropwise to the solution. The reaction was left to warm to
room temperature, as soon as the starting unprotected sugar was not detected by TLC anymore. The reaction
was stirred until there was only one major spot visible on the TLC plate (R¢= 0.24 in toluene : EtOAc =97 : 3).
Upon completion, the reaction mixture was diluted with water and extracted with DCM. The joint organic phases
were dried over Na,SOy, filtered and concentrated in vacuo, to yield the product as a white foam. Atlow furanoside

ratio no further purification was needed.

Yield: quant (a: p=9: 1; ca. 1% a and B-fucofuranoside-form).

'"H NMR (400 MHz, CDCl;): a-anomer: § = 8.17 - 7.21 (m, 20H, OBz), 6.87 (d, 1H, H,, ], = 3.7 Hz), 6.08 (dd,
1H,H;, J34=3.2Hz, J;,=10.8 Hz), 5.99 (dd, 1H, H,, ],3=10.8 Hz, ., = 3.7 Hz), 5.90 (dd, 1H, Hy, Jss = 1.1 Hz,
Jos=3.2Hz), 464 (dd, 1H, Hy, Js = 6.6 Hz, ] = 12.9), 1.32 (d, 3H, He, ] = 6.4 Hz)

B-anomer: § = 8.17 - 7.21 (m, 20H, OBz), 6.21 (d, 1H, H,, J:.» = 8.3 Hz), 6.06 (m, 1H, H,), 5.81 (dd, 1H, Hy, ]+
s=1.0Hz, 3= 3.4 Hz), 5.72 (m, 1H, H3), 4.34 (dd, 1H, Hs, Js6 = 5.7 Hz, ] = 12.5 Hz), 1.39 (d, 3H, Hs, ] = 6.4
Hz)

13C NMR (100 MHz, CDCLy): a-anomer: 8 = 166.3, 166.1, 165.9, 165.0 (C=0); 134.1,133.9, 133.7, 133.6, 130.3,
1302, 130.0 (BzO); 129.6, 129.5, 129.3, 129.2 (Cquus); 129.1, 129.0,128.7, 128.7 (BzO); 91.2 (C,); 71.7 (Cy);
69.3 (Cs); 68.3 (Cs); 68.0 (C>); 16.6 (Cs)

MS (ESI): m/z calculated for [ C3HsO9Na]*(M + Na*): 603.16; found: 603.35
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"H NMR spectrum of 2.19 in CDCIl; (400 MHz)
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"H NMR spectrum of a and f tetra-O-benzoyl-fucopyranose and fucofuranose in CDCl; (400 MHz) and

ESI MS spectrum of the four isomers
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2,3,4-tri-O-benzoyl-L-fucopyranose 2.20

MeNH,
THF
OBz OC->RT OH
?QZBBZ ?Qfosz
OBz . OBz
BzO T4t BzO
2.19 2.20

707.3 mg (1.218 mmol, 1 equiv.) 1,2,3,4-tetra-O-benzoyl-L-fucopyranose was dissolved in dry THF and cooled
to 0°C under N, atmosphere. 731 pl (1.462 mmol, 1.2 equiv) 2M MeNH, in THF was added dropwise to the
solution. After one hour, the major spot on the TLC had slightly lower R, than the starting material and a new
spot started to appear under these two spots. The solution was concentrated in vacuo, and the product was
purified by flash chromatography (R¢= 0.18 and 0.15 for a and  anomers in toluene : EtOAc =9 : 1) to yield the

pure product as a colourless oil.

Yield: 74% (a: f=2:1)
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"H NMR (400 MHz, CDCl3): a-anomer: § = 8.18 — 7.23 (m, 15H, OBz), 6.04 (dd, 1H, Hs, J;, = 10.7 Hz, 34 =
3.2 Hz), 5.81 — 5.77 (m, 2H, H,, H,), 5.68 (m, 1H, H,), 4.69 (dd, 1H, Hs, Jss = 6.5 Hz, Js4 = 13.1 Hz), 1.30 (d,
3H, Hy, Js5 = 6.5 Hz)

B-anomer: § = 8.18 - 7.23 (m, 15H, OBz), 5.73 (dd, 1H, H, Jus = 1.0 Hz, Js.4 = 3.5 Hz), 5.71 - 5.66 (m, 1H, Hs),
5.58 (dd, LH, Hy, [ = 7.9 Hz, Jos = 10.4 Hz), 4.99 (d, 1H, Hy, J.» = 7.9 Hz), 4.13 (dd, 1H, Hs, Js6 = 6.1 Hz, J4 =
12.8 Hz), 1.39 (d, 3H, Hg, Jos = 6.5 Hz)

MS (ESI): m/z calculated for [ Co;H240sNa]*(M + Na*): 499.14; found: 499.84

"H NMR spectrum of 2.20 in CDCl; (400 MHz)
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2,3,4-tri-O-benzoyl-a-L-fucopyranosyl-1-trichloroacetoimidate 2.21

NH

Cl;CCN
DBS, DCM O)kCCIQ;
OH 0°C -> RT 6 5 1
G @inosz
OBz o OBz
BzO 93% BzO
2.20 2.21

460 mg (0.969 mmol, 1 equiv.) 2,3,4-tri-O-benzoyl-L-fucopyranose 2.20 was dissolved in dry dichloromethane
and cooled to 0°C. 58 pl (0.388 mmol, 0.4 equiv.) DBU and 972 pl (9.694 mmol, 10 equiv.) trichloroacetonitrile
were added to the solution which was left to warm to room temperature and stirred until the starting material
disappeared. The solution was concentrated in vacuo, and the product was purified by flash chromatography (R¢
=0.34 in hexane : EtOAc =9 : 1) to yield the pure product as a colourless oil (only a-anomer).

Yield: 93%.

'"H NMR (400 MHz, CDCl;): § = 8.60 (s, 1H,NH), 8.18 - 7.25 (m, 15H, OBz), 6.83 (d, 1H, H,, ],, = 3.5 Hz),
6.04 (dd, 1H, Hs, J;, = 10.9 Hz, ]34 = 3.5 Hz), 5.91 (dd, 1H, H,, 5= 10.9 Hz, ],, = 3.5 Hz), 5.89-5.86 (m, 1H,
H,), 4.65 (dd, 1H, H, Jss = 6.5 Hz, Js4 = 6.3 Hz), 1.30 (d, 3H, Hy, Jss = 6.5 Hz)

MS (ESI): m/z calculated for [ CooH24053CINa]*(M + Na*): 642.05; found: 642.37
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"H NMR spectrum of 2.6 in CDCI; (400 MHz)
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1,2-Cyclohexanedicarboxylic acid, (18,25,48,58)-4-( 2-azid0eth0xy) -5-[( 2,3,4,6-tetra-O-benzoyl-a-D-

mannopyranosyl )oxy|-1,2-bis(p-nitrophenylester) 2.11

N 5ng
BzO
TMSOTY
PNP_ O VSO BzOA "
OBz -30°C 0o OO
BZO&OOK -0 —— AT e
BzO PNP O 74% NO; 0=exT% N
TCA \L o’ oM
10
N3 11
13 12
NO,
2.10 2.6 2.1

A mixture of the acceptor 2.6 (1203 mg, 2.334 mmol, 1 equiv.) and the donor 2.10 (2076 mg, 2.801 mmol, 1.2
equiv.) was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed)
were added. The mixture was kept under vacuum for a few hours and then dissolved in dry DCM (10 ml). After
cooling to -30°C, TMSOTTf (84 pl, 0.467 mmol, 0.2 equiv.) was added to the stirred mixture. The solution was
stirred at -30°C for 1 hour and upon completion, the reaction was quenched with TEA. The mixture was warmed
to room temperature and filtered over a celite pad. The filtrate was evaporated at reduced pressure and the crude
product was purified by flash chromatography (toluene with a gradient of ethyl acetate from 0 to 10%) to yield
the pure product 2.11 as a white foam.

Yield: 74%

[a]p®: -18.0° (¢ = 0.5 in CHCL;)

'HNMR (400 MHz, CDCl;): § = 8.30 — 8.20 (m, 4H; H},), 8.09 — 8.00 (m, 4H; OBz), 7.99 — 7.94 (m, 2H; OBz),
7.83 - 7.79 (m, 3H; OBz), 7.63 — 7.48 (m, 3H; OBz), 7.46 — 7.20 (m, 12H; OBz, H,\), 6.07 (t, 1H; Hy, J43 = Jus
=10.0Hz), 5.90 (dd, 1H; Hs, ]34 = 10.0, J;2 = 3.3 Hz), 5.75 (dd, 1H; H,, J,. = 1.7, 5 = 3.3 Hz), 5.34 (d, 1H; H,,
Jia=1.7 Hz), 4.73 (dd, 1H; Hey, Jevs = 2.9, Jeasy = 12.0 Hz), 4.53 (dd, 1H; He,, Jeus = 5.3, Joaso = 12 Hz), 4.48 —
4.40 (m, 1H; Hs), 4.23 - 4.18 (m, 1H; C,), 3.89 — 3.84 (m, 1H; C)), 3.74 - 3.67 (m, 1H; H;,), 3.60 — 3.52 (m,
1H; Hy,), 3.44 - 3.34 (m, 2H; C4, Cs), 3.35 — 3.23 (m, 2H; Hy), 2.52 - 2.41 (m, 2H; Cieq,Coeq), 2.25 — 2.09 (m,
2H; Ciay Con)

116



3C NMR (100 MHz, CDCL): 8 = 172.3, 172.2 (Cy); 166.3, 165.8, 165.7 (COBz); 155.5, 155.4 (Cyo); 145.8
(Ci3); 133.9, 133.8, 133.6, 133.5 (CHBz); 130.1, 130.1, 129.9, 129.9, 129.9(CHBz); 129.3, 129.2, 129.1, 129.0
(Cquan); 128.9, 128.7,128.4 (CHBz); 125.5,125.4 (C12); 122.7, 122.6 (C11); 96.8 (C1); 74.9 (Cc1); 72.3 (Cea);
70.9 (Cy); 70.1 (Cs); 69.9 (C3); 68.7 (Cr); 67.4 (C4); 63.5 (Co); 51.0 (Cs); 394, 39.2 (Ces,Cos); 27.8 (Ces);
27.0 (Ces)

MS (ESI): m/z calculated for [CssHyNsOpNa]*: 1117.0; found 1116.1; HRMS: m/z calculated for
[C56H47NS5O19Na]*: 1116.27575; found: 1116.27734.

"H NMR spectrum of 2.11 in CDCI; (400 MHz)
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1,2-Cyclohexanedicarboxylic acid, (1S5,25,4S,58)-4-( 2-azidoeth0xy)-5-r( 2,3,4-tri-O-benzoyl-B-D-
fucopyranosyl)oxy]-1,2-bis(p-nitrophenylester) 2.22

6

BzO—
BzO\s)®
) (0]
NH PNP. O TMSOTf BzO 1
P OH DCM 0
0~ >cel -30°C 0-4°0
+ o /©/ C4 \C5|_C6
Q7 0Bz PNP O 74% NO; 0= X%,
OBz \L ° 0 o~ Ns
BzO N
3 1
13 12
2.21 2.6 2.22

A mixture of the acceptor 2.6 (250 mg, 0.4013 mmol, 1 equiv.) and the donor 2.21 (207 mg, 0.4013 mmol, 1
equiv.) was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed)
were added. The mixture was kept under vacuum for a few hours and then dissolved in dry DCM (4 ml). The
solution was cooled to -30°C and TMSOTH (9 pl, 0.0401 mmol, 0.2 equiv.) was added to the stirred mixture. The
solution was stirred at -30°C for 3.5 hours and upon completion, the reaction was quenched with TEA. The
mixture was filtered over a celite pad. The solution was concentrated in vacuo, and the product was purified by

flash chromatography (R¢=0.22 in hexane : EtOAc = 6 : 4) to yield the pure product as a colourless foam.

Yield: 72%.

'HNMR (400 MHz, CDCLy): 8 = 8.23 - 6.83 (m, 23H, HAr), 5.75 - 5.63 (m, 2H, H,, H,), 5.57 (dd, 1H, H;, J3»
=10.5Hz, J;4=3.4Hz),4.86 (d, 1H,H,, ], = 8.0Hz), 4.14 (m, 1H, C,), 4.06 (q, IH, Hs, Js4s= 129 Hz, ]5s= 6.3
Hz),3.87 (m, 1H, C,), 3.84 - 3.77 (m, 1H, H,), 3.69 — 3.62 (m, 1H, Hy,), 3.41 - 3.31 (m, 2H, Hg,,), 3.22 - 3.13
(m, 1H, Cy), 3.02 - 2.92 (m, 1H, Cs), 2.36 — 2.27 (m, 1H, Cs orseq), 2.21 = 2.12 (m, 1H, He or3¢q), 2.08 — 1.90 (m,
2H, Hiu 6x)

3C NMR (100 MHz, CDCL): § = 172.5, 172.3 (Co); 166.3, 165.9, 165.7 (COBz); 155.5, 155.3 (Cyo); 145.8,
145.7 (C13); 133.9,133.7, 133.5 (CHBz); 130.3, 130.0, 130.0 (CHBz); 129.5, 129.1 (Cquus.); 128.9, 128.7,128.6
(CHBz); 125.5,125.4 (C1,); 122.7,122.6 (C11); 100.2 (C1); 75.0 (Cc1); 72.7 (Cea); 72.0 (Cs); 71.3 (Cy); 70.4
(Cs); 70.1 (C7); 69.6 (C4); 51.2 (Cs); 39.0, 39.0 (Ccs,Ces); 27.5,27.2 (Ces, Ces); 16.9,16.7 (Cs)

MS (ESI): m/z calculated for [ C4oH43N5O17Na]*: 996.25; found: 996.86

"H NMR spectrum of 2.22 in CDCl; (400 MHz)
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3C NMR spectrum of 2.22 in CDCl; (100 MHz)
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2,3,4,6-tetra-O-benzoyl-a(1,2 )pseudomannobioside (azidoethanol linker) 2.28

OBz

- 5OBZ
OBz TMsoTf  BZO O
(0] o) BzO 1
e OH OBz DCM 3 20
-30°C
BzO Q (o] [e)
(e] + BzO - c4 \c5|_C6
o— oM o__cCl, 9% 0= e,
T L
NH / 8
2.26 210 2.28

A mixture of the acceptor 2.26 (88.9 mg, 0.30 mmol, 1 equiv.) and the donor 2.10 (218.6 mg, 0.295 mmol, 1
equiv.) was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed)
were added. The mixture was kept under vacuum for a few hours and then dissolved in dry DCM (3 ml). The
solution was cooled to -30°C and TMSOTT (14 pl, 0.06 mmol, 0.2 equiv.) was added to the stirred mixture. The
solution was stirred at -30°C for 1 hour and upon completion, the reaction was quenched with TEA. The mixture
was filtered over a celite pad. The solution was concentrated in vacuo, and the product was purified by flash

chromatography (R¢= 0.24 in hexane : EtOAc =7 : 3) to yield the pure product as a colourless foam.

Yield: 94%.

'H NMR (400 MHz, CDCL): § = 8.08 — 8.02 (m, 4H, OBz), 7.99 — 7.94 (m, 2H, OBz), 7.84 — 7.79 (m, 2H,
OBz), 7.62 — 7.46 (m, 3H, OBz), 7.45 — 7.32 (m, 8H, OBz), 7.28 - 7.24 (m, 1H, OBz), 6.04 (t, 1H, Hy, J4s = J43
=10 Hz), 5.86 (dd, 1H, H;, J5» = 3.6 Hz), 5.69 (dd, 1H, H,, ], = 1.2 Hz), 5.25 (d, 1H, H,), 4.66 (dd, 1H, H,
Jeem = 12 Hz, Jos = 5.2 Hz), 4.45 — 4.40 (m, 1H, Hs), 4.05 - 3.99 (m, 1H, C,), 3.72 (s, 3H, OMe), 3.68 (s, 3H,
OMe), 3.74 - 3.62 (m, 2H, Hx, C1), 3.55 (ddd, 1H, Hy,, J7.5. = 6.4 Hz,J70.50 = 3.6 Hz, Joem = 10.4 Hz), 3.33 - 3.19
(m, 2H, Hg), 3.09 - 2.97 (m, 2H, C4, Cs), 2.17 = 2.06 (m, 2H, Cseq, Coeq), 2.04 — 1.91 (m, 2H, Cs.y, Ceur)

3C NMR (100 MHz, CDCL): § = 174.9, 174.8 (Cs); 166.3, 165.8, 165.7, 165.6 (COBz); 133.8, 133.7, 133.5,
133.4 (CHBz); 130.1,130.1,129.9, 129.9 (CHBz); 130.0, 129.5,129.2,129.1 (Cquus.); 128.9, 128.7,128.7,128.6
(CHBz); 96.4 (C1); 75.4 (Cc1); 73.0 (Ccs); 70.9 (C,); 70.0 (Cs); 69.8 (Cs); 68.3 (C7); 67.3 (Cy); 63.3 (Co);
52.3,52.2 (OMe); 51.0 (Cs); 39.3, 39.1 (Ccs,Ces); 27.8, 27.2 (Ces, Ces)
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"H NMR spectrum of 2.28 in CDCIl; (400 MHz)
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2,3,4,6-tetra-O-benzoyl-$(1,2)pseudofucobioside _ (chloroethanol linker); dimethyl (1S,25,45,5S)-4-(2-
chloroethoxy)-5-(((25,3R,4S,5S,6R)-3,4,5-tris(benzoyloxy)-6-methyltetrahydro-2H-pyran-2-
yl)oxy)cyclohexane-1,2-dicarboxylate 2.29

NH BzO-\3
TMSOTf (¢}

0.0 0~ ~calg DCM \
OH -30°C -> RT BzO
O O
+ OBz _O (0]
o OBz quant. ca \C5| c6
o ;9003 c2
/

o— O/\/CI BzO c1
l_cl
oY

2.27 2.21 2.29

A mixture of the acceptor 2.27 (60.8 mg, 0.10 mmol, 1 equiv.) and the donor 2.21 (28.8 mg, 0.10 mmol, 1 equiv.)
was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed) were
added. The mixture was kept under vacuum for a few hours and then dissolved in dry DCM (1 ml). The solution
was cooled to -30°C and TMSOT{ (2.2 pl, 0.01 mmol, 0.1 equiv.) was added to the stirred mixture. The solution
was stirred at -30°C for 3 hours and then left to warmt to RT. Upon completion, the reaction was quenched with
TEA. The mixture was filtered over a celite pad. The solution was concentrated in vacuo, and the product was
purified by flash chromatography (R¢= 0.16 in toluene : EtOAc =9 : 1) to yield the pure product as a colourless

foam.

Yield: quant.

'"H NMR (400 MHz, CDCl;): § = 8.16 — 7.21 (m, 15H, OBz), 5.79 - 5.69 (m, 2H, H,, H,), 5.57 (dd, 1H, H;, ]3»
=10.3Hz, J;4=3.4Hz),4.86(d, 1H,H,,],,=8.0Hz),4.11 - 4.03 (m, 2H, C,, Hs), 3.87 - 3.80 (m, 1H, C,), 3.76
-3.72 (m, 1H, Hz,), 3.72 - 3.65 (m, 1H, Hz,), 3.60 (t, 2H, Hs,, ] = 5.5 Hz), 3.49 (s, 3H, OMe), 3.47 (s, 3H,
OMe), 2.86 (td, 1H, C,, J = 11.9 Hz, ] = 2.8 Hz), 3.02 - 2.92 (td, 1H, Cs, ] = 11.9 Hz, ] = 3.2 Hz), 2.07 - 1.92 (m,
2H, Cieq Coeq), 1.85 — 1.74 (m, 2H, Hi,,, Hew), 1.64 (d, 1H, Hy, Jo.s = 6.5 Hz)

MS (ESI): m/z calculated for [ C3yH4 ClO3Na]*: 775.21, found: 775.23
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"H NMR spectrum of 2.29 in CDCI; (400 MHz)
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B(1,2)pseudofucobioside _ (chloroethanol  linker);  dimethyl  (15,25,4S,5S)-4-(2-chloroethoxy)-S-
(((28,3R,4S,5R,6R)-3 .4.5-trihvdroxv-6-methvltetrahydro-2H-pyran-2-yl) oxy) cyclohexane-1,2-dicarboxylate
2.30
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According to general procedure 2 (Zemplén-debenzoylation, see below).

'H NMR (400 MHz, CD;0D): § = 4.36 — 4.32 (m, 1H, H,), 4.00 - 3.97 (m, 1H, C,), 3.86 — 3.72 (m, 3H, C,,
Hy,p), 3.72 - 3.61 (m, 9H, OMe, Hg,, Hy), 3.52 - 3.46 (m, 2H, H,, H;), 3.33 (q, 1H, Hs, ] = 1.6 Hz), 3.06 (td,
1H, C,, J=12.3Hz,]=3.3Hz),2.92 (td, 1H, Cs,J = 12.3 Hz, ] = 3.2 Hz), 2.11 (qt, 2H, Cseq, Céeq, ] = 13.8 Hz, ] =
3.6 Hz), 1.85 (dtd, 2H, Hi.,, Heu, J = 40.1 Hz, ] = 13.1 Hz, ] = 1.9 Hz), 1.28 (d, 1H, Hg, Jss = 6.4 Hz)

MS (ESI): m/z calculated for [ C3yH4 ClO3:Na]*: 775.21; found: 775.51

121



'H NMR spectrum of 2.30 in CD;0D (400 MHz)
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B(1,2)pseudofucobioside  (chloroethanol _linker);  dimethyl  (1S,25,4S,5S)-4-(2-azidoethoxy)-S-
(((28,3R,4S,5R,6R) -3,4,5-trihydroxy-6-methyltetrahvdro-2H-Dvran-2-vl) oxy) cyclohexane-1,2-dicarboxylate
2.31
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2.30 1ISh049

25.5 mg (0.06 mmol, 1 equiv.) 2.30 was dissolved in dry DMF and 26.3 mg (0.40 mmol, 7 equiv.) NaN; was
added to the stirred solution. The reaction was stirred at S0°C for S days, then cooled to RT, concentrated and
purified by flash chromatography (R¢=0.13 in DCM : MeOH =95: §), to yield the pure product as a white foam.
Characterization reported at the library ligands (ISh049).

General procedure vielding bisamides IShOXX:

1. Coupling with amines

Scaffold 2.11 or 2.22 (1 equiv.) was dissolved in dry THF or DMF under N; and 3 equiv. amine was added to the
solution (and additional 3.2 equiv. TEA, for amines sold as ammonium salts and amines with low reactivity). The
mixture was stirred at RT from 1 hour to 2 days, and monitored by TLC or NMR. Upon completion, the solution
was washed with 1M HCI, 1M NaOH and water on supported liquid extraction cartridges (Biotage ISOLUTE®
HM-N). The crude was purified by flash chromatography (DCM with gradient of methanol from 0 to 20%) or

used without purification in the following Zemplén-deprotection if the purity was satisfying.
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2. Zemplén-debenzoylation

1 equiv. protected bisamide was dissolved in distilled MeOH and 1M freshly prepared NaOMe in MeOH was
added to the solution (1.5 mol equiv NaOMe) to 0.1M final concentration). After completion, the reaction was
neutralized with Amberlite® IR120 hydrogen form ion-exchange resin, filtered and concentrated in vacuo. The

crude was purified by direct or reverse phase flash chromatography, yielding the pure product.

3. Azido-group reduction to amine

The azide (1 equiv.) was dissolved in dry MeOH and a catalytic amount (5-10%) of Pd/C was added. The
suspension was placed under H, atmosphere and stirred at RT. Upon completion (monitoring by TLC), the
mixture was filered over a celite pad and the solvent was evaporated in vacuo. The crude was purified by direct or

reverse phase flash chromatography, yielding the pure product.

The unusual numbering used for pseudo-disaccharide and pseudo-trisaccharide derivatives are shown below.
The cyclohexanediol unit is indicated as ‘C’. Numbering of this ring does not follow IUPAC rules, but it was

adopted in analogy to the numbering of mannose.

O HO s
O "N
HO—\2|O 2
HOM=T=Y 1 HO/'
e} e}
(e}
R~%ca\cs| c6 R~Sca\cs| o6
o c1 o - C1
9 o5 C2 7 9 c3 7
N3 ANs
R O R 9%
IShOXX IShOXX
(mannosylated) (fucosylated)
ISh001 amine
N
Il LiAIH, 1 ~NH;
THF 2
reflux 3
—_—
4
5
07 HO™ °
2.31 2.32

596.9 mg (4.55 mmol, 1 equiv.) nitrile 2.31 and 691.0 (18.21 mmol, 4 equiv.) LiAlH, were separately dissolved
in distilled THF and cooled to 0°C. The nitrile solution was added dropwise to the stirred and cooled LiAlH,
solution. The reaction was refluxed for 3 hours. Upon completion, the reaction was cooled to 0°C and quenched
according to the Fieser-method (for X gr LiATH, X ml water was slowly added at 0°C, then X ml 15% aqueous
NaOH solution was added, followed by 3*X ml water. The reaction was stirred at RT for 15 minutes and MgSO4
was added. The suspension was filtered on a celite pad). The solvent was evaporated and the crude was purified
by flash chromatography (DCM : MeOH =7:3)

Yield: 93%
'H NMR (400 MHz, CD;0D): § = 7.32 (s, 4H, Hs, Ha), 4.58 (s, 2H, Hy), 3.78 (s, 2H, H.).
MS (ESI): m/z calculated for [ CsH;,NO]*: 138.09, found: 138.11
123



ISh001

Yield: 74% over two steps

[a]p: +12.1° (¢ = 0.81, MeOH)

'H NMR (400 MHz, CD;0D): § = 7.29 (d, 4H, Hy,, J1213 = 8 Hz), 7.23 (d, 4H, Hy3, J13.12 = 8 Hz), 4.96 (d, 1H,
H,, Ji2=1.6 Hz),4.58 (s, 4H, Hs,p), 4.31 (s, 4H, Hy0.1), 4.08 — 4.03 (m, 1H, C,), 3.93 - 3.89 (m, 1H, H,), 3.89
- 3.84 (m, 1H, He,), 3.84 - 3.65 (m, SH, Cy, Ha, H7.1, Hs), 3.64 — 3.54 (m, 2H, H,, Hs), 3.47 - 3.35 (m, 2H,
Hg.pb), 3.02 - 2.85 (m, 2H, C,, Cs), 2.06 — 1.86 (m, 4H, Cs, C)

3C NMR (100 MHz, CD;0D): § = 177.2,177.0 (Cs); 141.7 (C14); 139.2 (C11); 128.7, 128.6 (C1,); 128.3 (C13);
1004 (C1); 76.6 (Cs); 75.7 (Cs); 72.7 (Cer); 72.5 (Ca); 72.4 (Cea); 69.3 (Cr); 68.9 (C4); 65.1 (Cus); 63.2 (Co);
52.1 (Cs); 43.8 ( C1o); 42.1,41.9 (Ccyy Ces); 29.9,29.0 (Ccs, Ces)

MS (HRMS) calculated for [ C3,H4NsO 1 Nal*: 696.28568; found: 696.28423

ISh002

Yield: 78% over two steps

[alp: +80.0° (¢ = 0.65, MeOH)

"HNMR (400 MHz, CD;0D): § =4.95 (d, 1H, H,, J1» = 1.6 Hz), 4.02 (m, 1H, C,), 3.92 - 3.82 (m, 2H, H,, He,),
3.82-3.69 (m, 4H, C,, Ha, Hs, Hy); 3.66 (s, 3H, Hio); 3.65 (s, 3H, Hio), 3.63 - 3.51 (m, 2H, Hy,y), 3.38 (m, 2H,
Hy.p), 3.32 (m, 1H, Hs), 3.00 - 2.82 (m, 2H, C4, Cs), 2.20 - 2.04 (m, 2H, Cseqy Coeq), 1.90 - 1.75 (m, 2H, Cs.y, Coar)
3C NMR (100 MHz, CD;0D): § = 176.8; 176.7 (Cy); 100.5 (C,); 75.7 (Cs); 75.6 (Cs); 72.5 (Cc1); 724 (Cy);
72.1 (Cc); 68.6 (C4); 68.4 (C;); 63.1 (Cs); 52.4 (Cio); 51.8 (Cs); 40.2, 40.1 (Ccs, Ccs); 28.9, 28.2 (Ces, Ces)
MS (HRMS) calculated for [ C1sH,0N;O;,Na]*: 486.16943; found: 486.16870

ISh003

Yield: 75% over two steps

[a]p: +1.81° (¢ =0.15, EtOH)

'H NMR (400 MHz, CD:OD): 8 = 7.20 (d, 4H, Hys, J12.15 = 8 Hz), 6.88 (d, 4H, Hys, J1z.10 = 8 Hz), 499 (d, 1H,
Hy, Ji2 = 1.6 Hz), 4.26 (d, 4H, Hioat, Jion100 = 2.4 Hz), 4.10 — 4.06 (m, 1H, C,), 3.95 (dd, 1H, Hy, J». = 1.6 Hz, 1.
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3=3.2Hz),3.93 - 3.87 (m, 1H, Hs,), 3.86 — 3.69 (m, 11H, C,, Hs,, Hy., Hs, His), 3.70 - 3.51 (m, 2H, H,, Hy),
3.49 - 3.35 (m, 2H, Hy,p), 3.01 — 2.86 (m, 2H, C,, Cs), 2.08 — 1.90 (m, 4H, Cs, Cy)

3C NMR (100 MHz, CD;0D): 8§ = 177.0,176.8 (Cy); 160.4 (C14); 132.2 (C11); 129.9,129.8 (C11); 115.0 (C13);
100.4 (C,); 76.6 (Cs); 75.6 (Cs); 72.5 (C1); 72.5 (Cca); 72.2 (Ce1); 69.3 (C); 68.9 (Cy); 63.2 (Co); 55.8 (Cis);
52.2 (Cs); 43.6 ( Cio); 42.1,42.0 (Ccy, Ces); 29.8, 29.0 (Ces, Ces)

MS (HRMS) calculated for [ C3,H4:NsO 1 Na]*: 696.28568; found: 696.28465

1Sh004
H
10 N_E
1
15 5 0/17

Prepared by Norbert Varga

[a]p: +16.2° (c = 0.78, EtOH)

"H NMR (400 MHz, CD;OD): § = 7.20 (t, 2H, Hs, ] 1516 = J15.14 =8 Hz), 6.85 - 6.75 (m, 6H, H5, Hiy, Hig,), 4.96
(brs, 1H, H,), 4.28 (s, 4H, Hioub, J102100 = 2.4 Hz), 4.09 — 4.03 (m, 1H, C,), 3.94 - 3.90 (m, 1H, H,), 3.90 - 3.84
(m, 1H, He,), 3.83 - 3.65 (m, 11H, C,, Ha, Hy., Hs, Hi7), 3.64 — 3.54 (m, 2H, Hy, Hs), 3.47 - 3.31 (m, 2H, Hg, ),
3.03-2.85 (m, 2H, C4, C;), 2.08 — 1.90 (m, 4H, C;, C)

3C NMR (100 MHz, CD;OD): 8§ =177.2,177.0 (Cy); 161.5 (C13); 141.8 (C11); 130.6 (Cy5); 120.7,120.7 (C6);
114.0, 113.9, 113.7, 113.7 (Cy4, C12); 100.4 (C,); 76.6 (C3); 75.7 (Cs); 72.7 (Cc1); 72.5 (C,); 72.4 (Cca); 69.3
(C); 68.9 (C4); 63.2 (Cs); 55.8 (Ci17); 52.1 (Cs); 44.0 ( Cio); 42.1,41.9 (Ccy, Ccs); 29.9, 29.0 (Ces, Ces)

MS (HRMS) calculated for [ C3,H4NsO1Na]*: 696.28568; found: 696.28599

ISh005
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Amine purchased from Sigma-Aldrich. Reaction performed in THF overnight, with the addition of 3.2 equiv.
Et:N.

Yield: 65% over two steps

'H NMR (400 MHz, CD;0D): 8 =7.26 - 7.20 (t, 2H, Hu3, J1314= 7.5 Hz, 1312 = 7.9 Hz), 7.19 - 7.14 (d, 2H, Hys,
Jis14=7.4Hz),6.97 - 6.91 (d, 2H, Hys, J1213 = 7.9 Hz), 6.91 - 6.84 (t, 2H, Hy4, J 1415 = 7.4 Hz, ] 1413 = 7.5 Hz), 4.95
(d, 1H, H, J1» = 1.4 Hz), 4.35 (dd, 2H, Ho,, Jioaxu = 4.3 Hz, Ji0a100 = 15.3 Hz), 4.23 (dd, 2H, Higp, Jiobnm = 3.9
Hz, Jiob-10. = 15.3 Hz), 4.07 — 4.03 (m, 1H, C,), 3.92 (dd, 1H, Hy, J,, = 1.4 Hz, ], = 3.1 Hz), 3.89 — 3.84 (m, 7H,
He,, Hi7), 3.83 — 3.65 (m, SH, C,, He,, Hy.p, Hs), 3.62 — 3.57 (m, 2H, Hy, Hs), 3.43 - 3.37 (m, 2H, Hs,y), 2.99 -
2.84 (m, 2H, C4, Cs), 2.05 - 1.88 (m, 4H, Cs, Ce)

3C NMR (100 MHz, CD;OD): § =177.8,177.6 (Cy); 159.5 (Ci6); 130.3,130.3 (C13); 130.1,130.0 (C,5); 128.3
(C11);122.3,122.3 (Cu4); 112.1,112.1 (C12); 101.1 (C,); 77.4 (Cs); 76.4 (Cs); 73.4 (C,); 73.2 (Ce1); 73.1 (Cen);
70.6 (C7); 69.6 (C4); 63.9 (Cs); 56.6 (Ci17); 52.8 (Cs); 42.9, 42.8 ( C10); 40.2, 40.1 (Ccy, Ccs); 30.5,29.6 (Cas,
CCé)

MS (MALDI-TOF) calculated for [ C3,H4:NsO 1 Na]*: 696.285; found: 696.561
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ISh006

Amine purchased from Sigma-Aldrich. Reaction performed in THF overnight, with the addition of 3.2 equiv.
Et;N.

Yield: 60% over two steps.

"H NMR (400 MHz, CD;OD): § = 7.02 (d, 2H, Hys, J 1213 = 8.3 Hz), 6.48 (d, 2H, Hys, J1s.13 = 2.2 Hz), 6.38 (dt,
2H,H,3, 1315 = 2.2 Hz, 131, = 8.3 Hz), 4.91 (d, 1H, H, ],, = 1.5 Hz), 4.26 (dd, 2H, Hq,, J10anu = 3.3 Hz, Ji0a100 =
15.0 Hz), 4.15 (dd, 2H, Hiov, Jiooxu < 1.0 Hz, Jiob-100 = 15.0 Hz), 4.01 (m, 1H, C,), 3.89 - 3.86 (m, 2H, H,, Hy,),
3.79 (s, 6H, Hys), 3.73 (s, 6H, Hy7), 3.86 — 3.60 (m, SH, C,, He,, Hoap, Hs), 3.60 — 3.50 (m, 2H, Hy, Hs), 3.39 -
3.32 (m, 2H, Hg,p), 2.91 — 2.76 (m, 2H, C,, Cs), 2.00 — 1.81 (m, 4H, Cs, Cs)

3C NMR (100 MHz, CD;0OD): § =177.6,177.5 (Cs); 172.6 (Ci6); 160.5 (C14); 131.1,131.0 (C,2); 120.6 (C11);
106.1,106.0 (C,3); 101.0 (C,); 100.0 (C1s); 77.4 (C3); 76.4 (Cs); 73.4 (Cy); 73.2 (Cc1); 73.1 (Cea); 70.0 (C);
69.6 (C4); 63.9 (Cs); 56.7, 56.6 (Ci7, Cis); 52.8 (Cs); 42.9, 42.8 ( Cio); 39.9, 39.8 (Ccy, Ccs); 30.5, 29.5 (Ces,
Ccs)

MS (MALDI-TOF) calculated for [ C3sH4NsO3Na]*: 756.306; found: 756.654

ISh007

Yield: 62%

[a]p: +54.3° (¢ = 0.55, MeOH)

"H NMR (400 MHz, CD;OD): § = 7.81 (d, 4H, Hys, J15.2 = 8 Hz), 7.28 (d, 4H, Hy, J1213 = 8 Hz), 4.96 (s, 1H,
H,), 4.58 (dd, 2H, Hio,, Ji0anu < 1 Hz, Ji0.100 = 16.0 Hz), 4.36 (dd, 2H, Hiop, Jiobnu = 2.3 Hz, Jiob-10 = 15.8 Hz),
4.08 -4.03 (m, 1H, C,), 3.92 - 3.89 (m, 1H, H,), 3.88 - 3.83 (m, 7H, H¢,, Hi¢), 3.83 — 3.64 (m, SH, C,, He,, H7.y,
H,), 3.62 - 3.52 (m, 2H, H,, Hy), 3.45 — 3.33 (m, 2H, Hg,}), 3.05 — 2.90 (m, 2H, Cy, Cs), 2.52 (s, 3H, Hy¢), 2.06
-1.91 (m, 4H, Cs, Cq)

3C NMR (100 MHz, CD;OD): § =177.5,177.3 (Cy); 168.5 (Cis); 145.9 (C11); 130.8 (C13); 130.0 (Cus); 128.2,
128.1 (C12); 100.5 (C1); 76.6 (C3); 75.7 (Cs); 72.7 (Ce1); 72.6 (C1); 72.5 (Cca); 69.3 (C5); 68.9 (Cy); 63.2 (Co);
52.7 (Cis); 52.2 (Cy); 43.6 ( Cio); 42.0,41.9 (Ccsy Ces); 30.0,29.2 (Ces, Ces)

MS (HRMS) calculated for [ C3sH43NsO3Na]*: 752.27551; found: 752.27418
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14.1 mg (0.02 mmol, 1 equiv.) ISh007 was dissolved in dry MeOH and 3 equiv. aqueous LiOH solution was
added to the mixture. Upon completion (R¢ = 0.66 in water : MeCN =1 : 1 + 0.1% TFA), the reaction was

concetrated in vacuo.

Yield: quantitative.

'H NMR (400 MHz, CD;OD): § = 10.04 (s, 2H, Hys), 7.82 (d, 4H, Hy3, 130 = 7.4 Hz), 7.2 (d, 4H, Hyy, J1213 =
7.4 Hz), 4.99 (s, 1H, H,), 4.60 (dd, 2H, Hio,, Ji0axu < 1 Hz, Ji0.100 = 16.1 Hz), 4.38 (dd, 2H, H o1, Jioonu < 1 Hz,
Jiob10 = 16.1 Hz), 4.08 — 4.04 (m, 1H, C,), 3.95 - 3.92 (m, 1H, H,), 3.88 — 3.54 (m, 8H, He,,, C1, Hy.p, Hs, Hy,
H:), 3.47 - 3.34 (m, 2H, Hs,p), 3.07 - 2.91 (m, 2H, C,, Cs), 2.08 - 1.91 (m, 4H, Cs, Cs)

3C NMR (100 MHz, CD;0D): § = 178.3,178.0 (Cy); 176.6 (C1s); 146.9 (C14); 137.8 (C11); 130.6 (C13); 129.2
(C1n); 101.1 (C1); 77.3 (Cs); 76.3 (Cs); 73.4 (Cs); 73.3 (Cca); 73.2 (Cen); 70.1 (Cr); 69.6 (Cu); 63.7 (Co); 52.9
(Cs); 44.4 (Cio); 42.7,42.6 (Cc, Ccs); 31.6,30.7 (Ces, Ces)

MS (ESI-TOF) calculated for [ C3,H3,NsO1:Na, |*: 745.2183; found: 745.0625 [M-2H*+2Na*]

ISh009

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.

Yield: 88% over two steps

'H NMR (400 MHz, CD;OD): § = 7.29 — 7.16 (m, 10H, Hy,, H;3, Hyy), 4.93 (d, 1H, H,, J1, = 1.5 Hz), 4.32 -
4.22 (m, 4H, H,o,p), 4.04 — 4.00 (m, 1H, C,), 3.90 — 3.86 (m, 1H, H,), 3.86 — 3.80 (m, 1H, H,), 3.80 — 3.62 (m,
5H, C,, Ha, H7ap, H3), 3.60 — 3.51 (m, 2H, Hy, Hs), 3.43 — 3.30 (m, 2H, Hg,,), 2.98 — 2.83 (m, 2H, C4, Cs), 2.01
- 1.86 (m, 4H, Cs, Cs)

13C NMR (100 MHz, CD;OD): § = 177.9, 177.7 (Co); 140.9 (C1); 130.3, 129.3, 129.2 (Cy3, Ci3, Cus); 101.1
(C1); 77.3 (C3); 76.4 (Cs); 73.4 (Cc1); 73.3 (Cy); 73.2 (Cea); 70.0 (Cr); 69.6 (Cy); 63.9 (Ce); 52.8 (Cs); 44.8,
44.7 ( Cyo); 42.8,42.6 (Ccs, Ccs); 30.6,29.8 (Ccs, Ces)

MS (MALDI-TOF) calculated for [ C30H3sNsO9Na]*: 636.264; found: 636.504
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ISh010

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 2 hours.

Yield: 74% over two steps

'"H NMR (400 MHz, CD;OD): § = 7.42 - 7.16 (m, 10H, H,,, Hi3, Hiy), 4.98 (d, 1H, Hy, J1, = 1.5 Hz), 4.82 —
4.65 (m, 4H, Hyo,p), 4.15 - 4.10 (m, 1H, C,), 4.07 - 3.98 (m, 1H, H,, H,), 3.89 — 3.44 (m, 5H, C,, Hs,, Hy., Hs),
3.43 - 3.33 (m, 2H, Hy, Hs), 3.33 — 3.27 (m, 2H, Hg,y), 3.27 — 3.13 (m, 6H, His), 2.91 - 2.83 (m, 2H, C4, Cs),
2.11 - 1.76 (m, 4H, Cs, C)

3C NMR (100 MHz, CD;0OD): § = 178.4, 178.1 (Cy); 139.2 (C1,); 130.5, 129.4, 129.1 (Cy5, Ci3, C14); 101.6
(C1); 774 (C5); 76.6 (Cs); 73.5 (Ccz); 73.4 (Cs, Cer); 70.7 (C5); 69.6 (Cy); 64.0 (Cs); 53.0, 52.8 (Cg, Co); 49.9
(Ci5); 39.3,36.3 (Ccsy Ces); 30.3,29.1 (Ces, Ces)

MS (HRMS) calculated for [ C3,H43NsOgNa]*: 664.2958; found: 664.3009

IShO11
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Amine purchased from Sigma-Aldrich. Reaction performed in THF in 4 hours.

Yield: 54% over two steps

"H NMR (400 MHz, D,O): § = 8.37 (brs, 4H, H,, Hi3), 7.71 (d, 2H, H4, J1415 = Jia15 = 7.6 Hz), 7.39 (br s, 2H,
His), 5.02 (d, 1H, Hy, J1» = 1.6 Hz), 4.43 — 4.24 (m, 4H, Hyo), 4.10 — 4.05 (m, 1H, C,), 4.04 — 4.00 (m, 1H, H,),
3.91 - 3.85 (m, 7H, He, Hy.p, Hs, Hy, Hs, C,), 3.48 (t, 2H, Hy,p,, ] = 4.9 Hz), 2.94 - 2.83 (m, 2H, C,, Cs), 2.10 -
1.85 (m, 4H, C3, Cy)

3C NMR (100 MHz, CD;0D): 8§ = 177.4,177.1 (Cy); 147.2 (Cis); 147.0 (C13); 145.9 (C11); 140.1 (Cuy); 127.2
(Cis); 101.9 (C1); 76.9 (C3); 75.9 (Cs); 74.0 (Cci); 73.8 (Ca); 72.5 (Cea); 71.8 (C5); 69.0 (Cy); 63.3 (Ce); 52.8
(Cs); 43.8,43.6 (Ccy, Ces); 42.7 (Cio); 30.2,30.0 (Ces Cee)

MS (MALDI-TOF) calculated for [ C,sH3,N;O9Na]*: 638.254; found: 638.508

ISh012

Prepared by Norbert Varga
[a]p: +5.3° (c = 0.48, MeOH)
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'"H NMR (400 MHz, CD;0D): § =7.40 (d, 4H, H,, J1213= 8.1 Hz), 7.18 (d, 4H, Hy3, ] 1312 = 8.1 Hz), 4.93 (brs,
1H, H,), 426 (s, 4H, H,0,3), 4.04 — 3.00 (m, 1H, C,), 3.88 — 3.86 (m, 1H, H,), 3.86 — 3.79 (m, 1H, Hy,), 3.78 -
3.61 (m, SH, Cy, Ha, Hyp, Hs), 3.59 — 3.50 (m, 2H, Hy, Hs), 3.43 — 3.32 (m, 2H, Hg,), 2.98 — 2.82 (m, 2H, C,,
Cs), 2.00 — 1.84 (m, 4H, Cs, Cs), 1.47 (s, 12H, Hys)

3C NMR (100 MHz, CD;0D): 8§ = 177.1,176.9 (Cy); 149.9 (C.4); 138.2 (C11); 128.3,128.2 (C12); 125.9 (C13);
100.4 (C,); 76.6 (C3); 75.7 (Cs); 73.0 (Cis); 72.7 (Ccr); 72.5 (Cr); 724 (Cca); 69.3 (C5); 68.9 (C4); 63.2 (Co);
52.1 (Cs); 43.8 ( Cio); 42.1,42.0 (Ccy, Ces); 32.1 (Cie); 29.9,29.0 (Ces, Ce)

MS (HRMS) calculated for [ C3sH43NsO3Na]*: 752.34828; found: 752.34702

ISh013

Amine purchased from Sigma-Aldrich. Reaction performed in THF overnight.

Yield: $9% over two steps

'H NMR (400 MHz, CD;OD): 8 = 7.60 (t, 8H, Hy3, Hig, J13.12 = Ji6.17 = 7.4 Hz), 7.48 (t, 4H, Hys, J1213 = 7.4 Hz),
7.40 (d, 6H, H,7, Hys, J17.15 = 7.8 Hz), 4.98 — 4.96 (d, 1H, H,, ] 1> = 1.3 Hz), 4.40 (dd, 2H, H,0,, Ji0.nu = 4.0 Hz,
Jioar0o = 15.3 Hz), 4.30 (dd, 2H, Higp, Jiobxu < 1 Hz, Jigb100 = 15.3 Hz), 4.09 — 4.05 (m, 1H, C,), 3.94 — 3.90 (m,
1H, H,), 3.90 - 3.84 (m, 1H, Hq,), 3.84 — 3.63 (m, SH, C,, Hs, H7.1, H3), 3.62 — 3.56 (m, 2H, H,, H;), 3.47 -
3.37 (m, 2H, Hg,), 3.05 - 2.90 (m, 2H, C,, Cs), 2.09 — 1.91 (m, 4H, C;, Cy)

3C NMR (100 MHz, CD;OD): 8 = 178.1, 177.9 (Cy); 143.1, 142.2 (Cy4, Cis5); 140.1 (C11); 130.8 (C1n); 129.8
(Ci7 Cug), 129.2, 129.0, 128.8 (Cy3, Cig), 101.2 (Cy); 77.4 (C3); 76.4 (Cs); 73.5 (Cer); 73.3 (C2); 73.3 (Cer);
70.1 (C7); 69.7 (C4); 64.0 (Ce); 53.0 (Cs); 44.6 ( Cio); 42.9,42.8 (Ccy, Ccs); 30.7,29.9 (Ces, Ces).

MS (MALDI-TOF) calculated for [ C4;H4;NsOoNa]*: 788.327; found: 788.689

ISh014

Prepared by Norbert Varga

[a]p: +6.9° (¢ =0.33, MeOH)

"H NMR (400 MHz, CD;0D): § = 7.22 (t, 2H, His, ] 1516 = 7.7 Hz, Jis5 = 7.7. Hz), 7.12 (d, 2H, Hig, J16.15 = 7.7
Hz), 7.04 (d, 2H, Hyy, Ji2r = 11.5 Hz), 5.04 (d, 1H, H,, > = 1.6 Hz), 4.69 (s, 4H, Hy7.1), 4.44 — 4.33 (m, 4H,
Hiop), 4.15 — 4.11 (m, 1H, C,), 3.99 (dd, 1H, Hy, J>, = 1.6 Hz, J>5 = 3.1 Hz), 3.96 — 3.91 (m, 1H, Hs,), 3.90 —
3.73 (m, SH, Cy, Ha, Hyop, Hs), 3.73 - 3.62 (m, 2H, Hy, Hs), 3.53 — 3.41 (m, 2H, Hg,), 3.08 — 2.93 (m, 2H, C,,
Cs),2.13 - 1.96 (m, 4H, C;, Cs)
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3C NMR (100 MHz, CD;OD): 8 = 177.3,177.1 (Co); 162.0 (d, Cy3, Ji36 = 245.0 Hz); 142.1 (d, C11, e = 7.3
Hz); 130.6 (d, Cis, 315 = 5.0 Hz); 128.4, 128.3 (d, Ci4, Ji4r = 152 Hz), 124.2, 124.1 (d, Ci4, “J16x = 4.7 Hz),
115.1,115.0 (d, Ciz, Ji2r = 22.5 Hz); 100.5 (C,); 76.6 (C3); 75.7 (Cs); 72.8 (Cc1); 72.6 (Cy); 72.5 (Cca); 69.3
(C7); 69.0 (Cy4); 63.2 (Cs); 58.8 (d, Cu7, *Ji7r = 4.3 Hz); 52.2 (Cs); 43.4 ( Cyo); 42.1, 42.0 (Ccy, Ces); 29.9, 29.0
(CCS,CC6)

MS (HRMS) calculated for [ C3,H4 FoNsO1 Na]*: 732.26683; found: 732.26529

ISh015

Prepared by Norbert Varga

[a]p: +9.3° (c = 0.44, MeOH)

"H NMR (400 MHz, CD;0D): § = 7.22 (t, 2H, Hug, Jis15 = 7.7 Hz, Jisx = 7.7. Hz), 7.05 (d, 2H, Hi3, Ji35 = 11.5
Hz),7.04 (d,2H, H,s, Jis16 = 7.7 Hz), 4.94 (brs, 1H, H,), 4.55 (s, 4H, Hy7,1), 4.37 — 4.26 (m, 4H, Ho,),), 4.04 —
4.00 (m, 1H, C,), 3.89 (dd, 1H, H,, J,. = 1.6 Hz, ], 3= 3.1 Hz), 3.87 - 3.81 (m, 1H, Hy,), 3.81 - 3.63 (m, 5H, C,,
Hevy Hrapy Hs), 3.62 — 3.51 (m, 2H, Hy, Hy), 3.44 — 3.31 (m, 2H, Hg,), 2.99 — 2.83 (m, 2H, C, Cs), 2.01 - 1.86
(m, 4H, C;, Cé)

3C NMR (100 MHz, CD;OD): § = 177.3,177.1 (Cy); 162.1 (d, Cua, J12r = 250.0 Hz); 144.8, 144.7 (d, C14, 314
r = 4.3 Hz); 130.6, 130.5 (d, Ci¢, 3165 = 4.5 Hz); 125.5 (d, C1y, ¥J1ir = 13.8 Hz), 123.5 (d, Cis, ¥1s¢ = 3.1 Hz),
114.3 (d, Ci3, Y136 = 22.1 Hz); 100.4 (C,); 76.6 (Cs); 75.7 (Cs); 72.7 (Ccr); 72.5 (C); 72.5 (Cer); 69.3 (Cr);
68.9 (C4); 64.3 (C17); 63.1 (Cq); 52.1 (Cs); 42.0, 41.8 (Ccs, Ccs); 37.7 (d, Cio, ¥Ji0r = 4.6 Hz); 29.8,29.9 (C;,
Ccs)

MS (HRMS) calculated for [ C3,H4, FoaN5O1 Na]*: 732.26683; found: 732.26691

ISh016

Prepared by Alessio Caramiello

"HNMR (400 MHz, CD;0D): 8§ =4.98 (d, 1H, H,), 4.10 - 4.06 (m, 1H, C,), 3.94 (s, 1H, H,), 3.87 (s, 2H, He.p,),
3.83 - 3.64 (m, 6H, C,, Hy.;,, Hs, Hy, Hy, Hey), 3.46 — 3.39 (m, 2H, Hy,1,), 3.20 — 3.04 (m, 4H, H,o), 2.91 - 2.79
(m, 2H, C4, Cs), 2.05 - 1.84 (m, 4H, Cs, C¢), 1.57 — 1.46 (sex, 4H, H,,, J11.1o= 7.3 Hz), 0.97 - 0.89 (t, 6H, Hy,, ] 1».
11=7.3Hz)

3C NMR (100 MHz, CD;OD): § = 176.9 (Cy); 101.3 (C)); 77.4 (C3); 76.5 (Cs); 73.4 (C,); 73.2 (Ccy, Cea);
70.1 (C;); 69.8 (C4); 63.9 (Cs); 53.0 (Cs); 33.2 (Cio); 33.0 (Cesy Ces); 30.7, 29.8 (Ccs, Ces); 24.5 (Ci); 12.7
(C)

MS (MALDI-TOF) calculated for [ C,,H3sNsOgNa]*: 540.264; found: 540.585
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ISh017

Prepared by Alessio Caramiello

'"H NMR (400 MHz, CD;OD): § =8.04 - 7.97 (m, 4H, H¢, H17), 7.63 - 7.15 (m, 10H, H,2, Hi3, Hig), 4.93 - 4.86
(m, 1H, H,), 442 - 4.27 (dd, 4H, Hio.p), 4.05 (s, 1H, C»), 3.94 (s, 1H, H,), 3.85 (m, 2H, Hg,p), 3.78 - 3.65 (m,
4H, H;, C,, H7.1), 3.60 - 3.50 (m, 2H, Hy, Hs), 3.40 - 3.35 (m, 2H, Hy, ), 2.94 - 2.79 (m, 2H, C,, Cs), 1.93 - 1.80
(m, 4H, C;, Cs)

3C NMR (100 MHz, CD;0D): 8§ = 177.8 (Cy); 143.2 (Cis); 138.4 (C14); 137.8 (C11); 130.7, 130.0, 129.8, 129.5,
129.0,127.5, 124.9 (Cy, Ci3, Ci Ci7, Cis); 101.0 (C1); 77.3 (Cs); 76.3 (Cs); 73.4 (Ccr); 73.2 (Cy); 73.0 (Cez);
70.0 (C;); 69.6 (C4); 63.8 (Cs); 52.8 (Cs); 43.2 (Cio); 42.5 (Ccsy Ces); 30.4, 29.6 (Ccs, Ces)

MS (ESI) calculated for [ C33H4:N5OoS,Na]*: 800.239; found: 800.774

ISh018

Prepared by Norbert Varga

[a]p: -42.8° (¢ =0.1, MeOH)

"H NMR (400 MHz, CD;OD): § = 7.82 (d, 4H, His, J13.12 = 7.3 Hz), 7.33 (d, 4H, Hy, J1215 = 8.1 Hz), 4.98 (d,
1H, Hy, J1» = 1.6 Hz), 4.54 — 4.26 (m, 4H, Ho.1), 4.10 - 4.05 (m, 1H, C,), 3.94 — 3.90 (m, 1H, H,), 3.90 - 3.84
(m, 1H, Hy,), 3.84 — 3.66 (m, SH, Hey, Cy, H,1, H), 3.64 — 3.57 (m, 2H, Hy, H;), 3.47 — 3.35 (m, 2H, Hy, ), 3.08
~2.92 (m, 2H, C4, Cs), 2.52 (s, 6H, Hys), 2.08 — 1.92 (m, 4H, Cs, C¢)

13C NMR (100 MHz, CD:OD): § = 200.2 (Cys); 177.5,177.3 (Co); 146.2 (Cy4); 137.1 (C11); 129.8 (C13); 128.3
(C12); 100.5 (C1); 76.6 (Cs); 75.7 (Cs); 72.8 (Ccu); 72.6 (Ca); 72.6 (Cea); 69.4 (C5); 68.9 (Cy); 63.2 (Ce); 52.2
(Cs); 43.6 (Cuo); 42.0,41.9 (Ccs, Ces); 30.0,29.2 (Ces, Cos); 26.8 (Cis)

MS (HRMS) calculated for [ C3sH43NsO 1 Na]*: 720.28568; found: 720.28552

ISh019

Yield: 59% over two steps
[a]p: +21.5° (¢ =0.33, MeOH)
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'H NMR (400 MHz, CD;OD): § = 7.35 — 7.18 (m, 8H, Hy,, Hus, Huy, Hig), 5.01 (d, 1H, Hy, J12 = 1.6 Hz), 4.61
(m, 4H, Hyrap), 441 — 4.31 (i, 4H, Hioay), 4.13 - 4.08 (m, 1H, C,), 3.96 (dd, 1H, Hy, Jo1 = 1.6 Hz, J»5 = 3.2 Hz),
3.94-3.89 (m, 1H, H,), 3.88 — 3.71 (m, SH, Hey, Cy, Hrap, Hs), 3.71 — 3.59 (m, 2H, Hy, Hs), 3.51 - 3.38 (m, 2H,
Ha.p), 3.06 — 2.92 (m, 2H, C4, Cs), 2.09 - 1.95 (m, 4H, Cs, C¢)

13C NMR (100 MHz, CD;OD): 8 = 177.2, 177.0 (Co); 143.1 (Cys); 140.3 (C11); 129.7 (Cue); 127.7,127.1,126.8
(Ciy Ci3, Ci4); 100.5 (C1); 76.7 (Cs); 75.7 (Cs); 72.8 (Ccir); 72.6 (Cs, Ce2); 69.3 (C7); 69.0 (Cy); 65.3 (Cir);
63.2 (Cq); 52.2 (Cs); 43.6 (Cuo); 42.1,41.9 (Cesy Ces); 29.9,29.1 (Ces, Ce)

MS (HRMS) calculated for [ C3,H43NsO 1 Na]*: 696.28568; found: 696.28578

ISh020

12

N/15 N—3
N

17 16

Amine purchased from Chem Bridge. Reaction performed in DMF in 2 days, with the addition of 3.2 equiv. Et;N.
Yield: 56% over two steps

"HNMR (400 MHz, CD;0D): § =7.75-7.27 (m,4H, H,5, Hs), 4.91 (s, 1H, H,), 4.78 — 4.21 (m, 8H, H,o, H,3),
4.08 - 3.98 (m, 1H, C,), 3.91 — 2.83 (m, 19H, H,, He,,, C\, H7., Hs, Hy, Hs, Hgo, Hizy Cy, Cs), 2.18 — 1.73 (m,
6H, Cs, Cs, H;1), 1.01 - 0.92 (m, 6H, Hy2,), 0.88 — 0.77 (m, 6H, H,3)

13C NMR (100 MHz, CD;0D): 8§ =178.1,177.7 (Cy); 140.7,140.0 (C,5); 132.5,132.3 (C16); 120.3,120.2 (Cy4);
101.9 (C)); 77.4 (Cs); 76.6 (Cs); 73.9 (Ca); 73.6 (Cs); 73.4 (Ca1); 70.6 (Cr); 69.7 (Cy); 64.0 (Ce); 57.2, 54.4
(Ccsy Ces); 53.1 (Cy); 44.3,44.2,43.1,42.9 (Cio, C13); 39.9, 39.7, 38.6,39.1 (Cy7); 31.2, 30.4 (C;, Ce); 30.1,28.8
(Cn);21.7,21.5,21.4,21.2 (C12)

MS (MALDI-TOF) calculated for [ C3HssNyOgNa]*: 756.401; found: 756.741

ISh021

Amine purchased from Vitas M Labs. Reaction performed in DMF overnight, with the addition of 3.2 equiv. Et;N.
Yield: 62% over two steps

"H NMR (400 MHz, CD;OD): § = 7.76 — 7.72 (m, 4H, Hi¢), 7.59 (dd, 2H, Hys, J12.13= 2.2 Hz, ] = 5.3 Hz), 7.39
-7.33 (m, 4H, H,5),7.29 - 7.23 (m, 2H, Hs), 6.60 (t, 2H, H,s, J13.12 = 2.2 Hz), 4.93 - 491 (d, 1H, H,, 1, = 1.6
Hz), 4.30 — 4.13 (m, 4H, H,,), 3.93 - 3.88 (m, 1H, C,), 3.87 - 3.77 (m, 2H, H,, Hq,), 3.71 — 3.42 (m, 11H, H,,
H., Hs, Houp, Hiy, Ci, Heo), 3.34 — 3.21 (Hsap), 2.82 - 2.68 (m, 2H, Cs, Cs), 1.95 — 1.68 (m, 4H, Cs, C)

3C NMR (100 MHz, CD;0OD): § = 178.5,178.3 (Cy); 154.2, 154.1 (Cis); 153.6,153.6 (C14); 134.4,134.2 (C1);
130.5 (C17); 129.6 (Cis); 127.5 (Cis); 104.9, 104.8 (Ci3); 101.1 (C,); 77.3 (Cs); 76.3 (Cs); 73.4 (C,); 73.3
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(Cc2); 732 (Cc1); 69.9 (C7); 69.6 (Cy); 63.8 (Cy); 52.8, 52.8 (Cg, Cio); 42.7, 42.1 (Cey, Ces); 41.7 (C11); 30.6,
30.0 (Ccs, Ccs)
MS (MALDI-TOF) calculated for [ C33H4;NyOyNa]*: 796.339; found: 796.710

ISh022

Amine purchased from Crea-Chim. Reaction performed in DMF overnight, with the addition of 3.2 equiv. Et;N.
Yield: 73% over two steps

'H NMR (400 MHz, CD;OD): 8 = 7.41 (t, 2H, Hys, J 1312 = 1.7 Hz), 6.26 (d, 2H, Hs, J13.1. = 1.7 Hz), 5.03 - 4.89
(m, SH,H,, Hy,), 4.36 - 4.30 (m, 4H, H,o), 4.03 - 3.98 (m, 1H, C,), 3.88 - 3.85 (m, 1H, H,), 3.85 - 3.79 (m, 1H,
He.), 3.79 — 3.49 (m, SH, Hs, Hey, Hrap, C1), 3.42 — 3.31 (m, 4H, Hy, H, Hy,p), 2.92 - 2.78 (m, 2H, C,, Cs), 1.98
~ 1.81 (m, 4H, C5, C¢)

3C NMR (100 MHz, CD;OD): § = 178.1, 177.9 (Co); 144.4 (Cy11); 142.1 (C13); 125.8 (Cis, 'Jisr = 279.3 Hz);
108.9 (C12); 101.2 (C1); 77.2(Cs); 76.4 (Cs); 73.5 (Cc2); 73.3 (C2); 73.2 (Cer); 70.1 (C7); 69.6 (Cs); 63.9 (Cs);
52.9 (Cs); 51.8,51.5,51.1 (C14); 42.4,42.3 (Cc4y Ccs); 35.3 (Cio); 30.5,29.7 (Ccs, Cos)

MS (MALDI-TOF) calculated for [ CosH3,FeNyOoNa]*: 780.251; found: 780.600

ISh023

13 N/
F3C N
14

Amine purchased from Vitas M Labs. Reaction performed in DMF in 2 days, with the addition of 3.2 equiv. Et;N.
Yield: 65% over two steps

"H NMR (400 MHz, CD;OD): § = 6.57 (s, 2H, H,), 4.95 (d, 1H, Hy, ],» = 1.4 Hz), 4.34 — 4.19 (m, 4H, H,,),
4.05 - 4.01 (m, 1H, C,), 3.91 (s, 6H, H,s), 3.89 — 3.52 (m, 7H, H,, H;, He,p, Hrap,, C1), 3.44 — 3.52 (m, 4H, H,,
Hs, Hs,p), 2.97 - 2.82 (m, 2H, C,, Cs), 2.02 — 1.86 (m, 4H, C;, Cs)

3C NMR (100 MHz, CD;0D): § = 178.1, 177.9 (Cs); 151.6 (C13); 134.2 (C11); 122.3 (Cusy Jisr = 269.1 Hz);
108.1 (C12); 101.1 (C1); 77.3 (Cs); 76.4 (Cs); 73.5 (Cc1); 73.3 (C); 73.1 (Cca); 70.1 (C7); 69.6 (Cy); 63.9 (Co);
52.9 (Cg); 42.6,42.5 (Ccs, Ces); 39.1 (Cis); 38.3 (Cio); 30.5,29.7 (Ces, Ces)

MS (MALDI-TOF) calculated for [ C,sH3,FsNoOoNa]*: 780.251; found: 780.604

ISh024

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.
Yield: 89% over two steps
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"H NMR (400 MHz, CD;OD): § =4.92 (d, 1H, H,, ]:» = 1.6 Hz), 4.01 - 3.97 (m, 1H, C,), 3.89 — 3.86 (m, 1H,
H,), 3.86 — 3.80 (m, 1H, Hs,), 3.80 — 3.50 (m, SH, C,, Hs, Hs, Hy, Hs, Hy,p), 3.43 — 3.31 (m, 2H, Hs,y,), 2.79 -
2.64 (m, 2H, C,, Cs), 2.61 - 2.52 (sept d, 2H, Hi, ] = 3.7 Hz, ] = 1.0 Hz), 1.94 - 1.76 (m, 4H, C;, Cs), 0.71 - 0.63
(m, 4H, H,.,), 0.47 — 0.40 (m, 4H, H,,;,)

3C NMR (100 MHz, CD;0D): 8 = 179.5, 179.3 (Cy); 101.2 (C,); 77.3 (C3); 76.4 (Cs); 73.5 (Cc); 73.3 (Cs);
73.2 (Cc1); 70.0 (C7); 69.6 (Cy); 63.9 (Cs); 52.9 (Cg); 42.5, 42.4 (Cesy Ccs); 30.3,29.5 (Ces, Ces); 24.1 (Cyo),
7.4,7.3 (Ci1)

MS (MALDI-TOF) calculated for [ C5,H3sNsOgNa]*: $§36.233; found: 536.435

ISh025

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.

Yield: 87% over two steps

"H NMR (400 MHz, CD;OD): § =4.94 (d, 1H, H,, ]:» = 1.4 Hz), 4.04 - 3.99 (m, 1H, C,), 3.92 - 3.88 (m, 1H,
H,), 3.87 - 3.81 (m, 1H, Hy,), 3.81 — 3.62 (m, SH, C,, Ha,, H3, H.1,), 3.61 — 3.53 (m, 2H, H,, Hs), 3.45 (t, 4H,
His, Ji615 = 7.1 Hz), 3.41 — 3.35 (m, 2H, Hs,), 3.29 — 3.22 (m, 4H, Hy»), 3.11 (t, 4H, Hyg, J10.11 = 6.8 Hz), 2.87 —
2.72 (m, 2H, Cs, Cs), 2.38 (t, 4H, Hyy, Jins = 8 Hz), 2.04 (q, 4H, His), 1.98 — 1.85 (m, 4H, Cs, Cg), 1.72 - 1.62
(m, 4H, H,,)

13C NMR (100 MHz, CD:OD): § = 178.7 (Cs); 178.0, 177.8 (C13), 101.2 (C,); 77.3 (C3); 76.4 (Cs); 73.4 (Ce);
73.3 (C5, Cc1); 70.1 (C7); 69.7 (Cy4); 63.9 (Ce); 52.9 (Cy); 49.6 (Cis); 42.8, 42.7 (Ccy, Ces); 42.1 (Cs); 38.5
(Ci0); 32.9 (C14); 30.7,29.8 (Ccs, Cos); 28.8 (Ci1); 19.3 (Cis)

MS (MALDI-TOF) calculated for [ C3H4N,O;;Na]*: 706.338; found: 706.646

ISh026

15

7 OH
OH

Amine purchased from Sigma-Aldrich. Reaction performed in DMF overnight, with the addition of 3.2 equiv.
Et:N.

Yield: 70% over two steps

'H NMR (400 MHz, CD;OD): § = 8.09 — 7.91 (m, 2H, His), 7.45 (q, 2H, His, Ji3.12 = 8.2 Hz), 6.75 - 6.61 (m,
2H, H,»), 5.00 - 4.65 (m, SH, H,, Hyo), 4.23 - 4.13 (m, 1H, C,), 4.13 — 3.06 (m, 11H, H,, He,3, C1, Hs, H7.1,, H,
Hs, Hg,p), 3.06 — 2.73 (m, 2H, C,, Cs), 2.10 — 1.71 (m, 4H, Cs, Cs)

3C NMR (100 MHz, CD;OD): § = 178.4 (Cy); 164.9, 164.0 (Cy4, Cis5); 141.0 (C11); 131.6, 130.6 (Ci6, Ci3);
116.7 (C1,); 100.3 (C,); 76.6 (Cs); 76.3 (C3); 73.5 (C2); 73.3 (Ccz); 73.2 (Cer); 69.7 (Cr); 69.1 (Cy); 63.5 (Cs);
52.1 (Cg); 45.1,44.2 (Cyo); 42.5 (Ccy); 42.2 (Ces); 31.4,29.9 (Ces, Ces)

MS (MALDI-TOF) calculated for [ C30H:sN5O,3Na]*: 700.244; found: 700.559

Unstable — slow decomposition in solution.
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ISh027

HN—$

"
12

4/

14

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.

Yield: 79% over two steps

'H NMR (400 MHz, CD;0D): § =7.22 - 7.15 (m, 4H, Hy,), 7.15 - 7.09 (m, 4H, H,3), 491 (d, 1H, H,, J,» = 1.5
Hz), 4.53 - 4.44 (m, 2H, H,), 4.02 - 3.98 (m, 1H, C,), 3.88 - 3.85 (m, 1H, H,), 3.86 - 3.79 (m, 1H, Hs,), 3.79
~3.60 (m, SH, C,, Ha, H3, H7,), 3.59 - 3.50 (m, 2H, H,, Hs), 3.42 - 3.31 (m, 2H, Hs,p), 3.22 (quint, 4H, Hy1,, ]
=7.8Hz),2.86 - 2.71 (m, 6H, C4, Cs, H,11), 1.96 — 1.79 (m, 4H, Cs, Cs)

3C NMR (100 MHz, CD;OD): § = 177.9,177.7 (Cy); 143.1,143.0 (C12); 128.6 (C13); 126.4 (C14); 101.1 (C));
77.3 (Cs); 76.4 (Cs); 734 (Cca); 732 (C2); 73.1 (Ceu); 70.0 (C7); 69.6 (Cs); 63.9 (Co); 52.8 (Cs); 52.7 (Cuo);
42.7,42.5 (Ccyy Ces); 41.3,41.2,41.1 (C,11); 30.3,29.4 (Ces, Ces)

MS (MALDI-TOF) calculated for [ C3H4:NsOgNa]*: 688.295; found: 688.601

ISh028

H
N

ﬁ/
12 M

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.

Yield: 90% over two steps

'H NMR (400 MHz, CD;0D): § = 5.84 - 5.71 (app oct, 2H, Hyy, ] = 5.4 Hz), 5.17 (dd, 2H, Hyy, J = 17.1 Hz, ] =
1.5 Hz), 5.08 (dt, 2H, Hia, J = 10.3 Hz, ] = 1.3 Hz), 4.94 (d, 1H, H,, ;> = 1.4Hz), 4.06 — 3.99 (m, 1H, C,), 3.92
~3.77 (m, 7H, Hs, Heap, C1, Hoap, Hs), 3.77 - 3.63 (m, 2H, Hyo), 3.61 — 3.50 (m, 2H, Hy, Hs), 3.44 — 3.31 (m, 2H,
Ha,p), 3.05 - 2.73 (m, 2H, C,, Cs), 2.00 — 1.80 (m, 4H, Cs, Cs)

*C NMR (100 MHz, CD;OD): 8 = 177.9, 177.7 (Cy); 136.4 (C11); 116.8 (Co); 101.1 (C1); 77.3 (C3); 76.4
(Cs); 734 (Cy); 73.3,73.2 (Ccy, C 2); 70.0 (Cy); 69.6 (Cy); 63.9 (Co); 52.9 (Cs); 43.4 (Co); 42.8, 42.7 (Ccy,
Ccs); 30.6,29.7 (Ccs, Cos)

MS (ESI) calculated for [ C2,H3sNsOgNa]*: 536.233; found: 536.457

=
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Amine purchased from Enamine BB. Reaction performed in DMF in two days, with the addition of 3.2 equiv.
Et:N.
Yield: 60% over two steps
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'H NMR (400 MHz, CD;0D): 8§ = 4.96 (d, 1H, H}, ],» = 1.5 Hz), 4.05 - 4.01 (m, 1H, C,), 3.94 - 3.91 (m, 1H,
H.), 3.89 - 3.83 (m, 1H, Hs,), 3.83 - 3.64 (m, SH, H, He,, H7,p,, C1), 3.64 — 3.53 (m, 4H, H,, Hs, Hyo), 3.47 -
3.34 (m, 2H, Hs,p), 3.05 (g, 4H, His3, J13.0= 9.9 Hz, ] = 19.6 Hz), 2.99 - 2.90 (m, 4H, H2.), 2.86 - 2.72 (m, 2H,
Cs4, Cs), 2.46 (td, 4H, Hia, J1215 = 9.9 Hz, J1211 = 3.0 Hz), 1.98 - 1. 85 (m, 4H, Cs, Cs), 1.80 (t, 4H, H,1,, J = 15.2
Hz), 1.59 - 1.46 (m, 4H, H,,,)

C NMR (100 MHz, CD;0OD): § =177.3,177.1 (Cs); 128.0 (C14, 'J14r =277.7 Hz); 101.2 (C1); 77.4 (Cs); 76.4
(Cs); 73.4 (Ccr); 73.3 (C1); 73.2 (Ccr); 70.0 (Cr); 69.6 (Cy); 63.9 (Co); 59.7 (Cus, i3 = 30.6 Hz); 55.0, 54.9
(Cn); 52.9 (Cs); 48.3,48.2 (Cuo); 42.7,42.6 (Ccs, Ccs); 33.6, 33.5,33.4,33.4 (C11); 30.6, 29.7 (Ccs, Ces)

MS (MALDI-TOF) calculated for [ C30H4FsN,OoNa]*: 786.323; found: 786.718

ISh030

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 2 hours.

Yield: 75% over two steps

'"H NMR (400 MHz, CD;OD): § = 4.99 - 4.92 (m, 1H, H,), 4.12 - 4.01 (m, 1H, C,), 3.90 - 3.81 (m, 2H, H,,
Ha,), 3.81 - 3.62 (m, SH, C, Ht, H3, Hyap), 3.62 - 3.53 (m, 2H, H, H), 3.53 - 3.20 (m, 9H, Hiup, Hioy Hur),
3.16 - 3.05 (m, 2H, C,, Cs), 2.87 (s, 3H, Hiow), 1.99 — 1.80 (m, 4H, Cs, Cs), 1.80 — 1.21 (m, 8H, Hys, Hi3), 0.94
(t, 6H, Huy, J1413=7.3 Hz)

3C NMR (100 MHz, CD;0D): § = 177.9, 177.5 (Cy); 101.4 (C,); 77.5 (C3); 76.6 (Cs); 73.8 (C2); 73.5 (Cc1);
73.3 (Cc2); 70.6 (C7); 69.6 (C4); 64.0 (Cs); 53.0 (Cs); 52.0 (C11); 39.1 (Cio); 36.8 (Ces); 36.6 (Ces); 35.2 (Cho);
32.8,31.3 (C1); 30.2 (Ces); 29.0 (Ceo); 21.8 (Cu3); 15.1 (Cy)

MS (HRMS) calculated for [ C,6H4NsOgNa]*: $96.3271; found: 596.3281

ISh031

Amine purchased from Sigma-Aldrich. Reaction performed in DMF in 4 hours.

Yield: 47% over two steps

"H NMR (400 MHz, CD;OD): § = 7.43 (d, 4H, Hy,, J1213 = 7.0 Hz), 7.40 — 7.32 (m, 6H, H,3, Hy,), 4.92 (d, 1H,
H,Ji»=14Hz),4.85-4.76 (m,4H, Hy), 4.04 - 4.00 (m, 1H, C,), 3.90 - 3.83 (m, 2H, H,, He,), 3.79 - 3.49 (m,
7H, Hs, Hy, Hs, Hei, Hoap, C1), 3.45 - 3.35 (m, 2H, Hy,p), 2.80 — 2.64 (m, 2H, C4, Cs), 2.01 — 1.74 (m, 4H, Cs, Cs)
13C NMR (100 MHz, CD;0D): 8 = 176.8, 176.6 (Cs); 138.01 (Cy); 131.5, 131.4 (C11); 130.6, 130.4 (Cy3, C14);
101.3 (C1); 80.1 (C10); 77.2 (C3); 76.5 (Cs); 73.5 (Ccr); 73.4 (Cs); 73.1 (Cen); 70.1 (C); 69.7 (Cy); 64.0 (Ce);
52.9 (Cs); 39.4,39.4 (Ccy, Ccs); 30.5,29.7 (Ces, Ces)

MS (MALDI-TOF) calculated for [ C3H3N;O;;Na]*: 668.254; found: 668.554
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ISh032

Amine purchased from Sigma-Aldrich. Reaction performed in DMF in two days, with the addition of 3.2 equiv.
Et:N.

Yield: 55% over two steps

"H NMR (400 MHz, CD;0D): § = 8.61 — 8.56 (m, 2H, H.4), 7.55 (d, 2H, Huy, J19.15 = 7.7 Hz), 7.32 (d, 2H, Hys,
Jis17="7.7 Hz), 7.12 = 7.04 (m, 4H, H,3, Hy7), 7.02 - 6.95 (m, 2H, Hyg), 4.93 (d, 1H, H,, ], = 1.4 Hz), 4.02 -
3.98 (m, 1H, C,), 3.92 — 3.84 (m, 2H, H,, Hs,), 3.78 — 3.53 (m, C1, Ha, H7.1, Hs, Hy, Hs), 3.53 - 3.35 (m, 6H,
Hi;, Hg,p), 2.92 (oct, 4H, Hyo, ] = 7.4 Hz), 2.84 — 2.70 (m, 2H, Cy, Cs), 1.97 — 1.74 (m, 4H, C;, Cy)

13C NMR (100 MHz, CD;0D): § = 177.9 (Cs); 139.1 (Cys); 139.8 (Cao); 124.5,123.2 (Cy3, C17); 120.5 (Cis);
120.2 (Ci9); 113.8 (C12); 113.2 (Cu6); 101.3 (C1); 77.5 (C3); 76.5 (Cs); 73.6 (Ccr); 73.4 (Ccr); 73.4 (C,); 70.1
(C7); 69.8 (Cy4); 64.0 (Cs); 53.0 (Cs); 43.1,42.9 (Ccyy Ces); 42.2 (C11); 30.4,29.4 (Ces, Ces); 27.2 (Cro)

MS (MALDI-TOF) calculated for [ C3sH4sN;OgNa]*: 742.317; found: 742.661

ISh033
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15
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Amine purchased from Key Organics. Reaction performed in DMF in two days, with the addition of 3.2 equiv.
Et:N.

Yield: 25% over two steps

'H NMR (400 MHz, CD;0OD): 8§ =4.94 (d, 1H, H,, ], = 1.4 Hz), 4.13 — 4.04 (m, 2H, H,o), 4.04 — 4.00 (m, 1H,
C,),3.93 - 3.88 (m, 2H, H,, H,), 3.80 — 3.64 (m, 5H, Hs, He, H7,p, C1), 3.62 — 3.54 (m, 2H, Hy, Hs), 3.48 - 3.33
(m, 2H, Hy,p), 2.91 - 2.76 (m, 4H, C4, Cs, Hi1,), 2.72 — 2.65 (m, 8H, Hys, Hyg), 2.61 — 2.52 (m, 1H, H,1p1), 2.48
~2.39 (m, 1H, Hy11,,), 2.00 — 1.90 (m, 4H, C5, Ce)

3C NMR (100 MHz, CD;0D): § = 177.6, 177.5 (Cy); 145.5, 145.5 (Cia, C13); 115.6 (Cus); 101.2 (Cy); 77.4
(C3); 76.4 (Cs); 73.5 (Cc1); 73.3 (C1); 73.2 (Cea); 70.1 (C); 69.6 (Cy); 63.9 (Co); 52.9 (Cy); 47.9, 47.8 (Cuo);
42.7,42.7 (Ccs, Ces); 41.3 (Cis, Cug); 30.5, 30.3 (Ces, Cos), 26.2 (C1y)

MS (MALDI-TOF) calculated for [ C3H4:NyOoS;Na]*: 760.252; found: 760.608

ISh034
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Amine purchased from Alinda Chemicals. Reaction performed in DMF in two days, with the addition of 3.2 equiv.
Et;N.

Yield: 40% over two steps (incomplete amide coupling — monoamide methyl ester)

"H NMR (400 MHz, CD;OD): § =4.97 (s, 1H, H,), 4.08 — 4.01 (m, 1H, C,), 3.92 — 3.84 (m, 2H, H,, Hs,), 3.84
-3.49 (m, 12H, C,, H;, Hy, Hs, Hg, H7.1, Hiy, His), 3.43 - 3.35 (m, 6H, Hg,,, Hiz), 3.27 - 3.12 (m, 2H, Hyo), 3.08
—2.91 (m, 1H, Cyors), 2.86 — 2.70 (m, 1H, Csor4), 2.20 — 1.80 (m, 4H, Cs, Cy), 1.80 — 1.72 (m, 4H, H}3), 1.72 -
1.63 (m, 4H, H4)

3C NMR (100 MHz, CD;OD) (monoamide substituent in position C4 or CS): § = 178.5, 178.3, 177.9, 177.6
(Cy); 102.2,101.4 (C,); 77.4,77.0 (C3); 76.5 76.5 (Cs); 73.5,73.5 (Cc1), 73.4, 73.3 (C,), 73.3 73.0 (Cc»); 70.2,
70.1 (C,); 69.6 (Cu); 63.9 (Ce); 53.1 (Cis); 52.9 (Cs); 50.7 (Cio); 49.9 (Cio); 424, 42.2, 41.1, 40.9 (Cesy Ces);
36.1 (C1); 31.6 (C13); 30.6,29.9, 29.8,28.9 (Ces, Ces); 28.8 (Cia)

MS (MALDI-TOF) calculated for [ C,sH43NsO1:SNa]*: 660.252; found: 660.542

ISh036

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 2 hours.

Yield: 43% over two steps

'H NMR (400 MHz, CD;0D): § = 4.92 (d, 1H, H,, ], = 1.5Hz), 4.09 - 4.05 (m, 1H, C,); 3.90 — 3.31 (m, 29H,
Cy, Csy Cs, Hy, Hy, Hy, Hy, Heay Hoapy Hiapy Hio, Hi), 1.97 — 1.77 (m, 4H, Cs, Co)

3C NMR (100 MHz, CD;0D): § = 176.6, 176.3 (Cy); 101.7 (C,); 77.3 (C3); 76.6 (Cs); 73.4 (Cc1); 73.4 (Cy);
73.3 (Cc2); 70.8 (C7); 76.6 (Cy4); 68.7, 68.6 (Ci1); 63.9 (Cs); 53.0 (Cs); 44.3, 48.3 (Cio); 38.4, 38.3 (Ccy, Cos);
30.8,29.5 (Ccs, Cce)

MS (HRMS) calculated for [ C,sH3yNsO 1 Na]*: 596.2544; found: 596.2544

ISh037
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O

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 2 hours.

Yield: 80% over two steps

"H NMR (400 MHz, CD;OD): § =4.95 (d, 1H, H,, ],» = 1.5 Hz), 4.09 — 4.05 (m, 1H, C,), 3.86 — 3.81 (m, 2H,
H,, He.), 3.78 - 3.31 (m, 17H, C,, Hs, Hy, Hs, Hay, Hy. b, Hiapy Hio), 3.28 — 3.10 (m, 2H, C4, Cs), 2.02 - 1.78 (m,
12H, C3, Cs, Hy))

3C NMR (100 MHz, CD;0D): § = 176.5,176.3 (Cy); 101.3 (C,); 77.4 (C3); 76.5 (Cs); 73.5 (C,); 73.4 (Ccy);
73.1 (Cc2); 70.6 (C); 69.6 (C4); 63.9 (Cs); 53.0 (Cy); 48.7,48.7,48.5,47.8 (Cuo); 40.7, 40.6 (Ccsy Ces); 29.9,
28.7 (C11); 27.8,27.7 (Ccs, Ces)

MS (MALDI-TOF) calculated for [ C,4H3NsOgNa]*: 564.264; found: 564.546
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ISh038

Amine purchased from Sigma-Aldrich. Reaction performed in DMF, overnight.

Yield: $4% over two steps

"H NMR (400 MHz, CDsOD): § = 7.44 — 7.33 (H,s), 7.12 - 7.04 (H.4), 4.92 (s, 1H, H,), 4.11 — 4.06 (m, 1H,
C.), 3.89 - 3.33 (m, 25H, C,, C4, Cs, H,, Hs, Hy, Hs, Heup, Hoapy Hsap, Hio, Hiz), 2.69 — 2.40 (m, 8H, H,,), 1.98 —
1.77 (m, 4H, Cs, C¢)

3C NMR (100 MHz, CD;O0D): § = 176.3, 176.1 (Cy); 164.7 (Ci, 'Jcr = 245.9Hz); 134.7, 134.5 (C13); 133.3
(Cis); 117.1,116.9 (C14); 101.6 (C,); 77.3 (C3); 76.6 (Cs); 734 (Cc1); 73.3 (Ca); 73.3 (C); 70.7 (C); 69.6
(C4); 64.0 (C), 63.4 (C1a); 54.8, 54.7, 54.5, 54.4 (C11); 53.0 (Cs); 47.3, 43.4 (Cuo); 38.4, 38.4 (Ccyy Ces); 30.9,
29.6 (Ccs, Ccs)

MS (MALDI-TOF) calculated for [ C33Hs,FaN,OgNa]*: 810.361; found: 810.815

ISh039

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 2 hours.

Yield: 75% over two steps

'H NMR (400 MHz, CD;0D): § =4.95 (d, LH, H,, J1, = 1.4 Hz), 4.11 - 4.07 (m, 1H, C,); 3.89 - 3.51 (m, 17H,
C., Hy, Hs, H, Hs, Hep, Hoap, Hio), 3.46 — 3.32 (m, 4H, Cy, Cs, Haap); 2.94 — 2.59 (m, 8H, H,,), 2.54 (d, 6H, Hy,
J=8.8Hz),2.05 - 1.77 (m, 4H, Cs, C¢)

3C NMR (100 MHz, CD;OD): § =176.5, 176.2 (Cs); 101.7 (C,); 77.3 (Cs); 76.7 (Cs); 73.5 (Cer); 73.4 (Cy);
73.3 (Cca); 70.8 (C7); 69.6 (C4); 64.0 (Cq); 56.1, 55.8 (C11); 53.0 (Cs); 46.4,46.2 (Croap); 46.0,45.8 (C1); 42.5,
42.4 (Cioea); 38.5,38.5 (Ccs, Ces); 30.8,29.6 (Ces, Ces)

MS (MALDI-TOF) calculated for [ C,6H4sN,OgNa]*: 622.317; found: 622.625

ISh040

Prepared by Norbert Varga

[a]p: +17.8° (¢ = 0.5, MeOH)

"H NMR (400 MHz, CD;OD): § =7.36 (d, 4H, Hyy, Ji415 = 7.2 Hz), 7.27 (t, 4H, Hys, ] 1514 = J1516 = 7.2 Hz), 7.18
(t, 2H, Hig, J1615 = 7.2 Hz), 4.96 (br's, 1H, H,), 4.80 (d, 2H, H3, 1210 = 1.7 Hz), 4.12 — 4.00 (m, 3H, C,, Hyo),
3.94 (dd, 1H, Hy, ], = 1.6 Hz, J»5 = 3.1 Hz), 3.90 — 3.80 (m, 2H, C,, H.), 3.82 - 3.63 (m, SH, C,, Hs, Ha,, H7.1),
3.63 - 3.59 (m, 2H, Hy, Hs), 3.49 — 3.36 (m, 2H, Hy,p), 2.97 - 2.82 (m, 2H, C4, Cs), 1.96 — 1.84 (m, 4H, C;, C),
0.95 (t, 6H, H,y, J11.10 = 6.4 Hz)
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3C NMR (100 MHz, CD;OD): § = 177.2,177.1 (C,); 143.4,143.3 (C13); 129.2 (Cys5); 125.2 (C16); 127.4 (Coa);
100.5 (C1); 76.7 (Cs); 76.1, 76.0 (C1a); 75.7 (Cs); 72.8 (Cc); 72.5 (Cy, Cen); 69.4 (C5); 68.9 (Cs); 63.2 (Co);
52.5 (Cs); 52.2 (Cuo); 42.1,41.9 (Ces, Ccs); 30.1,29.1 (Ccs, Ces); 13.4,13.3 (Cu1)

MS (HRMS) calculated for [ C3sHyNsO Na]*: 724.31698; found: 724.31698

ISh049

Yield: 77% over two steps

'H NMR (400 MHz, CD;OD): & = 4.34 - 427 (m, 1H, H,), 4.00 - 3.93 (m, 1H, C,), 3.80 — 3.71 (m, 2H, C,,
H-.), 3.69 - 3.55 (m, 9H, Hy,, Hy, Hs, Hyo), 3.50 - 3.42 (m, 2H, H,, H3), 3.35 (t, 2H, Hsay, Js7 = 4.9 Hz), 3.07 (td,
1H, C4, J=12.5Hz, ] = 3.7 Hz), 2.93 (td, 1H, C4, ] = 12.5 Hz, ] = 3.7 Hz), 2.17 — 1.06 (m, 2H, Cs., Ce), 1.91
(td, 1H, Ceeq, ] = 13.6 Hz, ] = 2.4 Hz), 1.82 (td, 1H, Cseq, J = 13.6 Hz, ] = 2.4 Hz), 1.25 (d, 1H, He, Js.s = 6.4 Hz)
3C NMR (100 MHz, CD;OD): § = 178.2, 178.0 (Cy); 104.8 (C,); 77.2 (Cy); 75.9 (C4); 75.1 (Ccz); 73.4 (Cs);
73.1 (C,); 72.8 (C3); 70.2 (C7); 53.2, 53.1 (Cio); 52.9 (Cs); 41.0 (Ccy, Ces); 29.5,29.2 (Ces, Ces); 17.7 (Cs)
MS (MALDI-TOF) calculated for [ C;sH,oN300Na]*: 470.175; found: 470.134

ISh050

Yield: 68% over two steps

"H NMR (400 MHz, CD;0D): § =7.25 (dd, 4H, Hy3., ] = 8.0 Hz, ] = 2.9 Hz), 7.19 (dd, 4H, Hi.p, ] = 8.0 Hz, |
=2.9Hz),4.53 (d, 4H, H,s,;,, ] = 3.2 Hz), 4.31 (s, 1H, H,), 4.32 - 4.26 (m, 4H, Hy0,3), 4.02 - 3.98 (m, 1H, C,),
3.79 - 3.72 (m, 1H, H,), 3.72 - 3.69 (m, 1H, H;), 3.65 — 3.56 (m, 3H, Hx, H,, C1), 3.52 - 3.42 (m, 2H, H,, Hs),
3.42-3.30 (m, 2H, Hy,1,), 2.98 — 2.86 (m, 2H, C,, Cs), 2.03 — 1.83 (m, 4H, Cs, Cs), 1.24 (d, 3H, Hy, Jo.s = 1.24)
BCNMR (100 MHz, CD;OD): § =178.4,177.8 (Cy); 142.5,142.4 (C14); 139.9,139.8 (C11); 129.3,129.2,129.0,
129.0 (C1z, C13); 103.7 (C,); 77.6 (Cs); 75.8 (Cs); 74.4 (Cca); 73.8 (Ccr); 73.3 (Cy); 72.8 (C); 69.9 (C,); 65.8
(Cis); 52.9 (Cg); 44.6,44.5 ( Cuo); 42.3,42.3 (Ccyy Ces); 30.0,29.9 (Ces, Ces); 17.6 (Cs)

MS (HRMS) calculated for [ C3,H4NsO oNa]*: 680.2908; found: 680.2918

IShO0S1

H
10 N7§

} 14

12 N

~ NTcr,
A 15

Amine purchased from Crea-Chim. Reaction performed in THF overnight, with the addition of 3.2 equiv. Et;N.
Yield: 36% over two steps

'H NMR (400 MHz, CD;OD): 8 =7.50 (¢, 2H, H3, 1312 = 1.8 Hz), 6.31 (d, 2H, H.), 5.05 — 4.89 (m, 4H, H.,),
4.46 - 4.35 (m, 4H, Hy), 4.34 (d, 1H, H,, ]:» = 7.0 Hz), 4.05 - 4.00 (m, 1H, C,), 3.83 - 3.75 (m, 1H, H,), 3.75
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- 3.71 (m, 1H, C,), 3.97 - 3.59 (m, 3H, H, Hy, Hs), 3.57 - 3.46 (m, 2H, H,, H;), 3.46 - 3.34 (m, 2H, Hys,p),
2.98 - 2.86 (m, 2H, C4, Cs), 2.01 — 1.81 (m, 4H, Cs, Cs), 1.27 (d, 1H, Hg, J6.s = 6.4 Hz)

3C NMR (100 MHz, CD;OD): § = 178.6, 178.2 (Cy); 144.3 (C11); 142.1 (Cy3); 125.8 (Cis, Jiss = 278.8 Hz);
108.9 (C1,); 103.8 (C,); 77.5(C3); 75.9 (Cs); 74.4 (Cca); 73.9 (Cci); 73.3 (C4); 72.9 (C1); 69.9 (C5); 52.9 (Cs);
51.8,51.5 (Ci4); 42.0,41.9 (Ccs, Ccs); 35.4 (Cio); 30.0,29.9 (Ccs, Ces); 17.6 (Cs)

MS (HRMS) calculated for [ C,sH3;NyOgF¢Na]*: 764.2567; found: 764.2571

ISh052

Amine purchased from Sigma-Aldrich. Reaction performed in DMF overnight, with the addition of 3.2 equiv.
Et;N.

Yield: $5% over two steps

'"H NMR (400 MHz, CD;OD): § = 7.45 - 7.29 (m, 10H, H,,, Hy3, His), 4.88 — 4.73 (m, 4H, H,o), 4.28 (d, 1H,
H,, Ji»=7.0Hz),4.01 - 3.94 (m, 1H, C,), 3.79 - 3.66 (m, 2H, H,, C,), 3.66 - 3.56 (m, 3H, Hy,, H,, H;), 3.53 -
3.43 (m, 2H, H;, H,), 3.42 - 3.32 (m, 2H, Hs,p), 2.78 — 2.63 (m, 2H, C4, Cs), 2.00 — 1.74 (m, 4H, C;, Cs), 1.26
(d, 1H, He, Jss = 6.4 Hz)

3C NMR (100 MHz, CD;0D): § = 174.7, 174.4 (Cy); 137.8,137.7 (C11); 131.4 (C1,); 130.5, 130.4, 130.3 (C13,
Ci4); 103.6 (C1); 80.1,80.0 (Ci0); 774 (Cc1); 75.9 (Cs); 74.1 (Cca); 73.9 (Cs); 73.7 (Ca); 72.9 (Cs); 69.9 (Cr);
52.9 (Cs); 39.0, 38.9 (Ccy, Ces); 29.8,29.7 (Ces, Cea); 17.6 (Co)

MS (MALDI-TOF) calculated for [ C30H3oN;sOoNa]*: 652.259; found: 652.160

ISh053

Amine purchased from Sigma-Aldrich. Reaction performed in THF overnight.

Yield: 61% over two steps

'H NMR (400 MHz, CD;OD): 8 = 8.82 (s, 2H, Hy,), 7.55 (t, 2H, Hys, J1o.1s = 7.4 Hz), 7.32 (d, 2H, H, J16.17 =
8.0Hz),7.07 (t,4H, Hi;, H,7, J=7.4 Hz), 6.98 (t,2H, Hys, ] = 7.4 Hz), 4.26 (d, 1H, H,, ], = 7.3 Hz), 4.00 - 3.96
(m, 1H, C,), 3.74 — 3.34 (m, 13H, H,y, C, Hy, Hy, Hy, Hy, Hiap, Hiy), 3.00 — 2.84 (m, 4H, Hyo), 2.84 — 2.74 (m,
2H, Cs, Cs), 1.96 — 1.74 (m, 4H, Cs, ), 1.28 (d, 1H, H, Jos = 6.28 Hz)

3C NMR (100 MHz, CD;OD): 8§ = 178.4,177.9 (Cy); 139.1 (Cis); 129.8,129.7 (Cyo); 124.6,124.5 (Cy3); 123.2
(C1r); 120.5 (Cs); 120.3, 120.2 (Cyo); 114.1, 114.0 (C12); 113.2 (Cye); 103.7 (C1); 77.7 (Cer); 75.9 (C); 744
(Cc2); 73.9 (C3); 734 (Cs); 73.9 (Cs); 69.9 (Cr); 52.9 (Cy); 42.6, 42.5 (Ceyy Ces); 42.2,42.1 (Cuy); 29.9, 29.8
(Ces, Cas); 27.3,27.2 (Cro); 17.7 (Co)

MS (MALDI-TOF) calculated for [ C3sH4sN,OgNa]*: 726.332; found: 726.177
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ISh054

Amine purchased from Sigma-Aldrich. Reaction performed in THF overnight.

Yield: 67% over two steps

"H NMR (400 MHz, CD;OD): § =4.32 (d, 1H, H,, J1» = 7.0 Hz), 4.10 - 4.05 (m, 1H, C,), 3.79 - 3.33 (m, 27H,
Cy, Hy, Hs, Hy, H, Hoap, Heat, Hio, Huyy Csy Cs), 2.00 — 1.73 (m, 4H, Cs, Co); 1.27 (d, 1H, Hg, Jos = 6.5 Hz)

3C NMR (100 MHz, CD;0D): § = 177.0, 176.5 (Cy); 103.9 (C,); 77.2 (Cc1); 76.0 (C4); 73.9 (Ccs); 73.8 (C3);
73.0 (C,); 72.8 (Cs); 70.6 (Cy); 69.0, 68.7, 68.7, 68.6 (C11); 53.0 (Cs); 48.4, 44.4 (Cuo); 38.2, 38.1 (Cesy Cos);
30.2,29.2 (Ces, Cee); 17.7 (Cs)

MS (MALDI-TOF) calculated for [ C,4H3oNsO,oNa]*: 5§80.259; found: 580.182

ISh0SS

N—
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11
157 |12
14N
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Amine purchased from Sigma-Aldrich. Reaction performed in DMF overnight.

Yield: 57% over two steps

'H NMR (400 MHz, CD;0OD): § = 8.35 (brs, 2H, Hy,), 8.29 (t, 2H, Hy3, ] = 4.0 Hz), 7.65 — 7.58 (m, 2H, H,4),
7.24 (dt,2H, H,s, ] = 7.8 Hz, ] = 4.7 Hz); 4.34 — 4.18 (m, SH, H,, Hy0), 3.97 - 3.90 (m, 1H, C,), 3.75 - 3.62 (m,
2H, H,,, C1), 3.59 - 3.49 (m, 3H, Hx, Hy, Hs), 3.47 — 3.36 (m, 2H, H,, H3), 3.36 — 3.21 (m, 2H, Hy,y), 2.93 -
2.79 (m, 2H, C4, Cs), 1.94 - 1.74 (m, 4H, Cs, Cs), 1.22 - 1.13 (d, 1H, Hy, Jss = 6.4 Hz)

3C NMR (100 MHz, CD;OD): § = 178.8, 178.3 (Cy); 150.2, 149.6 (C1y, C13); 138.3 (C14); 137.7 (C11); 126.1
(Cis); 103.9 (C1); 77.7 (Ccr); 76.0 (Cy); 74.6 (C1); 73.9 (Cs); 73.4 (Cs); 72.9 (Cs); 70.1 (Cy); 53.0 (Cy); 42.4,
42.3 (Ccqy Ccs); 42.3 (Ci0); 30.2 (Cesy Ces); 17.7 (Co)

MS (HRMS) calculated for [ C,sH3N,OgNa]*: 622.2601; found: 622.2617

ISh056

H
1110 N—$

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 1 hour.

Yield: 75% over two steps

"H NMR (400 MHz, CD;OD): § =4.32 (d, 1H, H,, J,» = 7.0 Hz), 4.09 - 4.04 (m, 1H, C), 3.81 - 3.37 (m, 11H,
H,, Hs, Hy, Hs, Ho. b, Hiap, Ciy Co, Cs), 2.61 —2.52 (m, 6H, Hyp), 1.98 — 1.71 (m, 4H, C;, C¢), 1.26 (d, 1H, He, Js5
=6.4Hz),0.72 - 0.61 (m, 4H, H,1,), 0.47 — 0.38 (m, 4H, H, ;)

3C NMR (100 MHz, CD;0D): § = 179.1,178.6 (Cs); 102.9 (C,); 76.7 (Cc1); 75.0 (C4); 73.5 (Cca); 73.0 (Cs);
72.4 (C,); 71.9 (Cs); 69.0 (Cy); 52.0 (Cs); 41.2, 41.1 (Ccs, Ces); 28.9, 28.8 (Ccs, Cos); 23.2, 23.1 (Cyo); 16.8
(Cs); 6.6,6.5,6.4 (Cyy)

MS (MALDI-TOF) calculated for [ C,,H3sNsOgNa]*: 520.238; found: 520.177
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ISh0S57

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 6 hours.

Yield: 68% over two steps

'H NMR (400 MHz, CD;0D): § = 4.32 (d, 1H, H,, J1., = 7.0 Hz), 4.09-4.04 (m, 1H, C,), 3.81 - 3.37 (m, 11H,
H,, Hs, Hy, Hy, Hyup, Hepy Ci, sy Cs), 3.60 — 2.27 (m, 8H, Hio, Hyy), 1.98 — 1.71 (m, 4H, Hy, He), 1.26 (d, 1H,
He, Jos = 6.4 Hz)

3C NMR (100 MHz, CD;OD): 8§ =176.8, 176.3 (Cy); 103.9 (C,); 77.7 (Cc1); 76.0 (Cs); 73.8 (Ccs); 73.7 (Cs);
73.0 (C,); 72.8 (Cs); 70.6 (C,); 57.1, 56.9, 56.5, 56.4 (C10); 53.0 (Cs); 50.7 (Cua); 47.3,47.2 (Cu1a); 46.8 (Ciny);
43.4 (Cinp); 38.3,38.2 (Ccy, Ccs); 30.2,29.2 (Ces, Ces); 17.7 (Co)

MS (MALDI-TOF) calculated for [ C,6H4sN,OgNa]*: 606.332; found: 606.235

ISh0s8

Amine purchased from Sigma-Aldrich. Reaction performed in THF in 6 hours.

Yield: 66% over two steps

'H NMR (400 MHz, CD;0D): § = 7.82 (dd, 4H, Hi3, J13.10 = 8.4 Hz, ] = 5.4 Hz), 7.19 (dd, 4H, Hy,, J1213 = 8.4
Hz, ] = 5.4 Hz), 4.35(d, 1H,H,, ], = 7.3 Hz), 4.61 — 424 (m, 4H, Hyo), 4.07 - 4.02 (m, 1H, C,), 3.86 (d, 6H,
Hy, ] = 3.4 Hz),3.78 - 3.74 (m, 2H, H;,, C,), 3.69 — 3.58 (m, 3H, Hx, Hy, Hs), 3.56 — 3.46 (m, 2H, H,, H;), 3.46
-3.28 (m, 2H, Hg,,), 3.05 — 2.96 (m, 2H, C,, Cs), 2.06 — 1.89 (m, 4H, Cs, Cs), 1.27 (d, 1H, He, Jss = 6.5 Hz)

3C NMR (100 MHz, CD;0D): 8§ =176.4 (Cy); 175.9 (Cis); 166.9 (C11); 129.3,129.2 (C13); 128.5,128.4 (Cua);
126.6 (C12); 101.5(C1); 754 (Cc1); 73.6 (C4); 72.3 (Cc2); 71.6 (C3); 71.1 (C,); 70.6 (Cs); 76.7 (C5); 51.1 (Cie);
50.6 (Cy); 42.1 (Co); 40.1,40.0 (Cesy Ces); 27.9,27.8 (Ces, Ces); 15.4 (Cs)

MS (MALDI-TOF) calculated for [ C3H4:NsO;Na]*: 736.280; found: 736.158
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14.1 mg (0.02 mmol, 1 equiv.) ISh058 was dissolved in dry MeOH and 3 equiv. aqueous LiOH solution was
added to the mixture. Upon completion (R¢ = 0.60 in water : MeCN =1 : 1 + 0.1% TFA), the reaction was

concetrated in vacuo.

Yield: 95%

"H NMR (400 MHz, CD;OD): § = 8.00 - 7.79 (brs, 4H, H,3), 7.27 (t, 4H, Hy,, J= 7.3 Hz), 4.49 — 4.19 (m, 4H,
Hy),4.36-4.31(d, 1H,H,, ., =7.3Hz), 4.07 - 3.98 (m, 1H, C,), 3.83 - 3.70 (m, 2H, H,,, C,), 3.70 - 3.56 (m,
3H, Hx, Hy, Hs), 3.56 - 3.44 (m, 2H, Hy, H3), 3.44 - 3.31 (m, 2H, Hs, 1), 3.04 - 2.91 (m, 2H, C,4, C;), 2.07 - 1.85
(m, 4H, Cs, Cs), 1.25 (d, 1H, Hg, Jo.s = 6.4 Hz)

3C NMR (100 MHz, CD;OD): § =178.6,178.1 (Cy); 175.8 (Cy5); 145.2,145.1 (C1,); 131.9 (C13); 130.6 (C4);
128.9 (C12); 103.8 (C1); 77.6 (Cc1); 75.9 (C4); 74.5 (Cca); 73.9 (Cs); 73.3 (Cz); 72.9 (C3); 70.0 (C7); 52.9 (Cs);
44.6 (C10); 42.3,42.2 (Cc4, Ccs); 30.1 (Ces, Ces), 17.1 (Cy)

MS (MALDI-TOF) calculated for [ C;sH,0N30,,Na]*: 708.249; found: 708.129
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I1Sh044

Prepared by Norbert Varga

[a]p® = +55.64° (c = 1.2, MeOH).

'"H NMR (400 MHz, D,O): 8§ = 4.95 (d, 1H, H}, ]:1» = 1.6 Hz), 4.01 (dd, 1H, H,, ], = 3.2 Hz), 3.98 - 3.92 (m,
1H, Hy,), 3.95 - 3-91 (m, 1H, He,), 3.87 (dd, 1H, H;, ]34 = 9.4 Hz), 3.82 - 3.77 (m, 1H, Hs,), 3.78 - 3.73 (m, 1H,
Hy.), 3.72 - 3.68 (m, 2H, Hy, Hs), 3.58 (ddd, 1H, Hst, Jeem = 13.6 Hz, Jsb7. = 6.4 Hz, Jso7 = 3.2 Hz), 3.52 (ddd,
1H, Hg,, J327.= 6.0 Hz, Js.7 = 3.2 Hz).

3C NMR (100 MHz, D,0O): 99.6 (C,); 72.7 (Cy4); 70.2 (Cs); 69.7 (C,); 66.5 (Cs); 66.1 (C5); 60.7 (Cs); 50.0
(Co).

MS (ESI) calculated for [ CsH,sN3O¢Na]*: 272.1; found: 272.6

1Sh045
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100 mg (0.22 mmol, 1 equiv.) azide ISh002 was dissolved in dry MeOH and catalytic amount of Lindlar-catalyst
was added to the solution. The suspension was stirred under hydrogen atmosphere at RT and monitored by TLC.
Upon completion (R¢ = 0.37 in water : MeOH = 1 : 1 + 0.1% TFA), the catalyst was filtered and the solvent
evaporated. The product was purified by flash chromatography.

Yield: 97%

[a]p® = +48.3° (¢ = 0.60, MeOH)

"H NMR (400 MHz, CD;OD): § =4.96 (s, 1H, H,), 4.0 (brs, 1H, C), 3.90 - 3.83 (m, 2H, Hg, H,), 3.74 - 3.64
(m, 4H, He,, Hs, H7,, C,), 3.68 (s, 6H, OMe), 3.64 — 3.60 (m, 1H, H.), 3.60 - 3.52 (m, 2H, H,, Hy), 2.98 - 2.83
(m, 4H, Hg,,, Cy, Cs), 2.17 = 2.03 (m, 2H, Cieqy Ceeq), 1.87 — 1.74 (m, 2H, Csyyy Cear)

3C NMR (400 MHz, CD;0D): 177.0,176.9 (C=0); 100.3 (C,); 76.0 (Cc2); 75.6 (C4); 72.5,72.4 (C,, C3); 72.1
(Cc1); 69.8 (Cy); 68.7 (Cs); 63.1 (Ce); 52.5, 52.4 (OMe); 41.9 (Cs); 40.4, 40.2 (Ccsy Ces); 29.0 (Ces); 282
(Ces)

MS (HRMS) calculated for [ CsH3NO,;Na]*: 460.17893; found: 460.17826
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60.4 mg (0.076 mmol, 1 equiv.) azide ISh002 was dissolved in dry MeOH and catalytic amount of Lindlar-
catalyst was added to the solution. The suspension was stirred under hydrogen atmosphere at RT and monitored
by TLC. Upon completion (R¢= 0.27 in water : MeOH =1 : 1 + 0.1% TFA), the catalyst was filtered and the
solvent evaporated. The product was purified by flash chromatography.

Yield: 94%

'"H NMR (400 MHz, CD;OD): 8§ =7.31 - 7.16 (m, 8H, Hy,, Hi3), 4.94 (d, 1H, H,, ], = 1.56 Hz), 4.55 (s, 4H,
Hisap), 4.30 (s, 4H, Hyo.p), 4.06 — 4.02 (m, 1H, C,), 3.91 - 3.82 (m, 2H, H,, Hs,), 3.75 - 3.50 (m, 7H, C,, Hg,
Ho.s,, Hs, Hy, Hs), 2.97 - 2.70 (m, 4H, C4, Cs, Hs,p), 2.02 — 1.85 (m, 4H, C;, C)

13C NMR (100 MHz, CD;0OD): § = 177.1 (Cy); 141.6 (C14); 139.0 (C11); 128.4, 128.1 (Cy5, C13); 100.2 (C));
76.5 (Cs); 75.5 (Cs); 72.6 (Cc1); 72.4 (C1); 72.2 (Cea); 70.8 (C7); 69.6 (Cy); 68.8 (Cs); 64.9 (Cis); 63.1 (Cs);
43.7 (C0); 41.8,41.7 (Ccy, Ccs); 29.7,28.8 (Ces, Cos)

MS (MALDI-TOF) calculated for [ C3,H43NsO 1 Na]*: 668.315; found: 668.115
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2.2 MICROARRAY-BASED SCREENINGS WITH CLRS

2.2.1 THE EVOLUTION OF MICROARRAYS

The Human Genome Project was completed two years ahead of the previously estimated date, mainly due to the
revolutionary innovations in research and technology that accompanied its evolution. The project promoted the
development of a large number of inventions, novel tools and methods - not only in the field of genomics, but in
molecular biology, physics, chemistry, robotics and computation as well, where the progress opened new
perspectives and offered new platforms for research.

While the vast sequence information obtained in the HGP permits the identification of almost all theoretical
genes in the genome, it does not indicate the actual gene expression patterns and the expressing cell types. These
questions were answered by two new technologies that emerged parallel with the HGP - the quantitative reverse

264]

transcription-polymerase chain reaction method (RT-PCR)™***) and DNA microarrays.

In particular, DNA microarray chips enabled the simultaneous studying of mRNA levels and monitor gene
expression profiles “real-time” for hundreds to thousands of genes in biological samples. In their generative

work,[2¢5]

Shena et al. based the quantitative gene expression measurements on the hybridization of
complementary sequences - the same principle as how nucleic acids encode genetic information. Hybridization
between reverse transcribed cDNA from a biological sample and short, synthetic nucleic acid probes attached to

(2661) provide insight into gene expression levels

a solid surface (typically glass or silicone chips; earlier filter paper
in the sample. (Figure 33.A) The technique enabled the analysis of differential gene expression levels e.g. in
healthy or diseased tissue, by using multi-coloured fluorescence or biotin/radioactive-labelled reverse-
transcribed cDNA by competitive hybridization. The uniqueness of this small and high-density array format lied
in its capacity to analyze simultaneously thousands of spotted samples or in situ constructed sequence probes in
designated locations with the help of computer-based image processing. These are, indeed, the principles of
microarray technology.

Although this work was the starting point of the still-to-date exponentially growing number of microarray-related
publications from the mid ‘90s, and it shed light to the versatile applicability of the technique, microarrays had
already been described in earlier papers and patents. In one of the earliest works from 1983, Chang studied cell-
surface antigen interactions with an antibody chip, although binding events were “evaluated simply by the naked
eye
oligonucleotide arrays in the early ‘90s, and described photolithography-based on-chip synthesis and fluorescent-

» [267

I'A pioneer in the field of DNA microarrays, Affimetrix, developed high density peptide and

based detection. Early on in the HGP, the company recognized the potential of GeneChips® as a tool to detect

2681 DNA microarrays catalyzed the

specific genes, and analyze genetic information in a high-throughput format.!
evolution of functional genomics — a discipline that determines the distinct function and role of genes, thus

helping to understand protein expression and their patterns in different cellular processes.
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Not surprisingly, microarray technology was soon adopted in other research areas as well. Protein microarrays
were initially developed to obtain a more realistic image of protein expression than what DNA chips provided, as
mRNA quantities in the cell are not always mirrored by the actual protein expression levels. Furthermore, post-
translational modifications (such as glycosylation, see Introduction) are not indicated by DNA microarrays, but
are fundamental for the understanding of protein functions. Nowadays, proteomics benefits greatly from
microarrays, due to the minuscule amount of protein and affinity reagent (e.g. antibodies) demand, while large
numbers of binding assays can be performed rapidly in a parallel setup — a welcome replacement of techniques
like two-dimensional gel electrophoresis and affinity chromatography. In addition to proteomics, protein chips
are widespread in diagnostics and are used to detect antigens, antibodies and other biomarkers, furthermore, to
monitor disease states and response to treatment. Alternatively, microarrays can be used for the characterization,
specificity determination and epitope mapping of proteins. (Figure 33.B)

As one of the main classes of GBPs and as a result of their previously discussed biological importance, lectin arrays
soon became inevitable and widespread platforms to analyze carbohydrate-lectin interactions after their first

269

appearance in 2005.1*®) In this format, lectins are immobilized on a solid support in a highly-organized fashion,

and complex analytes — usually disease-associated species - exhibiting various glycosylation patterns are probed
on the chip.
The enormous advantage of lectin arrays is that different cell-surface glycosylation signatures, as well as

185b, 269b

glycoprotein mixtures from cell-lysates can be simultaneously analyzed in a fast assay.! I This can drastically

accelerate the glycan-profiling of different cell types — examples include the screening of fluorescently labelled
mammalian cells against 43 lectins (Chinese hamster ovary, splenocytes from wild-type and B1-3-N-
acetylglycosaminyltransferase 11 knockout mice and K562 leukemia cells during differentiation);?!

271

enteropathogenic E. coli-adhesion studies with intestinal Caco-2 cells””") and competition assays on a siglec-array

272] Lectin microarrays

to investigate the cellular uptake of adipose-derived mesenchymal stem cell exosomes.!
allow the observation of bacterial surface glycosylation and have been used to identify closely related strains,
based on these glyco-patterns. The technology demonstrated that pathogenic and non-pathogenic E. coli strains
of neonatal meningitis show dynamic alterations in surface glycosylation as a result of environmental stimuli, and
273

these modulations, bacterial fingerprints can be effectively monitored on the microarray chips.*”*! Similarly,
surface glycans on mammalian Jurkat T-cells were studied on lectin-arrays. Carbohydrate profiling of the cells
was performed by immobilizing plant and fungal lectins of various glycan-preferences (Concanavalin A (ConA),
Ricinus communis agglutinin 120 (RCA120), Sambucus nigra agglutinin (SNA), Aleuria aurantialectin (AAL) and

274] The same study

wheat germ agglutinin (WGA)) and then the adherence of Jurkat T-cells was measured.!
described the on-chip evaluation of binding affinities and the determination of ICs, values between WGA and
carbohydrates.

Lectin-based microarrays have facilitated the identification and detection of glycan biomarkers that indicates a
great perspective for their use in cancer research and diagnosis. As numerous lectins with different carbohydrate-
specificity are commercially available, these chips can be relatively easily prepared and they enable the rapid

2751 The tumoral glycoproteome

screening of aberrant glycan and glycoprotein structures in complex samples.!
shows distinct features at different stages (see Introduction), and these are identifiable in the high-throughput
microarray-format.

276]

A complementary method, the antibody-lectin sandwich array!*’® is used to evaluate the role and modifications

of glycosylation patterns on glycoproteins. In this case, immobilized antibodies capture glycoproteins from
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complex biological fluids and in the following step, labelled lectins recognize the antibody-bound carbohydrates
— the amount of lectin reflects the amount of specific glycans on the glycoprotein attached to the antibody.

These application areas — at least partially - overlap with another main type of microarrays, the glycan microarrays.

Drickamer and Taylor saw the immense potential in the microarray technology as early as 2002[** when they
estimated the number of all endogenous mammalian glycans around 500. As all these ligands could fit on a tiny
microarray chip, they forecasted that the implementation of this new tool could give a boost to glycomics — and
be used to investigate or exploit interactions between carbohydrate-based ligands and GBPs: lectins, antibodies
and enzymes, with a main focus on the first group. According to their expectations, by printing every mammalian
glycan on the chips, the approximately 100 mammalian lectins could be fully characterized with regards to their
carbohydrate-specificity, including confirmation of already known interactions and the identification of new or
unexpected ligands. At the same time, they proposed that glycan microarrays will be useful for other purposes as
well, for example to study interactions of glycans and lectins from non-mammalian sources (e.g.

microorganisms), or to address specific issues by custom-designed glycan-chips. (Figure 33.C)
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Figure 33. Three major classes of microarrays. A. DNA microarrays. Reverse transcribed cDNA hybridizes with synthetic
oligonucleotides printed on the microarrays chips. B. Protein microarrays. Immobilized proteins can be probed with proteins (e.g.
antibodies), cells, pathogenic species (e.g. bacteria) or different biomarkers, such as glycan antigens. C. Glycan microarrays.
Carbohydrate structures are anchored to the solid surface in order to analyze glycan-GBP interactions, with minute amounts of the

biological target, like lectins, antibodies and enzymes.

In accordance with the predictions, glycan microarrays are presumably the fastest, most powerful tools to study
the binding preference of lectins and to identify lead structures from a larger pool of ligands. A well-designed,
accurate and reproducible screening setup offers a platform to evaluate and quantify interactions between
carbohydrates and lectins. Moreover, glycan chips have proven to be useful to profile binding specificities of
newly isolated lectins, identify new GBPs and their functions, as well as to reveal unexpected, not-obvious
carbohydrate ligands of these proteins. As many parameters are well-controlled and tunable, microarrays are often
used to observe and highlight finer differences in ligand preference. Large natural and synthetic oligosaccharide
libraries have been screened against different classes of lectins, and the obtained results have in numerous cases
paved the way for further studies of individual ligands. The identified high affinity binders can, for example,

suggest ideal starting points for glycomimetic structure design and optimization.

2.2.1.3.1 The Consortium for Functional Glycomics

It is important to stress that differences in microarray fabrication — from the preparation of the carbohydrate-
derivatives and their attachment to the solid support, followed by incubation with target molecules, up until
detection and evaluation - greatly affect the obtained results, affinity and specificity. Therefore, an international
initiative — similar to the MicroArray Quality Control®”’ - was introduced for a standardized protocol system in
glycomics. The Consortium for Functional Glycomics (CFG) was founded in 2001, to address procedural
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guidelines, quality control and assistance for the investigation of protein-carbohydrate interactions. The CFG
provides readily available resources for carbohydrate chemists — among these the largest public mammalian
glycan microarray (both natural and synthetic structures), with over 600 well-defined glycans; a microbial glycan
library (>300 targets), as well as the associated databases and an extended networking forum. These accessible
libraries cover the majority of carbohydrate epitopes found on glycoproteins and glycolipids. Sadly, the glue grant
that brought to life this ambitious project finished in 2011 and, as the glycan resources are finishing, the
Consortium has been in need of new contributors and funding to be fully operational again. Yet, during those ten

years, the CFG accomplished to profile hundereds of lectins available from collaborators or commercial sources.

2.2.1.3.2 Lectin profiling on glycan microarrays
Plant and microbial lectins are of particular importance in biological research and diagnostics (see Introduction).
Numerous plant lectins have been screened to reveal their carbohydrate-specificity to the full extent, and isolated

2730.278] A few examples of bacterial lectins probed

bacterial lectins have also been tested for their ligand specificity. |
on glycan microarrays are E. coli adhesins (FedF, FimH),””) Burkholderia cenocepacia lectin (soluble BC2L-
C)P* and bacterial adhesins LecA**") and LecB!**! (see Introduction) from Pseudomonas aeruginosa. The ligand
specificity of LecB for fucosylated oligosaccharides, in particular Le* was confirmed on glycan microarrays.

In the broader class of mammalian lectins, successful applications of microarrays include specificity
determination of cation-independent and cation-dependent mannose-6-phosphate receptors on a

283] screening studies of galectins against diverse oligosaccharides[m’ 284 and lead

phosphorylated glycan-chip,!

28 285] T particular, the last group of lectins were probed on microarrays

identification in the siglec-family.!
displaying not only natural, but non-natural motifs as well, because the natural sialosides show only poor affinity
towards siglecs. For a better understanding of siglec functions and in search of high-affinity and selective ligands,
several sialoside libraries have been generated directly on-chip. From a few parent structures modified sialic-acid
libraries of more than 1000 members have been prepared with the help of chemoenzymatic transformations?*!
or CuAAC-reactions (“click and pick” strategy)**”) and the compounds were analyzed against various siglec-
family members. Interestingly, this glycomimetic approach yielded several lead structures, some of which were
identified as selective siglec-7 ligands and were employed to functionalize liposomal nanoparticles to enhance

binding affinity.[zgs]

2.2.1.3.3 Previous examples of microarray-based CLR screenings
The purpose of our glycomimetic library and its screening against C-type lectin receptors on-chip is analogous to
this approach: chemical synthesis of diverse glycomimetic ligands, microarray-based screening against various
target lectins to select the most potent and possibly selective monovalent lead structures and further
improvement of their affinity by presentation in multivalent systems.
Murine C-type lectin family members have been probed on glycan microarrays, including rat asialoglycoprotein
receptor, Kupffer cell receptor and MGL;*®) murine SIGNR-1, SIGNR-3 and langerin;'**") murine MGL1 and
MGL2" and the entire mouse SIGNR family (see Introduction).*”*! A novel screening platform was described
for CLEC-2, CLEC-4a (DCIR), CLEC-4b (DCAR), CLEC-4d (MCL), CLEC-4e (Mincle), CLEC-7a (dectin-
1), CLEC-9a, CLEC-12a (MICL), CLEC-12b, MGL-1, and SIGNR3 in order to identify carbohydrate ligands
of immunologically relevant CLRs of the dectin-1 and DCIR family. This platform is based on CLR-Fc fusion
proteins that display 2 CRDs on the Fc fragment of human IgG1, and screened against a glycan microarray.
Detection required a tagged-secondary antibody, and the most promising ligands were used to prepare
neoglycoconjugates on the model antigen ovalbumin.?**
Numerous examples of microarray-based screening of human C-type lectins can be found from the recent years.
Profiling campaigns have been conducted, for example, with SRCL,!** 2} MGL,*" BDCA2,"*") dectin-1,*%)
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LSECtin,”** and Mincle®”) and identified specific recognition epitopes, or indicated slight differences in binding
to similar residues.

DC-SIGN was in several cases the target of microarray-based assays. Glycan microarrays helped to confirm that
Many was indeed the key motif in DC-SIGN’s binding to gp120 and one of the highest-affinity natural ligands of
the lectin. At the same time, ligands such as other high mannose structures and fucosylated moieties (the 4 Lewis-
type and blood type A and B antigens) were identified as good leads for further studies. The arrays preparation
included the immobilization of biotinylated sugars on streptavidin-covered wells and their incubation with
fluorescein-tagged DC-SIGN.**”) (Figure 19) The results obtained with DC-SIGN-Fc chimera®®! were
consistent with the first study, various mannosylated and fucosylated glycans were recognized on a microarray
chip displaying more than 200 natural and synthetic carbohydrates. In this case, interactions were detected by a
secondary incubation with fluorescently tagged anti-human IgG that bound to the Fc-region of the recombinant
fusion protein. Furthermore, an expanded library of glycans and neoglycoconjugates (biotinylated
polyacrylamide containing mono- and oligosaccharides) was screened against DC-SIGN-Fc and the ICso was

[186

determined by on-plate titration.!'* Microarray screenings indicated that linear fragments of this oligosaccharide

exhibit binding potency similar to the progenitor and crucial epitopes were determined (see Introduction).*?]
High density Many-coated and Many dendron-functionalized slides were prepared for competition assays with
recombinant dimeric DC-SIGN and the HIV-neutralizing monoclonal antibody 2G12 to measure the ICso values
of multivalent oligomannoside dendrons.”) In a unique approach, a nucleic acid-encoded glycan library was
prepared on-chip and probed with DC-SIGN. Repeated chemical derivatization and split and mix steps were
followed by peptide-nucleic acid encoding and combinatorial self-assembly into DNA templates which all

299

contained the Manal-2Man epitope.””’ A 33-membered oligosaccharide library containing core-modified

(fucosylated, xylosylated) N-glycans was screened against DC-SIGN-Fc, and demonstrated the negative effect of
core xylose on binding to the CLR.[>"]

DC-SIGN’s closely related homologue, DC-SIGNR has also been the subject of microarray screenings — as the
two proteins exhibit highly similar features in their CRD, microarray technology is an excellent method to
compare finer ligand specificities and identify potentially discriminative epitopes. During the first, and by far most
influential glycan microarray analysis of the two (fluorescently-labeled) ECDs,*”) Guo et al. observed critical
differences in their ligand preferences — while both lectins recognize highly mannosylated N-glycans, above all
the ManyGIcNAc,Asn glycopeptide, DC-SIGNR lacks the ability to bind to Lewis-type and blood group antigens,
as well as to charged, bulky sialylated oligosaccharides. The results also underline the importance of presentation,
as identical epitopes displayed on various spacer arms lead to different recognition. DC-SIGNR’s carbohydrate
specificity was confirmed by glycan microarray assays performed with DC-SIGNR-Fc chimeras, and additionally
an agalactosylated complex-type N-glycan ligand was identified.""

As discussed earlier (see Introduction), DC-SIGN and langerin pose an important challenge for selective ligand
binding because of their respective promoter and preventive role in HIV-infections. Once more, microarrays offer
an ideal platform to comprehensively study the binding characteristics of hundreds of ligands simultaneously. If
possible, the straightforward comparison of binding profiles (obtained under the same conditions) could
facilitate the identification of selective lead candidates. The first array-based assay of langerin was performed with

the murine homologue in 2004,>*"!

and the human lectin was used for the first time only in 2010. The native
trimeric form of langerin was described in the same paper by Feinberg et al. who labeled a truncated fragment
with fluorescein to run the binding assays on glycan microarrays from the CFG."”) Shortly after, langerin-Fc
chimeras were prepared and analyzed on a glycoconjugate microarray,””’ and both studies confirmed langerin’s
affinity towards 6-sulfated Gal-containing Le* structures and some high mannose-family members (see

Introduction). In a further paper, bacterial lipopolysaccharide-derived O-specific polysaccharides were printed
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on microarray chips, and in addition to the previous ligands, blood group B antigen (Galal-3(Fucal-2)Gal) was
identified as a langerin ligand.*"!

Similarly to the DC-SIGN homologues, dectin-2 recognizes high mannose structures on glycan arrays, primarily
ManyGlcNAc; and to some extent MangGIcNAc, and Man;GlcNAc,.**? The screening was performed according
to the conventions of the CFG with dectin-2-Fc chimeras, although not on glass microarray chips, but on a
streptavidin-biotin surface in an ELISA-format assay. Up to date, DC-SIGN has been known to recognize a
broader set of oligosaccharides than dectin-2, while for the latter, only common high-Man glycans and

glycoconjugates were identified as ligands (see 2.2.3.4).

2.2.1.3.4 Other applications of glycan microarrays

Apart from their application field in profiling lectins, glycan microarrays have offered new solutions in clinical
diagnostics, vaccine development and pathogen-related disease monitoring,***! (Figure 34) In addition,
quantitative measurements of carbohydrate-protein interactions can be carried out on glycan microarrays. In
solidly established, well-characterized microarray systems, binding affinity can be determined as ICso, Kp or Ky,

(apparent dissociation constant).[*]
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Figure 34. Main applications of glycan microarrays. Modified from Hyun et al.1*%%
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2.2.2 MICROARRAY FABRICATION

In a typical microarray experiment, a substantial number of compounds of interest and known identity are
immobilized in a well-defined, tunable arrangement on a suitably functionalized solid support. Pico- or nanoliters
of the probe solutions are disposed in a spatially organized and identifiable manner by a robotic spotter, so that
each compound is displayed in a high-density, individual spot (diameters of hundreds um). Several thousands of
spots can fit on a single slide, but in practice, the chip is divided into identical subarrays with the help of a silicone
or plastic gasket that allows parallel screenings on the same chip with small volumes of the protein solution. After
the allotted immobilization time, the slides are washed and unreacted functionalities are blocked. The array
surface is then probed with the solution of the biological target which, in many cases, already contains a tag (e.g.
fluorescent or radio-labelled), or has high affinity towards a labelled secondary reagent (e.g. secondary antibodies
or biotin-avidin pairs). After removal of the unbound protein, the results may be read-out by various detection
methods, depending on the employed revelation strategy. The different intensity values obtained for each spot
directly reflect the number of bound targets by the compound printed at that exact position on the slide.

Numerous glycan microarray systems have been described in the past 16 years, and several alternatives are
available for each component of the system. The purpose and utility of building our microarray platform
determines (among other details) the nature of glycans printed; the solid surface and its functionalization; the

printing technique, chemistry and concentration; as well as the detection method we intend to employ.

2.2.2.1.1 Glycan preparation for immobilization

In the majority of cases, the carbohydrate ligands are appropriately modified for immobilization on the solid
support. If the glycan was obtained though chemical synthesis or chemoenzymatic reactions, the reducing end
residue typically contains a linker carrying a functionality from the early stages of the pathway, which is then
exploited for attachment to the chip. This moiety has to be compatible with the synthetic route and not interfere
with other groups on the molecule, furthermore be able to form covalent or non-covalent bonds with the surface
rapidly and specifically.

Oligosaccharides obtained from natural sources rarely contain any aglycon functional groups prone to help their
immobilization. They are, however, often found in nature as glycoproteins, glycolipids, or polysaccharides and
these conjugates open other perspectives. These molecules are often adsorbed on nitrocellulose surfaces,
although the level of immobilization can vary significantly. Soon, the glycoconjugate approach was adopted to
synthetic oligosaccharides, and NGPs/neoglycopeptides, NGLs, glycopolymers and glycodendrimers were

228,232,271, 295, 305

generated analogously.! I Glycolipids have been applied on microarray slides in liposomal systems

that resemble cell-surface environment and endow these glycoconjugates with mobility over the surface.l%!

When the introduction of new moieties or functional groups is not possible, derivatization of the free reducing
end residue can offer a solution to immobilize unmodified oligosaccharides. In this case, however, one important
point is the preservation of the native sugar conformation — or attempting not to distort the original structure too
significantly. The closest architecture to the unmodified glycan is achieved, when the reducing end ring is retained

[306

in its closed-form — for example, by linking the saccharide with N-substituted N-hydroxylamine, lor through

the acylation of glycosylamines, followed by their reaction with acyl chlorides.’*"”’
The equilibrium between the hemiacetal and the aldehyde also allows the exploitation of the electrophilic
aldehyde group, for example, with nucleophiles like amines, hydrazides and oxyamines. During reductive
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amination, the formation of solely the open ring product leads to a loss of glycomic information encoded by this
residue. Unsubstituted hydroxylamines yield mainly the open-ring glycan (oxime ligation),***) while N,0-alkyl-

39 form predominantly the closed-ring -product.

substituted** and hydrazide-derivatives!
The derivatization can be performed prior to separation of a mixture of glycans from a natural source, in which
case the modification can even facilitate the following purification. During a reductive amination, for instance,
the introduced fluorescent 2,6-diaminopyridine served both the purpose of separation by multidimensional
HPLC and the later immobilization via the second amino-group. 23!

Similar requirements for derivatization and conformational preservation apply to glycans that have been

(311 321 Tn the latter case,

assembled by automated solid-phase synthesizers*'!) or by enzymatic transformations.
simple monosaccharide building blocks, or larger oligosaccharides can be subjected to glycosyltransferases, and
if the substrate and acceptor specificities of the enzyme allow, even unnatural structures carrying linkers and

aglycon motifs can be elongated by glycosylation.hu]

The microarray chip is extremely useful for studies of glycan-lectin interactions because the high-throughput and
miniaturized setup offers a fast, simultaneous analysis of binding events between glycan probes and their lectin
targets, providing a uniquely large amount of results per volume of biological sample. On one hand, huge volumes
of data can be collected rapidly on a small surface, from tiny amounts of the precious proteins and
oligosaccharides (synthetic, or obtained from natural sources). On the other hand, the inherently weak affinity of
monovalent glycans towards lectins is amplified through their high-density, multivalent presentation on the solid
platform, leading to an easier detection of these stronger, reversible interactions with the help of the “velcro™-
effect (see Introduction).

Indeed, the strength of binding events is enhanced on the multivalent microarrays as compared to monovalent
ligands. However, proteins must have proper access to interact with these ligands. Too dense presentation is
disfavoured, as saturation on the surface, and thus in the obtained signals, causes loss in the assay sensitivity. The
concentration and presentation ofligands spotted onto the chips, as well as the concentration of the proteins and
the read-out technique’s sensitivity are therefore key parameters to optimize during the fabrication of glycan
microarrays. The surface density and presentation of printed glycans and glycoconjugates has been evaluated in
different systems and its effect on lectin and antibody specificity was found to be fundamental in some cases.>'%]
This is due to the fact that in optimal case, the ligands’ distribution on the surface has to match the network of

3151 In one example, distinct antibody subpopulations

314a]

binding sites on the proteins (e.g. the CRDs on the lectin).!
could effectively discriminate glycans printed at varying density levels.!
Three dimensional presentation is more advantageous than two dimensional, but the spacing between individual
ligands is rarely well-controlled. Similar problems arise from using multivalent glycoconjugates, as the local
density of ligands, as well as their orientation is difficult to characterize at the molecular level, and yet, the

304b, 3140, 316] Tpy jdeal case, this

enhanced avidity of the ligand-protein complex compensates these uncertainties.!
matrix should mimic the natural structure of glycan presentation, and the density and positions of glycan epitopes
on the multivalent platform would match the binding site (CRD) arrangement on the protein. The collective
effects of multimeric carbohydrate-presentation and lectin oligomerization can enhance affinity through avidity,
but the glycan orientation - apart from some specific cases (e.g. noncovalently immobilized glycolipids and self-
assembling monolayers) — is typically inordinate; the spacing between individual ligands is not well defined.

This issue can be circumvented by the preparation of artificial glycoconjugates with well-established valency.®'”)

A quantitative approach to emulate cell-surface glycan presentation and its effects on their interactions with E.
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304 In addition to ligand accessibility, the most important

coli was attempted by using fluidic glycan microarrays.!
aspect of carbohydrate presentation and density on the chip is the homogeneous distribution of ligands over the
spot for an accurate software-based analysis of binding signal intensity. These parameters need to be optimized

during the setup of a new microarray system.

The choice of solid support is determined by the main function of the microarray and the detection system we
intend to employ. Currently, many slide platforms are commercially available, and display a high degree of
reproducibility and well-controlled surface-modification parameters for production. In addition to their
composition and functionalization, the main characteristics of microarray slides include: stability, chemical
homogeneity, polarity, wettability, chemical resistance and reactivity towards various functional groups, and
susceptibility to aspecific binding.

The most widespread and commerecially available chips are the glass slides, thanks to their low cost, transparency
and straightforward chemical modification. Transparency is essential for optical detection methods, such as
fluorescence- or colorimetry-based read-out systems. Additionally, glass slides are attractive solid supports
because of their low-porosity, flat surface and rigidity. During their preparation, glass slides are treated with highly
corrosive reagents, such as piranha solution, NaOH solution or oxygen plasma, to activate silanol-groups, which

(318) Often, glycan microarrays are covered with

are then silanized with the appropriate organofunctional silanes.
a covalently-attached, permeable three-dimensional matrix (e.g. polymeric hydrogel, polyacrylamide) that is
densely functionalized and imitates the glycan-coat of natural species. The reactive functional groups can be
linked through a flexible spacer, allowing more spatial freedom to the ligands. This structure also allows the
diffusion of ligands into the matrix, taking full advantage of the enhanced capacity compared to two-dimensional
surfaces.

The popularity of glass slides can be attributed to the above mentioned advantages, but other applications of
glycan microarrays can demand different supports. During the advent of glycan microarray technology, plastic

(3191 Conductive gold surfaces, on the other hand, allow a

microtiter plates were often used for immobilization.
label-free, real-time SPR or MALDI-Tof!3") monitoring of binding events, providing insight both on the affinity
of the protein towards the ligand and the kinetics of the given interactions as well. The drawbacks of SPR
microarrays are the limited number of interactions that can be studied simultaneously, the complex detection
system and the necessity to appropriately functionalize the gold-surface, typically through thiol-chemistry.!
Conductive, and transparent ITO (indium tin oxide) and aluminum oxide covered glass chips can be an ideal
option to follow enzymatic reactions on-chip by MALDI-MS.1*?) Both SPR chips and ITO/aluminum oxide
slides offer a more organized ligand presentation than three-dimensional polymer matrix coated glass slides,

where glycans are randomly oriented on the surface.

Carbohydrate ligands can be attached to the microarray surface through plentiful methods, but the choice of
immobilization chemistry highly depends on the nature or functionalization of the ligands, the surface and the
purpose of the experiment. The incorporated functional groups (if there is any) on the glycans can be selected

based on the method by which the ligands are linked to the surface, and vice versa, occasionally the limited options
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of ligand modifications narrow down the selection of attachment methods. The most basic criteria of
immobilization is that the applied reactions are rapid, specific and have high conversion rates — keeping in mind
that these aspects can fundamentally differ between solution phase reactions, and at the interface of the solid
support and the printed ligand solution. Naturally, the majority of linking methods have been adapted from DNA
and protein microarrays, but there are a number of techniques developed specifically for glycans. Immobilization

can be divided into two main classes: non-covalent and covalent attachment of glycans.

2.2.2.4.1 Non-covalent immobilization

Non-covalent adsorption relies on the adherence of carbohydrate ligands to hydrophobic surfaces and the
interactions are governed by van der Waals, electrostatic or other forces, without the formation of any covalent
bond. Since these interactions are generally weaker than covalent linkages, their strength, and therefore the
stability of ligand attachment depends on the extent of contact area. As a consequence of weak adsorption, ligands
can be desorbed from the surface, for example, during washing steps.

Among the first glycan microarrays, unmodified polysaccharide, glycolipid, glycosphingolipid and glycoprotein
immobilization on nitrocellulose or oxidized black polystyrene surfaces were described.***3?*| The same method
could not be applied to smaller glycans, however, because the lower molecular weight resulted in insufficiently
weak binding. This issue was effectively solved by the preparation of NGLs (elongating smaller glycans with a
long, hydrophobic tail) that could later adhere to nitrocellulose or polyvinylidenedifluoride matrices.[2%5 34l
Similarly, immobilization relying on electrostatic interactions is exclusively employed for high MW carbohydrate-
molecules. GAG chains, such as unmodified heparin, as well as natural or chemically modified dextran can engage
in such interactions through their sulfate groups with amine-based surfaces (for instance, with positively charged
poly-L-lysine) or semicarbazide glass slides.**!

Fluorous-fluorous interactions can also be exploited to immobilize fluorous-tagged carbohydrates on fluorous-
functionalized (e.g. fluoroalkylated, fluorophosphonated) solid surfaces.**) An additional advantage of this
method is that during ligand derivatization, fluorous-labelled glycans can be purified by fluorous
chromatography. As in the case of glycolipid adsorption on hydrophobic surfaces, fluorous-based immobilization
is more resistant to washing than other physisorption-based microarrays.

The uniquely strong binding between biotin and streptavidin (Kp ~ 10" M) provides an attractive tool for the
strong, but non-covalent conjugation of biomolecules - these tags are utilized both on protein and glycan
microarrays. On one hand, their interaction allows the stable immobilization of ligands, and on the other, they
can be used to attach fluorescent tags to the targets (discussed later on). Biotin-tagged glycans have been
anchored to streptavidin-covered solid platforms on several occasions, including the early glycan array of the
CFG [227,285a,327]

Glycan immobilization is possible through the hybridization of glycan functionalized complementary
oligonucleotides. Diverse glycans can be conjugated to single stranded oligonucleotides and anchored to the

complementary oligonucleotide-covered surface, then probed with the target proteins.*'®! (Figure 35)
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Figure 3S. Non-covalent immobilization of glycans on functionalized or non-functionalized glass microarray surfaces. Non-
covalent interactions are significantly weaker than covalent linkages, therefore carbohydrates anchored through some of these
methods are more likely to be removed during washing steps. On the other hand, non-covalent immobilization, for example
through van der Waals interactions are ideal for MS-based detection methods. Glycans are often derivatized with long lipophilic
chains and absorbed on lipophilic surfaces in order to study enzyme activity and detect modifications by MALDI analysis.[32%]

2.2.2.4.2 Covalent immobilization

Covalent immobilization methods involve properly modified glycans and/or microarray chips, which are
equipped with reactive groups — a reaction between these functionalities leads to the formation of a covalent-
bond and a strong, stable anchoring of the ligand. The functional groups have to be appropriately reactive,
chemoselective and possibly biorthogonal, depending on the studied biological system. Furthermore, in case of
synthetic carbohydrates, these groups need to be compatible with the followed chemical strategy.

Although a great number of immobilization chemistries have been described, many researchers opt for the robust
and widely-explored amine chemistry. Its components, such as pre-functionalized chips and linkers, are often
readily available and the parameters (e.g. concentrations) can be simply optimized for the target system. Amine-
decorated glycans can be easily tethered to N-hydroxysuccinimide(NHS) ester surfaces, optimally at slightly

alkaline pH.[m] Amino- and aminooxy-groups both on glycans and on the microarray surface can also react with

321b,329 [331]

epoxide,! I aldehydel®*! and cyanuric chloride moieties.
Likewise, another popular immobilization method is based on thiol-ene type reactions, primarily between

maleimide-functionalized chips and sugars, equipped with a thiol group (or in reverse combination).!?% 31403321

Similarly to amino-tethered sugars, thiol-bearing ligands can also be attached to epoxide surfaces.**!
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Epoxide-coated slides are versatile in their reactivity towards various functionalities and glycoconjugates. In

334 and are able to

addition to amino and thiol groups, they covalently link hydrazide-functionalized sugars!
anchor NGPs to the chip-surface.[3!4 3]

Ligand immobilization on gold microarray chips equipped with an SPR detection system can be performed by
the formation of disulfide bonds.***) In the two step process, surface-bound sulthydryl groups are reacted with
2,2’-dipyridyl disulfide solution, then thiol-equipped glycan ligands are anchored to the surface by a thiol-
disulfide exchange. Furthermore, the coupling reaction between glycomethanethiosulfonate ligands and a thiol-
functionalized polymer surface was used for the preparation of rewritable microarrays, from which the attached
carbohydrates could later be stripped.**”!

Cycloaddition reactions of various types have been applied to fabricate microarray chips, as the reactions are
highly chemoselective and rapid. Cyclopentadiene-terminated glycan ligands undergo Diels-Alder type reactions
with benzoquinone and penta(ethylene glycol) decorated self-assembled monolayers on the chip-surface.***!
The same cycloaddition with inverse-electron-demand was employed to ligate carbohydrate-dienophiles on
tetrazine-functionalized glass slides.!**"’

CuAAC or click reactions have offered a convenient, highly selective solution for coupling biomolecules without

34 The reaction is compatible with

the formation of side-products, since their first description in the early 2000s.!
other functional groups present, and can be performed in different solvents — thus, its potential for the fabrication
of glycan microarrays has been investigated by several groups. The Cu(I)-catalyzed reaction between an azide

and an alkyne partner was used to click” various azido-group containing oligosaccharides,*'" 3!

343]

aminoglycosides®®! or glycopolymers***! onto microarrays. An alkyne-functionalized polymeric coating was

344

developed specifically for glycan microarrays.**) The drawback of CuAAC reactions in bioanalytical assays is the

presence of the heavy metal catalyst, which has been reported to promote the degradation of viruses and
oligonucleotide strands in vitro.**s)

A unique type “click” reaction, the strain-promoted alkyne-azide cycloaddition (SPAAC) could offer a catalyst-
free, biorthogonal solution to prepare glycan microarrays, but so far, the reaction has only been exploited for the

3461 The advantages of this type of chemistry will be discussed later on.

fabrication of peptide chips.!
Azido-groups are also useful for Staudinger-ligations with phosphanes,*”! and the photolabile 4-azido-2,3,5,6-
tetrafluorophenyl group can be employed to attach glycans to polymer monolayer surfaces or gold SPR chips by
photo-induced reactions.***!

As discussed earlier among the carbohydrate ligand derivatization methods, smaller and larger unmodified
glycans can be immobilized on appropriately functionalized microarray slides via condensation reactions between
their reducing end and reactive groups on the chip. A number of site-nonspecific photochemical reactions have
also been described to link glycans to solid supports with the help of light irradiation. By addition of unmodified
sugars to photoreactive-group coated surfaces, such as commercially available aryl-trifluoromethyldiazirine
dextran chips,?”"**) 4-azido-2,3,5,6-tetrafluorophenyl-coated slides****) or phthalimido-activated self-assembled
monolayers,*" covalent linkages can be formed after photoactivation. In the first cases, the irradiated reaction
goes through highly reactive carbene and nitrene species, while in the last, aromatic carbonyl groups in the
phthalimide moiety absorb a photon from UV light (300 nm) and abstract a hydrogen from the spotted free
sugars. Radical recombination leads to the formation of a covalent bond between the carbohydrate and the
surface.

Another site-nonspecific method has been reported to immobilize 1,2- or 1,3-diol containing sugars (e.g. Glu,

31 The straightforward fabrication method relies on the

Gal, Fru) on boronic-acid covered surfaces.!
complexation of boronic acid with the diol, thus tethering the sugar covalently by the formation of a boronate,

but the undefined position of the diol reduces the applicability of this technique. (Figure 36)
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Figure 36. Covalent immobilization methods. Ideal linking chemistry is based on functional groups easily installed during the
synthetic route of the glycan preparation that are also compatible with other functionalities in the assay. At the same time, the

immobilization has to be rapid (appropriately reactive), selective and consistent with the biological target and screening system
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Once the chemical means of immobilization have been established, the glycan solutions are prepared in
designated wells of a microplate. During printing, pico or nanoliters of these solutions are transferred to the solid

surface and deposited in a pre-arranged, orderly format.

2.2.2.5 Ligand spotting

Two common spotting techniques are in use: contact and non-contact printing. In the first case, steel pins are
dipped into the ligand solution wells, then moved over the slide and shortly pressed against its surface. The
duration of the contact is a key parameter. Up to 64 needles can be used simultaneously; however, the
uncontrolled shape of the spots is a main drawback of this method.

Non-contact spotting consists of a substantially more complex printing system, based on inverse
piezoelectricity.3*! The original (direct) effect was discovered by the Curie brothers — upon mechanical stress
electric charge accumulates in certain solid materials. Inverse piezoelectricity, on the other hand, describes the
phenomenon when applied electric current leads to deformation in the material, and this effect is exploited in
piezo-electric microarray printers. A thin glass capillary (nozzle), surrounded by a piezoelectric quartz crystal, is
filled with the printing solution. When the nozzle is moved to the microarray slide, controlled electric signals are
applied on the crystal, which, in turn, flexes in proportion to the current. The deformation of this crystal applies
pressure on the capillary and so, squeezes the solution out of the nozzle. The drop size and thus the volume of the
deposed solution can be tuned by varying the applied current. (Figure 37)

Non-contact printing is significantly more precise, and yields consistent, well-controlled drop size which is crucial
for reproducibility. At the same time, the ligand distribution is more homogeneous across the spots, and the
leftover solution that was sucked into the nozzle can be later returned to the sourceplate. On the downside, this
system requires a more elaborate technology and the number of nozzles is a limiting factor - maximum 4-8 needles

can work parallel - which greatly increases the printing time.
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Figure 37. Non-contact deposition of printing solutions. First, the glycan solution is sucked into the cavity from the source
microplate. Once the nozzle is positioned over the slide, electric current is applied on the piezo-electric quartz crystal surrounding
the cavity. As the crystal flexes, droplets of the carbohydrate solution are squeezed out of the tip and dripped on the solid support.

Printing by non-contact nozzles results in better-defined drop volume, as well as spot size and shape. Modified from: Faulkner et
al. 33
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After disposing the glycan solutions on the surface, the slides are left to dry, usually under controlled conditions
with respect to temperature and humidity. In case it is necessary, unreacted functional groups are quenched,
followed by the washing of the chips. Ideally, the printed slides can be stored at this stage for longer periods and
later microarray screenings can be performed when required. At this point, the glycan microarrays are ready to be

interrogated with GBPs, and the binding events can be analyzed with a variety of read-out methods.

2.2.2.6.1 Fluorescence-based read-out

Without doubt, the most widespread optical detection method is based on fluorescence. There are three major
techniques to visualize the proteins bound to the printed spots. In the most straightforward case, the proteins are
directly labeled with fluorophores. In the alternative approaches, the slide is first incubated with the target GBP,
then washed and incubated either with a fluorescently-tagged secondary reagent that recognizes the protein (e.g.
fluorescent antibody); or with a fluorescent secondary reagent that binds to a tag previously attached to the target
(e.g. biotin-streptavidin pairs or His-tags). (Figure 38)

The commercial availability of tags and well-established labeling protocols are among the most attractive features
of this detection method. Furthermore, high resolution (sub-micrometer precision) microarray scanners are
available in many laboratories, and these can detect femtomoles of bound proteins. The fluorescent signals are
proportional to the number of bound proteins, and their quantification is done with specialized softwares. These
typically create a pixel-by-pixel map of the chip surface and identify different spots, based on the
signal/background ratio in the vicinity of each pixel. The local background signal is then subtracted from the
mean/median fluorescent intensity across these fitted circles and the intensity values are organized into graphs
for a better visualization and easier comparison of binding events in each spot.

Ideally, several screenings should be carried out at different GBP concentrations, in order to optimize the
obtained signals. As mentioned earlier, in case of saturated signals, smaller differences in affinity cannot be
appreciated, whereas decreased protein concentration allows us to highlight and select only the most potent
ligands.

The major uncertainty surrounding fluorescent-based detection is the labeling step because this can affect
(reduce or alter) the biological target protein’s binding properties, in case the fluorescent tag is attached around
the CRD and hampers binding interactions. The degree of labeling is rarely established, although it is an
important parameter of detections. Furthermore, secondary reagents are not always available to recognize the
target GBP and they can, in some cases, show affinity towards the glycan ligands. Because of these considerations,
appropriate controls should be used at all times and evaluated carefully. Additionally, fluorophore tags are often
light- and oxidation-sensitive, therefore their intensities can fade over time. As an alternative, fluorescent linkers,

such as the earlier discussed 2,6-diaminopyridine have been introduced to tag the glycan-partner.2%4310]
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Figure 38. Fluorescence-based detection methods. Binding events can be detected by probing the microarray slides either with
fluorescently-tagged lectins, or by performing a following incubation with fluorescently-labelled secondary reagents. Such high-

affinity agents include antibodies or biotin/streptavidin pairs.

After incubation, the slides are washed again and dried, before scanning. These steps could be in some cases
disadvantageous, particularly when the GBP and its ligand dissociate rapidly. Evanescent-field fluorescence
scanning can offer a solution when sensitive, real-time detection is required, because the detection is performed

from under the chip, without any further washing.**¥) Other optical read-out techniques are based on

355 356]

colorimetry[ Vand chemiluminescence.!

2.2.2.6.2 SPR detection systems

In order to prevent any disadvantageous effects in recognition caused by different tags on the glycan or protein
partners, two main label-free methods have been developed to detect events on the glycan microarrays. SPR chips
belong to the optical detection systems that allow detection of binding events deduced from the mass change of
a thin, glycan-functionalized gold-chip (see 2.2.6.3). Upon interactions between the proteins and their ligands
attached to the surface, changes in the resonance angle are recorded in sensograms as a function of time, and so,
these systems provide a real-time insight to the affinity, specificity and kinetic aspects of binding events.*'*] At
the same time, however, they require functionalized gold-platforms and a complex, elaborate optical system, as
opposed to the simple fluorescent scanners. SPR microarrays have been applied to identify non-natural

321b, 357

galactoside ricin ligands,! J'and to detect glycan-specific antibodies in serum from S. mansoni-infected

population. 32"

2.2.2.6.3 MS-based detection systems

322a, 358

The other main label-free detection technique involves analysis by mass-spectrometry.. ] Changes in the
mass of glycan structures which are non-covalently attached to target plates (e.g. by self-assembling monolayers,
SAM:s) can be followed by MALDI-Tof analysis. The method is widely applied to monitor on-chip modifications
of the immobilized sugars, such as their enzymatic transformations (e.g. by glycosyltransferases);3**3%! but it has

also been used to identify GBPs from complex mixtures.>*]
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Other detection techniques

349, 360 361]

Additional, but less common examples include detection based on radioactivity,! I ellipsometry,!

[362] [363

integrated complementary metal-oxide semiconductors, cantilever array sensors, or oblique-incidence

reflectivity difference microscopy.l**"

As the previous discussion demonstrates, microarray systems can be constructed by combining a large number of
available options, or even by developing new platforms that are suitable for the objectives of our research. In all
cases, choosing the appropriate technology and its elements, adjusting the parameters to achieve optimized
performance or to establish a standardized protocol requires careful planning and experimenting. Furthermore,
the results must be reproducible, consistent and - if possible - validated, for example, with data obtained in

alternative assays.*'*"!
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2.2.3 SETUP DESIGN AND OPTIMIZATION OF A GLYCOMIMETIC
MICROARRAY CHIP TO SCREEN FLUORESCENTLY LABELLED LECTINS®

The benefits of glycan microarrays were detailed in the previous chapter, with emphasized focus on running
hundreds of binding assays in parallel, accompanied by an extremely low ligand and protein demand. Our choice
tell on this technique because of its ability to highlight a lectin’s preferential binders among alarger pool of ligands.
At the same time, cross-array comparison could indicate possibly selective ligands that are recognized by a CLR,
but not by another. These are, in fact, the main goals of our project — to find high affinity and selective binders of
the available CLRs, in order to further investigate these findings. Once leads are identified by on-chip screening,
validation of the results is performed by complementary techniques, and the most promising candidates can be
used for the construction of multivalent systems.

It is of crucial importance, however, to be aware of each technique characteristics, limitations and restrictions,
especially, when comparing results among different array-based screenings or with other binding assays (e.g.
SPR). The results of microarray screenings are determined by numerous factors, most of them having main
influence on the reliability and reproducibility of the obtained data.

In spite of the randomness of immobilized ligands on the solid support, the affinity of lectins towards the
multivalently presented structures is higher (surface dissociation constant - Kp suuce - in the nanomolar range)
than the affinity measured for monovalent ligands in solution (Kp in the micromolar range).***! An SPR
competition experiment where the monovalent ligands are studied in solution phase is therefore not directly
comparable to the results of a microarray-based screening, the two assays should be used to complement each
other. In theory, the results of a microarray screening could help to pick ligands to build other multivalent
constructs, such as glycodendrimers, whereas SPR analysis is an ideal assay to select high affinity monovalent
ligands. The latter technique, however, requires substantially higher amounts of both ligands and proteins, and a
complex optical detection system (see 2.2.6.3).

The presentation of carbohydrate structures is crucial, as this can affect not only the binding affinity, but the
selectivity as well. This is influenced by the carrier platform, as well as by the carbohydrate structures’ and

additional linkers’ size and flexibility. 23 365]

Having emphasized the importance of ligand presentation, the appropriate immobilization chemistry had to be
selected in order to anchor our glycomimetics on the microarrays chips. Based on the previously established

glycan-microarray setup in the laboratory of Dr. Niels C. Reichardt,**!

we intended to covalently attach the
library in a compatible format on commercially available NHS-functionalized glass slides with a robotic non-
contact piezoelectric microarray spotter, and then to probe the arrays with fluorescently labeled lectins. NHS-
groups on the chip surface could react with amino-functionalities — and, in principle, the terminal azides could be
simply and rapidly reduced into amines, for example in H-cube® flow hydrogenators. However, as it has already
been anticipated in Chapter I, it was uncertain whether the short azidoethanol-linker attached directly to the
sugar-mimic cyclohexane ring will provide sufficient distance between the three-dimensional, permeable
hydrogel coating on the solid glass surface and the ligands. This can hinder the CLRs proper access to these

ligands and furthermore, it may affect the conformation of the glycomimetics - in conclusion, it could lead to

® Microarray experiments and related analyses were carried out during a secondment in the laboratory of Dr. Niels
C. Reichardt, at CIC biomaGUNE, San Sebastidn, Spain, with the help of Dr. Sonia Serna.
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biased results. This negative effect has, in fact, been demonstrated earlier by Park et al. who tested linkers of
different length, and found that the performance of the microarrays was the lowest in the case of the shortest

332a, 332b

spacers (weak signals below 5 mM printing concentration).! ! Additionally, the presence of hydrophilic

moieties in the linker - e.g. oligo- or poly(ethylene glycol) (PEG) — improves the overall binding properties
compared to hydrophobic linkers, and minimizes aspecific protein binding.***

As our attempts to install a longer, or more hydrophilic linker during the synthetic route failed (see 2.1.3), we
decided to elongate the tether with a hetero-bifunctional spacer. Several aspects had been considered for the
selection of this spacer. An optimal choice consists of a flexible, extended structure that contains a reactive group
ready to form a covalent bond with the NHS-activated surface and an additional functionality that will link the
glycomimetic ligands with the help of the azido-group at the end of the shorter tail. Additionally, the solubility
and hydrophilicity of the system could benefit from, for instance, the earlier mentioned oligo ethylene glycol
moiety in the spacer’s structure. On the other hand, the spacer should not negatively affect the functionality of
the glycomimetic ligands, their recognition on-chip and the outcome of the screening — including any aspecific
interaction with the proteins (i.e. false positive results).

The already incorporated azido-group on the glycomimetic compounds can be directly exploited in CuAAC-
reactions with alkynes, however, the reaction requires copper(I)-catalyst.*® This method has several
disadvantages: on one hand, the oxidation state of Cu(I) needs to be maintained, typically by the addition of the
reducing agent sodium ascorbate and the chelating agent TBTA (tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine) that stabilizes Cu(1) without interfering with the catalytic cycle. The reactions are sensitive to
the presence of oxygen, both in the atmosphere and in the solvents and isolation of the product often requires a
purification step. On the other hand, the added heavy metal catalyst is potentially cytotoxic, and even the smallest
amounts of residual copper could limit the possible future utility of the library in cellular assays.

Azides can also react with phosphines in the Staudinger reaction, and this has been used to covalently conjugate

367 The Staudinger ligation is one of the first completely

glycan structures to biopolymers through an amide bond.!
biocompatible reactions described that can be carried out traceless without any catalyst, but the reaction rate is

slow.

2.2.3.1.1 The strain-promoted alkyne-azide[3+2]cyloaddition (SPAAC)

In search of further biorthogonal reactions with more attractive kinetics, the Bertozzi group reported another

361 Contrary to the original

highly selective reaction a few years later, involving an azido-group and a triple bond.!
Huisgen 1,3-dipolar cycloaddition, or the Sharpless-type CuAAC reactions, these “click”-type reactions are not
initiated by heating or by any added metal catalyst, but are accelerated by a strained triple bond. This is an
alternative route to overcome the activation barrier of the reaction by deforming the alkyne’s bond angle and
these reactions are therefore called strain-promoted alkyne-azide cycloadditions (SPAAC). The simplest method
to strain the bond is its inclusion in a monocycle, and the smallest stable ring containing a triple bond is the
cyclooctyne where the bond angles of the sp-hybridized carbons are around 160°.

SPAAC reactions are driven by the interaction between the lowest unoccupied molecular orbital (LUMO) of the
alkyne and the highest occupied molecular orbital (HOMO) of the azide. According to the distortion-interaction
theory, the transition state (TS) occurs when the orbital overlap between bimolecular fragments is maximal, and
the gaps between frontier molecular orbitals (FMO) is narrow enough for stabilizing interactions to overcome

destabilizing distortions.*®! (Figure 39)
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AE' = AE} (destabilizing) + AE! (stabilizing)

It was shown that - compared to strain-free acetylene - in cyclooctynes the barrier heights are rather controlled
by differences in AE4" (the energy required for the distortion of the 1,3 dipole and the dipolarophile), than by
FMO interactions or thermodynamics. The transition state is formed earlier, already at longer C-N bond lengths
and larger N-N-N dipole angles (173°). Cyclooctyne in its ground state is already more bent (C-C-C: 153° and
155°) than the distorted transition state of acetylene (H-C-C: 158° and 166°). In accordance with this, the
reaction rate is substantially increased (10°), leading to the strain-promoted cycloaddition where no additional

catalyst or heating is necessary.
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Figure 39. The strain-promoted alkyne-azide cycloaddition (SPAAC). A: Energy levels of undistorted dipole and dipolarophile
reactants, the transition state and the triazole product. SPAAC reactions are driven by the strained triple bond (lowered distortion
energy) and, to a smaller extent, by frontier molecular orbital (EMO) interactions. B: Orbital energies (eV) and geometries in
relaxed and strained acetylene. C: The distortion of ground state cyclooctyne exceeds that of the distorted transition state of
acetylene. Modified from: Ess et al.l3%]

Another advantage of this system is that the reactivity can be tuned by steric and electronic effects. Different
strategies have been employed to vary the properties of the cyclooctyne system, for example, the alkyne LUMO

can be lowered (and HOMO increased significantly) by the addition of electron withdrawing groups to the

ring,*’) or increased strain energy can lead to enhanced reaction rate (dibenzocylooctyne

371

derivatives ).’/ Installation of two fluorine atoms (DIFO - difluorinated cyclooctyne),*™! bicyclic constructs

(BCN - bicyclononyne),¥”) as well as benzo-fusion and amide nitrogen containing (ADIBO -

azadibenzocyclooctyne)*”*!

40)

rings have been reported, their reactivity increasing from the first to the last. (Figure
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Figure 40. Differently activated cyclooctyne structures. Difluorinated (DIFO), bicyclic (BCN - bicyclononyne), as well as benzo-
fused and amide nitrogen containing (ADIBO - azadibenzocyclooctyne) cyclooctynes were described. By modifying the substituents
in the vicinity of the triple bond, for example by the addition of electron-withdrawing groups, the ring-strain can be tuned and

optimal reactivity can be achieved.

SPAAC reactions are particularly beneficial for our purpose: in addition to the absence of catalysts and additives,
they are extremely selective and high-yielding, can be performed in water and are not sensitive to air. The
conversion is rapid even at room temperature and does not require heating, pressure, or high concentrations,
moreover, there are no toxic reagents involved.

At the time of our microarray experiments, two main types of cyclooctynes were commercially available: BCN
and ADIBO-type spacers. Both could be purchased with a terminal amino-group and in many cases, this
functionality was found at the end of a PEG-linker. Extended lipophilic systems, such as the dibenzocylooctyne
moiety, however, could have a higher risk of interacting aspecifically with different sites on the proteins, and so,
we selected N-[(1R,859s)-bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane
(Sigma-Aldrich®, from now on: BCN-amine) as the spacer that will link our glycomimetic ligands to the NHS-
functionalized glass slides. (Figure 41)

Previous studies demonstrated that even the smallest differences in presentation — e.g. linker length — can have
major effect on the presentation, accessibility and overall recognition of glycomimetics,*>**’* and that the best

(304, 3142] Scenarios where the compound is not

results are typically obtained at high printing concentrations.
accessible, or not available at the appropriate concentrations to detect the otherwise weak carbohydrate-lectin
interactions, can easily lead to false negative results. Any adverse effects caused by the linker could influence the
screening results, therefore a careful evaluation of the spacer’s role, supported by different experiments,

concentrations and controls was indispensable.

2.2.3.1.2 Ligand immobilization trials

Immobilization of the ligands through the doubly functionalized linker requires two reactions - clicking the
glycomimetics on the cyclooctyne ring in a SPAAC reaction, and forming of a covalent bond between the amines
at the end of the BCN-amine tail and the NHS-groups on the glass slide. These can be performed in different
order: we can either first coat the entire microarray surface with the spacer moiety and subsequently spot the
ligands at allotted positions on the BCN-modified slides, or, we can first form the triazole-linked adduct of the
ligands and the spacer, and then directly print these conjugates on the chips. (Figure 41)
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Figure 41. Glycomimetic library immobilization through the additional BCN-amine spacer. Left route: NHS-functionalized glass
slides are coated with BCN-amine and the cyclooctyne-activated surface is ready to react with the terminal amino-groups found on
the ligands in SPAAC reactions. Immobilization through this strategy failed, most likely due to the thermal instability of
cyclooctynes during the microarray fabrication. Right route: Individual coupling of ligands and BCN-amine linkers, followed by
spotting on NHS-coated slides. As the conjugation step is fast, and the product can be analyzed rapidly by MALDI-Tof
spectroscopy, we chose this pathway to prepare the glycomimetic chips.

In the first case, by functionalizing the whole slide with the cyclooctynes, we could avoid the individual
conjugation of every ligand separately, but, on the other hand, the coating step needs to be well-controlled for
good reproducibility. Surface modification with SPAAC-reactive cyclooctynes has been demonstrated in a few
cases before, primarily with ADIBO-type cyclooctynes,*) and with BCN-amine on NHS- and
pentafluorophenol-activated surfaces.l*”®

In our trials, NHS-activated glass slides were incubated overnight with buffered BCN-amine solution at pH ~ 8.5.
The concentration of BCN-amine was chosen in order to have an excess number of molecules to react with all
NHS-groups found on the surface, based on previous calculations for these glass slides (10'* molecules/cm?).[3%]
This number was estimated by Liang et al. who printed fluorescein isothiocyanate cadaverine (FITC) at varying
concentrations and performed fluorescence-wash off experiments to quantify the maximum loading. The number
is similar to the sugar (or peptide) functionalization capacity of SPR biosensors.

In order to evaulate the viability of this strategy, after functionalization of the slides with BCN-amine and blocking
unreacted sites with ethanolamine solution, we spotted Lac-CH,-N3 at S00 uM with the help of the automated
microarray printer. The slides were incubated for 1 hour with fluorescently labeled peanut agglutinin (PNA-
AFSSS) - alactose recognizing plant lectin — washed and scanned.

The scanned images showed that although the lectin was functional, no recognition was observed on the BCN-
amine modified slides where azido-lactose was printed. We suspected, that in spite of the previously reported
successful surface modifications with cyclooctynes and following on-chip SPAAC reactions, our surface
functionalization failed presumably due to the low thermal stability of the BCN-cyclooctyne ring.3*!

The second strategy based on the conjugation of the ligands with BCN-amine, followed by spotting the adducts
on the NHS-activated slides, was evaluated in a similar system. The SPAAC reaction between equimolar amounts
of lactose(CH,),N; and BCN-amine (S mM each) was tested in three different solvents — water, DMSO and
methanol - and the conversion was monitored by MALDI-Tof mass spectrometry. The click-reaction, yielding

lactose-BCN-amine (LacBCN) was completed after 1.5 hours in water, essentially without any residual starting
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materials or side-products, therefore this was later used as the primary solvent during coupling of the
glycomimetic ligands. Furthermore, the product did not require any additional purification step, and the lactose-
BCN-amine conjugate aqueous solution was directly used for printing,

Different concentrations (10, 50, 100 and 250 pM) of LacBCN were printed on NHS-activated glass slides. On
the same slide, Lac(CH,)sNH, was directly printed serving as positive control, whereas the non-glycosylated
linker (azidopropanol-clicked BCN-amine, AZBCN) was used as negative control, to check any aspecific
interaction between the bulky cyclooctyne moiety (without sugar moiety, only with the alkyne blocked) and the
lectins. (Figure 42)

After printing, the slides were left to dry, the unreacted functional groups were quenched with ethanolamine, and
the chips were washed with water. The microarrays were incubated with fluorescently-labelled lectin for an
allotted time, washed again, scanned and the fluorescent signals were quantified by software-based analysis. The
fluorescence intensity value of individual spots directly correlates with the number ofligand-bound proteins and
gives an approximation of the relative binding strength of the interaction between the lectin (in solution phase)
and the surface-immobilized ligands.

After the incubation with PNA-AFSSS solutions at two different concentrations (0.25 and 0.063 mg/mL), an
increasing intensity in the fluorescent signals was observed at higher protein concentration.

Clear and well-defined spots and basically no aspecific interaction with the AZBCN control was observed on the
scanned image. Interestingly, BCN-conjugated lactose resulted in higher fluorescent signals than lactose
equipped with only the aminopentanol linker, suggesting that the ligand is more accessible for the lectin when

presented with the additional spacer.
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Figure 42. Printing trials with lactose and peanut agglutinin (PNA). Lactose(CH,),N; was coupled with BCN-amine and the
conjugate was printed on the NHS-activated slides at different concentrations. Two incubations were performed: at 0.06 ug/ml
and 0.02S ug/ml protein concentrations.
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2.2.3.1.3 Controls

In order to rule out any disadvantageous effects of the BCN-linker on the recognition of glycomimetic ligands by
other lectins, (CLRs), two compounds (ISh045 and ISh046) had been included in the library (see Chapter I).
In order to evaluate their presentation, these compounds were printed on the NHS-modified surface directly
functionalized with aminoethanol linker (without spacer) and indirectly conjugated to BCN-amine (with
spacer). In ideal case, the introduced spacer should ensure a better access to the proteins to reach the ligands
anchored to the three-dimensional polymer coating on the chips, and should not interfere with the lectins’
binding properties. These ligands are well-characterized and their binding properties towards some CLRs (DC-
SIGN, langerin) had been studied, thus, together with AZBCN, they could serve as ideal controls during the
validation of the microarray setup. (Figure 43)
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Figure 43. Controls included in the microarray experiments. A. Non-glycosylated BCN-amine spacer (clicked with
azidopropanol, AZBCN) was used to test aspecific binding between the lectins and the additional spacer. B and C. Two previously
studied ligands were both indirectly (ISh001 and ISh002) and directly (ISh046 and ISh04S5, respectively) printed on the

microarray slides, in order to evaluate their presentation

As the second immobilization strategy — clicking ligands on BCN-amine in solution through SPAAC reaction,
followed by immobilization on the activated solid platform - was proven to be viable, we performed the
conjugation on every glycomimetic ligand in our library. MALDI-Tof analysis before and after the conjugation,
and further experimental conditions are detailed in the experimental section. SPAAC reactions were performed
primarily in water, but due to the poor solubility of some glycomimetic structures (ISh006, ISh013, ISh018,
ISh021, ISh027, ISh032, ISh033), around 5% DMSO was added to these reactions. The resulting solutions
after conjugation were diluted with printing buffer and were prepared in a 384-well microplate that can be stored
over longer periods at -20°C.¢

Immobilization validation was performed by probing the printed glycomimetic array with common lectins of
known (and broad) specificity. These included plant and fungal lectins, acquired from commercial source. These
lectins were labeled with Alexa Fluor® fluorescent dyes (see experimental section for details) and their degree of

labeling (DOL; an approximation of the ratio of dye and protein in the labeled proteins) was estimated by

¢ Note: In the following part of this chapter, unless stated otherwise, ligands labeled as IShOXX refer to the full (BCN-
amine conjugated) structures.
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absorbance analysis. Although the DOL is often not specified in literature, rate of fluorescent tagging can have
major effects on the efficiency of detection. Fluorescence tagging poses a number of uncertain factors, apart from
the variable DOL values, for example, labelling can occur in the CRD of the receptor and this can severely

influence the binding interactions.

The first printing setup designed to include the entire glycomimetic library consisted of spotting 5 drops of ca.
250 pl of 50 puM solutions in 5 replicates on each subarray on a ca. 7.5 cm long, 2.5 cm wide functionalized glass
slide that was divided into 7*2, altogether 14 subarrays. This subdivision of the slide helps to minimize the volume
of protein solutions needed to cover the whole printed surface - in this case 100 pl protein solution was sufficient
to probe 15*16=240 individual spots on each subarray that allows the parallel assaying of 48 different ligands
printed in S replicates. (Figure 44)
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Figure 44. Microarray slide and plastic/silicone gasket. The chip is divided into smaller subunits to minimize the protein
consumption, and to perform several screenings on the same slide. Depending on the design, the setup and gasket is selected to fit all
spots (typically several replicates in the same ligand) on a minimal surface. The gaskets are fixed on the glass slides with steel clips

and the incubating solutions are then loaded into the gasket wells.

In order to validate the printing setup, assess the effects of the included spacer and confirm the homogeneous
immobilization of ligands, we first used the mannose specific jack bean (Canavalia ensiformis) lectin ConA-AFSSS

to interrogate the glycomimetic chip.

2.2.3.2.1 The coffee-stain effect

Two things were apparent on the scans already at first sight: the spots were relatively too large on the subarray,
positioned too close to each other, and the majority were bordered with blurred rims. Even more importantly, an
uneven distribution of the glycomimetic ligands over some spots was observed. Further inspection revealed, that
this effect occurs most prominently in the case of fluorine-atom and trifluoromethyl-group containing
glycomimetics, or extended lipophilic groups (ISh013, 1Sh022, 1Sh023, 1Sh027, 1Sh029, ISh033, ISh038).
(Figure 45)
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Figure 48, First screening with mannose-specific Concanavalin A. Three major issues are apparent: the spots are not well-defined,
but have blurred edges; they are too large and in some cases almost overlap and most importantly, the ligand distribution is not
homogenous over the spot. Fluorine-atom-, or trifluoromethyl-group containing and highly lipophilic ligands tend to accumulate

around the rim of the spots, leaving the center less concentrated and therefore darker

The printing solutions already contained a minimal amount of TWEEN®-20 surfactant and the printing and
drying steps took place in humidity-controlled environments (60%), precisely to avoid rapid evaporation and to
promote the homogeneous immobilization of ligands. This phenomenon, known as coffee-stain, coffee-spot or
doughnut-pattern effect, can represent a major issue during quantitative translation of fluorescence signals into
intensity values and needs to be solved before proceeding to other lectins. This is necessary because computer-
based image processing (as it has been described above) generates a pixel-by-pixel image over the detected
fluorescent spot, and calculates intensity values based on this matrix. Inhomogeneous signal intensity could result
in difficult or inaccurate quantification, therefore elimination or minimization of this effect became our next goal
during the setup optimization.

The observed coffee stains are a result of outward material flow during the evaporation of the drop and at the end,
the solute accumulates in the peripheries where the ligands become immobilized. There are several factors
contributing to the inhomogeneous disposal of particles: pinning of the three-phase contact line, high
evaporation rate at the droplet boundary, surface tension gradients and a convective flux caused by the uneven

[377

evaporation rate. 7 In particular, the latent heat of evaporation and the surface tension gradients would lead to

a recirculatory flow towards the drop centre (Marangoni effect) that could reverse the ligands distribution along

378

the contactline, and thus prevent the coffee-staining.*) The fact that water droplets and the interfaces are rarely

clear of contaminants suppresses this inward flux. (Figure 46)
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Figure 46. Formation of “coffee stains” over the printed spots. Surface-tension gradient caused by concentration- or
temperature-gradient (evaporating solvent) will induce an outward mass flow over the spot. Eventually, the ligands are
depositied and immobilized at the rim of these spots. The fluorescent lectins will therefore bind mainly at the edge, and

the inhomogenously distributed fluorescent signals will be inaccurately quantified. Modified from Eral et al.l’”*/ and

Hu et al.l?7]

Coffee-stains are well-known obstacles during microarray fabrication, and solving the problem often relies on

3791 We tested several conditions to improve the spot

acquiring a better control over the evaporation process.
appearance:

- Reduction of the number of spots: after the initial S drops of ca. 250 pl solution, we disposed only 3 drops
of the same volume on the microarray surface. The smaller volume could yield spots of a smaller
diameter, where the mass-transfer to the edge is less pronounced.

- Added glycerol: 0.02% glycerol in the printing buffer could reduce the evaporation rate of the drop and
the enhanced viscosity can minimize the inner flow within the droplet.

- Added DMSO: 10% DMSO in the printing buffer could to reduce the evaporation rate and thus, increase
the homogeneity of the drying droplet. The additive could also improve the solubility of more
hydrophobic structures in the reducing volume of solution during drying.

The scans obtained in each case are shown below. (Figure 47)
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Figure 47. Effect of additives in the printing buffer on the coffee stain effect. To achieve a better control over the evaporation
process, we tried several conditions. Reducing the number of spots (from S to 3), additives, like glycerol, or surfactants (TWEEN®-
20) present in the printing solution and printing at lower concentrations did not solve the problem of lignad distribution
inhomogeneity. Homogeneous, well-defined spots were finally obtained by added DMSO that presumably reduces the rate of

evaporation and helps the solution homogeneity of more lipophilic glycomimetics.

The addition of DMSO in the printed solution clearly improves the homogeneity of solute distribution over the
spotand the reduced number of drops (from S to 3) helps to separate the spots from each other. These conditions
were implemented in our sourceplate preparation and printing protocol from this point, and new microarray
slides were prepared with the optimized printing solutions (details in the experimental section).

During the initial microarray screenings, compounds: ISh016, ISh017 (mannosylated bisamides) and ISh049-
ISh059 (fucosylated glycomimetics) had not been added to the library yet. These ligands were synthesized after
the optimization of the microarray setup, and were later printed along the mannosylated structures, but the
screening results containing these structures were obtained by Silvia Achilli and Dr. Sonia Serna. In this thesis,
mainly the original results — obtained during my secondment - are reported, but in other cases, when discussion
or conclusion requires this, the results obtained by our collaborators are included here. During these assays, the
printing and screening conditions established by us were employed, and incubations were performed with lectins
that became available only later. Two main printing arrangements had been designed to fit the glycomimetic
library in subarrays: design 1 used during screenings without ligands ISh016, ISh017 and ISh049 to ISh059
(mannosides and controls) and design 2 — used for screenings performed on the whole glycomimetic library

(design details provided in the experimental section).
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2.2.3.3.1 Concanavalin A (ConA) and other plant lectins

The binding profile obtained at 10 pug/ml ConA concentration is shown below (Figure 48)
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Figure 48. Screening with 10 ug/ml ConA-AFSSS (not full library; only mannosides and controls)

First, the intensity values of altogether 5 control compounds were evaluated in order to assess the role of the
additional BCN-amine linker. AZBCN, the non-glycosylated spacer moiet blocked with simple 3-azido-1-
propanol, was essentially not recognized by the lectin, therefore, we can state that ConA does not bind the linker
aspecifically. Comparison of the signals of ISh001 with ISh046 (Man030), and ISh002 with ISh045 (pseudo-
disaccharide dimethylester) clearly indicates that the ligands immobilized through the spacer are better
recognized by ConA, than the ligands directly attached to the slide. This confirms that the elongated distance
between the chip and ligands improves the binding affinity of the same ligands.

Other important conclusions can be drawn by comparing the intensity of the mannose-control (ISh044) to the
glycomimetic library, ConA shows stronger binding towards the majority of the mimetic compounds than
towards the natural mannose ligand, suggesting that the glycomimetic bisamides are capable of increasing affinity
not only in the case of DC-SIGN, but towards other lectins as well. This is a key point, as it demonstrates that our
initial hypothesis - being able to target different lectins with a glycomimetic template that had been designed for
one concrete CLR - is viable. Moreover, the library of ligands show diverse intensity values towards the protein,
and in some cases, they are barely recognized, or not recognized at all. The differential binding indicates that,
based on the nature of the bisamide substituents (the only variable structural element in the glycomimetics), the
affinity towards different lectins can be tuned, and discriminative ligand recognition can be achieved. This serves
as avalidation of our glycomimeticligand library that was conceived in order to identify good affinity and selective
CLR ligands in the first place.

Additionally, the results verified the applicability of the designed microarray setup, as gradually increasing
concentrations of the incubating lectin solution lead to increasing signal intensities. At high concentrations, the
signals reached saturation and the array lost its sensitivity. Ideally, a series of experiments at various protein
concentration levels are necessary to identify both high potency ligands (picked at low concentrations where they
“stand out” among the other ligands) and structures that are not recognized by the lectin (identified when they
do not show binding even at high lectin concentrations). Unfortunately, in many later cases, the limited amount

of CLRs available did not allow us to perform microarray screenings at more than a few concentrations.
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To test the stability of the chips, we printed several slides under the same conditions and incubated some of them
immediately after drying, while others were stored at -20°C for two weeks, before interrogation (at the same
ConA concentration). The results were identical in both cases, thus we concluded, that the time-consuming
printing step can be carried out in advance and the slides can be used at a later point.

Once the entire library (including ISh016, ISh017 and the fucosides — 1Sh049-I1Sh059) was printed on the
microarray chips, the slides were probed again with ConA. As expected, the mannose-binding lectin did not
recognize any of the fucosylated structures. The glycomimetic chips were interrogated with other mannose-
specific plant lectins, such as Pisum sativum agglutinin (PSA) and Lens culinaris agglutinin (LCA), and similarly
to ConA, they recognized the mannosylated structures at various levels, but not the fucosylated ones. These
lectins are common diagnostic tools as they detect core a-(1,6)-linked fucose in N-glycans — a modification

(3301 byt apparently, they cannot bind the monosaccharide epitope

typically upregulated in different cancer types -
in the glycomimetic ligands. The controls supported the fact that the spacer does not influence negatively the
binding properties of the ligands. The binding profile of ConA, PSA and LCA probed on the full library are shown

below. (Figure 49)
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Figure 49. Screening with 1 ug/ml ConA-AFSSS, 165 ug/ml PSA-AF647 and 90 yg/ml LCA-AFSSS (full library)

2.2.3.3.2 Aleuria aurantia lectin (AAL)

The proper immobilization of the B-fucosides was verified by the fucose-specific fungal Aleuria aurantia lectin
(AAL).*! (Figure 50) This protein bound exclusively to the fucosylated structures; neither the mannosides, nor
the controls showed any fluorescent signals on the chips. The similar intensity values of the p-fucoside ligands
suggests, however, that in this case, the affinities are not differentiated by the bisamide substituents on the sugar-

mimic ring.
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Figure S0. Screening with 15 ug/ml AAL-AFSSS (full library)

2.2.3.3.3 LecB (PA-IIL) from Pseudomonas aeruginosa

The array was also interrogated with the Pseudomonas aeruginosa lectin B (PA-IIL or LecB). PA-IIL is one of the
two lectins produced by the antibiotic-resistant bacterium P. aeruginosa and primarily recognizes fucose and a-
fucosides, but it shows affinity towards D-Man as well.l'"”*2 The pathogen is particularly threatening in hospital
environment for patients of reduced immune-defense and cystic fibrosis because the formation of thick biofilm
layers shields the bacterial colonies from treatment and host response.!'"’* %] In this adhesive process, PA-TIL
plays a crucial role by binding to fucosylated glycoproteins of mucin and the respiratory epithelium and has been
a viable target in Pseudomonas aeruginosa treatment strategies (by fucose-mimetics, among others, see

Introduction).['7 384
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The screening results with LecB are shown below (Figure $1) — the lectin was provided to the Reichardt
laboratory by the group of Prof. Anne Imberty (IBS, Grenoble, France).
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Figure 1. Screening with 100 pg/ml PA-IIL (LecB)-AFSSS (full library)

The lectin recognizes many of the glycomimetic structures of our microarray - both mannosylated and
fucosylated compounds. Almost all the mannosides display some degree of affinity, with a few exceptions
(ISh013, ISh017, ISh018, ISh040). The B-fucosylated parent methyl ester ISh049 interacts weakly with PA-
IIL, but, in accordance with the mannose-specific lectins, the affinity is tuned by variations in the amide residue.
The B-fucoside ISh0S3, carrying two tryptamine moieties, has superior affinity compared to mannose. These
data confirm once more that the differential amide substitution is indeed generating diversity that can be read-

out by the lectin partner.

Following the optimization of the glycomimetic microarray system and testing its functionality with common
plant, fungal and bacterial lectins, we began screening experiments with human CLRs, provided by the laboratory
of Dr. Franck Fieschi (IBS, Grenoble, France). The cloning, expression and purification protocols are reported
in the Appendix. In some cases, these procedures were established during the course of the IMMUNOSHAPE
project and so, CLRs that became available or were reproduced only after the establishment of the microarray
setup were probed on the glycomimetic chips (microarray B) — as stated above - by Silvia Achilli and Dr. Sonia
Serna.

Human CLRs used during the first microarray assays were previously labelled by Silvia Achilli with Alexa Fluor®-
555, while lectins probed later against the whole library were tagged with fluorescent Cy3 (cyanine 3). Single
aliquots of the lectins stored at -80 °C were thawed on ice immediately before incubations (the preparation of
buffered incubation solutions are detailed in the experimental section, respectively). For incubations, 200 pL of
each lectin solution was applied to each subarray using 8 Well ProPlate™ Module incubation chambers. The
microarray was incubated under gentle shaking overnight in the dark at 4°C. The slides were washed using TBS
containing 4 mM CaCl, and water, dried with slide spinner and the fluorescence was analyzed with a microarray
scanner.

As a control for the fluorescence data, the emission spectra of the different solutions used for incubations were
measured. The labeling protocols, as well as a comprehensive table of all lectins screened against the glycomimetic

chip with regards to their fluorescent properties and carbohydrate specificities are reported in the Appendix.
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2.2.3.4.1 DC-SIGN ECD and validation of the assay with SPR data
As we already had information about the binding properties of several library members towards DC-SIGN, we
deemed useful and reasonable to start the CLR screenings with this lectin. The lectin was applied in its tetrameric

ECD form on the glycomimetics microarray. (Figure 52)
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Figure 52. Screening with S0 yg/ml DC-SIGN ECD-AFSSS (not full library; only mannosides and controls).

The controls are used again to assess the presentation of the ligands with the additional BCN-linker. The lectin
does not bind aspecifically to the spacer alone (AZBCN), and recognizes the same glycomimetic ligands
immobilized with the extra linker (ISh001, ISh002) slightly better than the directly linked ones (ISh046,
ISh045). This effect is more pronounced in the case of Man030 (ISh001 and ISh046) because the pseudo-
disaccharide dimethyl ester (ISh002, ISh045) is barely bound on the microarray chips. Binding is not observed
towards the natural monosaccharide ligand mannose (ISh044), that shows in solution phase SPR competition
assays an order of magnitude lower affinity (ICso: 10-20 mM) towards the CLR than the dimethyl ester
glycomimetic ISh002 (ICs: 0.9 mM).2#* ISh001, a ligand designed based on the crystal structure of ISh002,
exhibits a three-fold affinity enhancement compared to ISh002 in SPR tests (ICso: 0.3 mM)***) and indeed, this
ligand has the most intense signal on the chip (see Introduction).

DC-SIGN is known to recognize highly mannosylated oligosaccharides abundantly present on the surface of viral
and bacterial pathogens; the four Lewis-type blood group antigens (Le* Le?, Le?, Le"), mannan-capped LAM-
structures and mannosylated phosphatidylinositol expressed by mycobacteria. On the glycomimetic chip, the
CLR binds to some extent to almost all mannose-based ligands.

Some bisbenzylamide derivatives described by Varga et al*% were designed to target DC-SIGN and had been
studied earlier in SPR experiments, along with ISh001. Their inclusion in the microarray screenings offered an
opportunity to assess the established microarray setup’s ability to perform rapid binding activity analysis in order
to identify lead structures. These known ligands are highlighted by red bars (ISh001, ISh002, ISh003, 1Sh004,
ISh007, ISh014, ISh015, ISh001, ISh018, ISh019) in Figure 52, and contain all of the highest fluorescence
intensity signals on the chip.

The different heights of these bars indicate that DC-SIGN exhibits variable affinity towards these ligands
anchored to the solid support, however the reported ICs, values obtained by SPR analysis fall in a narrow range
(ca. 300 uM, with the exception of ISh002,), similar to the ICs, of ISh001. (Figure $3) In these assays, the ligands
exhibited highly similar affinities (ICso: 300-400 uM, with the exception of ISh002), whereas the binding profile
obtained in the first microarray screening showed significant differences in signal intensities. This may be the

result of the intrinsically different format of the two assays — on the microarray chips, ligands are presented on a
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solid support in a multivalent fashion, while SPR tests measure their ability to inhibit the CLR’s binding to a

functionalized surface in solution phase.
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Figure §3. ICso values of bisbenzylamide-substituted glycomimetic ligands obtained in SPR inhibition assays by Varga et al. on a
Man-BSA surfacel?%

The affinity of these ligands showed a closer correlation with SPR results in a later microarray screening with DC-
SIGN ECD - this time against the whole glycomimetic library. (Figure 54) The slightly different binding profile
in the two screenings might be a result of the employed CLR batch. Proteins are sensitive to long-term storing
and can denaturate during freeze-thaw cycles, therefore the date of expression and the screening campaign may
have effects on the results. Furthermore, the CLR was labelled under different conditions in the first (Alexa
Fluor®-555) and in the second case (Cy3), displaying different fluorescent properties (varying DOL). The results

are shown in figure 54.
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Figure 54. Screening with S0 yg/ml DC-SIGN ECD-Cy3 (full library)

In this case, the majority of ligands show similar affinity, except for ISh004 and ISh018. The highest fluorescent
signals all belong to already known bisbenzylamides, specifically designed as DC-SIGN antagonists. None of the
other bisamides in the library were able to exceed the good affinity of these ligands towards the CLR.

At the same time, previous SPR results with bisamide-substituted pseudo-dimannoside derivatives (carrying an
allylic linker) suggested that tertiary amides on the mannosylated glycomimetic scaffold significantly decreased
the binding affinity towards DC-SIGN.>* The tertiary amide ligands on the microarray chips were barely, or not
recognized by DC-SIGN (ISh010, ISh020, ISh030, ISh036, ISh037, ISh038, ISh039). (Figure 55)
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Figure §5. ICso values of tertiary amide glycomimetic ligands, equipped with an allylic linker, as determined by SPR inhibition
assays on a Man-BSA surface. Compared to secondary amides, tertiary amide substituents on the cyclohexane ring significantly
lower the affinity of ligands. The depicted structures (tethered with the azidoethanol-BCN-amine linker) were also poorly

recognized on the glycomimetic chips, similarly to other tertiary amides.

The data obtained by the two different assays suggest that tertiary amide-substituents actively hinder the
glycomimetics’ binding to DC-SIGN and they may offer an opportunity to generate selectivity against this CLR.
Because the results of two different assays, microarray screenings and SPR experiments strongly correlated, we
drew the conclusion that the microarray technique is reliable and adequate to assess the binding properties of the
printed glycomimetic ligands. These results validate the established screening setup as a practical tool which is
able to distinguish between better and poorer ligands.

As it has been already mentioned briefly, the constitutionally different microarray experiments and SPR assays
are not expected to yield identical results, but to collectively provide an insight into carbohydrate-lectin
interactions. Ideally, for our purpose - to select monovalent, good affinity and possibly selective ligands for further
elaboration - a similar ranking of the binding affinity obtained by the various techniques would be satisfactory.
We have to stress, however, that while glycan microarrays analyze the multimeric CLR’s affinity towards a
multivalent platform, where the carbohydrate structures are tethered to a solid surface, the SPR-based
competition assays described by Varga et al. were used to measure the potency of a solution phase monovalent
ligand to inhibit binding of a solution phase CLR to a functionalized surface. These experiments can indicate
selectivity and kinetic properties of the interactions, do not require labeling - a time- and cost-demanding step
that can interfere with the binding sites and binding events — and are sensitive to detect small differences in ligand

potency. A brief description of SPR analysis can be found in 2.2.6.3.

2.2.3.4.2 DC-SIGNR ECD

The DC-SIGN related molecule DC-SIGNR, otherwise known as L-SIGN, is expressed together with its closely
related homologue, but on a different subset of cells. In humans, DC-SIGNR is found on sinusoidal endothelial
cells in the lymph node, the liver, and lungs; on capillary endothelial cells in the placenta and in the endothelium
of the gastrointestinal tract, (20> 3%S]

The two lectins show remarkable similarity, 73% identity on the nucleic acid level and 77% identity in their amino

202,386

acid sequences which is likely a result of a duplication of a single common ancestral gene. I Not surprisingly,
similarly to DC-SIGN, DC-SIGNR also functions primarily as an adhesion molecule and receptor for pathogens
like HIV-1,[1%3¥) Ebola, [ hepatitis C virus (HCV),20 38 SARS-CoV, 30385 M. tuberculosis,***) M. bovis,**")
influenza virus A,*°") furthermore mediates lymphocyte transport.['*3¥%). On liver cells, DC-SIGNR captures
HCV from the blood flow and facilitates its internalization into hepatic cells where the virus escapes
neutralization and degradation at low pH.**

Although similar to DC-SIGN in its tetrameric organization and CRD structure (and thus carbohydrate
specificity), the two CLRs exhibit differences in the coiled-coil neck domains - a significant factor affecting the

190, 386, 393

spatial arrangement of the four CRDs.! ) While DC-SIGN exists in its single form and contains seven
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complete and one incomplete copies of a 23-aminoacid sequence, the number of repeats of the same sequence
varies between four to nine in DC-SIGNR.*** 3 This can be attributed to a genetic polymorphism observed in
DC-SIGNR and affects the stability of oligomerization.B%] As a consequence, the CRDs of DC-SIGN are
arranged in a more closed structure, with their long axis alligned roughly parallel to the axis of the neck, whereas
DC-SIGNR presents its CRDs in a more open conformation. (Figure 56) This leads to different avidity effects
in the two CLRs (DC-SIGN’s interaction with ligands often benefit from the more suitably oriented binding
sites).° 1] Eventually, these structural differences can influence the ligand-binding affinity or efficiency and
cause differing susceptibility of the two CLRs, for example, towards HIV-1 and West-Nile virus among other

pathogens.[**!

DC-SIGN DC-SIGNR

"closed” CRD arrangement "open” CRD arrangement

4 CRDs

Figure §6. Oligomerization of DC-SIGN and DC-SIGNR CRDs. In both proteins, the tetrameric structure is achieved by
oligomerization of the neck domains, but the different structure of the coiled-coil region leads to a more “open” spatial arrangement
of the four CRDs in the case of DC-SIGNR. Modified from: Tabarani et al['%]

Other significant deviation from DC-SIGN’s carbohydrate-specificity can be observed in DC-SIGNR’s
recognition of Lewis-type epitopes and some high mannose oligosaccharides, as it was revealed in microarray
screenings (see Introduction). A crucial factor in the interactions between Lewis* and DC-SIGN is the presence
ofavaline (Val351), a residue which is missing from DC-SIGN. Val351 in DC-SIGN is a central element not only
for the recognition of natural fucosylated ligands, but plays a key role in the binding of the pseudo disaccharide
dimethyl ester ISh002 as well.***

Different DC-SIGNR constructs were expressed and provided by the Fieschi group. During the initial screenings,
the tetrameric ECD was probed on the glycomimetic chips at 50 and 100 pg/ml concentrations — the results are
shown below. (Figure 57)
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Figure 57. Screening with 50 and 100 yg/ml DC-SIGNR ECD-AFSSS (not full library; only mannosides and controls)

Starting our evaluation with the controls, it has been confirmed once more, that the spacer does not show any
aspecific binding of the CLR (AZBCN) or interfere with the recognition of individual ligands (ISh001 and
ISh046; ISh002 and ISh045). Again, the majority of glycomimetics show higher fluorescent signals than the
natural ligand mannose. Interestingly, the pseudo-disaccharide dimethyl ester ISh002 exhibits similar affinity
towards the lectin as the natural monosaccharide.

Remarkably different ranking is shown from the binding profile of DC-SIGN ECD, however, as the fluorescent
intensity of ISh027 is superior to that of every other ligand, at both concentrations. On the other hand, ISh015
and ISh019 are — again - among the top binding ligands.

Based on these results, 4 ligands, ISh011 - a medium scoring ligand and ISh01S, ISh019 and ISh027 were
selected for SPR testing, and were sent to the laboratory of Prof. Franck Fieschi (IBS, Grenoble, France). The
SPR analyses were performed by Silvia Achilli and Dr. Corinne Deniaud, on a setup identical to that of the
previosuly studied DC-SIGN ligands, against a Man-BSA functionalized chip (protocol in Appendix). (Figure
58Figure 58)

In the SPR inhibition assays, the glycomimetic recognition elements were tested (azidoethanol linker, no BCN-
motif) against both DC-SIGNR ECD and DC-SIGN ECD, in order to simultaneously evaluate and compare
affinity towards both CLRs. The results are shown below as ICs values.

2000
H H H mDC-SIGN
AN ~N— ~N— H(’:‘f WDC-SIGNR
P l ,L‘ _F J . - 1500
| A F A
g [ I I _oH [ ) g
WA =
]_ R 1000
“OH g
1Sho11 ISh015  ISh019  ISh027 500
DC-SIGN 885 uM 3104M  254uM 920 M HI M
DC-SIGNR 701 uM 437 M 558 UM 1796 M 0

ISh011 ISh015 1Sh019 ISho27

Figure §8. DC-SIGN and DC-SIGNR inhibitory potency of selected glycomimetic ligands. ICso values were determined on a Man-
BSA coated surface in SPR inhibition assays. Ligand ranking for DC-SIGNR obtained from the first microarray screenings and
SPR experiments did not correlate, as ISh027 was identified as a poor ligand in the solution phase SPR tests, although it showed
the strongest signals on the microarray chips. ICso values and fluorescent signals were more in accordance with each other in the
case of DC-SIGN.
In this case, apparent disagreements can be observed between the affinities on the microarray chips and the ICs

values obtained in solution phase by SPR. As for DC-SIGNR, ISh015 and ISh019 show similar affinities in both
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assays (ICso: 437 and 558 pM respectively), while ISh011 exhibits more modest results, but its relative affinity,
compared to the two previous ligands, is in accordance on the microarrays and in SPR tests (ISso: 701 uM).
ISh027, however, reached a poor ICs value (ca. 1.8 mM) in the solution phase inhibition assays, in spite of its
high intensity signals when the microarrays were probed with DC-SIGNR ECD at two concentrations. This may
be the result of several possible factors: either the fundamentally different physical characteristics of the assays
affect severely the ligand’s recognition (see 2.2.1 and 2.2.2), or the ligand binds to the CLR aspecifically, and the
lower intensity binding profile obtained with the ECD apparently amplifies this phenomenon.

Regarding DC-SIGN’s affinity towards the selected 4 ligands, we see good correlation between the first
microarray (Figure 52) and SPR scores. During the second screening (Figure 54), however, ISh011 appeared to
be closer in affinity to ISh015 and ISh019 than to ISh027, whereas the results obtained by SPR assays reveal that
ISh011 and ISh027 have IC, values in the same range (ca. 900 uM), well below the other two glycomimetics.
(Sensorgrams in appendix) ICs, values of glycomimetic ligands were determined for the first time against DC-
SIGNR.

Once the entire glycomimetic library became available, further screenings were performed on the microarray
chips with another batch of the ECD. These data are shown below. (Figure 59)

16000 DC-SIGNR ECD; DOL: 1
Design 1

12000 050 pg/ml
m100 pg/ml

4000

Mannosides Controls

Figure §9. Screening with 150 yg/ml DC-SIGNR ECD-Cy3 (full library)

In this screening, the ranking of the four selected ligands show higher correlation with the previous SPR results
and highlights ISh007 as one of the highest affinity ligands. The SPR inhibition test has not been performed with
this ligand yet.

It is intriguing to consider whether the overall weak signals of DC-SIGNR are results of the less organized
oligomerization of the CRDs. Too flexible arragement (compared to DC-SIGN for example, see discussion
above), could - in theory - lead to impaired affinity towards the solid-surface immobilized ligands, instead of
enhancing avidity effects through oligomerization as it would be expected.

The examples of DC-SIGN and DC-SIGNR clearly demonstrate that to evaluate binding interactions between
CLRs and their carbohydrate ligands, ideally multiple complementary analytical platforms need to be used, so
that the results can be integrated, and used to determine the ligands’ activity and selectivity. From this complex

information, itis, in principle, possible to identify the key structural elements that define the bestlead compounds.

2.2.3.4.3 Langerin
Langerin is a endocytic type Il integral transmembrane receptor of 37.5 kDa expressed abundantly on the surface

of Langerhans cells - specialized dendritic cells in the dermis and mucosal tissue - in the epidermis, but the CLR
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is also present, although at lower levels, on intestinal lamina propria in the human colon and on CD1c¢" dendritic
cells of the myeloid lineage.*" 3]
Langerin recognizes a broad range of viral, bacterial and fungal pathogens. In addition to HIV-1 (see

400] Langerin strongly interacts

Introduction),’****) the CLR binds measles virus'*! and Mycobacterium leprae.!
with many Candida species, such as C. albicans, C. dubliensis, C. glabrata, C. guilliermondii, C. krusei, C. parapsilosis,
C. tropicalis, C. lusitaniae, C. nivariensis, C. orthopsilosis and C. metapsilosis; furthermore with Malessezia furfur and
with all Saccharomyces species, including Saccharomyces cerevisiae.[**!]

Langerin is organized into trimers through the formation of a-helical coiled-coils by the oligomerization of the
extracellular neck domain stem regions.[97] (Figure 60.A) This structure is more rigidly embedded in the
membrane and the orientation of the CRDs is more fixed than on the flexible DC-SIGN tetramers, for example.
Furthermore, langerin is equipped with a short intracellular tail.

The CRD of the lectin features the conserved EPN motif in the primary Ca** binding site which is an indication
for mannose and fucose specificity, and in accordance with this, langerin binds to high mannose
oligosaccharides.[**! Furthermore, the CLR recognizes B-glucans,**!! GIcNAc! ¥ and - as it has been detailed in

80, 404

the Introduction - 6-sulfated galactose via a noncanonical binding mode.! I Additionally, this glycan

405

preference can be shifted by commonly observed polymorphism in the CRD.!*) Other endogeneous antigens

89b 406)

include heparin (see Introduction),®* hyaluronic acid*** and blood group antigens.*"!

In contrast with the mainly overlapping carbohydrate specificity, the recognition of fucosylated Lewis-type
antigens significantly differs in langerin and DC-SIGN. While the latter lectin exhibits good affinity towards Le¥,
Le¥, Le* and Le®, langerin’s recognition of these structures is limited to the difucosylated Le” and Le® antigens.!*"
In spite of the high number of shared glycan ligands between langerin and DC-SIGN, the distinct location of their
expression, the different structural organization and the fact that langerin is more rigidly projected to the
extracellular media, suggest fundamentally different biological activating role of langerin and DC-SIGN.

The primary langerin expressing cells, the Langerhans cells contain a unique set of organelles, called Birbeck
granules whose formation and activation is associated with langerin.”* 1" “") (Figure 60.B) It was demonstrated
on several occasions that the CLR and its correct oligomerization is indispensable for the proper architecture and

1] These organelles are important mediators of HIV

functioning of Birbeck granules (see Introduction).!
eradication, since after langerin captures the virus by interacting with the gp120 glycoprotein, the viral particles
are internalized into the Birbeck granules where they are submitted to degradation under not fully understood

conditions.?**
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Figure 60. A. Trimeric oligomerization of langerin CRDs. The three CRDs are arranged in a triangular shape, extended towards

the exterior of Langerhans-cells. Modified from Feinberg et al.l’”] B. Birbeck granules. Tennis-racket and rod-like shapes are visible

in the transmission electronmicroscopy (TEM) images, taken of dermal Langerhans-cells. These granules are crucial in HIV-virus
eradicartion. The formation and function of Birbeck granules is highly dependent on the expression and appropriate

oligomerization of langerin. Modified from Romani et al.[*%]

The immunological role of langerin and DC-SIGN in HIV infections is probably the most known challenge of
selective CLR targeting up to date. An efficient anti-adhesive antiviral strategy based on these lectins must be able
to specifically inhibit viral capture by DC-SIGN, but, at the same, ensure that langerin is fully functional to help
the destruction of HIV in Langerhans cells.

As it has been described in the Introduction, the selectivity of the pseudo disaccharide dimethyl ester ISh002 is
superior to the natural disaccharide Manal-2Man which is also a good affinity ligand of langerin.*") The low
affinity of the pseudo disaccharide ligands might be attributed to the lack of the valine methyl groups and the
absence of C6 substituents on the cyclohexane ring (see Introduction). Another lysine residue (Lys313) has been
targeted to generate rationally designed selectivity between the CLRs.[2!)

The first microarray screening with langerin was performed with an older batch of the protein that went through

several freeze-thaw cycles and showed traces of precipitation. The screening was later repeated on the whole

microarray with a new batch, labeled with Cy3, the results are shown in figure 61.
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Figure 61. Screening with 10 yg/ml langerin-AFSSS (not full library; only mannosides and controls) and SO ug/ml langerin-Cy3
(full library)

The controls provide another evidence that the additionally linker moiety doesn’t impair recognition of the
glycomimetics ligands (ISh046 and ISh045 as opposed to ISh001 and ISh002, respectively), and that the spacer
alone (AZBCN) does not form aspecific interactions with the CLR.

We already had in our hands solution phase single point SPR results about numerous bisbenzylamide ligands of

250 These experiments measured inhibitions at fixed concentration levels on

the library, described by Varga et al.l
a mannosylated BSA surface, and while the selectivity between DC-SIGN and langerin was modest for the
dimethyl ester ISh002, the other ligands exhibited good discriminative binding towards DC-SIGN over langerin.
From the collective binding profile, obtained in two campaigns, 4 ligands (ISh007, ISh014, ISh015, I1Sh019)
could be identified as well-recognized structures on the microarray chips. After the first screening on the
mannoside library, we chose two ligands, ISh018 and ISh021 for further testing in similar SPR inhibition
experiments (without the additional BCN amine spacer). (Figure 62)

Neither ISh01S, nor ISh021 could inhibit langerin binding to the mannosylated BSA surface, even at high
millimolar concentrations. When the high affinity natural competitor Man-BSA was replaced with the weaker
LeA-BSA functionalized surface, the full inhibition curve of ISh01S could be recorded and the ICsy value
determined at 1.8 mM. This serves as a confirmation that the few high intensity glycomimetic compounds
indicated by the microarray screenings are in fact, very poor ligands of the lectin. The reason behind their strong
signals on-chip remains unknown, but as langerin exhibits very low tolerance to the bisamide substituted

glycomimetic ligands, these findings may be false positive results.
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Figure 62. Selected glycomimetic ligands, tested in SPR experiments against langerin. None of the compounds could inhibit the
binding of langerin to Man-BSA surface. When the gold chip was functionalized with the weaker natural ligand Le*-BSA, the ICso
of ISh0135 was determined as 1.8 mM. This may indicate that the ligands showing strong signals on the microarray chips are only

false positive results.

2.2.3.4.4 MBL

The mannose binding lectin (MBL) is a soluble C-type collectin that is secreted into the serum primarily by

409

hepatocytes, to reach an average concentration of 1 ug/mlL*! As a pattern recognition receptor, it triggers the

lectin pathway of the complement system during the innate immune response./*'”) As MBL is present in the
circulatory system, the stimulation of the complement system is one of the very first mechanisms triggered when

the lectin encounters infectious pathogens (PAMPs) or altered self-structures (DAMPs). Upon these
411

interactions, the lectin initiates the autoactivation of associated proteases.*'! When MBL recognizes apoptotic

and necrotic cells, it activates macrophage-mediated phagocytosis to destroy the dying cells without stimulating

2] Byrthermore, MBL’s disadvantageous involvement at the site of ischaemic stroke was

413]

inflammation.!
demonstrated.
MBL consists of an N-terminal collagen-like domain, a hydrophobic neck region and the C-type lectin like

414

domain (C-terminus).*'* The lectin oligomerizes into homotrimers that are further organized into higher

oligomers, in humans typically from dimers to hexamers (2/6 * 3 CRDs).1*%!

Similarly to other EPN motif containing CLRs, MBL'’s carbohydrate specificity includes Man, Fuc, Glc and
GlcNAc. These structures are often present on PAMP and DAMP fingerprints, but the signalling pathway
initiated by their recognition differs. In addition to triggering the complement system, MBL can promote
apoptosis, modulate inflammation or activate opsonophagocytosis.[‘”(’]

The lectin recognizes different species of viruses, fungi and bacteria, for example, herpes simplex virus-2, influenza
Avirus, Saccharomyces cerevisiae, Aspergillus fumigatus, Candida albicans and Staphylococcus aureus, Mycobacterium
avium.*'7) Most often, these recognition events occur through MBL’s interaction with high glycans, like
lipoarabinomannan-type structures, peptidoglycan and lipoteichoic acid.

We purchased recombinant human MBL (thMBL) from a commercial source, and labelled the lectin with Alexa
Fluor-555. The result at 12.5 pg/ml is shown in figure 63. (Labelling and screening performed by Dr. Sonia

Serna)
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Figure 63. Screening with 12.5 yg/ml hMBL-AFSSS (full library)

The only ligand displaying significant fluorescence signal is ISh014, while the structurally similar ISh015 and a
few other glycomimetics exhibit only weak binding. This may be another case of a false positive signal (see
langerin), the result has not been assessed yet.

The controls confirm again that the additional spacer does not influence negatively the screening results.

2.2.3.4.5 Murine Fc-fusion CLRs

Murine homologues of C-type lectin receptors are often subject of investigations, even though the divergence
between CLRs of different mammalian species can be significant, and can restrain the transferability of results
(see Introduction).

The Lepenies laboratory (University of Veterinary Medicine, “TiHo”, Hannover, Germany) has recently
described a comprehensive murine CLR-Fc fusion protein library that covers the immunologically most relevant
dectin-1 and DCIR family members of C-type lectin receptors.*

These fusion proteins consist of the respective CLR’s extracellular part which is fused in two copies to the Fc
fragment of human IgG1. The obtained fusion proteins display the CRD in a dimeric form on the Fc region of
the sufficiently glycosylated IgG molecule. This fragment can be recognized with a fluorescently tagged secondary

antibody which enables the detection of binding events on microarray chips. (Figure 64)

C-type lectin receptor CLR-hFc fusion protein hlgG1

CRD Fab ﬁ
™ ] — T, Cu2
Cyt. Cy3

Figure 64. Murine Fc-fusion proteins. CLR ECDs are fused with human IgG1 Fc-region, to obtain a dimeric form of the lectins.

i

The human Fc-portion can later be detected on the microarray chips during a following incubation with a fluorescently-tagged

secondary antibody. Modified from Maglinao et al.12%]

Murine CLR-Fc fusion proteins were provided by the Lepenies group expressed and purified by Joao Monteiro.
The available CLRs and their carbohydrate specificities are listed in table 2.
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Murine CLR Name Carbohydrate specificity

DCAR Dendritic cellimmunoactivating receptor Carbohydrate specificity not defined
Dectin-1 ~ CLECT7A, Dendritic cell-associated C-type lectin-1 B-1,3 and B-1,6-linked glucans

The receptor does not contain the amino acids that coordinate

Ca”*-dependent sugar binding in other C-type lectins, suggesting

bl DEC-205-assaciated C-type lectin-1 that it does not have the classical sugar binding motif. No
endogenous or exogenous ligands have been identified yet
CLEC9A Carbohydrate specificity not defined
MGL-1 Macrophage galactose lectin Lewis® and Lewis®, terminal Gal and GalNAc epitopes
SIGNR-3 ICAM-3-grabbing nonintegrin-3 High mannose and fucose structures
SIGNR-S ICAM-3-grabbing nonintegrin-5 High mannose and fucose structures
MICL myeloid inhibitory C-type lectin-like receptor Carbohydrate specificity not defined

Table 2. Murine CLR-Fc fusion proteins and their carbohydrate specificities

All of these CLRs had been incubated at 50 pg/ml concentration overnight at 4°C. The slides were washed and
incubated for 1 hour with anti-human IgG (Fc-specific)-Cy3 antibody produced in goat as secondary antibody.
As negative controls, one subarray was first incubated with human IgG Fc and later with the secondary antibody,
and another “empty” well was incubated with goat Anti-human IgG-Cy3.

None of the incubations yielded quantifiable binding profiles, as all of them showed essentially only two
fluorescent signals: ISh021 and ISh027 appeared on all of the microarray slides probed with murine CLR-Fc
tusion proteins, but not on the two negative controls.

These two ligands, both of them having had apparent interactions with human CLRs in earlier screenings
(1Sh021 - langerin; ISh027 - DC-SIGNR) were eventually deemed aspecific binders and their results evaluated
critically from this point on. A typical scanned image of a murine CLR-Fc fusion protein (in this case DCL-1)
probed slide is shown in figure 6S. Fluorescent spots belong to the 5-5 replicates of ISh021 and ISh027. Top left
corner is marked with fluorescent BSA - printed on each subarray of the slide to indicate the starting position of

spotting.

Figure 6S. Scanned image of microarrays incubated with different murine Fc-fusion CLRs. Top left corner: fluorescent BSA,
signalling the start of the subarray. The two set of replicate fluorescent spots belong to ISh021 and ISh027 - two ligands deemed
to bind aspecifically to all of the murine CLR-Fc lectins and to some of the human CLRs as well. No evaluable screening results

were obtained for any of the murine Fc-fusion proteins.

195



2.2.3.4.6 Dectin-2

The dendritic cell-associated C-type lectin-2, dectin-2 is a transmembrane receptor expressed primarily on tissue
macrophages, peripheral blood monocytes, several subsets of dendritic cells, Langerhans cells, Kupffer cells,
lymphocytes and neutriphils as well.*'*) The lectin belongs to the CLR family of BDCA-2, DCAR, DCIR,
CLECSFS and Mincle.""” Dectin-2 and Mincle (dectin-3) have been found to organize into heterooligomers
(see Introduction).”

The CLR exhibits high specificity for mycobacteria (e.g. capping mannose in lipoarabinomannan and
lipopolysaccharides) and fungi (terminal mannose residues O-linked to glycoproteins, or capsular

420]

polysaccharides)*®! and pathogens recognized by the lectin include M. tuberculosis, M. bovis, Klebsiella
pneumoniae, Hafnia alvei, Saccharomyces cerevisiae, Candida albicans, Malassezia, Paracoccoides brasiliensis,
Histoplasma capsulatum, Cryptococcus neoformans, schistosome egg antigen, as well as dust mites
(Dermatophagoides pteronyssinus, Dermatophagoides farinae).[#0» 1]

Evidence of the CLR’s protective anti-fungal activity was obtained in animal models, furthermore, dectin-2 shows
anti-metastatic activity by mediating uptake and clearance of cancer cells in the liver (Kupffer-cell phagocytosis
by TNF-a, ROS (reactive oxigen species) and stimulated NK-cell activity).

Dectin-2 consists of a C-terminal CRD, a transmembrane region and a short cytoplasmic domain that lacks
typical signalling motifs, but can associate with the common Fe receptor y subunit FcRy which induces cytokine

2] (Figure 66.A) The immunotyrosine activation motif in FcRy interacts with Syk-kinase and

production.!
indirectly stimulates cytokine secretion (e.g. TNF, IL-2, IL-10, IL-23, IL-1B, IL-6 and IL-12 production)
eventually initiating T-cell - for example Th17 or Th2 - immune responses. In particular, recognition of dust mites

trigger a dectin-2 mediated allergic response.[!% 1370423

[302

As an EPN-motif displaying CLR, dectin-2 shows affinity — although very weak — towards mannose.**) Feinberg
et al. measured inhibition constants (K;) in a solid-phase competition assay — which binding indicators are similar
to ICs values is SPR inhibition tests.*?) In these experiments, '*I-Man-BSA was used as a reporter ligand - well
below saturation concentrations - whose binding to a dectin-2 coated surface was inhibited by added ligand
solutions. Among the monosaccharide ligands, Man and GIcNAc were found to exhibit similar affinity towards
the lectin (Ki(aMe-Man): 17.1 mM), while Glc and Fuc are recognized much weaker in the assays. Gal and
GalNAc displayed very poor affinity in the assays. (Figure 66.A)

A number of disaccharide compounds were also probed and achieved significantly lower K; values. The highest
affinity, 2.6 mM inhibition constant was reached by Manal-2Man, indicating the presence of a secondary binding
site to accommodate both mannose residues. This assumption was further supported by a microarray-based

screening of more than 600 glycans ligands which revealed a high specificity towards Manal-2Man containing

oligosaccharides, such as Many. (Figure 66.B)
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Figure 66. Natural ligands of dectin-2. A. Inhibition constants of natural ligands, as determined in solid-phase competition assay
with 15]-Man-BSA tracer. Manal-2Man, the natural disaccharide that our glycomimetic ligands are based upon, exhibited the
highest affinity towards dectin-2. Its ICso was estimated at 2.8 mM, as opposed to 17.7 mM of the mannose monosaccharide. B.

Microarray screenings with dectin-2 revealed a high preference for Manal-2Man motif in mannosylated glycans. As in the case of

DC-SIGN, Many is also the best natural ligand of this CLR. Modified from Feinberg et al.l*%

This high preference for Manal-2Man - the structure which our glycomimetic compounds were designed upon
- suggested that the lectin may be able to recognize library members on the microarray chips. The ECD of dectin-
2 was expressed, purified and labelled with Cy3 by Silvia Achilli in the laboratory of Prof. Franck Fieschi (IBS,
Grenoble, France), although the exact oligomerization state of the CLR is unknown. The binding profile at two

concentrations — 25 and 50 pg/ml - is shown in figure 67.
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Figure 67. Screening with 25 and S0 ug/ml dectin-2-Cy3 (full library)

First, the evaluation of the controls proves again that the added BCN-amine spacer helps the monovalent ligands’
presentation on the microarray chips (ISh001 and 1Sh046; ISh002 and ISh045), and does not bind aspecifically
to the lectin (AZBCN).

Comparing the glycomimetic binding profile to mannose (ISh044), the only known natural ligand printed on
the slide, it is notable that many synthetic ligands show higher affinity towards the CLR. This intensity
enhancement is more pronounced at 25 pg/ml, but can be appreciated at 50 pg/ml as well.

Although the overall binding profile shows resemblance to that of DC-SIGN, especially among the mannosylated
secondary bisamides; and high intensity fluorescence values were obtained for ISh001, ISh007, ISh015, ISh019
- suggesting that these are common ligands of the two CLRs, some striking differences can be observed.

In particular, dectin-2 recognizes on the microarrays tertiary bisamide a-mannosylated glycomimetics with good
affinity, furthermore it also binds to compounds of the f-fucoside series. These structures were not or only barely
recognized by DC-SIGN on chip. A comparative histogram, shown in figure 68, highlights this discriminative

recognition in the above mentioned groups.
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Figure 68. Comparison of binding profiles obtained with dectin-2 (orange) and DC-SIGN (blue) at 50 yg/ml. The
mannosylated secondary amides display similar affinities towards the two CLRs. Significant differences can be observed, however,
in the recognition of tertiary amide-substituted mannosides which are barely bound by DC-SIGN, but interact with dectin-2 — in
many cases with similar affinity as the secondary mannosides. Interestingly, dectin-2 also exhibits some tolerance towards a few p-

fucosylated compounds that are not recognized by DC-SIGN.

2.2.3.4.7 Proposed structural explanation of the observed discriminative binding

The differential binding of these particular sets of bisamide structures implies the possibility of an unprecedented
selectivity between dectin-2 and DC-SIGN towards glycomimetic ligands. To explore the structural basis of this
potentially selective recognition, we started to further examine the binding site of DC-SIGN and the recently

[24] Interestingly, the oligosaccharide cross-

resolved X-ray image of the dectin-2 CRD,*** complexed with Mans.
links two dectin-2 CRDs in the crystal by binding different Manal-2Man containing branches in the two binding
sites (D1 and D2 arm; Manal-2Manal-2Man and Manal-2Manal-3Man, respectively).

The conserved primary binding site in the CRD of dectin-2 is lined by $ amino acid residues where mannose can
be accommodated in two orientations (swapped around a 180° axis). Similarly to DC-SIGN complexed with
mannosylated oligosaccharides, the terminal sugar is oriented towards the centre of the CRD; in dectin-2,
however, this area is less enclosed, due to the absence of the Phe313 residue present in DC-SIGN. The
nonreducing end mannose positioned over this surface contacts a tryptophan (Trp182), an arginine (Argl98)
and a valine residue (Val192). Additionally, apart from the typical metal-coordination and H-bonding around the
principal Ca** binding site, the subterminal mannose residue also forms van der Waals interactions with the same

Trp182 residue. (Figure 69.B)
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Figure 69. The structure of dectin-2. A. The CLR consists of a CRD, a short neck, transmembrane region and an ITAM-
containing cytoplasmic tail. This domain can associate with the common Fc receptor y subunit FcRy to trigger cytokine production.
B. Mannose oligosaccharide binding mode at the primary Ca**-site. The sugar residue coordinated by the metal can be oriented in
two directions (swapped around a 180° axis). The nonreducing end sugar-ring, when positioned over the surface of the CRD center

can form interactions with Trp182, Arg198 and Val192. Modified from Drickamer et al.l® and Feinberg et al.[+*4/

In the opposite direction of the primary binding site in DC-SIGN, we can find Val351 - a residue that plays key
role in the binding mode of the parent pseudo-disaccharide ISh002 and the bisbenzylamide ISh001 (see
discussion of the crystal structure and NMR evidences in the Introduction). This valine contacts the cyclohexane
ring in the two glycomimetic ligands, and in the case of ISh001 (Man030), the bisbenzylamide substituents face
the CRD surface to establish lipophilic interactions.

By overlaying the dectin-2 and DC-SIGN CRD structures (courtesy of Dr. Monica Civera, University of Milan,
Milan, Italy), we could observe the high similarity of the two tertiary structures, but at the same time, differences
in the crucial interaction points became visible. The valine found in DC-SIGN is replaced by a histidine residue
in dectin-2 (H171), and additionally, it is located on a differently oriented loop. This loop adopts a more open
orientation in dectin-2, and could offer more available space in the region where the cyclohexane substituents are
positioned in DC-SIGN. This difference in the CRD structure may be able to provide the answer for the
discriminative recognition of the tertiary bisamide mannosylated glycomimetics.

The overlaid images of the CRDs of DC-SIGN (blue, PDB code: 2XRS) and dectin-2 (orange, PDB code: SVYB)
are shown in figure 70 (image generated by the Fieschi Group, IBS, Grenoble, France). For the purpose of clarity,
the dectin-2 ligand has been removed, while the pseudo disaccharide has been retained in the aligned figure.
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Figure 70. Overlaid images of the CRD of dectin-2 (orange) and DC-SIGN (blue). A: The aligned images of dectin-2 complexed
with Mano (PDB code: SVYB; a portion of the oligosaccharide is shown in yellow) and DC-SIGN complexed with the pseudo-
disaccharide ISh002 (PDB code: 2XRS, ligand is shown in cyan) show a high degree of structural similaritiy in the two CRDs.
The natural ligand in dectin-2 points one mannose residue towards the center of the CRD (where Trp182, Argl98 and Vall92

are found) — similarly to DC-SIGN-natural mannose oligosaccharide complexes. B: Zoom on the primary binding sites from the
opposite direction (dectin-2 ligand removed for a clearer view). In DC-SIGN, the area of Val3S1 is occupied by the pseudo-
disaccharide ligand that contacts the amino acid by the cyclohexane sugar mimetic. The two methyl ester groups are oriented
towards the protein surface, and amide moieties in this position presumably point towards the same loop (small arrow). This loop
could effectively prevent accommodation of larger groups, such as tertiary amide moieties, in this area. The different orientation of
this loop in dectin-2 (presenting His171), however, leaves more space in the vicinity of the primary binding site, as it is highlighted
by the curved arrow. This difference in loop orientation may provide an explanation for the discriminative recognition of tertiary

amide ligands in the CRD of dectin-2. Courtesy of the Fieschi group.

With these results in hand, we reached a point where the microarray screening and a computational hypothesis
clearly indicated a structural feature in the glycomimetic ligands that could be potentially expoited to generate
selectivity among different CLRs. This was one of the main goals of the preparation of the ligand library and
setting up the microarray-based assays.

A practical issue has been delaying this further assessment, however. While during a cycle of CLR production 50
mg/1 culture DC-SIGN and 10 mg/1 DC-SIGNR are obtained, dectin-2 expression yields only 0.5 mg/1 culture
of the purified ECD.

In each case, the CLRs are first overexpressed in inclusion bodies which are then solubilized and protein refolding
takes place through flash dilution. For purification, a His or streptavidin tag is incorporated at the N-termini and
the CLRs are purified based on their interactions with carbohydrates, for example, by using a mannan column.
Conditions throughout these steps require fine tuning for each CLR to obtain good yields, but in the case of
dectin-2, the buffer used in the protein refolding step has not been fully optimized yet.

The low amount of available CLR and the numerous, possibly selective candidates (ISh010, ISh020, 1Sh026,
1Sh030, ISh036, 1Sh037, ISh038, ISh039, ISh050, ISh051, ISh05S5; figure 71) did not enable the evaluation
of their affinity through the earlier described SPR setup. Instead, we chose a multivalent system to enhance the

weak interactions between the protein and glycomimetic ligands, in order to facilitate the detection and

quantitatve analysis of binding events.
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Figure 71. Possibly dectin-2 selective ligands chosen for further studies. A group of 11 glycomimetic ligands — 8 tertiary a-
mannosides and 3 p-fucosides were selected, as they were recognized by dectin-2, but not by the other CLRs on the microarray-

chips.

2.2.3.4.8 Multivalent constructs with improved affinity: neoglycoproteins (NGPs) and gold-
nanoparticles (GNP)

On a rationally designed multivalent construct, the monovalent carbohydrate ligands’ density, topology of
presentation and orientation should match the binding sites (CRDs) found on the lectin. As it has been discussed
before, these parameters have major influence on the affinity and selectivity of sugar-CLR interactions. For DC-

SIGN - a well-characterized lectin with respect to the spatial arrangement and geometry of its CRDs - several

[34c, 425] [298,426] [140a]

glycoconjugates, including glycopolymers, glycodendrons, glycodendrimers,!"“*] calixarenes!*”) and

gold-nanoparticles'*** have been built in the recent years to amplify these interactions.*!]

From these, our group has focused on glycomimetic-presenting multivalent dendrons and dendrimers of various
valency, length and rigidity."'¥¢#*l Notably, a hexavalent “rod” structure was found to be one of the most potent
DC-SIGN-mediated trans-HIV infection inhibitors (ICso: 24 nM). In this glycodendrimer, the central spacer
moiety extends the two ends of the construct at the appropriate distance to bridge two CRDs of the four, found
in DC-SIGN ECD. The 3-3 monovalent glycomimetics (Man030 or ISh001, structurally optimized for this
CLR), displayed at the two ends, represent high local ligand density and can therefore further enhance avidity.
(Figure 72) This dendimer of controllable size and valency is a proof that a fine-tuned multivalent platform,
carrying an appropriately selected, high affinity monovalent glycomimetic ligand, can increase ligand potency to
the levels of optimized pharmaceutical leads (in contrast to the weak monovalent ligand affinities) to effectively
target CLRs.
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Figure 72. A hexavalent “rod”-like dendrimer, carrying 6 copies of ISh001 (Man030). This ligand is up to date one of the most
potent inhibitors of DC-SIGN-mediated trans-HIV infection (ICso: 24 nM). Multivalent constructs, such as this one, can span the
distance between different CRDs in the DC-SIGN tetramer, and flexibly present the glycomimetic structures at high local density at

the two ends of a rigid rod-core. This leads to increased avidity effects, and enhances affinity towards the CLR more significantly,

than 6 individual monovalent ligands would.

Due to the lack of information regarding the binding site organization and oligomerization in dectin-2, we could
not rationally design a multivalent system to simultaneously target several CRDs. Instead, we opted for aless well-
controlled, but typically higher-valency platform to choose the most potent candidates. The above mentioned 11
compounds were sent to Blanka Didak, GLYcoDiag, Orléans, France, to be presented on neoglycoproteins
(NGPs).[+#]

At GLYcoDiag, NGPs are built on a BSA-core which is first densely functionalized with alkyne-terminated linkers.
Once more, the azido-group found at the end of the glycomimetic ligands’ linker tail is used to tether the ligands
to the protein via CuAAC reactions. The length of the additional linker arms can help to tune the valency of the
constructs - ideally up to 30 monovalent ligands can be linked to BSA. Neoglycoproteins of all 11 ligands have
been successfully prepared by Blanka Didak, but their affinities towards dectin-2 is yet of be analyzed.

The ICs values of these NGPs will later be determined, for example, by SPR. Affinity values of NGP constructs
fall typically in the nanomolar range.

The enhanced affinity of monovalent glycomimetic ligands towards DC-SIGN, as compared to mannose and the
natural disaccharide Manal-2Man suggested that their presentation on gold nanoparticles could improve GNP
recognition by the receptor and possibly help their uptake into DCs. Therefore, the two most extensively studied
DC-SIGN ligands — ISh001 and ISh002 (Man030 and pseudo-disaccharide) — were re-synthesized and sent to
Midatech Pharma (Derio, Spain) to functionalize gold nanoparticles. Glycomimetic ligand-functionalized GNP
preparation and related assays were performed by Valentin Cognet, in collaboration with the laboratory of Dr. N.
Reichardt (CIC biomaGUNE, San Sebastian, Spain).

GNPs are of particular interest as targeted drug-delivery systems in cancer research and in medical imaging
(immunolabeling, X-ray imaging, radiotherapy), but they exhibit an increased risk of cytotoxicity.**"
Furthermore, their production has to comply with regulatory requirements, in terms of quality, characterization
and reproducibility, i.e. the general GMP (good manufacturing practice) standards.

The proprietary synthetic platform developed by Midatech Pharma has high controllability of synthesis and

undergoes a comprehensive characterization. Ultrasmall nanoparticles, with a gold core of 100-110 atoms are
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obtained through a modified Brust-Schiffrin method.[**) The one-pot synthesis allows the reduction of a gold salt
in the presence of thiol ligands using sodium borohydride to form divalent particles. GNPs are made of a non-
immunogenic monosaccharide and a polyethylene glycol chain bearing a terminal carboxylic acid. In a second
step, glycomimetics are linked through an amide bond to the PEG chain. The glycomimetic ligand-functionalized
GNPs were used in microarray-based quenching assays where fluorescent intensity signals of fluorescently
labeled lectins is diminished upon binding to carbohydrate coated GNPs. Additionally, cellular uptake

experiments are planned with the glycomimetic gold-nanoconstructs.
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Figure 73 Multivalent constructs of glycomimetic structures. Neoglycoproteins are built on a BSA-core that can present up to 30
monovalent ligands, tethered to the protein by linkers of various length. Similarly, gold nanoparticles present high numbers of
monovalent glycomimetic ligands, anchored to a gold-core by PEG-linkers. Ligand density and GNP solubility can be tuned by the

addition of monosaccharide spacers during the functionalization of GNPs.
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2.2.4 CONCLUSIONS TO PART I (CHAPTERS I AND II)

In summary, we prepared an a-mannose and P-fucose-based glycomimetic ligand library, derived from the
structure of the natural disaccharide Manal-2Man. These ligands feature a cyclohexane sugar-mimic ring that is
diversified by two amide groups, in order to selectively target different C-type lectin receptors.

The library was printed on microarray slides and a screening platform was set up to test the glycomimetics’
binding to mannose- and fucose-specific CLRs. For an appropriate accessibility, a doubly functionalized
cyclooctyne-linker was introduced as a spacer moiety. Plant and fungal lectins of known carbohydrate-specificity
were used to validate the microarray system, with additional controls included and evaluated. The introduced
linker did not show any negative effect during any of the screenings; and the ligand recognition on-chip was
consistent with the carbohydrate-preference of the examined lectins.

The glycomimetic arrays were probed with a set of four human CLRs, including DC-SIGN, DC-SIGNR, langerin
and dectin-2. All of these lectins are known to interact with Manal-2Man, a common natural ligand, while they
differ significantly in their ability to recognize fucosylated oligosaccahrides. From the tested human CLRs, only
dectin-2 showed affinity towards the B-fucoside structures, although lower than towards the a-mannosides.
Variations in the nature of the bisamide substituents were recognized differently by the CLRs, or, in other words:
the diversification of bisamide appendages on the glycomimetics generated differing recognition profiles. DC-
SIGN and DC-SIGNR, two closely related receptors display good tolerance towards the pseudo-mannobioside
bisamide structures, with similar binding profiles. Langerin, on the other hand, shows relatively weak affinity
towards the majority of the glycomimetic ligands.

The binding interactions of a few selected glycomimetic compounds were tested towards DC-SIGNR and
langerin in additional SPR inhibition assays. Ligand ranking in microarray and SPR experiments did not correlate
in every case, however — which only underlines the fact that the assay format has major influence on studying
sugar-lectin interactions. The binding affinities and selectivities obtained by different assays often differ
significantly, and thus delay the discovery process.

Most importanty, dectin-2 was found to interact with tertiary amide a-mannosides — a group of ligands which
were poorly recognized by the other three CLRs. In a preliminary attempt to explain this discrimination, we
overlaid the known crystal structure of DC-SIGN and dectin-2 CRDs, and found that the orientation of aloop in
the vicinity of the primary binding site may be accountable for the differential binding. Dectin-2 may be able to
accommodate larger substituents (e.g tertiary amides) in this region, while the proximity of the same loop in DC-
SIGN might effectively hinder binding of these ligands. Additionally, a few p-fucosylated glycomimetic structures
also exhibited selectivity towards dectin-2 over DC-SIGN and DC-SIGNR on the microarrays.

These results indicate potential key features for the design and optimization of selective dectin-2 ligands.
Characterization of the binding properties of dectin-2 and selected glycomimetic ligands in other binding assays
is underway, and the structures’ will be used for the construction of multivalent systems.

In conclusion, the optimized microarray sytem allows the rapid screening of C-type lectin receptors against the
glycomimetic library and offers an ideal tool to select promising structures to selectively target CLRs. At the same
time, the method has an extremely low resource demand compared to other binding assays, and can therefore be

used as the primary analysis, before performing complementary tests.
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2.2.5 EXPERIMENTAL SECTION

2.2.5.1.1 Conjugation of the ligands with the bifunctional linker

The originally lyophilized compounds were dissolved in water to a concentration of 10 mM. In a few cases, the
ligands were first dissolved in a minimal amount of DMSO (<5%, Thermo Scientific Molecular Probes™), due to
their low aqueous solubility, then diluted to the same concentration (ISh006,1Sh013,1Sh018,1Sh021, 1Sh027,
ISh032, ISh033). Aqueous solutions were prepared from nanopure water produced with a Diamond UV water
purification system (Branstead International, 1A, Madrid, Spain). The SPAAC-reactions were performed by
stirring 10 mM solution of the ligands overnight at room temperature with equimolar amounts of BCN-amine
(Sigma Aldrich) in water. The conversion was monitored by MALDI-Tof mass spectrometry using 2,5-
dihydroxybenzoic acid (DHB) as matrix (S mg/ml in MeCN : water = 3 : 7 + 0.1% aqueous TFA, containing
0.005% NaCl). MALDI-Tof mass measurements were performed on an Ultraflextreme III time-of-flight mass
spectrometer equipped with a pulsed Nd:YAG laser (1 355 nm) and controlled by FlexControl 3.3 software
(Bruker Daltonics, Bremen, Germany). The acquisitions (total of 2000-3000) were carried out in positive or
negative reflector ion extraction of 450 ns and laser frequency of 1000 Hz. Laser fluence was set up to 60-80% and
the m/z range was chosen according to the mass of the sample. The accumulated spectra were processed using
Bruker software FlexAnalysis 3.3.

2.2.5.1.2 MALDI-Tof results of SPAAC reactions with BCN-amine

The MALDI-Tof m/z values before and after conjugation with BCN-amine (MW = 324.42) are reported in the
table below. (Table 3)
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MS (MALDI-TOF) MS (MALDI-TOF)

Ligand (before conjugation) MS calculated [M+Na]* before conjugation after conjugation
ISh001 696.286 696.564 1020.981
1Sh002 486.169 486.330 810.749
1Sh003 696.286 696.580 1020.976
1Sh004 696.286 696.576 1020.969
ISh005 696.286 696.561 1020.956
1Sh006 756.306 756.654 1081.046
1Sh007 752.276 752.580 1076.973
ISh008 745.218* 745.0625* 1044.960
ISh009 636.264 636.504 960.908
ISh010 664.295 664.555 988.952
IShO11 638.254 638.508 962912
ISh012 752.348 752.778 1077.195
1Sh013 788.327 788.689 1113.082
1Sh014 732.267 732.661 1057.071
IShO015 732.267 732.643 1057.054
1Sh016 540.264 540.585 865.058
1Sh017 800.239 800.774 1125.236
ISh018 720.286 720.609 1045.005
ISh019 696.286 696.586 1020.992
1Sh020 756.401 756.741 1081.135
I1Sh021 796.339 796.710 1121.108
1Sh022 780.251 780.600 1104.993
1Sh023 780.251 780.604 1104.999
1Sh024 §36.233 536.435 860.847
1ISh025§ 706.338 706.646 1031.085
1Sh026 700.244 700.559 1024.960
1Sh027 688.295 688.601 1013.009
1Sh028 536.233 536.457 860.880
1Sh029 786.323 786.718 1111.120
ISh030 §96.327 596.587 921.001
ISh031 668.254 668.554 992.966
1Sh032 742.317 742.661 1067.061
ISh033 760.252 760.608 1085.012
1Sh034 660.252 660.542 984.942
ISh036 596.254 596.580 921.000
ISh037 564.264 564.546 888.979
ISh038 810.361 810.815 1135.218
ISh039 622.317 622.625 947.049
1Sh040 724.317 724.688 1049.093
1Sh049 470.175 470.134 794.258
ISh050 680.290 680.185 1004.246
IShO51 764.256 764.131 1088.303
ISh052 652.259 652.160 976.320
ISh0S3 726.332 726177 1050.353
ISh054 580.259 580.182 904.330
ISh0SS 622.260 622.173 946.326
ISh056 520.238 520.177 844.316
ISh057 606.332 606.235 930.388
ISh0S8 736.280 736.158 1032.297
ISh059 708.249 708.129 1032.297

*MS (ESI-TOF) calculated for [C32H37N5013Na2]+ = [M-2H*+2Na]*

Table 3. MALDI-TOF m/z values before and after conjugation with BCN-amine
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Conjugate ISh002 was fully characterized for analytical purposes and its characterization is reported below.

15 (@]

oi L B o E 2 _NH,
017 ” %o 2 9 %

'H NMR (400 MHz, D,O): § =4.95 (s, 1H, H,), 4.55 - 4.47 (m, 2H, H;), 4.19 (d, 2H, Hi¢, ] 1615 = 7.6 Hz), 4.02
-3.54 (m, 21H, C,, Hy, H7., Ci, Hs, Hy, Hio, Hig, Hao, Hay, Hy), 3.14 — 2.97 (m, 4H, Hg, Ha3), 2.91 - 2.75 (m,
2H, C4, Cs), 2.12 - 2.32 (m, 4H, C;, C¢), 2.09 — 1.84 (m, 2H, H,»,), 1.74 — 1.51 (m, 4H, H 5, His,), 1.47 - 1.20
(m, 3H, His, Hisy), 1.15 - 0.94 (m, m, 2H, H,4)

3C NMR (100 MHz, D,0): § = 177.4,177.0 (Co); 158.8 (C17); 144.9 (C11.); 136.0 (Ci1); 98.5 (C)); 73.6,73.4
(Cs,C3); 70.7,70.4 (Cci, Coy Cea); 69.5,69.3,69.2 (Cro, Cag, Cai Caa); 66.7 (C4); 66.6 (C7); 63.7 (Cs); 60.9 (Cie);
52.6, 52.5 (Ci0); 47.7 (Cs); 39.9, 39.5 (Cas, Cis); 38.7, 38.6 (Ccyy Ces); 28.5 (Cia, Ci3); 26.6,26.3 (Cs, Co); 20.7
(Ci2,C13);19.7 (C15); 17.0 (C1s)

MS (MALDI-TOF) calculated for [ C3sHs;N5O,sNa]*: 810.375; found: 810.749

2.2.5.2.1 Source plate preparation

Conjugate stock solutions were diluted to a ligand concentration of 1 mM in water. From these, S0 yuM buffered
solutions were prepared by dilution with sodium phosphate buffer (300 mM, pH ~ 8.5, 0.005 % Tween® 20, 10
% DMSO) to a final concentration of S0 uM. 40 pl of each solution was transferred into a 384-well source

microplate (Scienion, Berlin, Germany) that could stored at -20°C and reused if necessary.

2.2.5.2.2 Ligand immobilization on the microarray surface

Glycomimetic ligands were immobilized on commercially available NHS-functionalized glass slides (7.5 cm long,
2.5 cm wide, Nexterion® Slide H - Schott AG, Mainz, Germany). The solutions (750 pL, 3 drops of 250 pL) were
spotted onto the activated slides with robotic non-contact piezoelectric S(iIFLEXARRAYER microarray spotter
S11 (Scienion, Berlin, Germany) in 4 replicates (9 different ligands per row), establishing the complete
microarray that was printed in 7 copies onto each slide. After printing, the slides were placed in a 75% humidity
chamber (saturated NaCl solution) at room temperature to dry overnight. Unreacted functional groups were
quenched with ethanolamine solution (S0 mM in 50 mM sodium borate at pH ~ 9 for 1 hour) and the slides were
washed.

The dry microarray chips were then divided into subarrays by placing silicone-lined plastic gaskets on the glass
surface, and fixing these with metal clamps. Protein incubations were performed using 16 or 8 Well ProPlate™

Slide Modules from Electron Microscopy Sciences, Hatfield, UK.
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2.2.5.2.3 Incubation with fluorescently labelled lectins and signal detection

The subarrays were then incubated with fluorescently-tagged lectins. After the allotted incubation time, the chips
were washed again and scanned. Fluorescence measurements were performed in an Agilent G2565BA microarray
scanner system (Agilent Technologies, Santa Clara, USA) with 10 pym resolution, using 2 lasers (532 nm, 633
nm). Signal saturation can be reduced in the scanner by adjusting the photomultiplier tube (PMT) sensitivity.
Quantification was performed by ProScanArray® Express software (Perkin Elmer, Shelton, USA), employing an
adaptive circle quantitation method from S0 pm (minimum spot diameter) to 200 um (maximum spot diameter).
Average RFU (relative fluorescence unit) values with local background subtraction and standard deviation of the
mean were reported as histograms. Intensity values estimated for smeared, visibly contaminated or wrongly
defined spots were manually removed from the quantification. Fluorescence intensity values over the spots
directly correlate with the amount of bound protein and give a close approximation of the relative binding
strength of the interaction between the lectin and the surface-immobilized ligands.

Unless stated otherwise, this protocol was followed during the microarray screenings discussed below.

2.2.5.2.4 Trial to functionalize the glass slides with BCN-amine

NHS-activated glass slides were incubated overnight with 0.33 pg/ml of BCN-amine in 300 mM phosphate buffer
at pH ~ 8.5. The concentration of the BCN-amine was chosen in order to have an excess number of molecules to
react with all functional groups found on the surface, based on previous calculations for NHS-activated glass slides
(10" molecule/cm?). Unreacted sites were then blocked with ethanolamine solution, the slides were washed with
water and dried. 2,4 and 8 drops of 500 uM Lac-(CH,)3-NH, in PBS and TWEEN®-containing buffer was printed

in 6 replicates on the slides, but no fluorescent signals were detected.

2.2.5.2.5 Array design for screenings

Design 1 — Microarray design employed during the first screenings (without ligands I1Sh016, ISh017 and
1Sh049-1Sh059)

From the 1 mM stock solutions, 50 and 10 yuM solutions were prepared in a 384-well source microplate by dilution
with sodium phosphate buffer (300 mM, pH 8.5, 0.005 % Tween® 20, 10% DMSO). 3 drops of ca. 250 pl printing
solutions were disposed on 7*1 subarrays on every slide (these subarrays could be incubated with 200 pl lectin
solutions), each being able to fit 36*18 spots (6 replicates of the same compound) to include all ligands at both
concentrations. The 10 uM spots eventually proved to be too weak to detect, therefore the results are obtained

by quantification of the 50 yuM series.

Design 2 — Microarray design employed in screenings performed on the whole glycomimetic library

From the 1 mM stock solutions, SO pM solutions were prepared in a 384-well source microplate by dilution with
sodium phosphate buffer (300 mM, pH 8.5, 0.005 % Tween® 20, 10 % DMSO). 3 drops of ca. 250 pl printing
solutions were disposed on 7*1 subarrays on every slide (7.5 cm long, 2.5 cm wide NHS-activated glass slide),

each being able to fit 36*17 spots (4 replicates of the same compound).

2.2.5.2.6 Method validation with plant and fungal lectins of known specificity

Immobilization validation was performed by probing the printed glycomimetic array with common lectins of
known (and broad) carbohydrate-specificity. Trials consisted of screening with plant and fungal lectins (ConA,
PSA, LCA, AAL), acquired from commercial source (Vector Laboratories). These lectins were labeled with Alexa
Fluor® fluorescent dyes (Alexa Fluor® 55 and 647 NHS-ester (succinimidyl ester) (Thermo Fisher Scientific)),
and their degree of labelling (DOL) was estimated. The emission spectra of the different solutions used for
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incubations were measured. The labeling protocols, as well as a comprehensive table of all lectins screened against
the glycomimetic chip with regards to their fluorescent properties and carbohydrate specificities are reported in

the Appendix.

2.2.5.2.7 Fluorescent labelling with Alexa Fluor® fluorescent dyes

A typical fluorescent labelling procedure was performed on 1-2 mg/ml lectin in 50 mM sodium phosphate
buffered solutions at pH ~ 8.5, by the addition of 1pl Alexa Fluor® fluorescent dye. After 40 minutes, the solutions
were dialyzed, and their absorbance was measured. Based on the Lambert-Beer law, the ratio of the dye and
protein in the labeled proteins could be determined, and eventually the DOL was established. Although the DOL
is often not specified in literature, the rate of fluorescent tagging can have major effects on the efficiency of

detection.

2.2.5.2.8 Screening with human CLR

Human CLRs used during the first microarray assays were expressed and previously labelled by Silvia Achilli with
Alexa Fluor®-55S, while lectins probed later against the whole library were tagged with fluorescent Cy3 (cyanine
3). Single aliquots of the lectins stored at -80 °C were thawed on ice, immediately before incubations.

Solutions of the proteins at working concentrations were prepared by dilution in binding buffer (25 or 50 mM
tris-buffer, 150 mM NaCl, 4 mM CaCl,, 0,005% Tween®-20, 0.5% IgG-free BSA, pH ~ 8).

Recombinant human MBL (thMBL) was purchased from R&D Systems. Human CLRs were expressed and
provided by the laboratory of Prof. Franck Fieschi (IBS, Grenoble, France) and murine Fe-fusion CLRs were
expressed and provided by Prof. Bernd Lepenies (University of Veterinary Medicine, “TiHo”, Hannover,
Germany) to the laboratory of Dr. Niels Reichardt (CIC biomaGUNE, San Sebastidn, Spain).
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2.2.6 APPENDIX

Human CLR labellings were performed by Silvia Achilli, IBS, Genoble, France.

2.2.6.1.1 Cloning

Standard pUCS7 plasmids containing optimized synthetic human genes encoding human DC-SIGNR ECD
(amino acids 78-399) and dectin-2 ECD (amino acids 46-209), designed for the efficient production in E. coli,
were manufactured by GeneCust Europe (Luxembourg). PCR amplification using suitable primers and
restriction enzyme digestion were used to sub-cloned DC-SIGNR ECD into the pET30-b (Novagen) between
the Ndel and HindIII restriction sites and N-terminally strep tagged dectin-2 ECD into pET30-b (Novagen)
between the Xbal and HindIII ones. The sequencing of each construction was done by Genewiz (Takeley, UK).

2.2.6.1.2 Human CLR expression and purification

DC-SIGN extracellular domain (DC-SIGN ECD) and langerin extracellular domain (Langerin ECD) constructs
were produced and purified as previously described.!"®!

DC-SIGNR ECD and dectin-2 ECD was expressed in E. coli BL21(DE3) in 1 liter of LB medium supplemented
with 50 pg/ml kanamycin at 37 °C. Expression was induced by addition of 1 mM isopropyl 1-thio-D-
galactopyranoside (IPTG) when the culture had reached an A600 nm of 0.8 and maintained for 3h. The protein
was expressed in the cytoplasm as inclusion bodies. Cells were harvested by a 20-min centrifugation at 5000 g at
4°C. The pellet was resuspended in 30 ml of a solution containing 0.150 mM NaCl, 25 mM Tris-HCI, pH ~ 8 and
one anti-protease mixture tablet (Complete EDTA free, Roche). Cells were disrupted by sonication and cell
debris eliminated by centrifugation at 100.000 g for 45 min at 4 °C in a Beckman 45Ti rotor. The pellet was
solubilized in 30 ml of 6 M guanidine-HCI containing 25 mM Tris-HCI pH ~ 8, 150 mM NaCl and 0,01% beta-
mercaptoethanol. The mixture was centrifuged at 100.000 g for 45 min at 4°C and the supernatant was diluted 5-
fold, by slow addition with stirring, with 1.25 M NaCl, 25 mM CaCl, and 25 mM or 200 mM Tris-HCI pH ~ 8
for DC-SIGNR and dectin-2 ECD respectively. The diluted mixture was dialyzed against 10 volumes of 25 mM
Tris-HCL, pH ~ 8, 150 mM NaCl, 4 mM CaCl, (buffer A) with 3 buffer changes. After dialysis, insoluble
precipitate was removed by centrifugation at 100.000 g for 1h at 4°C.

The supernatant containing DC-SIGNR ECD was loaded on mannan agarose column (Sigma) for purification
by affinity chromatography equilibrated with buffer A. After loading, DC-SIGNR ECD was tightly bound to the
column and eluted in the same buffer without CaCl, but supplemented with 1 mM EDTA (buffer B). This step
was followed by SEC (Size Exclusion Chromatography) using a Superose 6 column (GE Heathcare) equilibrated
with buffer A. Fractions were analyzed by SDS-PAGE (12%) and DC-SIGNR ECD containing fractions were
pooled and concentrated by ultrafiltration (YM10 membrane from Amicon).

The supernatant containing the Strep tagged dectin-2 ECD was loaded onto a StrepTrap HP column (GE
Heathcare) at 4°C. Unbound proteins were washed away with buffer A before dectin-2 ECD was eluted with
buffer C (150 mM NaCl, 25 mM Tris-HCL, pH ~ 8, 4 mM CaCl,, 2.5 mM D-desthiobiotin). Eluted fractions were
analyzed by SDS-PAGE (15%) and the dectin-2 ECD containing fractions were pooled and concentrated by
ultrafiltration (YM10 membrane from Amicon).

Each protein construct was checked by N-terminal amino acid sequencing and mass spectrometry.
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2.2.6.1.3 Cy3 Labeling of DC-SIGN ECD, langerin ECD, DC-SIGNR ECD and dectin-2 ECD

1 mg of DC-SIGN, langerin, and DC-SIGNR ECD and 0.25 mg of dectin-2 ECD in 25 mM HEPES pH ~ 7,25, 4
mM CaCl, were prepared. 1 pL of 10 mg/ml Cy3-NHS ester (Gene Copoeia) were added per 0.3 mg of protein
for the ECDs of DC-SIGN, langerin, DC-SIGNR, while 3 pL of Cy3-NHS were added per 0.3 mg of dectin-2
ECD. The reactions were gently shaken at RT for 2 h and then at 4°C for 4 h. Excess dye was removed by two
dialysis (3.5k Z-lyser from Thermo Scientific) of 3h against 25 mM Tris pH ~ 8, 150 mM NaCl, 4 mM CaCl.
The amount of attached Cy3 was estimated spectrophotometrically based on the dye molar extinction coefficient
(esss = 150 000 cm™"M™) and protein extinction coefficients (DC-SIGN ECD g5 = 70400cm™'M™; langerin
ECD g350 = 56170, DC-SIGNR ECD £330 = 60890 M'cm™!, dectin-2 ECD £330 = 65930 cm™'M™).

The obtained degree of labeling (DOL) was 0.95 for both DC-SIGN ECD and DC-SIGNR ECD, 0.75 for
langerin ECD and 0.42 for dectin-2 ECD.

2.2.6.1.4 Screenings with Cy3 labelled human CLRs (performed by Dr. Sonia Serna and Silvia
Achilli - CIC biomaGUNE, San Sebastian, Spain and IBS, Grenoble, France)

The immobilized ligands were probed with solutions of fluorescently labeled C-type lectins. Solutions of Cy3-
labelled DC-SIGN ECD-Cy3 (50 pg/ml, DOL: 0.3) and DC-SIGNR ECD (150 pg/ml, DOL: 0.95), langerin-
Cy3 (25 pg/ml, DOL: 0.75) and dectin-2-Cy3 (50 pg/ml, DOL: 0.4) were diluted in TBS (50 mM Tris-HCI, 150
mM NaCl, pH ~ 8.0) containing 4 mM CaCl,, 0.5% BSA and 0.005% Tween®-20. For incubations, 200 pl of each
lectin solution was applied to each subarray using 8 Well ProPlate™ Module incubation chambers. The microarray
was incubated under gentle shaking overnight in the dark at 4°C. The slides were washed using TBS containing 4

mM CaCl, and water, dried with argon and the fluorescence was analyzed with a microarray scanner.

2.2.6.1.5 Labelling and screening with rhMBL (performed by Dr. Sonia Serna, CIC

biomaGUNE, San Sebastian, Spain)

50 pL of 0.5 mg/ml lectin (purchased from R&D Systems) was labelled with Alexa Fluor®-5SS in PBS buffer at
4°C overnight. Excess of dye was quenched by the addition of 2 pl of 1M Tris pH ~ 7.5. Solutions of thMBL (50
and 12.5 pg/ ml) in TSM buffer containing 4 mM CaCl,, 0.005% Tween®-20 and 0.5% BSA were incubated at
4°C, under gentle shaking overnight. The slides were then washed with TSM buffer (20 mM Tris-HCI (pH ~
7.4),150 mM NaCl and 1 mM CaCl,) and water, dried in a slide spinner and the fluorescent intensity valies were

measured with a fluorescent microarray scanner.

2.2.6.1.6 Production of CLR-Fc fusion proteins (performed by Jodo Monteiro, University of
Veterinary Medicine, “TiHo”, Hannover, Germany)

RNA was isolated from C57BL/6 mouse splenocytes and was reversely transcribed into cDNA using Reverse
Transcriptase (New England Biolabs, Ipswich, MA). Polymerase chain reaction (PCR) was performed to amplify
the cDNA encoding the extracellular part of each CLR using specific primers. The cDNA was then ligated into
the pFuse-hIgG1-Fc expression vector (InvivoGen, San Diego, CA). The CLR-Fc vector constructs were either
stably transfected into CHO cells or transiently transfected using the FreeStyle Max CHO-S Expression System
(Life Technologies, Darmstadt, Germany). Intracellular staining with antihuman IgG-PE (Dianova, Hamburg,
Germany) followed by flow cytometry analysis was done to verify the stable expression of CLR-Fc. The cell
supernatant containing the CLR-Fc fusion proteins was collected and each fusion protein was purified using
HiTrap Protein G HP columns (GE Healthcare, Piscataway, NJ). Sodiumdodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) with subsequent Coomassie stain confirmed the purity of the CLR-Fc fusion
proteins. Western blot using anti-human IgG-HRP (Dianova) was performed to detect the presence of the fusion
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proteins. Protein concentrations were determined using Micro BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL).

Lectin DOL Carbohydrate specficity MW Absorbance 0.1% £
=
% DC-SIGN ECD - AFS5S 1.03 High Man, Fuc 38845 1.812
4 g ;i‘ DC-SIGNR ECD - AF555 1 High Man 36.996 60390
% E] High Man N-linked
':'-'g 'é E Langerin ECD - AFSSS oligosaccharides, terminal 6-
jrdie fated Gal
23 not defined sul 28359.1 1972
oE
o DC-SIGN ECD - Cy3 095
_é E DC-SIGNRECD - Cy3 095
B£  [Langerin ECD-Cy3 0.75
2, ie' Man, GlcNAc, Manal-2Man,
&% [Dectin-2 ECD- Cy3 042 Manal-4Man
v hMBL - AFSSS not defined Man
T ConA - AF5SS 1 Man
i § AAL - AFSS5 15 Fuc
| LCA - AF555 90 Man
‘§ § PSA - AF647 165 Man
= PA-IIL - AF555 100 Man and Fuc
DCAR ND
é Dectin-1 B-1,3-glycans
b DCL-1 ND
;5 CLEC9A ND
S MGL-1 Lex, Le3, terminal Gal, GalNAc
2 SIGN-R3 High Man, Fuc
Fﬁ, SIGN-RS High Man, Fuc
MICL ND

Table 4. Comprehensive table of CLRs used in the microarray-based screenings

2.2.6.3.1 SPRinhibition assays — background

SPR biosensors are widely used to study interactions between receptors and small molecules, therefore they are
popular in drug discovery. Similarly to other optical detection systems used, for example, in microscopy, the

[433] These infrared or visible light electromagnetic

physical basis of this technique is the surface plasmon polariton.
waves propagate along the surface of a conductor, typically a metal (in this case gold), and are basically light waves
trapped at the surface due to their interaction with the free electrons found in the conductor. As a result, the light
wave and the electrons start a synchronized movement, and the charge oscillations” and the electromagnetic
field’s collective resonance creates the so-called surface plasmon. As the wave travels at the very boundary of the
conductor and external medium’s interface, the surface plasmon can be exploited to detect even the smallest

changes in its environment.
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When a beam of polarized light is focused on the conductor’s surface, a fraction of the light will excite the free
electrons around the surface, while the rest will be reflected from the surface. By changing the angle of incidence,
and monitoring the intensity of reflected light, a minimum intensity will be observed, where the proportion of
light exciting the electrons is the highest. This happens when the wave vector of the beam matches the wavelength
at which the electrons oscillate, and this induces a wave-like resonance among the free electrons of the conductor.
The incident angle, at which the intensity minimum is reached due to the loss of absorbed light is called the
surface plasmon resonance angle (@spr), or SPR-dip. The created electromagnetic field penetrates the thin metal,
as well as its surrounding medium, and thus, the resonance frequency of the surface plasmon, and so the SPR
angle depend on, among other things, the refractive indices of media on both sides of the gold chip. Another
fundamental parameter affecting the reflected light is the temperature, therefore SPR experiments require good
temperature control.

The surface plasmon’s characteristics are very sensitive to changes in the conductor material. If the gold chip is
functionalized, for example with a ligand, and proteins bind to this coated surface, the cumulative mass of the thin
gold layer will lead to a change in the surface plasmon, i.e. the refractive index in the vicinity of the metal will be
affected. This causes a shift in the angle at which the SPR-dip can be observed and can be recorded by a photo-
detector array. Every 10 degree in angle shift is translated into 1 RU (resonance or response units).

Based on the sensor-chip functionalization, there are three main types of strategies used: immobilization of the
ligand, the receptor, or a binding competitor. The last surface modification is most useful when the ligand has low
molecular weight (such as smaller oligosaccharides) because its weak interactions on the surface would be hard
to detect. Instead, in this case, a competitor, for instance, a natural glycan ligand is used to coat the gold surface.
Buffered protein solution is passed through a microfluidic flow cell on the gold chip at fixed concentrations and
the proteins adhere to the chip as they bind to and release the natural ligand immobilized on the surface. Then,
the studied ligand is added at increasing concentrations to the flow. The solution phase carbohydrate ligands, if
recognized by the similarly solution phase protein, will inhibit the receptor’s binding to the surface (the
competitor). This will change the mass of the gold surface and thus, the surface plasmon resonance, until the
interaction reaches a stable association rate constant. Equilibrium occurs when the number of ligands associating
with and dissociating from the receptor is equal. (Figure 74Figure 74)

Having recorded this maximum at a certain concentration, the analyte ligand solution is replaced again with the
buffer. When the analyte is added to the flow by constantly increasing the concentration, a full ICso curve can be

recorded, whereas at fixed concentrations, single-point SPR data is obtained.
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Figure 74. Surface plasmon resonance-based inhibition assay. A beam of polarized light is focused on a natural ligand coated gold
film. The biological target is passed through a flow cell over the surface, associating on and dissociating from the natural ligand. In
the reflected light, a dark line, caused by the surface plasmon phenomenon can be detected. The SPR dip is recorded in equilibrium,
then the analyte ligand is injected into the flow. As this ligand competes with the natural, immobilized ligand, the proteins’ binding
to the surface is inhibited. The weight of the metal film changes, which affects the surface plasmon, and, as a consequence, the angle
of SPR-dip shifts, until reaching the new equilibrium. Once the full sensorgram is recorded at different concentrations, the ICso

values can be calculated.

The aftinity of glycomimetic ligands in figure $3, figure $S and figure $8 were measured on a mannosylated-BSA
functionalized surface. The glycoprotein displays the Manal-3[Manal-6]Man trisaccharide at 15 glycosylation
sites, and exhibits pM affinity towards DC-SIGN ECD as determined by surface titration. The full ICs, curve was

recorded for each ligand.

2.2.6.3.2 SPRinhibition assays with selected ligands, based on microarray screening results

The SPR experiments were performed on a BIAcore T200 using a CM3 sensor chip. Flow cells were activated as
previously described.**!! Flow cell 1 was functionalized with BSA, blocked with ethanolamine and subsequently
used as a control surface. Flow cells 2 and 3 were treated with BSA-Manal-3[Manal-6]Man (Dextra) (60 pg/ml)
in 10 mM NaOAc pH 4 to reach different binding densities and blocked with ethanolamine. The final densities
on flow cells 2 and 3 were 2126 and 2085 RU, respectively. The affinity of the various compounds for DC-SIGN
ECD were evaluated via an established inhibition assay!?**! in which DC-SIGN ECD was injected at 20 uM alone
orin the presence of increasing concentrations of inhibitors (ranging from 0 to S mM). Injections were performed
at S pl/min using 25 mM Tris-HCI pH ~ 8, 150 mM NaCl, 4 mM CaCl,, 0,05% P20 surfactant as running buffer.
The surface was regenerated by the injection of S0 mM EDTA.

Titration curves of SPR assays against DC-SIGN and DC-SIGNR; as well as the inhibition test results with
langerin are reported below. (Figure 75 and Figure 76)

21S



DC-SIGN ISh011 FC2-1

2000 —0uM
——9.76 uM
——19.53 uM
1500 3906 uM
——78.125
156.25 pl
——312.5pM
> 1000 625 yM
3 1250 yM
—— 2500 uM
rf——Q —— 5000 uM
500 -
04—
. ; : : ; T ; .
0 100 200 300 400 500 600 700
time (sec)
—owm
DC-SIGN ISh015 FC2-1 i
1800 ——19.53 uM
-~ 39.06 uyM
1600 - E —78.125uM
- 156.25 M
14001 foe—— - 3125M
625 uM
1200 | —— 1250 uM
2500 M
1000
S =
2 5000 M
800 -
600 4
200
0 T T T T T T T 1
0 100 200 300 400 500 600 700 800
time (sec)
DC-SIGN ISh019 FC2-1 S
2500 - )
1953 M
———39.06 uM
- 78.425M
2000 —156.25 M
3125 M
—— 625 uM
1250 M
1500 —— 2500 pM
b= T
2 5000 M
1000 -
500
ol ‘
T P . S !
0 100 200 300 400 500 600 700 800
time (sec)
DC-SIGN ISh027 FC2-1 0180
2500 ——9.76 M
——19.53uM
———39.06 M
2000 78125 M.
———156.25 uM
//_1 ———312.5uM
1500 ——625uM
=] //—“ ——— 1250 uM
«© 2500 pM
1000 - K_J ——— 5000 uM
500 - Ké
0= T T T T T T T )
0 100 200 300 400 500 600 700 800
time (sec)

216

RU

RU

RU

RU

DC-SIGNR ISh011 FC2-1 ——0uM
600 - ——9.76 uM
———19.53 uM
= ———39.06 uM
T ————78.125 yM
-~ 156.25 uM
400 - ———312.5uM
—— 625 M
i 1250 uM
2500 uM
——— 5000 uM
200 -
100 -
o B T T T T T
0 100 200 300 400 500 600 700 800
time (sec)
DC-SIGNR ISh015 FC2-1 —0um
600 - ———9.76 uM
—19.53 yM
———39.06 yM
500 - ~———78.125 yM
———156.25 yM
3125 uM
400 - — 625 pM
—— 1250 M
~—— 2500 pM
300 ——— 5000 pM
200 4
100 -
04
0 100 200 300 400 500 600 700 800
time (sec)
—— 0 uM
DC-SIGNR ISh019 FC2-1 I 876uM
1000 - bl
——19.53 uM
———39.06 pM
~———78.125 yM
800 - ———156.25 uM.
———3125uM
—— 625 uM
—— 1250 yM
00 2500 pM
~——— 5000 uM
400 4
S eosn
04
0 100 200 300 400 500 600 700 800
time (sec)
DC-SIGNR ISh027 FC2-1 oM
1000 - ———9.76 yM
——19.53 yM
———39.06 M
800 ———78.125 uM
- 156.25 uM
———312.5 yM
600 - —— 625 M
———1250 yM
———2500 yM
400 4 ——— 5000 uM
200 4
04— ———
0 100 200 300 400 500 600 700 800

time (sec)

Figure 75. Sensorgrams for the titration of ISh011, ISh015, ISh019 and ISh27
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Figure 76. Left panel: SPR competition assay of ISh015 against langerin ECD/Lea-BSA interaction. Right panel: Comparison of
inhibitory potency of ISh01S towards langerin interaction with Man-BSA and Lea-BSA.
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3. DESIGN AND SYNTHESIS OF HIGH AFFINITY DC-SIGN
INHIBITORS

3.1 LIGAND BINDING SITES IN THE CRD OF DC-SIGN

Until this point we have discussed many aspects and challenges of C-type lectins as potential drug targets. The
involvement of CLRs in pathogen recognition, immune cell regulation and signalling renders these proteins
promising targets for anti-adhesive therapies and as vaccine adjuvants in drug-delivery systems. In spite of these
pharmaceutically relevant application areas, small molecule inhibitors of lectin-carbohydrate interactions are
sparse.

The underlying reasons can be traced back, on one hand, to the shallow, hydrophilic and largely solvent-exposed
CRDs that show structural resemblance across different CLRs; and, on the other, to the similarly hydrophilic
ligands (both natural and synthetic) that contradict the requirements of oral availability. As a result, small-
molecules (i.e. monosaccharides, smaller oligosaccharides) exhibit a very low affinity towards these receptors,
with ICs values well-below pharmaceutical relevance.

As a prime example of a thoroughly-investigated C-type lectin, DC-SIGN is an attractive target for drug discovery,
owing to its role in pathogen uptake, innate immune-signalling and viral transmission (HIV, Ebola, Dengue, etc.,
see Introduction). Additionally, DC-SIGN is almost exclusively expressed on dendritic cells, and exhibits
therefore a high potential for targeted drug-delivery.

Pathogen capture is driven by carbohydrate coordination at the principal Ca**-binding site in the CRD, and
endosomal ligand release is presumably mediated by the pH dependent change in the CLR oligomerization state,

as well as by the active Ca®* transport from the endosome.

Natural DC-SIGN ligands are recognized by two main orientations in the primary sugar-binding site: in addition
to the metal-chelation, mannosylated oligosaccharides form interactions in the central region, lined by Phe313,
while fucosylated structures tilt towards the outer area of the CRD, where Val351 can be found (for further
details, refer to the Introduction).

DC-SIGN, similarly to other CLRs, binds monovalent monosaccharides very poorly (mM range; Kp (Man): 3.5
mM);** while multivalently presented epitopes can display affinities in the low nanomolar range.!'s® 4]
Therefore, ligands for DC-SIGN are developed mainly by following two strategies: either weak affinity ligands
are presented in multivalent systems to enhance avidity, or, glycomimetic structures are designed to maximize
interactions with the CRD surface and improve binding properties.

In particular, glycomimetic structure optimization relies - in the majority of the cases — on the structure of native
oligosaccharides. Glycomimetics are often designed to form additional contacts with secondary binding sites in
the close proximity of the Ca®*, but this means that rationally built structures have been mostly limited to form
contacts around the primary sugar-binding site, often inspired by the binding pose and interactions of known

ligands. Examples of such ligands include those described by Tomasic et al.?**/ and Mitchell et al.***! (mannose-
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based 1.14 and 1.18, figure 25), the fucosylated glycomimetics shown in figure 24; and the Shikimic acid-
analogues (1.9) reported by Garber et al.**%

Surprisingly, the pseudo-disaccharide glycomimetic ligand 1.18, derived from the structure of Manal-2Man,
assumes a unique pose in the CRD of DC-SIGN, and interacts with the protein surface around Val351 — aresidue
that had earlier been associated only with fucosylated ligands.**”]

Although rational design offers an ideal template to install beneficial structural elements - for example, to tune
pharmacokinetic properties or affinity, these ligands have been restricted to interact with the lectin only in the
close proximity of the principal Ca** binding site.

To intentionally exploit secondary sites, new binding pockets or areas need to be defined (for example, based on
X-ray structures) which have to be accessible for interactions with the ligand, or, alternatively, ligand discovery
can originate from high-throughput small molecule screenings. Borrok et al. described a fluorescence-based
competition assay to identify non-carbohydrate DC-SIGN inhibitors from commercially available ligand libraries
(figure 23). Although the ICs, values of these small molecules fell in the low pM range (as determined by the
competition tests on a DC-SIGN ECD functionalized surface and by DC-SIGN mediated cell-adhesion assays),
the studies lack any structural explanation for binding interactions or binding sites. It was proposed that in the
absence of an obvious Ca** coordinating motif, allosteric mechanisms could be accountable for the ligands” high
potency.

During the extremely costly drug discovery campaigns, it is of crucial importance that early-stage failures - for
example in biological target identification - are avoided. Therefore, a number of tools were developed to assess
the druggability of therapeutically relevant proteins, and forecast risks of failure prior to significant investment.
Druggability is a term used to indicate the presence of at least one suitable binding site which could interact with
small-molecule drugs that induce an alteration in the protein function.

The evaluation of druggability consists of two main steps: binding pockets are identified on the protein surface
(based on resolved crystal-structures), and these sites are then scored, according to their structural properties and
accessability for ligand accommodation.

Aretz et al.[** assessed the druggability of 22 human lectin CRDs, and found that in silico, almost all of these
lectins had low druggability scores and would be deemed unattractive drug-discovery targets, based solely on the
computational analysis. During these studies, the crystal structure of different CLRs was superimposed in a
molecular operating environment and they displayed moderate overall similarity - although the C-type lectin-like
domain is structurally conserved among them.

Then, binding sites were determined by DoGSite software, according to structural and physicochemical
properties, and the findings were grouped, based on their position relative to the primary or secondary Ca** ions.
The authors suggested that the binding sites in the vicinity of the principal Ca** are associated with carbohydrate
recognition.

Curiously, upon a following experimental fragment screening by ’F-NMR, high hit rates were observed, contrary
to the poor druggability values of computational predictions. For the NMR study, 281 fragments were selected
from commercial sources, based on chemoinformatic tools and physicochemical properties (< 23 non-hydrogen
atoms; 150 < MW < 300; number of rings > 0; PAINS exclusion — note analogy to the amine selection in Chapter
I). These low-complexity small-molecules have better chances at binding to receptors than larger structures, and
indeed, 13.5% hit rate was achieved (moderate druggability). Almost half of these fragments were confirmed by
SPR-experiments. Additionally, three fragment hits were identified which constitute the previously described,
low-micromolar non-carbohydrate DC-SIGN inhibitor 1.3.** (Figure 77, Figure 23)
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Figure 77. Small molecule DC-SIGN inhibitor fragments identified by ’F-NMR screening. These three fragments are present in a
previously described non-carbohydrate DC-SIGN antagonist (1.3) validating the viability of the screening experiments. Modified

from Aretz et al.[+3]

By experimentally confuting computational pocket prediction results, the studies shed light to the limitations of
software-based druggability scoring. High numbers of false negative results during in silico binding site predictions
can lead to discarded, but in reality druggable biological targets. This issue may arise from the software, as the
algorithm was not optimized for carbohydrate ligands or metal-binding sites, and neither includes protein
flexibility, conformational shifts or allosteric effects.

F-NMR experiments with fragment mixtures have several advantages, as they do not require any labelling step
and the nuclear spin of fluorine is highly sensitive to changes in the chemical environment. Overall however, the
analysis exhibits low sensitivity and has high protein consumption; furthermore fragments need stable isotope
labelling. Yet, NMR-based fragment screenings are useful tools in small-molecule drug research, and can provide
insight into carbohydrate-protein interactions as well (see Introduction).

Further experimental fragment-based screenings were performed with DC-SIGN, in order to determine
correlations among different screening platforms, used to predict druggability. Other techniques included protein
co-crystallization with organic solvents and array-based fragment screenings (similar setup to the earlier
described microarray screenings with fluorescently-labelled CLRs).

Upon a follow-up study, 986 fragments were screened against DC-SIGN in SPR and reporter displacement assays
(RDA) and hits were further validated by additional SPR tests and 'H-""N HSQC NMR experiments, in order to
identify specific binding sites on the CLR.1*”) It had been estimated previously, that 1000 structurally diverse
fragments cover a chemical space similar to 10 trillion drug-like molecules. The fragments used in the assays all
comply with the rule-of three requirements for drug-fragments.!***]

After the initial screenings in SPR and RDA tests, 28 fragments were further tested by NMR and SPR. The most
potent compound exhibited an ICso value of 0.3 mM (similar to the bisbenzylamide 1.21a, developed in our
group). Most importantly, 'H-N HSQC NMR experiments with *N-labelled DC-SIGN CRD and
computational binding pocket predictions identified S potential binding sites, in addition to the primary Ca®* site.
(Figure 78)

From the S binding sites, 2 are located close to the Ca** ion (site I close to the CRD center, near Phe313; site II
“behind” the primary sugar binding pocket). Sites III and IV are located near the neck region, while pocket V is
found between a-helices 1 and 2 on the opposite side of the CRD. (Figure 18) Sites II, III, IV and V might be able

to open only for interactions with ligands, and are therefore not visible in CRD crystal structures.
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Figure 78. Predicted binding sites in the CRD of DC-SIGN. Site L is in the vicinity of Phe313 - a key residue in mannose-
oligosaccharide binding. Site Il is similarly close to the principal Ca** binding site, while sites III and IV are near the neck region.

Site V is defined by two a-helices on the opposite site of the domain. Modified from Aretz et al.[+]

In particular, site I has moderate druggability results, and was earlier successfully targeted by glycomimetic

0] The phenylalanine-residue (Phe313) emerges as a good target for lipophilic interactions, and the

ligands.!
reported ligand 1.1, carrying two naphtyl substituents, is among the highest affinity monovalent ligands
reported so far. Based on a computational model, these appendages reach towards Phe313 over the flat surface
between the Ca’ site and the residue, and interact with the phenyl-ring from both sides (n- n interactions).

(Figure 79.A) This region is also contacted by mannose-oligosaccharides, as a complementary binding site.[*>

86]

Most interestingly (from our point of view), the X-ray crystal structure of pseudo-mannobioside 1.18, as well as
the computational-model and NMR-data obtained for 1.21a indicate that this area is unoccupied in the
glycomimetic/DC-SIGN CRD complex. At the same time, the 2-OH group on the nonreducing mannose ring
points directly towards this site, therefore it is logical to consider, whether we could reach this area and form
favourable interactions by functionalizing the glycomimetic ligands in the C-2 position. (Figure 79.B)
Establishing new contacts in the CRD can improve the — otherwise weak - affinity of monovalent molecules

toward the CLR and open up new perspectives for selective DC-SIGN targeting.
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Figure 79. A. Glycomimetic ligand targeting Phe313 in the CRD of DC-SIGN. The phenylalanine residue can engage in lipophilic
interactions, and the ligands decorated with two aromatic groups, such as naphtyl-moieties (1.18), show enhanced affinity
towards the lectin (ICso: 40 uM) Modified from Tomasic et al.**]

B. Top view of the glycomimetic ligand 1.18 (developed by our group) in the CRD of DC-SIGN. The X-ray structure clearly shows
that the region of Phe313 is left unoccupied because the ligand is oriented towards Val3S1. At the same time, the hydroxyl group in
the second position of the mannose ring points towards the phenylalanine. Imported from the PDB using NGL viewer.
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3.2 RESULTS AND DISCUSSION

Monovalent glycomimetic ligands exhibit modest affinities towards DC-SIGN, typically in the micromolar range.
Inhibitors developed in the Bernardi group reached ICs values of 200-300 uM by modifications of the parent
pseudo-disaccharide 1.18 which shows similar affinity towards DC-SIGN as the natural disaccharide Manal-
2Man (ICso: 700-900 pM). Although inhibitory potency was determined by different assay formats, 1.21a and
1.22a, two compounds modified in the carbomethoxy and mannose 6-OH groups of 1.18, are clearly among the
strongest monovalent DC-SIGN binders up to date, along with 1.14) (Fleet group) and 1.15 (Anderluh
group).l2®

readily used for multivalent presentation of these structures, and the dendrimeric constructs are known to reach

! Unlike the two latter structures, however, our ligand template contains a linker moiety which can be

low nanomolar levels of inhibition (see Introduction).

Yet, additional interactions in the CRD are continuously sought to increase the affinity of monovalent ligands.
The region of Phe313 - which is known not to be exploited by the pseudo-disaccharide derived glycomimetics -
emerges as an ideal target to contact.

To explore this area from the ligand point of view, the group of Dr. Sonsoles Martin-Santamaria performed a
virtual screening in the complex of DC-SIGN/1.18 (PDB code: 2XRS), with more than 1000 drug-like fragments
(Maybridge library) according to the GLIDE protocol. The fragments were scored, based on their predicted
binding energies and ranked.

The fragment-based approach identified several interesting structures that could favourably interact with the
CRD in this region. Remarkably, all the top-scoring fragments (929, 903, 261, 250) present an ammonium-
group and at least one aromatic moiety (heteroaromatics).

A well-defined pocket - lined with Ser360, Phe313 and Glu358 - that appears to be the main mediator for the
accommodation of the highest affinity fragments was identified. The positively charged ammonium ion can
engage in hydrogen-bonding with Ser360, cation-x interactions with Phe313 and ionic interactions with Glu358.
(Figure 80)
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Figure 80. Virtual fragment screening in the CRD of DC-SIGN. The Martin-Santamaria group (CIB-CSIC, Madrid, Spain)
screened more than a thousand drug-like fragments in the area of Phe313, using the complex of 1.18/DC-SIGN CRD (PDB code:
2XRS). The top-ranking fragments featured two common structural elements: an ammonium group and aromatic moieties. The

studies identified a novel ammonium binding pocket in the vicinity of Phe313.

Between Phe313 and the Ca®* binding site (where the natural mannose ring is ligated), a flat area extends towards
the ammonium binding pocket. This shallow surface, fringed with the hydrophobic groove of Phe313, may be, in
principle, spanned by an appropriate modification in position 2 of the mannose ring (C-2). Therefore, we can
rationally design glycomimetic ligands that exhibit structures similar to the above discussed fragments in the C-2
position and evaluate their contribution to binding. These conclusions could only be valid, if the glycomimetic

core retains its binding mode in the CRD, and substituents do not interfere with its pose.

As seen on the images above, the fragments are optimally oriented for conjugation to the C-2 position of
mannose. The glycomimetic scaffold, however, has to be appropriately functionalized to link the fragment
structures and the sugar ring. The most straightforward modification in this position for further derivatization is
the installation of a N-atom in the place of the 2-OH group. Two major synthetic strategies were envisioned that
make use of N-atom containing functional groups (figure 81):

- Amino groups can be coupled with amino acids and form a stable amide bond

- Azido-groups can undergo CuAAC reactions with alkynes
Azido-groups are ideal functionalities for both pathways, as they can mask the otherwise sensitive amino-group
during the synthetic route, but can be rapidly converted into amines by reduction. 3.1 is therefore a common
ligand for both synthetic routes which can be readily linked with fragment-like structures.
Some a- and B-amino acids were used for coupling through the first pathway by Luca Senaldi and Marco Minneci
- primarily, in order to evaluate the role of the amino- and aromatic-groups. This route is synthetically demanding,
as it requires protection and deprotection steps. Additionally, SPR inhibition tests demonstrated that coupling
with differently-substituted a-amino acids leads to slightly decreased affinities towards DC-SIGN. The only
exception is the glycine derivative 3.2 that exhibited slightly improved affinities (ICso: 0.5 M) compared to the
unmodified pseudo-disaccharide 1.18 (ICs: 0.7 mM). This might suggest a minor contribution from the
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ammonium group, but instead of further investigating this route, the attention was rather turned towards the
second strategy.

Remarkably, the simplest triazole-functionalized derivative, 3.3 - scaffold 3.1 clicked with propargylamine
(synthesized by Luca Senaldi) - showed an affinity increase by almost an order of magnitude (ICs: 0.1 mM)
compared to 1.18 (ICso: 0.7 mM). This effect suggests an insufficient spacing between the glycomimetic scaffold
and the ammonium group in amide-derivatives (C-a distance: 3.8 - 3.9 A) which ultimately cannot reach the
targeted binding site. This issue is overcome by functionalization through the larger triazole-group (5.0-5.1
A),1%) which, additionally, is completely stable to enzymatic cleavage.

As a conclusion, we decided to pursue the click-reaction based derivatization of the azido-scaffold 3.1 with

differently substituted alkynes.
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Figure 81. Synthetic strategies to functionalize the glycomimetic disaccharide scaffold in the C-2 position of the mannose residue.
An azide-group can offer an ideal amine-masking group to form amide-linkages, but it can also be directly used in CUAAC
reactions.

The progenitor ligands synthesized through the two pathways demonstrate that the triazole linkage is superior to the amide bond,
most likely owing to the larger distance between the terminal amine and the mannose ring. The simplest propargylamine derivative
was able to enhance affinity almost by an order of magnitude (ICso: 0.01 mM), compared to the unmodified glycomimetic
dimethyl ester (ICso: 0.9 mM)

Similarly to the library synthesis discussed in 2.1.1, a general scaffold can be used to generate structurally diverse
ligands, derivatized in further steps with alkynes. Analogously to the common mannosylated- and fucosylated-
intermediates (2.11 and 2.22), 3.1 can be obtained through a convergent synthetic strategy by glycosylation

reaction between a dimethyl ester sugar-mimic acceptor and a 2-azido mannosyl-donor.

3.2.3.1 Synthesis of the acceptor

Acceptor 2.27 is ideal for this purpose, as the linker terminates in a chlorine atom - instead of an azide (2.26)
(otherwise the scaffold would contain two azido-groups which could both participate in the following CuAAC
reaction). Later, after reacting the C-2 azido group 3.1 with alkynes, this chlorine can be easily exchanged for an
azide using NaNj to allow “clicking” these ligands on multivalent constructs. (Figure 72) The high yields

throughout the synthesis (starting from the enantiomerically pure diacid 2.1) were reproduced on a larger scale.
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Scheme 6. Synthesis of the dimethyl ester glycomimetic acceptor, starting from the enantiomerically pure diacid 2.1

3.2.3.2 Synthesis of the donor

Installation of the azide-functionality on the mannose-donor requires an entirely different approach, however.
The synthesis of 2-azido-2-deoxy sugars is extensively studied in literature, as N-acetyl-sugars are important
motifs in natural glycans (e.g bacterial polysaccharides), and the non-participating azido-group is an optimal

amine masking group during the synthesis of oligosaccharides.

3.2.3.2.1 Azidonitration

Several multi-step syntheses have been described to prepare 2-azido-2-deoxy derivatives, decorated with various
440

protecting groups. A common approach, first reported by Lemieux and Ratcliffe, ! relies on the azidonitration
of D-glucals with NaNj; and cerium ammonium nitrate (CAN). (Scheme 7) Although the reaction mechanism is
not clear, it is probably initiated by the formation of an azide radical*! which is then added to the double bond
on C-2 (anti-Markovnikov) to form the anomeric radical. CAN promoted oxidation leads to the oxocarbenium
cation that will readily react with the nitrate ion. As a consequence, stereoselectivity is poorly controlled, and
depends on the protecting group present on the glucal, the configuration at C-4 (steric hindrance), the ratio of
reactants and the temperature. Azidonitration of D-glucal yields therefore both the manno- and gluco-product at

152a, 442

varying ratios, but predominantly the latter.! ] Further disadvantages are the low overall yields (protecting

group installation, azidonitration, acetylation), toxic reagents and difficult purification steps. Kinfe and Paulsen

both noted, that performing the reaction at low temperatures promotes a higher mannoside ratio.l**! Likewise,

444

treatment of glucals with halogenoazides,**! or their azido phenylselenylation results in mixtures of 2-azido-2-

deoxy glucoside and mannoside. ]
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Scheme 7. Synthesis of 2-azido-2-deoxy mannose from D-glucals by azidonitration, described by Lemieux et al.l*+]

3.2.3.2.2 Epoxide opening with NaNj;
Alternatively, 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-a-D-mannopyranose can be synthesized through 2,3-

anhydro-4,6-O-benzylidene-(D-glucopyranoside ), by opening the epoxide with NaN;.1*¢ (Scheme 8) Again, the

high number of steps disfavours this route to obtain the azido-mannosyl donor.
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Scheme 8. Synthesis of 2-azido-2-deoxy mannose from 2,3-anhydro-4,6-O-benzylidene-(D-glucopyranoside) through

stereoselective epoxide-opening with NaN3

3.2.3.2.3 Electrophilic azidation
In a highly stereoselective strategy, the electrophilic azidation established by Evans et al.*”) was applied to

[448) (Scheme 9) Selective reduction of the lactone product

prepare 2-azido-2-deoxy-D-mannono-1,5-lactone.
with DIBAL-H afforded the aldose analogues and no C-2 epimerization was observed during the synthetic
pathway. This approach circumvents the earlier reported issue of complete epimerization at the C-2 centre during
the oxidation of 2-azido-3,4,6-tri-O-benzyl-2-deoxy-D-mannopyranose.**) On the other hand, this synthetic

sequence is complicated and the yields remain below satisfactory.
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Scheme 9. Synthesis of 2-azido-2-deoxy mannose from the 1.5 lactone through electrophilic azidation

3.2.3.2.4 Nucleophilic displacement

Sx2-type displacement reactions on C-2 were successfully employed to yield 2-azido manno-type products, in

spite of the well-known difficulties of nucleophilic substitutions on glycosides.***! (Scheme 10) 2-Triflate
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activated, appropriately protected glucosides can be converted into the 2-azido manno-analogues by the linear
azide nucleophile, with complete stereoselectivity. The application of this method is limited by the long synthetic

%1l even though careful workup can improve the generally low yields.
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Scheme 10. Synthesis of 2-azido-2-deoxy mannose through an Sx2-type trifate-displacement from a gluco-type starting material

3.2.3.2.5 Diazo transfer

The preparative sequence was considerably simplified by Vasella et al. who adapted the direct transformation of

%52l to unprotected 2-amino-2-deoxy aldoses.**] (Scheme 11) The reaction, otherwise

amino-groups into azides!
known as the diazo transfer, proceeds through mild conditions with triflic azide and sodium methoxide, with
retention of the configuration and reasonable yield for 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-mannopyranose
(65% over two steps, according to lit.). On the downside, the potentially explosive TfNj is a small molecular
weight organic azide reagent that requires extra caution and needs to be handled in solution.

The original procedure starts from commercially available D-mannosamine hydrochloride that is treated with
NaOMe in MeOH to liberate the amine in situ, then pyridine is added, and the free amine is subjected to diazo

transfer by TfN;. Acetylation of the crude yields the protected azido-mannose derivative.
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Scheme 11. Diazo transfer-based synthesis of 2-azido-2-deoxy mannose from mannosamine hydrochloride with triflic azide,

reported by Vasella et al.l*53] The reaction is completely stereoselective and affords the product in acceptable yield.

Yields were slightly improved by Alper et al. who noted, that Cu*, Ni**, and Zn** divalent cations catalyze the
diazo transfer reaction.***! The authors used K,COj as the base to deprotonate the starting hydrochloride salt,
and obtained 729% 2-azido mannoside over two steps.

The hazards associated with triflic azide and the relatively high cost of the starting triflic anhydride prevent the
use of TIN; on larger scale or in industrial environment. Switching the solvent from dichloromethane to a more
homogeneous, three-component system (methanol/water/toluene) decreased risks by avoiding the formation
of azido-chloromethane and diazidomethane, but the yield for the manno-type azide dropped significantly

[455] Therefore, several studies focused on its replacement with more stable

compared to the original procedure.
diazo-donors, improving both safety and the reagent’s shelf-life.

In order to replace the trifluoromethanesulfonyl moiety with another electron withdrawing group, which, at the
same time, improves safety and stability, Goddard-Borger and Stick (inspired by the works of Hanessian and
457]

Vatéle)!*¢! developed imidazole-1-sulfonyl azide hydrochloride,*”) as an ideal alternative. Imidazole-1-sulfonyl
azide was prepared by treating sulfonyl chloride with NaNj to yield chlorosulfonyl azide, followed by the addition

of imidazole in acetonitrile.
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The hydrochloride salt could be isolated as a crystalline and worked as efficiently in diazo transfer reactions with

glycosamine hydrochloride as TfNs. The solid was later found to be impact sensitive, however, and concentration

of the mother liquors could lead to accumulation of explosive sulfonyl diazide or hydrazoic acid.*”]

8 Imidazole-1-sulfonyl azide hydrogen sulfate

The use of other salt forms, in particular HSO, was proposed. |
proved to be a similarly inexpensive, but safer-to-handle diazotransfer reagent, owing to its superior tolerance to
impact, friction, temperature and electrostatic discharges. Furthermore, an improved procedure to obtain this salt

form has been reported recently, with increased yield and an overall safer handling.**” (Scheme 12)

1. NaNg
MeCN O
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Scheme 12. Preparation of the diazotransfer reagent imidazole-1-sulfonyl azide hydrogen sulfate. This reagent is more stable and
safer than the previously reported triflic azide, and imidazole-1-sulfonyl azide hydrogenchloride salt

Based on the satisfactory yields between TfN; and ManNH,*HCl (reported by Vasella and Alper), and further
encouraged by the safer procedure of Goddard-Borger (described for GIeNH,*HCI), we decided to adapt the
imidazole-1-sulfonyl azide hydrogen sulfate salt-mediated diazo transfer reaction to ManNH,*HCL

The mechanism of the diazo transfer reaction has been investigated in "N NMR studies with labeled amine and
azide species.**”) (Scheme 13) According to these studies, the reaction proceeds through an attack on the amine
by the terminal azide nitrogen, then the two terminal nitrogen atoms are transferred from the azide to the amine,

which, in turn retains its original nitrogen. The site of attack is not influenced by the presence of the metal catalyst.

it
N N8Ny @ N
o MNye /3
N
\
HO 0=5-0°
— &NLL H
-~ ©
HO O
— 0 N
HO |l @,
No N—S=N_ ® OH HO HO //N/ = ©
Y6 Ny —_— HN — N + N N—8—NH
© °N HO- 12 HO 0 Al
OH HO OH

Scheme 13. Plausible mechanism of the diazo transfer reaction, supported by isotope labelling studies (red nitrogen atoms)

As the starting sugar is relatively costly, the reaction sequence required optimization before scale-up. The first
trials, carried out by Luca Senaldi, afforded 40-50% acetylated 2-azido mannose (2 : 1 = a : § anomeric ratio) in
two steps. In a typical setup, 2-azido-2-deoxy mannosamine hydrochloride (1 equiv.) was dissolved in dry MeOH,
K,CO; (2.7 equiv.) and CuSO; (0.01 equiv.) was added to yield a suspension, which was then subjected to
imidazole-1-sulfonyl azide hydrogen sulfate (1.2 equiv.). After completion, the crude was dissolved in pyridine
and treated with acetic anhydride. It was demonstrated that benzoyl protecting groups lead to even lower yields.
Additionally, the formation of the glucose-analogue was noted, but this minor side-product was attributed to
glucosamine contamination in the starting material.

During my first attempts, even these moderate yields could not be reproduced - instead varying results were

achieved, lacking any obvious explanation (yields between 15 and 70%). At first, the inhomogeneous suspension
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and partial reactant dissolution was suspected to stand behind the random outcomes, therefore we switched to a
water/MeOH solvent system, without any apparent improvement.

After several small-scale trials under slightly different conditions (concentration, reaction time), and using a new
batch of mannosamine hydrochloride free of contamination, the gluco-type analogue was still observed in the
crude of the diazo transfer step. NMR spectra of the manno-type and gluco-type products were in agreement with
those reported by Vasella and coworkers:[**! ], (a azido-mannoside; eq-eq) = 1.9 Hz; J,.» (B azido-mannoside;

ax-eq) = 1.4 Hz; ]2 (a azido-glucoside; eq-ax) = 3.7 Hz and ], (B azido-glucoside; ax-ax) = 8.6 Hz. (Figure 82)
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Figure 82. 'H-NMR spectra of the manno- and gluco-type diazotransfer products. The anomeric protons have much larger

coupling constants in the a and B gluco-derivatives (ax-eq; ax-ax) than in the respective mannose products (eq-ax; eq-eq).

More importantly, the gluco side-product also formed at variable proportions, sometimes up to 40% compared
to the theoretical yield, other times being only a minor contaminant. This indicated that the side reaction was
also related to the conditions, but the experimentally confirmed mechanism of the diazo transfer step did not
explain configurational changes on C-2.

The only logical explanation originates from the addition of the base (K,COj, pKa of the conjugate acid: 10.25)
to liberate the free amine. Under basic conditions, a proton removal from the C-2 position leads to a planar
enolate anion and loss of configuration at this centre. Upon re-protonation, the new stereo centre (a position to
the sugar carbonyl group) can become either (R) or (S) configured and afford the manno- and gluco-type isomer.
In other words, base-catalysis can lead to epimerization at the C-2 centre, and due to the less hindered equatorial
position, gives rise to the formation of 2-azido-2-deoxy-D-glucopyranose.

To prevent the base-promoted epimerization, we implemented tighter pH control, slower addition of the base
(K»COs) and lower temperatures. (Scheme 14) In the first step, the free mannosamine is liberated from the
hydrochloric salt by 1.05 equiv. base at -20°C. CuSO, is added, then, after 5 minutes, another 1.05 equiv. K;CO;,
followed immediately by the addition of the imidazole-1-sulfonyl azide hydrogen sulfate salt. Due to risks of
hydrazoic acid formation, the pH is controlled throughout the reaction (pH ~ 8).

This method afforded reproducibly high yields (~ 90%), and no formation of the gluco-type product was
observed. The optimized conditions allowed us to perform the reaction on a gram scale for the preparation of a

larger stock of the azido scaffold 3.1.
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3.2.3.3 Synthesis of the common azido scaffold
The next steps in the synthetic sequence are the anomeric deprotection with MeNH,, and the TCA-leaving group

installation with trichloroacetonitrile and DBU. Finally, the azido-mannosyl donor could be obtained in 69%

yield over four steps from mannosamine. (Scheme 14)
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Scheme 14. Synthesis of the azido-mannosyl donor 3.10 from mannosamine hydrochloride. The diazo transfer reaction is

performed with imidazole-1-sulfonyl azide and the product is directly protected without isolation. Anomeric deprotection and

leaving group installation lead to 3.10 in good yields (70% over three steps).

The glycosylation between the acceptor 2.27 and the donor 3.10, initiated by a catalytic amount of TMSOT{
afforded the desired 2-azido-glycomimetic scaffold 3.1 that could readily react with alkynes in CuAAC click

reactions. The final step in the sequence is the removal of acetyl-groups under Zemplén-conditions. (Scheme 15)

AcO
N3
AcO Qo Ao
AcO C
N3 R R R
0._CCl3 N N
TMSOTf AcO Q Vi aco N | Ho N |
NH mol. sieves AcO § ik N NaOM N
-30°C, 30m ragment-like o aOMe
3.10 DCM MeOOC O alkynes ACA%O MeOH HSO o
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0 OOH O Na-ascorbate MeOOC MeOOC
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Scheme 18. Glycosylation and click reaction with fragment-like alkyne structures. Reaction of the donor 3.10 and acceptor 2.27
yield the common scaffold 3.11. CuAAC reactions with alkynes, followed by the final Zemplén-deprotection step afford C-2
modified glycomimetic ligands that are used to exploit the ammonium binding site near Phe313 in the CRD of DC-SIGN.

3.2.3.4 Previous results witb amino acid and propargylic derivatives
A summary of previously obtained results with different fragment-like structures is shown in figure 83. The ICs

values of all C-2 functionalized ligands were determined in SPR inhibition assays on a mannosylated-BSA chip in

the laboratory of Prof. Franck Fieschi (IBS, Grenoble, France).
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Figure 83. Previous SPR inhibition test results with C-2 functionalized glycomimetic ligands. From the amide-coupled series only
the glycine-derivative showed improved affinity compared to the unmodified pseudo-disaccharide 1.18. Clicking propargylamine
on the common scaffold 3.11, however, increased the affinity by a factor of seven. Interestingly, also the propargyl alcohol
derivative exhibited a 2-fold increase in inhibitory potency, suggesting a H-bonding contribution to the interactions with the CRD.

The affinity enhancement observed in the propargylamine derivative 3.3 (ICso: 100 uM) clearly indicated a
beneficial effect of the ammonium ion (SPR experiments are carried out at pH ~ 8), but even the propargyl
alcohol derivative exhibited superior affinity (ICso: 330 pM), compared to the parent pseudo-disaccharide 1.18
(ICso: 700 pM). Although not as potent as the ammonium ion, this information suggested that the OH group
could engage in H-bonds around the Phe313 area, possibly with the same Ser360 residue as predicted for the
virtual fragments. At the same time, aromatic and heteroaromatic substituents on the amide derivatives could not
increase the affinity, and were therefore suspected not to be optimally positioned to establish interactions with
the phenylalanine residue.

With these data in hand, we set off to explore the effects of various substituents on the binding interactions with
DC-SIGN. The encouraging results of propargyl-derivatives stimulated the evaluation of a set of propargylamine
and propargyl alcohol derivatives.

If the ammonium ion on 3.3 is indeed able to reach the ammonium binding pocket, hydrophobic groups around
this ion could protect and stabilize the charged cation, by preventing disruption of the interaction network by
water molecules. At the same time, the lipophilic substituents may interact with other lipophilic residues in this

region in CH-r type interactions,**! for example, with Phe313.

We have compiled a series of methylated propargylamines to click on scaffold 3.1, and compare the influence of
methyl groups to the free ammonium group. (Figure 84) N-methylpropargylamine and 3-dimethylamino-1-
propyne were commercially available, while N,N,N-trimethylprop-2-yn-1-aminium bromide could be
synthesized by the reaction of propargyl bromide and trimethylamine. ***)

Comparison of 3.3 and the mono-, di- and trimethyl-ammonium derivatives showed a gradual loss of affinity
towards DC-SIGN. More specifically: the installation of even one methyl group significantly decreased the

affinity, which further declined (although less drastically) by the addition of other Me-groups.
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Figure 84. Affinity of a differently methylated series of propargylamine-derivatives. The ICso values are gradually increasing with
the addition of methyl groups. Already the first methyl group reduced the affinity of these ligands, suggesting a steric effect hindering

the proper accommodatin of the ammonium group.

We deduced two main reasons that could explain this observation. On one hand, replacement of hydrogen atoms
with methyl groups on the nitrogen would preclude engagement in H-bonding as a donor, however, the fact that
already the mono-methyl derivative loses potency suggests that there is rather a steric effect in operation. If the
added methyl groups force the ammonium group in a non-optimal position in the pocket, binding interactions,
and thus the overall affinity would be weakened, compared to the unmodified propargyl amine derivative. The
ammonium ion’s role in the H-bonding network is not clear, but the importance of this bond is underlined by the

alcohol derivative that exhibits improved inhibitory potency compared to the unmodified glycomimetic.

In addition to the ammonium ion, the virtual fragment screening also suggested that aromatic groups could
possibly interact with Phe313 by 7w stacking. Although in the amino acid series aryl substituents did not show
any positive contribution to binding affinities, this may be the result of the shorter amide linkage.

Aromatic functionalization of the propargyl derivatives could position the aryl moieties closer to the
phenylalanine ring to establish contacts. The simplest structure, comprising an amino group, the aromatic ring
and the triple bond for the subsequent CuAAC reaction is 1-phenylprop-2-yn-1-amine, a molecule with a stereo
centre. This alkyne, however, is not commercially available, and so, we first decided to perform the click reaction
with the synthetically less challenging alcohol derivative to test its inhibitory potency. Although we had no model
available whether the ammonium and alcohol derivatives share similar binding modes, the two alcohol

diastereoisomers could still provide valuable information about the effects of aryl rings near the binding site.

3.2.5.1 Phenyl-propargyl alcohol derivatives

Phenyl-propargyl alcohols can be synthesized through stereoselective methods, however, as we lacked indications
on which could be the more potent configuration, both enantiomers were used for the CuAAC reaction. The
racemic phenyl-propargyl alcohol could be synthesized in moderate yields from benzaldehyde and

[463

(triisopropylsilyl/ TIPS)-acetylene in the presence of Zn(OTf), and trimethylamine,'** but the compound is

also available at commercial sources. (Scheme 16)
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Scheme 16. Synthesis of 1-phenyl-2-propyn-1-ol with zinc triflate, in the presence of trimethylamine with modest yields

After coupling on scaffold 3.1, the two diastereomers were separated following the Zemplén-deprotection step
(R¢(3.20.a): 0.26; R(3.20.b): 0.22 in DCM : MeOH = 94 : 6). (Scheme 17)

3.20a
(absolute configuration
not determined)

*~OH
]/r«i
HO

MeOOC O

ICsp: 870 uM

Meoocﬁg sos BT M

AcO cl
N3 / o

AcO 0 AcoN '

AcO /i
- AcO NaOMe
MeQOC O 2 " OH AcO MeOH
Meoocﬂ
~_Cl  CuSO45H,0 MeQOC ©
o Na-ascorbate MeOOC% | R/S
THF/water cl
11 o 3.20b
’ (absolute configuration
3.1 3.19aand b HO not determined)
MeOOR 2 I1C50: 590 uM
MeOOC so- TR
Cl
O/\/

Scheme 17. Synthesis of phenyl-propargyl alcohol derivatives. The two diastereomers, 3.20a and 3.20b were separated after the
deprotection step

The ICs values of 3.20a shows a two-fold, 3.20b an almost three-fold increase compared to the unmodified
propargyl alcohol derivative, lacking the phenyl-group — another clear indication that aromatic-substituents did
not improve binding affinity, as already observed for the amino acid derivatives. (Figure 83) The inhibitory
potency of the two diastereomers did not differ significantly from each other or exceed that of the alcohol,

therefore their absolute configuration was not determined.[**

3.2.5.2 Phenyl-propargylamine derivatives

The preparation of 1-phenylpropargylamines is not straightforward, and only a few examples were reported that
do not involve expensive transition metal catalysis, complex ligands or long synthetic sequences. Many of these
methods were developed as stereoselective tools, but for similar reasons as in the case of the alcohol, an ideal
synthesis would serve us best if it yielded both enantiomers that we would separate at a later stage of the synthetic
route.

During the first trials, we attempted to simplify the stereoselective, Cu(I)-catalyzed method of Aschwanden et
al,*s) by omitting the chiral P,N-ligand PINAP. (Scheme 18) The originally reported three component reaction
can occur between aromatic aldehydes, appropriately protected alkynes and 4-piperidone hydrochloride, in the

presence of Cu(I)Br and PINAP. Later, the amine protecting group can be removed by ammonia-saturated
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EtOH, or, alternatively, on a polymer-supported scavenger amine. This direct preparation of modified
propargylamines was not described for phenyl-substituents.

We performed the reaction in the absence of PINAP on furfural and benzaldehyde, but the product was not
observed in the crude. We suspected, that in addition to ensuring stereoselectivity, the complexligand plays arole
in the catalytic effect or helps the solubility of the catalyst, therefore a trial was conducted with added PPh; as a
P-ligand, but this did not lead to any positive result.

CuBr o 1 Me
PINAP . ‘/ ~ -
HO OH TEA i ?
mol. sieves NH,4CI, EtOH . SN
o R’ DCM N 100°C NH; *HCI ‘ \
)k * // * @ B — R B — e ~ =N

R X
R NV R
2 /\R' 2. HCI, MeOH /\R' l I PPhs

no PINAP
—_— PINAP
(PPh3)
(MW)

benzaldehyde R': TIPS
furaldehyde T™MS

Scheme 18. Synthesis of phenyl-propargylamine derivatives with Cu(I)-catalysis and a P,N-ligand (PINAP) through the
synthetic route reported by Aschwanden et al.[*%5]

Another three-component reaction between an aryl-aldehyde, protected alkyne and protected amine was
described by Meyet et all* (Scheme 19) Alkynylation of the imine can be catalyzed by copper(II), most
efficiently by Cu(OTf),, and the reaction was demonstrated on a number of various aldehyde, alkyne and amine
substrates. We tried to perform the coupling with several different reagents - including benzaldehyde and furfural;
TIPS-acetylene and 2-methyl-3-butyn-2-ol; and fert-butyl carbamate, p-methyoxybenzyl (PMB)-amine and

dibenzylamine — but apart from observing traces of the desired product, our efforts were unsuccessful.

Cu(OTf),
CsCO4 HN,PG'
i Na,SO,
R' . toluene A
benzaldehyde R TIPS R" I?’;\J/ICB (MW)
furaldehyde 2-methyl-3-

butyn-2-ol  dibenzylamine

Scheme 19. Three component coupling of aryl-aldehydes, protected amines and protected acetylene with Cu(Il)-catalysis. The

reaction afforded only traces of products on our substrates

A further alternative is based on the Mitsonobu-reaction of the protected propargyl alcohol with phthalimide.
(Scheme 20) The free amine was obtained by treatment with hydrazine-hydrate, or methylamine, but the poor
yields throughout the reaction sequence and difficult purification steps deterred us from this strategy (the isolated
phenyl-propargylamine was insufficient for the following click reaction; furyl-propargylamine was not isolated in

its final form).
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Scheme 20. Synthesis of phenyl-propargylamine derivatives through the Mitsonobu-reaction

Installation of an azide-group at the chiral carbon by DPPA and DBU, or TMSN; and BE;*Et,O was successful,
but after isolation of the intermediate and during the following reduction step - Staudinger reaction under mild
conditions to avoid the saturation of the alkyne during hydrogenation — the compound underwent thermal

decomposition, likely due to the simultaneous presence of an azido-group and a triple bond. (Scheme 21)
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Scheme 21. Phenyl-propargylamine synthetic route by installation of an azido-group with DPPA or TMSN3. The red

intermediate slowly decomposed, likely due to the simultaneous presence of an azido-group and an alkyne.

Probably the simplest (and least expensive) preparation of aryl-propargylamines can be performed in two steps:
the Ritter-reaction of aryl-propargyl alcohol with concentrated H,SO, and MeCN yields the acetamide 3.22, and
then hydrolysis in the presence of HCl at elevated temperatures affords the free amine. (Scheme 22) This reaction
offers a straightforward option to synthesize 1-phenyl-propargylamine, and the procedure is being scaled up to

obtain sufficient amount of the alkyne for the following click reaction.
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Scheme 22. Synthesis of phenyl-propargylamine through the Ritter-reaction and acetamide hydrolysis

Affinity assay of the glycomimetic ligands carrying both the ammonium-group and an aromatic ring will offer a
decisive evidence on the role of aromatic substituents.

A phenyl- or furyl-substituent at the second carbon of propargyl-amine is not the only option to include a nitrogen
atom and an aromatic-system in the vicinity of the predicted binding pocket. As the ammonium-ion’s role as a H-

bond donor or acceptor has not been confirmed yet, a N-atom on a pyridine-ring could engage in these
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interactions in the latter role. At the pH of the SPR assays, the pyridine-moiety is supposedly not protonated (pKa
of the conjugate acid ~ 5.2).

3.2.5.3 Picolylamine-derivatives

To our surprise, the 2-picolylamine derivative 3.23 exhibited almost as good affinity towards DC-SIGN, as the
ammonium ion containing 3.3 (propargylamine derivative). (Figure 85) This observation may suggest that the
aromatic system is able to positively contribute to the binding strength - for example through T-type m-x
interactions, even in the absence of the cationic ammonium group. The 3-picolylamine derivative 3.24 was also
synthesized, but its inhibitory potency has not been tested yet. Further experiments are underway to confirm the

effects of aromatic interactions, including the synthesis of the 1-aryl-propargylamine derivative stereoisomers.
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Figure 8S. Picolylamine derivatives and SPR inhibition test results with 3.23. To our surprise, 3.23 exhibited almost as good
affinity towards DC-SIGN as 3.3, even though it lacks the positively charged nitrogen. In spite of the previous results with aromatic
amino acid derivatives and phenyl-propargyl alcohol derivatives (3.20a and 3.20b), n-n-type contributions may be almost as

significant as the ammonium group.

The above discussed efforts focused on the modification of the glycomimetic dimethyl ester 1.18 to target a
recently identified ammonium binding pocket. The appended structures resemble the top-scoring fragments of a
virtual screening campaign and could exploit new interactions in this area. The ammonium binding site — fringed
with Ser360, Phe313 and Glu358 - is left unoccupied in the crystal complex of the parent pseudo-disaccharide
1.18 that contacts the region of Val351 instead, in the opposite direction from the Ca’* ion. The affinity
improvement of triazole-functionalized ligands, such as 3.3, demonstrated, however, that the ammonium pocket
could be reached by modifications in the C-2 position of the natural mannose residue. The simplest propargyl

amine derivative 3.3 increased the affinity towards the CLR by almost an order of magnitude.

3.2.6.1 Synthesis of 3.29

We knew from earlier results that replacing the two methyl ester groups on the cyclohexane ring by lipophilic
substituents improved the affinity towards DC-SIGN by a factor of three. Based on a computational model
supported by STD-NMR data, the docked pose of the p-hydroxymethylenebenzylamide derivative (Man030,
1.21a) indicated van der Waals interactions between the aromatic moieties and the outer regions of the CRD
surface. The NMR observations could qualitatively account for the computationally proposed binding mode, but
the actual ligand binding pose and ligand-CRD complex structure has never been resolved by X-ray
crystallography.

We hypothesized that lipophilic contacts near Val351 and the ammonium-ion interactions around Phe313 could

be simultaneously exploited to increase affinity towards the lectin. To demonstrate this, we envisioned ligand
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3.29 that comprises the mannose C-2 functionalization strategy with bisbenzylamide substituents on the
cyclohexane ring.

The synthetic sequence leading to 3.29 was based on the glycosylation between the azido-mannosyl donor 3.10
and the slightly modified preparation of the PNP-activated acceptor 3.25 (analogous to 2.6, but the linker
contains a terminal chlorine, instead of the azide, for compatibility reasons). The glycosylation was followed by
the amide coupling with p-hydroxymethylenebenzylamine, CuAAC with propargylamine and in the final step by

the Zemplén-deprotection of the mannose residue. (Scheme 23)
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Scheme 23. Synthesis of 3.29. The ligand comprises two glycomimetic strategies: functionalization at the C-2 position of the
mannose residue to reach an ammonium binding pocket, and bisbenzylamide substituents on the cyclohexane sugar-mimic ring to
form lipophylic interactions with DC-SIGN CRD.

3.2.6.2 Affinity results of 3.29

Remarkably, ligand 3.29 reached an ICs value of 75 pM in SPR inhibition assay on a Man-BSA surface, while in
the same campaign the affinity of compound 3.3 and 3.23 was determined as 160 pM and 180 pM, respectively.
The inhibitory potency of 3.29 was superior to every glycomimetic compound synthesized in our group and it is
up to date among the best monovalent DC-SIGN inhibitors. Due to the lack of a standardized assay system and
universal reference, we cannot directly compare its affinity to ligands developed in other research groups, but it
likely falls in a similar range as the binaphyl-modified glycomimetic ligand (1.15) of the Anderluh group. Unlike
1.15, however, ligand 3.29 can be readily presented on multivalent constructs in two steps (chlorine-azide
exchange and click on dendrons/dendrimers, for example).

The outstanding ICs, values determined in SPR tests prompted the further investigation of the binding properties
of 3.29. These experiments and related analyses were performed in the laboratory of Prof. Franck Fieschi (Silvia
Achilli, Dr. Michel Thépaut, IBS, Grenoble, France).
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The dissociation constant was measured in isothermal titration microcalorimetry (ITC) with DC-SIGN ECD,
and determined as Kp = 53 pM. ITC is one of the most precise techniques available to determine equilibrium
binding constants, as it measures the heat changes in a cell upon addition of increasing concentrations of the
ligand solution to a fixed concentration of the lectin solution (compared to a reference cell). These changes evolve
from the binding event in the analyte cell, i.. relate to the enthalpy (AH) of binding, and by plotting the data, the

main thermodynamic information (e.g. Kp) of the interaction can be obtained.

3.2.6.3 X-ray crystal structure of 3.29
More importantly, ligand 3.29 was successfully co-crystallized with the CRD of DC-SIGN and provided

invaluable information of the binding mode and established interactions. (Figure 86)

Figure 86. X-ray crystal structure of 3.29 complexed in the CRD of DC-SIGN. As anticipated, the ligand assumes a similar pose
to the parent glycomimetic pseudo-disaccharide 1.18 (PDB code: 2XRS ). Additionally, the computationaly predicted contacts are
formed in the ammonium binding pocket, more specifically, the ammonium group engages in interactions with Ser360, Phe313
and Glu358. This is a direct confirmation of the existence and exploitability of this binding site. At the same time, one of the
bisbenzylamide groups packs against the protein surface around Val3S1 and forms indirect H-binds through two water molecules.
The exact position of the lipophilic amides in 1.21a has not been resolved by X-ray crystallography before, the ligand was only
studied in a computational model and STD-NMR experiments. On the other hand, one of these aromatic groups appears to

interact with another CRD - further studies of this observation are underway.
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The first confirmation we obtained by this crystal structure is that ligand 3.29 assumes a similar pose as the
pseudo-disaccharide 1.18 in the binding site, and this demonstrates that the rationally designed glycomimetic
ligands of different modifications (C-2 functionalization, bisamide substituents) were indeed establishing
interactions in the originally predicted regions.

The ammonium group is accommodated in the computationally identified binding pocket in the central region
of the CRD. The cation is positioned at an ideal distance from the amino acid residues to establish H-bonds with
Ser360 (d: 3.2 A); cation-m type interactions with Phe313 (d: 3.1 A) and electrostatic interactions with Glu358
(d: 2.8 A). We can therefore confirm that the in silico identified binding site exists and the contacts predicted
computationally are established in reality.

The triazole ring connecting the methyleneammonium moiety with the rest of the glycomimetic scaffold lies on
the flat surface between the Ca’ binding site and the ammonium binding pocket, contacting an asparagine
residue. The mannose ring is coordinating the metal ion at the primary binding site, while the cyclohexane sugar
mimic ring is pointing towards Val351, in the same extended conformation as seen for 1.18.

Analogously to the docked pose of 1.21a (Man030), one of the bisbenzylamide substituents (on CS of the
cyclohexane ring, according to the conventional numbering of the glycomimetic molecule) forms van der Waals
interactions by packing against the CRD surface around Val351. Curiously, H-bonds are established between the
terminal hydroxyl-group and two water molecules crystallized in the complex. The position of this lipophilic
group verifies the binding mode not only of 3.29, but also the members of the 1.21 bisbenzylamide series,
including Man030, and it is in accordance with the computational model and STD-NMR results.

In addition to providing a stable linkage between the aromatic substituents and the cyclohexane ring, the amide
bonds seem to play an additional role in binding.

The role of the other p-hydroxymethylenebenzylamide moiety (on C4 of the cyclohexane) raises important
questions, however. On the 1 : 1 ligand/CRD image this substituent seems to be “floating” in the solvent, distant
from the CRD surface. In the crystal cell, however, this substituent is visibly interacting with another CRD at a
site far from the principal sugar binding site. This casts doubt on the real affinity of the ligand, because CRD-
clustering would artificially enhance the observed potency, as it was demonstrated for the pseudo-trisaccharide
1.20 (see Introduction). This effect would not be detected in solution-phase SPR and ITC experiments - as the
clustering could occur ata 2 : 2 ligand/CRD ratio - but would cause an overestimation of affinity values.

This phenomenon does not necessarily occur in solution phase, though. The interactions between the
benzylamide-group and the other CRD might be an artefact of co-crystallization, due to the compact arrangement
of the complex. This can be determined by analytical ultracentrifugation - a technique that separates the large
molecules based on their hydrodynamic radius. This technique supplied the evidence of the bivalent nature and
DC-SIGN clustering activity of 1.20. These studies are underway in the group of Prof. F. Fieschi, IBS, Grenoble,
France.

The X-ray structure of 3.29 implies a number of options to improve the design of our future glycomimetics. A
closer look at the ammonium binding site indicates that lipophilic substituents on the methylene-group next to
the ammonium ion could perhaps shield the cation from the intrusive effects of the solvent. Carrying one or two
methyl-groups in this position, 1-methyl-prop-2-ynylamine or 2-methyl-3-butyne-2-amine could be clicked on
the azide scaffold 3.1, in order to verify the efficiency of this strategy. Additionally, the orientation of the
ammonium group and the position of the amino acid residues suggests that from the two 1-phenyl-propargyl
amine enantiomers, the glycomimetic derivative displaying (R)-configuration on the chiral centre has higher

chances to interact favourably with Phe313.
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The importance of selectivity has been emphasized numerous times in the previous chapters, particularly in
connection with selectivity towards DC-SIGN over langerin (see Introduction and 2.2.3.4). Ligand selectivity
between the two CLRs was analyzed in SPR inhibition tests (Silvia Achilli, Fieschi laboratory, IBS, Grenoble,
France), for ligands 3.3, 3.23 and 3.29. Once more, the results of 3.29 are superior among the other
glycomimetics, as the ligand is highly selective towards DC-SIGN. The pyridine derivative 3.23 shows
insignificant affinity towards langerin, and 3.3 is able to interact with the lectin at high concentrations, but this
cannot be considered effective binding. These experiments underline that 3.29 is an outstanding monovalent
DC-SIGN ligand, with excellent affinity and selectivity towards the CLR. (See Appendix)

To further confirm the ligand’s promising lead-like properties, metabolic stability analysis in mouse serum is

planned in the near future.

3.3 CONCLUSIONS

In the third chapter of this thesis, the rational design and synthesis of highly potent DC-SIGN antagonists has
been described. Virtual fragment screening, conducted by the Martin-Santamaria group, identified a novel
binding site in the CRD of the lectin that could accommodate an ammonium-group in the vicinity of the Phe313
residue. This residue plays a key role in the binding mode of several natural mannosides, as well as a binaphtyl
glycomimetic ligand 1.18 from the Anderluh group, but the pseudo-disaccharide 1.18 does not take advantage
of it, as it forms contacts in the opposite direction of the CRD. The crystal structure of 1.18 indicated that the
hydroxyl group in position 2 of the natural mannose residue points towards the direction of the predicted binding
pocket — lined with Ser360, Phe313 and Glu358. We hypothesized therefore, that drug-like fragments - predicted
in silico to interact around Phe313 - could be linked with the glycomimetic scaffold at C-2 and increase affinity.
Two main synthetic strategies were conceived for this functionalization and both could benefit from a N-atom in
the second position of the mannosyl donor 3.10. On one hand, an amino group could be used to form amide
bonds between the fragments and the general glycomimetic scaffold 3.1, and on the other, an azido-group could
participate in Cu(I)-catalyzed cycloadditions with alkynes. Previous results indicated that the amide linkage did
not provide appropriate spacing to cover the distance between the primary and the predicted binding site, and so,
we investigated the second strategy.

The common scaffold 3.1 can be obtained by the glycosylation of the dimethyl ester cyclohexane acceptor 2.27
and an acetyl-protected, TCA-activated 2-azido mannosyl donor (3.10). We started the synthesis of the donor
from N-acetyl mannosamine hydrochloride by a diazo transfer reaction, to install the azide. Our initial trials
resulted in low, variable yields that could be tracked back to the base-catalyzed epimerization at the C-2 centre,
leading to the formation of the 2-azido gluco-analogue. By carrying out the reaction at lower temperatures, under
atighter pH control, this side reaction could be effectively prevented and high, reproducible yields were obtained.
The other steps in the sequence were straightforward deprotection and activation steps, well-known in sugar
chemistry. The glycosylation afforded the azido-scaffold 3.1 in good yields.

Exploration of favourable interactions around the ammonium binding site was initially based on the affinity data
available about the propargylamine derivative 3.3.In an attempt to stabilize the positive charge, and possibly form
additional lipophilic interactions, a series of mono-, di- and trimethylated ammonium derivatives were prepared
- their affinity, however, remained below the unsubstituted ligand.

Propargyl alcohol derivatization had also been known to improve the affinity, although to a lesser extent than

propargylamine. The role of aryl-substituents was evaluated by linking the 1-phenyl propargyl alcohol derivatives
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to the glycomimetic scaffold (3.20a and 3.20b), but none of the two diastereomers were able to enhance affinity.
Efforts were made to functionalize the ligands with synthetically more challenging 1-phenyl propargylamine, but
the role of these substituents are yet to be elucidated. To our surprise, another aromatic system lacking the
positive charge — the pyridine containing 3.23 - exhibited almost as good inhibitory potency as 3.3.

The most important results were obtained after we combined the C-2 functionalization strategy with the
bisbenzylamide substituents on the cyclohexane ring. These two modifications were meant to exploit interactions
both around Phe313 and near Val351 - two residues involved in the binding of a different set of ligands. In
accordance with our expectations, ligand 3.29 - compressing an ammonium group and p-
hydroxymethylenebenzylamide moieties - displayed the highest affinity among the pseudo-disaccharide-based
glycomimetics (ICso: 75 pM, Kp: 53 pM), and this is one of the strongest monovalent DC-SIGN ligands, up to
date. (Figure 87)

The X-ray crystal structure of 3.29 in the CRD of DC-SIGN offered unique insight on the structural details of
binding interactions in the ammonium pocket, as well as on the earlier not resolved binding mode of bisamide
ligands. The structure of the complex validated the predicted interactions between the ammonium ion and the
serine-phenylalanine-glutamic acid residues, and served as a proof that the bisbenzylamide group establishes van
der Waals interactions with the CRD around Val351.

Additionally, 3.3, 3.23 and 3.29 are highly selective DC-SIGN ligands that do not inhibit langerin. Further
studies are underway to evaluate the metabolic stability of 3.29, and to install other favourable modifications in

the glycomirnetic structure.
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Figure 87. Affinity values of C-2 modified glycomimetic ligands, determined in SPR inhibition assays. Three ligands stand out of
these results: the simple propargylamine derivative 3.3 (ICso: 100 uM), the 2-picolylamine derivative 3.23 (ICsp: 160 uM) and
3.29, a ligand comprising two modification startegies. 3.29 simultaneously targets the in silico predicted ammonium binding

pocket near Phe313, and engages in lipophilic interactions with the CRD surface in the vicinity of Val351

245



3.4 EXPERIMENTAL SECTION

See general experimental details in 2.1.2.1.

3.4.1 Synthesis of intermediates

Imidazole-1-sulfonyl azide hydrogen sulfate 3.6

1. NaN,
MeCN o o
I 0°C ->RT = g H,SO4 (\Nfﬁ\N:;
cl—$—al ©ON-SN, HN=/ O
3 2. ImH N=" O EtOAc N
0°C -> RT 60% ©hso,
3.4 35 3.6

NaN; (1.04 g, 16 mmol, 1 equiv.) was suspended in dry MeCN under nitrogen atmostphere and the mixture was
cooled to 0°C. Sulfuryl chloride (1.293 ml, 16 mmol, 1 equiv.) was added dropwise to the stirred mixture, and the
suspension turned light pink. The reaction was left to warm to RT and after 9 hours cooled again to 0°C when
imidazole (2.07 g, 30.4 mmol, 1.9 equiv.) was slowly added. The mixture was stirred overnight at RT, and turned
light brown. Th next day, the reaction was concentrated to 2/3 volume, diluted with 20 ml EtOAc and washed
with 2 * 20 ml water, 2 * 20 ml saturated NaHCO; solution and finally with 20 ml water. The aqueous phase was
treated according to the standard azide-quenching procedure (see 2.1.2.2). The organic phase was dried over
Na,SO,, filtered and concentrated to 1/2 volume in vacuo. The solution was cooled to 0°C and cc. H,SO, (896
ul, 16 mmol, 1 equiv.) in 32 ml EtOAc was added dropwise. After 1.5 hours, the precipitate was filtered on a
Biichner-funnel and washed with cold EtOAc to yield the product as white crystals. WARNING: Imidazole-1-
sulfonyl azide and its salts are potentially explosive and hazardous, due to their sensitivity to heat, impact, friction,

and electrostatic discharge.
Yield: 60%

'"H NMR (400 MHz, DMSO-de): § = 8.91 (dd, 1H, Hy, ] = 2.4 Hz, ] = 5.6 Hz), 7.83 (dd, 1H, Hs, J= 1.4 Hz, ] =
1.8 Hz),7.40 (dd, 1H,H,, J=1.0Hz, ] = 1.8 Hz)
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"H NMR spectrum of 3.6 in D,O (400 MHz)
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©hso,

1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-mannopyranose (3.8

HSO
©] 4
Q /~NH
N3’§’N\%
o}

HO HCl K,CO3 CuS0O4*sH,0, pH ~ 8 AcO

NH MeOH, -20°C -> RT, 5h Na
HO—~\|O Aco—~]o
HO AcO S,

OH 2. Ac,0, pyridine LhOAc
0°C -> RT, overnight

3.7 92% 3.8

Mannosamine hydrochloride (1.2050 g, 5.59 mmol, 1 equiv.) was suspended in dry MeOH (50 ml) and cooled
to -20°C. K,COs (811 mg, 5.87 mmol, 1.05 equiv.) was dissolved in 4 ml water and added to the stirred
suspension. CuSO4*SH,O (14 mg) was added to the mixture. Another portion of K;CO3 (811 mg, 5.87 mmol,
1.05 equiv.) in 4 ml water was added, immediately followed by the addition of imidazole-1-sulfonyl azide (1.8190
g, 6.7080 mmol, 1.2 equiv.).The pH was continuously controlled and the reactions was stirred at -20°C for 2
hours, when it was left to warm to RT (light blue suspension). After 4 hours, only one major spot was detected
by TLC (R¢= 0.4 in DCM : MeOH = 8 : 2). The solvent was evaporated in vacuo and the crude was suspended
in dry pyridine (20 ml). The mixture was cooled to 0°C and Ac,O (4.22 ml, 44.72 mmol, 8 equiv.) was added
dropwise. The reaction was stirred overnight at RT and the next day only one major spot was detected on TLC
(Re=0.36 in toluene : EtOAc =9 : 1). The crude was purified by flash chromatography (toluene : EtOAc=9:1)

to yield the pure product as a white foam.

Yield: 92%, a:p=2:1

a-anomer: 'H NMR (400 MHz, CDCL): § = 6.09 (d, 1H, H,, ]1» = 1.9 Hz), 5.43 — 5.34 (m, 2H, H;, H,), 4.21
(dd, 1H, He,, ] = 4.6 Hz, ] = 12.4 Hz), 4.08 (dd, 1H, Hs, ] = 2.2 Hz, ] = 12.4 Hz), 4.04 — 3.98 (m, 2H, H,, H;),
2.16 (s, 3H, AcO), 2.11 (s, 3H, AcO), 2.09 (s, 3H, AcO), 2.05 (s, 3H, AcO)
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3C NMR (100 MHz, CDCL): § = 170.6 (C=0 (AcO)); 169.9 (C=0 (AcO)); 169.3 (C=0 (AcO)); 168.1
(C=0 (AcO)); 91.7 (C)); 71.1 (C3); 71.1 (Cs); 65.6 (Cy4); 62.1 (Cs); 60.1 (H,); 21.2 (Me (OAc)); 20.9 (Me
(OAC)); 20.9 (Me (OAc)); 20.8 (Me (OAc))

B-anomer: § = 5.81 (d, 1H, H,, J1.= 1.4 Hz), 5.27 (t, 1H, H,), 5.04 (dd, 1H, H3, ] = 3.7 Hz, ] = 9.8 Hz), 4.23 (dd,
1H, He,, J=4.9Hz, ] = 12.4Hz),4.06 (dd, 1H, H,, ] = 2.4 Hz, ] = 12.4 Hz), 3.70 (ddd, 1H,Hs, = 2.4 Hz, ] = 4.9
Hz, ] =9.9 Hz), 2.18 (s, 3H, AcO), 2.11 (s, 3H, AcO), 2.08 (s, 3H, AcO), 2.04 (s, 3H, AcO)

3C NMR (100 MHz, CDCL): § = 170.6 (C=0 (AcO)); 169.9 (C=0 (AcO)); 169.3 (C=0 (AcO)); 168.1
(C=0 (AcO)); 91.5 (C1); 73.6 (Cs); 72.2 (Cs3); 65.3 (Cy4); 62.1 (Cy); 61.4 (H,); 21.1 (Me (OAc)); 21.1 (Me
(OAC)); 21.0 (Me (OAc)); 20.9 (Me (OAc))

"H NMR spectrum of 3.8 in CDCl; (400 MHz)
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During the trials, a significant amount of 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-glucopyranose formed, the
NMR data are reported below.

'"H NMR (400 MHz, CDCL): a-anomer: § = 6.25 (d, 1H, Hy, J1» = 3.7 Hz), 5.41 (dd, 1H, Hs, J= 9.4 Hz, 10.4
Hz), 5.1 - 4.9 (m, 1H, H,), 4.25 (dd, 1H, He,, ] = 4.1 Hz, ] = 12.5 Hz), 4.12 - 3.98 (m, 2H, H;, Hg,), 3.62 (dd,
1H, H,, ] = 3.7 Hz, 10.5 Hz), 2.15 (s, 3H, AcO), 2.06 (s, 3H, AcO), 2.03 (s, 3H, AcO), 2.00 (s, 3H, AcO)
B-anomer: § = 5.51 (d, 1H, Hy, J1» = 8.6 Hz), 6.1 - 4.9 (m, 2H, H;, H,), 4.24 (dd, 1H, He,, J = 4.5 Hz, ] = 12.4
Hz),4.04 (dd, 1H, He,, ] = 2.2 Hz, ] = 12.4 Hz), 3.76 (ddd, 1H, Hs, ] = 2.2 Hz, ] = 4.5 Hz, ] = 9.7 Hz), 3.62 (dd,
1H,H,,]=8.6 Hz, ] =9.8 Hz), 3.14 (s, 3H, AcO), 2.04 (s, 3H, AcO), 2.03 (s, 3H, AcO), 1.98 (s, 3H, AcO)

"H NMR spectrum of 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-glucopyranose in CDCl; (400 MHz)
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1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-mannopyranose 3.8 (506 mg, 1.36 mmol, 1 equiv.) was dissolved in 1
ml dry THF and cooled to 0°C. 813 pl 2M MeNH, in THF (1.626 mmol, 1.2 equiv.) was added to the solution
and the reaction was stirred at RT for 1.5 hours. After completion, the mixture was concentrated and the crude
was purified by flash chromatography (Re: 0.27 (a) and 0.24 (B) in toluene : EtOAc=6:4).

Yield: 97%, a: p=87:13

[a]p®: +92.2° (¢ = 0.7 in CH,Cl,)

'"H NMR (400 MHz, CDCl;): a-anomer: 8 = 5.45 (dd, 1H, Hs, J,3= 3.8 Hz, J54 = 9.8 Hz), 5.35 (t, 1H, Hy, J4s =
9.5Hz), 5.27 (s, 1H, H,), 4.26 — 4.09 (m, 3H, Hq,1, Hs), 4.06 (dd, 1H, H,, ], = 1.8 Hz), 2.10 (s, 3H, OAc), 2.09
(s, 3H, OAc), 2.05 (s, 3H, OAc)

B-anomer: 8 = 5.29 - 5.23 (m, 1H, Hy), 5.13 (dd, 1H, H;, J»3 = 3.8 Hz, ],5=9.9 Hz), 4.91 (d, 1H, H,, ]1. = 6.4
Hz), 4.26 - 4.10 (m, 2H, He,), 3.67 — 3.60 (m, 2H, Hs, H,), 2.12 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.05 (s, 3H,
OAc)
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3C NMR (100 MHz, CDCL): a-anomer: § = 170.8 (C=0 (AcO)); 170.0 (C=0 (Ac0O)); 169.6 (C=0 (AcO));
92.8 (C1);70.7 (Cs); 68.6 (Cs); 65.9 (Cs); 62.2 (Cq); 61.7 (C1); 20.8 (Me (OAc)); 20.7 (Me (OAc)) 5 20.6 (Me
(OAc))

B-anomer: § =170.8 (C=0 (AcO)); 170.0 (C=0 (AcO)); 169.6 (C=0 (AcO)); 92.7 (C.); 72.8 (Cs); 72.4 (Cs);
65.4 (C4); 63.5 (C,); 62.1 (Cs); 20.8 (Me (OAc)); 20.7 (Me (OAc)) ; 20.6 (Me (OAc))

MS (ESI): m/z calculated for [ C1;H;7N3OgNa]*: 354.10 [M+Na]*; found: 354.78

"H NMR spectrum of 3.9 in CDCl; (400 MHz)
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2-azido-2-deoxy-3,4,6-tri-O-acetyl-D-mannose trichloroacetimidate (3.10

AcO
ACO CCI4CN, DBU T Ng
3 0°C > RT, 1h  AcO[O
AXOO O AcO
C
OH 79% TCA
3.9 3.10

3,4,6-tri-O-acetyl-2-azido-2-deoxy-D-mannopyranose 3.9 (400 mg, 1.20 mmol, 1 equiv.) was dissolved in § ml
DCM, cooled to 0°C and trichloroacetonitrile (1.33 ml, 13.29 mmol, 11 eqiv.) was added to the solution. Then,
DBU (45 yl, 0.30 mmol, 0.25 equiv.) was added and the reaction was stirred at RT under N, overnight. After
completion, the mixture was concentrated and the crude was purified by flash chromatography (R¢: 0.38 in H :
EA =75:25) toyield the pure product as a white foam.

Yield: 77% (Exclusively a-product)

[a]p®: +88.9° (c = 0.6 in CH,Cl,)

'"H NMR (400 MHz, CDCl;): § =8.77 (s, 1H,NH), 6.29 (d, 1H, H,, 1, = 1.8 Hz), 5.45 (t, 1H, Hy, J43= J45 =
10.0 Hz), 5.43 (m, 1H, H3), 4.28 (dd, 1H, H,, ], 5= 3.3 Hz), 4.25 (dd, 1H, He, Js.sv = 12.7 Hz, Js.s = 4.8 Hz,), 4.18
-4.12 (m, 2H, Hs, Hg), 2.12 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.07 (s, 3H, OAc)

3C NMR (100 MHz, CDCl): 8§ = 170.8 (C=0 (AcO)); 170.1 (C=0 (AcO)); 169.6 (C=0 (AcO)); 160.0
(C=NH); 95.5 (C1); 90.42 (CCl3); 71.4 (C5); 70.8 (C3); 65.2 (C4); 61.8 (C6); 60.0 (C2); 20.9 (OAc); 20.8
(OAc); 20.7 (OAc)

MS (ESI): m/z calculated for [ C,sH,,CLiN,OgNa]*: 497.01 [M+Na]*; found: 496.88

"H NMR spectrum of 3.10 in CDCI; (400 MHz)
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3C NMR spectrum of 3.10 in CDCl; (100 MHz)
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1,2-cyclohexanedicarboxylic acid, 4-(2-chloroethoxy)-5-((3,4,6-O-triacetyl) -2-azido-a-D-2-
deoxymannopyranosyloxy)-1,2-dimethylester (15,25,4S,5S) (3.11

A mixture of the acceptor 2.27 (200 mg, 0.42 mmol, 1 equiv.) and the donor 3.10 (123.8 mg, 0.42 mmol, 1 equiv.)
was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed) were
added. The mixture was kept under vacuum for a few hours and then dissolved in dry DCM (10 ml). After cooling
to -30°C, TMSOTT (15.2 pl, 0.084 mmol, 0.2 equiv.) was added to the stirred mixture. The solution was stirred
at -30°C for 1 hour and upon completion, the reaction was quenched with TEA. The mixture was warmed to
room temperature and filtered over a celite pad. The filtrate was evaporated at reduced pressure and the crude
product was purified by flash chromatography (Hex : EtOAc =72 : 28) to yield the pure product 3.11 as a white

foam.

Yield: 94% (exclusively a-product)

[a]p®: +73.4° (¢ = 0.68 in CH,Cl,)

'"H NMR (400 MHz, CDCL): 8§ = 5.35 (dd, 1H, Hs, J52 = 3.6 Hz, ;4= 9.6 Hz), 5.29 (dd, 1H, Hy, ], s = 9.4 Hz),
4.98 (d, 1H,H,, ]2 = 1.5 Hz), 4.21 (dd, 1H, He, J6s = 5.4 Hz, Jseo = 12.2 Hz), 4.08 (dd, 1H, Hgy, Joo-s = 2.3 Hz),
4.03 (m, 1H, H,), 3.98 - 3.94 (m, 1H, Hs), 3.94 - 3.90 (m, 1H, H,), 3.87 - 3.80 (m, 1H, H.), 3.70 (s, 3H, Hy),
3.69 (s, 3H, Hy), 3.68 - 3.64 (m, 1H, Hy,), 3.62 - 3.59 (m, 2H, 2H, Hs.1), 3.59 - 3.58 (m, 1H, C,), 3.02 (dt, 1H,
Csy Jeacreq= 4.0 Hz, Jos o = Jeacs = 12.0 Hz,), 2.88 (dt, 1H, Hcs, Jcs.coeq = 4.0 Hz, Jes.com= 12.0 Hz), 2.10 (s, 3H,
OAc), 2.08 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.10 - 1.80 (m, 4H, Hcsay Heseqy Heseq Hesa)

3C NMR (100 MHz, CDCL,): § = 174.9 (C,); 174.6 (Cs); 170.8 (C=0 (AcO)); 170.0 (C=0 (AcO)); 169.6
(C=0 (AcO)); 95.9 (C1); 75.3 (Cc1); 71.7 (Cca); 71.0 (Cs3); 69.6 (C7); 69.2 (Cs); 66.3 (Cy); 62.6 (Cs); 61.9
(C); 52.2(C0); 43.2 (Cs); 39.2 (Ccs); 39.0 (Ccs); 28.0,26.8 (Ccs, Cos); 20.9 (Me (AcO)); 20.8 (Me (AcO));
20.7 (Me (AcO))

MS (ESI): m/z calculated for [ C,sH34CIN;O,:Na]*: 630.17, found: 630.51
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"H NMR spectrum of 3.11 in CDCI; (400 MHz)
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General conditions for CuAAC reactions

IM CuSO,*SH,0O and Na-ascorbate solutions were prepared in degassed water. The alkyne (1 equiv.) was
dissolved in degassed THF and 0.1 equiv. CuSO4*SH,O solution and 0.4 equiv. Na-ascorbate solutions were
added, under nitrogen atmosphere. The azide was also dissolved in degassed THF and added to the mixture. The

I"™ MP metal scavenger was added to

reaction was stirred under nitrogen, then, upon completion, QuadraSi
remove the copper, the mixture was filtered and concentrated in vacuo. If the purity of the protected product was

satisfactory, the crude was used directly in the following Zemplén-deprotection step.
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General conditions for Zemplén-deacetylation

1 equiv. Acetylated compound was dissolved in distilled MeOH and 1M freshly prepared NaOMe in MeOH was
added to the solution (1.5 mol equiv NaOMe) to 0.1M final concentration of the substrate. After completion, the
reaction was neutralized with Amberlite® IR120 hydrogen form ion-exchange resin, filtered and concentrated in
vacuo. The crude was purified by direct (DCM : MeOH) or reverse phase flash chromatography (water:
MeOH/MeCN, for propargyl amine derivatives + 0.01% TFA was added), yielding the pure product.

Compounds 3.12, 3.13, 3.14 and 3.29 were isolated as ammonium trifluoroacetate salts.

3.4.2 Characterization of C-2 modified ligands

Characterization of 3.12

HO 0 -
Ho CF5C00
\ O
0—< O
o)

O\ O/\/CI

Yield: 75% (over two steps)

R 0.06 in water: MeOH =1:1+0.01% TFA

'"H NMR (400 MHz, D,0): 8§ = 8.36 (s, 1H, Hr.cn), 5.42 (s, 1H, H,), 5.30 (d, 1H, H,, 1, = 4.9 Hz), 4.42 (s, 2H,
H.), 4.36 (dd, 1H, Hs, ]34 =9.5Hz, ] = 4.9 Hz), 4.17 - 4.11 (m, 1H, C,), 4.00 - 3.83 (m, 6H, Hs, He.», H7p, C1),
3.78 - 3.75 (m, 2H, Hs.y), 3.75 (s, 3H, Hy), 3.72 (s, 3H, Hyp), 3.75 - 3.72 (m, 1H, Hy), 3.06 - 2.96 (m, 2H, C,,
Cs), 2.79 (bs, 3H, NMe), 2.28 — 2.10 (m, 2H, Ciu6a), 2.03 — 1.84 (m, 2H, Cia6ar)

3C NMR (100 MHz, D,0): § = 177.5 (Cs); 177.2 (Cs); 138.0 (Creg); 126.8 (Cricn); 96.0 (C1); 74.3 (Ccior Cs);
73.8 (Cs or Cc1); 71.4 (Ccz); 69.1 (C); 68.6 (C3); 66.4 (Cy); 64.0 (C); 60.5 (Co); 52.8 (Cuo); 43.7 (Cs); 42.7
(C11); 39.1 (Ccyy Ces); 34.0 (Came); 27.2 (Co); 26.4 (Cs)
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'"H NMR spectrum of 3.12 in D,O (400 MHz)
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Characterization of 3.13

Yield: 84% (over two steps)

Re 0.1 inwater: MeOH =1:1+0.01% TFA

'"H NMR (400 MHz, D,O): § =8.38 (s, 1H, Hrcu), 5.36 (s, 1H, H,), 5.25 (d, 1H, Hy, J12 = 5.1 Hz, J,5 = 1.2 Hz),
4.46 (s,2H,H1,),4.33 (dd, 1H,H3, ]34 =9.5 Hz, ] = 5.0 Hz), 4.10 - 4.05 (m, 1H, C,), 3.92 - 3.77 (m, 6H, Hs, Hs,,
Ho.p, C1), 3.71 - 3.69 (m, 2H, Hg,,), 3.68 (s, 3H, Hio), 3.65 (s, 3H, Hyo), 3.68 - 3.65 (m, 1H, Hy), 3.00 - 2.90 (m,
2H, Cy4, Cs),2.79 (app d, 6H, NMe;), 2.23 — 2.03 (m, 2H, Ca6ax), 1.97 — 1.76 (m, 2H, Csaqeax)

BCNMR (100 MHz, D,0): §=177.5(Cs); 177.2 (Cy); 136.4 (Crrq); 127.9 (Cricn); 95.9 (C1); 74.2 (Ccior Cs);
73.7 (Cs or Cc1); 71.2 (Cca); 69.0 (C7); 68.4 (Cs); 66.3 (Cu); 64.0 (Cy); 60.3 (Ce); 52.7 (Co); 51.1 (Cy), 43.6
(Cn); 42.1 (Cc4, Ccs); 39.0 (CNMez),‘ 27.2 (Cé); 26.4 (C3)

"H NMR spectrum of 3.13 in D,O (400 MHz)
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3C NMR spectrum of 3.13 in D,O (100 MHz)
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Characterization of 3.14

N O/\/CI

Yield: $3% (over two steps)

R 0.26 inwater: MeOH =1:1+0.01% TFA

'"H NMR (400 MHz, CD3OD): § =8.08 (s, 1H, Hricn), 7.52 - 7.27 (m, SH, Hy», His, His), 5.27 (s, 1H, H,), 5.26
(d, 1H, Hy, Ji2= 5.1 Hz, J,3= 1.0 Hz), 4.53 (s, 2H, H,1), 4.21 (dd, 1H, Hs, ;4= 9.6 Hz, ] = 5.3 Hz), 3.99 - 3.95
(m, 1H, C,), 3.81 - 3.66 (m, 6H, Hs, He,p, Hap, C1), 3.61 - 3.59 (m, 2H, Hs.y), 3.58 (s, 3H, Ho), 3.55 (s, 3H,
Hio), 3.58 — 3.55 (m, 1H, Hy), 3.01 (s, 9H, NMe;), 3.00 - 2.90 (m, 2H, Cy, Cs), 2.01 — 1.94 (m, 2H, Csu62:), 1.85
- 1.67 (m, 2H, Cia6n)

3C NMR (100 MHz, CD;0D): § = 177.5 (Cy); 177.2 (Cs); 135.5 (Crrg); 129.3 (Crrucn); 96.0 (C.); 74.4 (Ceyor
Cs); 73.9 (Cs or Ccr); 714 (Cca); 69.2 (C7); 68.6 (Cs); 66.4 (Cs); 64.3 (Cs); 60.4 (Ce); 59.9 (Cii); 52.8 (Cs);
52.7 (Cxmez); 43.8 (C10); 39.3 (Ccsy Cos); 27.2 (Co); 26.4 (Cs)

'H NMR spectrum of 3.13 in CD;O0D (400 MHz)
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3C NMR spectrum of 3.13 in CD;0D (100 MHz)
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Characterization of 3.20a and 3.20b
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Yield: 65% (over two steps)

R¢(3.20.a): 0.26; R¢(3.20.b): 0.22in DCM : MeOH =94: 6

'"H NMR (400 MHz, CD;OD): 8 = 8.08 (s, 1H, Hr.cn, (3.20a)), 8.06 (s, 1H, Hr.cn, (3.20b)), 5.87 (s, 1H, Hyj,
(3.20a)), 5.86 (s, 1H, Hi,, (3.20b)), 5.31 (d, 1H, H,, J1» = 1.4 Hz, (3.20a)), 529 (d, 1H, H,, ;> = 1.4
Hz(3.20b)),

5.10(dd, 1H, H,, ], = 1.4 Hz, J,5= 5.0 Hz),4.19 (dd, 1H, Hs, ]34 = 9.0 Hz, ] = 5.0 Hz), 4.11 - 4.06 (m, 1H, C,),
3.93 -3.72 (m, 9H, Hy, Hs, He,p, Hrop, Ci, Heap), 3.71 (s, 3H, Hyo), 3.68 (s, 3H, Hy), 3.03 - 2.87 (m, 2H, C,, Cs),
2.21-2.06 (m, 2H, Csuen), 1.93 - 1.81 (m, 2H, Caaear)

3C NMR (100 MHz, CD;OD): § = 177.5 (Cy); 177.2 (Cs); 138.0 (Crvy); 130.4 (C13); 129.7 (Cis); 128.7 (Ca);
126.8 (Cricn); 99.3 (C1); 77.0 (Ccior Cs); 76.7 (Cs or Cey); 74.1 (Cea); 71.7 (C7); 71.4 (Cs); 71.2 (C11); 69.0
(C4); 66.6 (C2); 63.2 (Cs); 53.4 (Ci0); 45.3 (Cs); 41.4,41.2 (Cc, Ccs); 30.1 (Cy); 29.2 (Cs)
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'H NMR spectrum of 3.12 in CD;0D (400 MHz)
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Yield: 77% (over two steps)

Re 0.11 inwater: MeOH=1:1

'"H NMR (400 MHz, D,O): § = 8.61 (s, 1H, Hr.cu), 8.51 (brs, 1H, H»), 8.01 — 7.92 (m, 2H, H3, Hys), 7.47 —
7.39 (m, 1H, H,4), 5.46 (d, 1H, H,, 1> = 1.7 Hz), 5.28 (dd, 1H, H,, ], = 1.7 Hz, ], 3= 5.1 Hz), 4.34 (dd, 1H, H;,
J54=9.1Hz,]=5.1Hz),4.15-4.11 (m, 1H, C,), 3.98 - 3.79 (m, 6H, Hs, He, b, Hrap, C1), 3.79 - 3.70 (m, 3H, Hgy,
H,), 3.70 (s, 3H, H,), 3.62 (s, 3H, Hy), 3.01 - 2.86 (m, 2H, Cy4, Cs), 2.24 — 2.08 (m, 2H, Csu6u), 1.98 — 1.78 (m,
2H, Cipen)

C NMR (100 MHz, D,0O): § = 177.4 (Cs); 177.2 (Cy); 149.0 (C12); 138.7 (Crig); 138.7 (Cis); 124.0 (Cis);
123.6 (Crecu); 121.0 (Cu4); 95.8 (C1); 74.2 (Ceiror Cs); 74.1 (Cs or Cer); 71.2 (Cez); 69.0 (C); 68.8 (Cs); 66.7
(C4); 63.9 (Cy); 60.6 (Cs); 52.6 (Cuo); 43.6 (Cs); 39.0, 38.9 (Cey, Ces); 27.1 (Co); 26.4 (Cs)
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'"H NMR spectrum of 3.12 in D,O (400 MHz)
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Characterization of 3.24

N O/\/CI

Yield: 45% (over two steps)

Re 0.19inwater: MeOH=1:1

'"H NMR (400 MHz, CD;0D): § = 9.03 (brs, 1H, Hy,), 8.70 (s, 1H, Hr.cn), 8.52 (d, 1H, Hus, Ji13.14 = 4.3 Hz),
8.30 (dt, 1H,H,s,J= 1.8 Hz, J=8.0 Hz), 7.53 (dd, 1H,H,4, ] = 4.8 Hz, ] = 8.0 Hz), 5.37 (d, 1H, H,, ], = 1.7 Hz),
5.18 (dd, 1H, H,, J,» = 1.8 Hz, J,5 = 5.0 Hz), 4.22 (dd, 1H, Hs, ]34 = 8.5 Hz, ] = 5.0 Hz), 4.11 - 4.07 (m, 1H, C,),
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3.96 - 3.73 (m, 6H, Hs, He,p, Hrat, C1), 3.69 - 3.68 (m, 1H, Hy), 3.68 (s, 3H, Hy,), 3.68 - 3.64 (m, 2H, Hs,1), 3.63
(s, 3H, Hy), 3.00 - 2.84 (m, 2H, C,, Cs), 2.19 — 2.06 (m, 2H, Cip6u), 1.91 — 1.79 (m, 2H, Cipen)
3C NMR (100 MHz, CD;OD): § = 177.4 (Co); 177.2 (Co); 1482 (C1); 138.7 (Cry); 136.1 (Ci3); 123.6
(Crecn); 122.0 (Ci5); 121.2 (C14); 99.1 (C1); 77.0 (Ccior Cs); 76.9 (Cs or Cei); 71.7 (Cea); 71.5 (C); 68.9 (Cs);
66.8 (Cs4); 62.9 (C,); 58.6 (Cq); 53.4 (Cio); 45.3 (Cs); 41.3,41.2 (Ccs, Ces); 30.1 (Co); 29.1 (Cs)

"H NMR spectrum of 3.12 in CD;0D (400 MHz)
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1,2-Cyclohexanedicarboxylic acid, (1S,25,45,55)-5-(2-chloroethoxy)-4-hydroxy-1,2-bis-p-nitrophenyl ester

(3.25)

NO, ~_Cl
e /@ HO PNP._O
S0 24 OH

° O\©\ Cu(OT), °

u(0Tf, PNP O

© NO, 1

DCM

70% Cl
23 3.25

Epoxide 2.3 (1.2 g, mmol, 2.8014 mmol, 1 equiv.) and Cu(OTf), (253 mg, 0.7 mmol, 0.25 equiv.) were added to
2-chloroethan-1-ol (30 ml) and the mixture was stirred under nitrogen at room temperature. After completion
(16 h), the solvents were removed under reduced pressure and the crude was purified by flash chromatography

(Hex with gradient of EtOAc from 20 to 50%) to yield 80% of pure product 3.25 as a colorless wax.

Yield: 80%

Rz 04in Hex: EtOAc=1:1

'"H NMR (400 MHz, CDCL): & = 8.30 - 8.24 (m, 4H; H,»), 7.29 - 7.23 (m, 4H; H,,), 4.21 - 4.16 (m, 1H; H,),
3.91 - 3.84 (m, 1H; H,,), 3.75 - 3.66 (m, 2H; Hy, H,), 3.50 - 3.33 (m, 4H; H,, Hs, Hg,p), 2.40 - 2.13 (m, 4H;
H;, Hy)

"H NMR spectrum of 3.25 in CDCI; (400 MHz)
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1,2-Cyclohexanedicarboxylic acid, (15,25,45,55)-4-(2-chloroethoxy)-S-[(3,4,6-tri-O-benzoyl-2-azido-2-deoxy-

a-D-mannopyranosyl)oxy|-1,2-bis(p-nitrophenylester) (3.26

TMSOTf AcO

o ACO N, DCM N
PNP~< OH AcO o mol. sieves AcO~
o] AcO -30°C, 65m o
* —_— o
PNP OCl 0. CCls 77% e
N PNP L~_c
3.25 3.10 226

A mixture of the acceptor 3.25 (79 mg, 0.1549 mmol, 1 equiv.) and the donor 3.10 (74 mg, 0.1549 mmol, 1
equiv.) was co-evaporated with toluene three times. Powdered and activated 4A molecular sieves (acid washed)

were added. The mixture was kept under vacaum for a few hours and then dissolved in dry DCM (2 ml). After
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cooling to -30°C, TMSOTf (5.6 yl, 0.0310 mmol, 0.2 equiv.) was added to the stirred mixture. The solution was
stirred at -30°C for 1 hour and upon completion, the reaction was quenched with TEA. The mixture was warmed
to room temperature and filtered over a celite pad. The filtrate was evaporated at reduced pressure and the crude
product was purified by flash chromatography (toluene with a gradient of EtOAc from 0 to 10%) to yield the pure
product 3.26 as a white foam.

Yield: 82%

R 0.25in Hex: EtOAc=6:4

'H NMR (400 MHz, CDCl): § = 8.30 — 8.25 (m, 4H; H,,), 7.30 -7.24 (m, 4H; H,,), 5.42 - 5.27 (m, 2H; H;,
H,), 5.07 (d, 1H; H,, J1» = 1.6 Hz), 4.25 (dd, 1H; Hep, Jevs = 5.6 Hz, Jsaso = 12.3 Hz), 4.16 — 4.09 (m, 4H, H,, Hg,
C,, C2),3.98-3.90 (m, 1H; Hy.3), 3.83 — 3.75 (m, 1H, Hy), 3.68 (t, 2H, Hg,, ] = 5.5 Hz), 2.45 - 3.67 (m, 1H; C,4
or Cs),3.27 - 3.18 (m, 1H; Cs or C4), 2.48 - 2.32 (m, 4H; Cseqy Coeq), 2.20 - 2.13 (m, 4H; Csay Coa), 2.12 (s, 3H,
OAc),2.11 (s, 3H, OAc), 2.08 (s, 3H, OAc)

"H NMR spectrum of 2.11 in CDCl; (400 MHz)
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The PNP-ester 3.26 (104 mg, 0.1263 mmol, 1 equiv.) was dissolved in dry DMF (150 pl) and diluted with dry
THEF (1 ml) and (4-hydroxymethylene)benzylamine (52 mg, 0.38 mmol, 3 equiv.) was added. The reaction was
stirred at RT overnight, then, upon completion, the solvent was evaporated. The crude product was purified by
flash chromatography (DCM with a gradient of MeOH from 0 to 10%) to yield the pure product 3.26 as a white

foam.
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Yield: 86%

Ri: 0.13in DCM : MeOH =97 : 3

'"H NMR (400 MHz, CDCL): § = 7.29 - 7.15 (m, 8H; Hy; Hy3), 6.34 (m, 1H, NH), 6.09 (m, 1H; NH), 5.36 —
5.27 (m, 2H; H;, Hy), 4.95 (d, 1H; H, ], = 1.6 Hz), 4.68 — 4.60 (m, 4H, Hs), 4.35 — 4.30 (m, 4H, H), 4.21
(dd, 1H; Hep, Jebs = 5.1 Hz, Je.eo = 10.2 Hz), 4.11 — 4.03 (m, 2H, H,, C,), 3.98 — 3.92 (m, 2H; Ha, C,), 3.77 -
3.72 (m, 1H; H7,y), 3.69 — 3.65 (m, 1H, H;s), 3.60 (t, 2H, Hs,, ] = 5.6 Hz), 2.89 — 2.70 (m, 2H; C,, Cs), 2.20 —
1.81 (m, 4H; Cs, Cy)

"H NMR spectrum of 2.11 in CDCI; (400 MHz)
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Yield: 76% (over two steps)

R 0.38 inwater : MeOH=1:1+0.01% TFA

'"H NMR (400 MHz, CD;OD): § = 8.29 (s, 1H, Hrcu), 7.30 — 7.18 (m, 8H, Hy, Hi3), 5.28 (s, 1H, H,), 5.22 (dd,
1H, H,, ]2 = 1.0 Hz, J5 = 5.1 Hz), 4.55 (d, 4H, Hyo, ] = 2.6 Hz), 4.32 — 4-20 (m, 7H, Hs, H,s, Hy4), 4.12 — 4.08
(m, 1H, H,), 3.92 - 3.82 (m, 3H, He,, Hy.), 3.79 — 3.72 (m, 3H, Hs, Hz,, C1), 3.69 — 3.60 (m, 3H, Hy,, Hy), 3.01
-2.83 (m, 2H, C4, Cs), 2.03 - 1.89 (m, 4H, Cs, Cs)

3C NMR (100 MHz, D,0): § = 177.9 (Cy); 177.6 (Cy); 142.5, 142.4 (Cys); 141.7, 140.7 (Ci3); 139.8 (Crvy);
129.3,129.2 (C11); 126.8 (Cricn); 98.3 (C1); 77.1 (Ccror Cs); 76.7 (Csor Ce1); 73.2 (Cea); 71.6 (C5); 71.1 (Cs);
69.0 (C4); 65.8 (C10);65.5 (Cz); 63.0 (Ce); 45.2 (Cs); 44.6, 44.5 (Cis); 42.5 (Ces, Ces); 36.3 (Cue); 30.8,29.3
(Cq Cs)
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'H NMR spectrum of 3.29 in CD;0D (400 MHz)
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3.5 APPENDIX

3.5.1 Selectivity tests

SPR inhibition tests against DC-SIGN and langerin were performed by Silvia Achilli, IBS, Grenoble, France.
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Figure 88. Sensorgrams of 3.3, 3.23 and 3.29 obtained in SPR competition assays against DC-SIGN and langerin on a
mannosylated-BSA surface
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3.5.2ITC tests

Isothermal titration microcalorimetry (performed by Silvia Achilli, IBS, Grenoble, France)

Interaction between 3.29 and DC-SIGN ECD by ITC was additionally analysed by ITC. 3.29 (2.5 mM) was
titrated into a lectin solution (100 pM). A one binding site model fitting of the data with an assumed
stoichiometry value fixed to 1 yielded a Kp of 52.08 £ 1.32 uM that was in agreement with the apparent affinity
determined by SPR competition assay (ICso: 76.25 £ 3.25 uM). A titration with 3.29 alone was performed to

remove the glycomimetic’s contribution of dilution in the Kp determination. The experiment was repeated twice.
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Figure 89. ITC analysis of interaction between 3.29 and DC-SIGN ECD. Titrations of 3.29 with 2.5 mM to DC-SIGN
(100 uM). The upper panel shows the titration thermogram and the lower panel the data integration with fitted curves
(1: 1 binding model). Additionally, both panels contain also the result of 3.29 titration alone.
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Co-crystallisation trials of DC-SIGN CRD and Man069 were performed by Dr. Michel Thépaut.

HTX crystallization platform (EMBL) was used to screen conditions of co-crystallization with the hanging-drop
vapor-diffusion method at 293 K. The drop was composed of a protein/reservoir ratio of 1:1 with protein
concentred at 5.54 mg/mlin 150 mM NaCl, 4 mM CaCl,, 25 mM Tris pH ~ 8,2% (v : v) DMSO buffer and 3.25
mM 3.29. Among the crystallisation hits obtained, the condition F04 (200 mM Mg(NOs),, 20% PEG 3350) from
the kit PEGs-Suite Qiagen was chosen for manual optimisation screening with four different buffers (MES pH ~
6, HEPES pH ~ 7, TRIS pH ~ 8 and Bicine pH 9), concentration of PEG 3350 (15 %-25%) and Mg(NOs3),
concentration (from 0.15 M to 0.2 M). Finally, the best crystals were obtained in the following condition: 20%
PEG 3350, 200mM Mg(NO5),, 100mM MES pH ~ 6.

Crystals were directly flash frozen in liquid nitrogen using Paratone-N as cryoprotectant. Data collection was
performed at id30A-1 beamline (MASSIF-1), ESRF Grenoble. XDS/XSCALE (version 20180126) programs
were used to process data resulting in a P2, space group, with unit cell parameters and a data set of 65455
reflections between 40 and 2.1A resolution with 98.4% of completeness. Structure was solved by molecular
replacement, using 1K91 DC-SIGN CRD structure and MOLREP (version 11.6.2).

Model building was made alternating refinement with REFMAC (version 5.8.0218) and manual construction
with COOT (version 0.8.9 EL) resulting in a final structure with the following parameters. (Table 4Table 5)
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DC-SIGN CRD/3.29 complex data collection and structure refinement statistics

Data collection statistics

Wavelength (A) 0.966

Space group P2,

Unit cell parameters (A) a=105.612, b=57.507,
c=107.247 a=90,

B=118.666, y=90

Resolution (A) 94.1-2.1 (2.2-2.1)
Unique reflections 65455 (8427)
Completeness (%) 98.4(97.9)

I/o (I) 8.47 (2.01)
Runerge” (%) 9.9 (54.5)

Structure refinement statistics
Resolution (A) 40-2.1

Refinement factors

Used reflections/free (%) 62185/3261
Reyst 0.1759
Reee” 0.2336
rmsd from ideality
Bond angles (deg) 1.6610
Bond lengths (A) 0.0166

Ramachandran plot (%)

Most favoured regions 97.8
Additional allowed regions 1.4
Disallowed regions 0.8
Average B-factors (A?) 33.681

Table S. X-ray crystal structure parameters for 3.23 complexed with DC-SIGN CRD.
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CONCLUSIONS AND OUTLOOK

The immunological importance of C-type lectins renders these receptors interesting therapeutic targets to shape
the immune response. Until now, there are only a few pharmaceutically relevant ligands described, however -
mainly as a result of the weak interactions between carbohydrate molecules and CLRs. On one hand, the
receptors display a highly conserved carbohydrate recognition domain with a relatively flat and solvent-exposed
surface thatleads to challenges in finding high affinity and selective CLR ligands. On the other hand, carbohydrate
molecules do not comply with the basic requirements of drug-likeness, as natural glycans are highly hydrophilic,
flexible structures.

Therefore, two main strategies emerged as viable concepts to target CLRs: the construction of multivalent
scaffolds can multiply the strength of weak individual binding events, while glycomimetic structures can exploit

additional interactions, and improve their affinity towards the CLR.

Earlier results of our group have shown that modifications of a common glycomimetic disaccharide scaffold can
both tune affinity towards certain CLRs and generate selectivity against others. We envisioned a glycomimetic
library to be screened against various CLRs as a powerful tool for the identification of promising lead structures.
We took the earlier described bisamides (1.21) as the template to build this library, and diversified the structures
by appending diverse amides on the pseudo-disaccharide core. As CLRs containing an EPN amino acid triplet
often show preference for both mannose and fucose, we expanded the mannosylated library with B-fucosylated
glycomimetic ligands.

The ligand library was printed on microarray chips, for a resource-efficient primary screening with CLRs. This
primary screening can be used to select monovalent candidates for further studies or their presentation on
multivalent constructs.

We used a doubly functionalized linker (BCN-amine) during the immobilization of ligands, in order to provide
the solution-phase CLRs appropriate access to the surface-bound ligands. The printing setup was optimized and
validated with the help of plant and fungal lectins of known specificity.

After establishing optimal screening conditions, we probed several human CLRs on the glycomimetic chip.
Previous SPR results with DC-SIGN allowed us to critically evaluate the comparability of data obtained by the
two, intrinsically different techniques, and, at the same time, confirm that the glycomimetic microarray screening
method is indeed able to distinguish between better and poorer binders.

We obtained interesting results with dectin-2, a macrophage and dendritic cell-associated CLR, involved in
bacterial and fungal infections. Some tertiary amide ligands, and additionally a few p-fucosylated structures were
identified as possibly selective dectin-2 ligands which are not recognized by DC-SIGN/R and langerin. A
preliminary study highlighted a structural element in the CRD of dectin-2 that may be accountable for the
accommodation of tertiary amide substituents, uniquely among the other investigated CLRs. The interactions

between dectin-2 and these ligands are further studied by other methods at the moment.

DC-SIGN is of particular therapeutic interest, due to its involvement in the uptake of numerous viral and bacterial
pathogens (HIV, Dengue, HCV, Ebola, M. tuberculosis) and their trans-infection to T-cells. Inhibitors of the lectin
bear a high potential as anti-microbial drugs or vaccine adjuvants, but the most potent monovalent inhibitors
reach ICs values only the low micromolar range. Several glycomimetic ligands were designed to form additional
interactions around the CRD, and thus enhance affinity, but druggability studies are constantly searching for new
sites to exploit.

273



Upon binding, natural glycan ligands of DC-SIGN contact two main areas in the CRD. Mannose oligosaccharides
are accommodated in the central region, around a phenylalanine residue (Phe313), while fucosylated molecules
are known to lean more in the opposite direction, where Val351 can be found. Similarly, the pseudo-disaccharide
ligand contacts Val351 which leaves the other side of the Ca** binding site unoccupied.

A virtual fragment screening performed on the crystal complex of 1.18 in the CRD of DC-SIGN revealed a
binding pocket lined with Ser360, Phe313 and Glu358 which could accommodate ammonium groups.
Additionally, aromatic groups may forms beneficial interactions with the phenylalanine.

As the 2-OH group of the mannose residue in the glycomimetic molecules points directly towards the newly
identified ammonium pocket, we expected that modification of the scaffold with fragment-like structures could
reach the binding site.

From the two most straightforward synthetic strategies — amide coupling and CuAAC reactions in position C-2
— the first did not improve significantly the affinity compared to the parent pseudo-disaccharide 1.18. The latter
strategy, however, showed an almost order of magnitude affinity enhancement for the propargylamine derivative
3.3 (ICso: 100 uM, compared to 700-900 pM).

After optimization of the synthetic route, a set of C-2 modified glycomimetic ligands was synthesized, in order to
evaluate the effects of various structural elements. Methylation of the ammonium group derogated the binding
affinity, and no improvement was shown with phenyl-propargyl alcohol derivatives either. The 2-picolylamine
derivative 3.23, however, exhibited similar affinity to 3.3, suggesting an advantageous role of the aromatic ring,
In an attempt to combine the two glycomimetic modification strategies, ligand 3.29 was synthesized. The ligand’s
superior affinity (ICso: 75 tM) compared to the individual modifications demonstrated a collective effect of the
favourable interactions formed at different sites in the CRD.

The most important results came from the successful co-crystallization of 3.29 with the CRD of DC-SIGN. The
structure verifies the position of the ammonium group in the computationally predicted binding site and the
interactions with the three key residues. Additionally, the crystal structure also shows lipophilic interactions near
Val351 - a contact that had earlier been indicated only in a computational model and STD-NMR studies.

Evaluation of the results is underway.

The main achievements of this thesis work provide solid starting points for further steps. The glycomimetic
microarray was designed to select potent and selective ligands, and did, indeed, indicate structural features that
might be able to generate selectivity towards dectin-2 — one of the key receptors responsible for fungal infections
caused by Candida. Multivalent constructs of the most promising ligands are being prepared, in order to assess
the binding interactions of CLRs and glycomimetics (neoglycoproteins, gold-nanoparticles). The glycomimetic
chip is available at CIC biomaGUNE, San Sebastidn, Spain for new screenings with other (C-type) lectin
receptors.

From Part II, 3.29 is among the highest affinity monovalent DC-SIGN inhibitors up to date, and due to the
already incorporated linker moiety, multivalent systems can be functionalized with this ligand in one step
(CuAAC). At the same time, the X-ray crystal structure provides a detailed insight to the molecular level contacts,

and can be used to discover more about the nature of DC-SIGN’s interactions with its ligands.

It is important to occasionally take a step back from our research and critically examine its purpose, viability and
goals. Developing anti-adhesive drugs for pattern-recognition receptors of the immune-system - that would block,
for example, HIV-uptake and trans-infection to T-cells - could be used in combination therapies with anti-
retroviral drugs to minimize the viral load. Similarly, they could be applied in topical formulations, to minimize

the risk of passing the virus on to others.
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We know so little about the signalling pathways induced by CLRs upon ligand capture, however, that response
evaluation and broad biological tests are inevitable before we can even consider CLR targeting drugs. Inhibiting
the immune system’s own receptors in order to prevent the uptake of certain pathogens carries the risk of exposing
the individual to other harmful species, or cause deviations from the normal immunohomeostasis. These aspects
must be thoroughly investigated during CLR drug discovery campaigns in the future.

At this point, however, we have only limited access to information about many aspects of CLR-ligand interactions.
By exploring the molecular details of these binding events, or by discovering differences in ligand preference, we

are taking steps towards the therapeutic exploitation of this important receptor family.
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