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Abstract

This thesis is focused on the study of the molecular recognition of two cancer associated
glycan epitopes, the LacdiNAc (GalNAcB1-4GIcNAc) and the LacNAc (Galp1-4GIcNAc)
structures by two immune-related lectins, the human macrophage galactose-type lectin (MGL)
and human galectin-3 (Gal-3) through a multidisciplinary approach that combines NMR
spectroscopy, isothermal titration calorimetry (ITC), molecular dynamics (MD) and X-ray

crystallography.

In the case of the MGL, the Ko of MGL/LacdiNAc complex is at low uM range (5.3 uM)
and similar that obtain for the MGL/a-Me-GalNAc complex, while MGL/LacNAc complex is at the
mM range (higher than 1 mM). STD-NMR binding studies demonstrate that MGL preferentially
binds LacdiNAc and LacNAc structures, through the non-reducing end of the disaccharides. The
"H,"®N-HSQC based titrations show that both ligands perturb the same region of MGL, however,
the magnitude of this perturbation is much higher in the case of LacdiNAc than LacNAc.
Furthermore, significant differences in the chemical shift perturbations of Y236, H286 and D294
residues were observed. MD models show that these differences are intimately related with the

specific engagement of the NHAc group of the GalNAc unit of LacdiNAc.

With respect of Gal-3 complexes both ligands bind Gal-3 with similar affinity (30-40 uM).
Nevertheless, the 'H,"*N-HSQC based titration shows that additional residues are perturbed in B-
strand S3 in the case of Gal-3/LacdiNAc complex. X-Ray structure of the complex Gal-3/LacdiNAc
confirms modifications at this region of the protein showing that the LacdiNAc induces an alternate
conformation for the side chain of R144. The R144B conformation, absent in the case of the
complex with LacNAc, mediates a hydrogen-bond with the N-acetyl group of GalNAc of LacdiNAc,
and increase the residence of a water molecule (W2) that in turn establish a hydrogen-bond

network involving the N-acetyl group of GalNAc, the glycosidic bond of LacdiNAc and the R144B.

Keywords: Carbohydrate-lectin interactions; NMR Spectroscopy; MGL; Gal-3; Cancer.
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Resumo

Esta tese esta focada no estudo do reconhecimento molecular de dois epitopos de
agucares que estao associados ao cancro, o LacdiNAc (GalNAcB1-4GIcNAc) e o LacNAc (Galf31-
4GIcNAc) por duas lectinas do sistema imunitario, a human macrophage galactose-type lectin
(MGL) e a human Galectin-3 (Gal-3) através de uma estratégia multidisciplinar que combina
espetroscopia de RMN, calorimetria de titulagdo isotérmica (ITC), dinamica molecular (MD) e

cristalografia de raios-X.

No caso da MGL, o Kb do complexo MGL/LacdiNAc é na ordem dos baixos uM (5.3 pM),
semelhante ao obtido para o complexo MGL/a-Me-GalNAc, enquanto que o complexo
MGL/LacNAc é na ordem do mM (acima de 1mM). Os estudos de interagdo por STD-RMN
demonstram que a MGL liga preferencialmente ao LacdiNAc e LacNAc através da unidade néo
redutora dos dissacaridos. As titulagdes baseadas em 'H,">N-HSQC mostram que ambos os
ligandos perturbam a mesma regido da MGL, no entanto, a magnitude da perturbagéo é muito
superior no caso do LacdiNAc que no do LacNAc. Além disso, foram observadas diferengas
significativas nas perturbac¢des de desvio quimico de Y236, H286 e D294. Os modelos de MD
atribuem essas diferengas a interagdo especifica do grupo NHAc da unidade de GalNAc do
LacdiNAc.

No que respeita aos complexos da Gal-3, ambos os ligandos tém afinidades semelhantes
(30-40 pyM). Ainda assim, as titulagdes baseadas em 'H,">N-HSQC evidenciam que ha residuos
adicionais perturbados na B-strand S3 no caso do complexo Gal-3/LacdiNAc. A estrutura de
raios-X do complexo Gal-3/LacdiNAc confirma as modificagbes nesta regido da proteina,
mostrando que o LacdiNAc induz uma conformacgao alternada da cadeia lateral da R144. A
conformacao R144B, ausente no caso do complexo com LacNAc, media uma ponte de
hidrogénio com o grupo N-acetil do GalNAc do LacdiNAc, e aumenta a residéncia de uma
molécula de agua (W2) que estabelece uma rede de pontes de hidrogénio que envolve o grupo

N-acetil do GalNAc, a ligagao glicosidica do LacdiNAc e a R144B.

Palavras-chave: Interagdes glicano-lectina; Espetroscopia de RMN; MGL; Gal-3;

Cancro.
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1. Introduction






1.1. Protein Glycosylation

Glycans are ubiquitous. Every living cell is covered with a glycans’ layer called glycocalyx
(Figure 1.1) that is involved in numerous biological processes, such as cell signalling, immune
regulation, and cell transportation”.

glycocalyx cytoplasm nucleus plasma membrane

|

Figure 1.1 - Electron micrograph of a human lymphocyte (Ruthenium Red staining)?.

Along with glycolipids, glycoproteins are major constituents of the glycocalyx. In
glycoproteins, glycans are covalently attached to the protein through a process called
glycosylation. Modifying the protein structure through glycosylation not only alters the protein’s
stability and solubility but can also change the function (bioactivity) of the protein. Glycans can be
attached to proteins through a nitrogen (N-glycosylation) or through an oxygen atom (O-
glycosylation)3.

N-glycosylation is initiated in the endoplasmatic reticulum (ER) and ends in the Golgi
apparatus and it consists of the B-1N linkage of an N-acetylglucosamine (GIcNAc) to the nitrogen
atom of an asparagine residue at the consensus sequence motif of Asn-X-Ser/Thr, where X can
be any amino acid except a proline®*. O-glycosylation occurs on amino acids with functional
hydroxyl groups, mostly serines and threonines, but also tyrosines. These residues are linked
with N-acetylgalactosamine (GalNAc) and GIcNAc, and despite the absence of a specific
consensus sequence, this type of glycosylation usually occurs in proline-rich sequences. The
successive glycan units are as attached since the protein crosses the Golgi compartments. The
process of glycosylation is catalysed by specific enzymes named glycosyltransferases (GTs).

Most of GTs are associated with ER and Golgi membranes and many of them are expressed in



a tissue-specific regulated form. Importantly, the specificity of a determined GT is dictated by the
donor and acceptor structures®. Therefore, the specificity, regulation and localization of GTs are

essential to maintain the integrity of glycans on proteins.

Aberrant glycosylation is a well-established feature in cancer, strongly contributing to
tumour progression and metastasis®®. Indeed, tumour-associated glycans are considered key

targets for the development of new diagnostic and therapeutic alternatives to fight cancer®?.

Mucins are glycoproteins that are heavily O-glycosylated, to a point in which a major part
of the glycoprotein’s weight consists of these O-linked oligosaccharides. The role of mucins is to
control the interactions at the surface of the cell, including adhesion to the other cells.
Overexpression of mucins in cancerous cells is known for many years, expressing this
glycoprotein, and secreting it to the extracellular domain. Mucins in cancerous cells carry
abnormal glycan epitopes. The modifications in the glycosylation pattern and the overexpression
yield an alteration in the cell adhesion, causing it to detach from the primary tumour, migrate, and

triggering metastasis®.

Deregulation in the N-glycosylation process of proteins is also a hallmark of cancer. In
fact, several glycoproteins carrying alteration on the N-glycans branches are actually used as
biomarkers for diagnosis in many cancers®%. When it comes to changes in motifs of N-glycans,
some discern from others, such as the case of LacNAc (GalB1 — 4GIcNAc) and LacdiNAc
(GalNAcB1 — 4GIcNAc). Even though LacNAc is present in healthy human cells and has
physiological functions as a motif for ABO blood group antigens, it also plays a role in cancer due
to its overexpression as poly-LacNAc structures, facilitating cancer cell-cell interactions and the
formation of metastasis through interactions with lectins’®'2, On the other hand, the terminal
LacdiNAc is not usually present in human cells, however, it is specifically expressed in cancer
cells, and it is strongly associated with cancer progression and immune invasion. It is also known
that this disaccharide is highly expressed in parasitic helminths, such as schistosomes’®. Figure
1.2 displays the structures of LacdiNAc and LacNAc epitopes and their location in nature. The
specificity of the expression of this glycan in cancer and parasites might indicate that it is a

potential diagnostic marker'3-16,
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Figure 1.2 - Schematic representation of N-glycans in different biological contexts. A) glycan structures
containing I: LacdiNAc epitopes is a specific glycan epitope present in cancer cells and parasites; Ill: LacNAc
epitope is present in healthy cells, however, it's overexpressed in cancer cells. B) Chemical structure and
glycan nomenclature for I: LacdiNAc and Ill: LacNAc.

1.2. Glycan-protein interactions

The glycome (sugar language or glycocode), emerges as the 3™ language of Life after
genome and proteome'. The recognition of glycans by specific receptors translates the
glycocode into key biological signals in physiological and pathological events (Figure 1.3)'8.
Unravelling the molecular recognition of glycans is imperial to understand the function of glycans
by grasping cell processes and opens the door to develop alternative therapeutics based on

glycans.

Dendritic Cell

Intracellular

Oca [J]GaNAc @ Gic [ GIcNAc @ Man A Fuc @ NeuSAc

Figure 1.3 - Examples of recognition glycans epitopes by distinct receptors. GalNAc: N-
acetylgalactosamine; GlcNAc: N-acetylglucosamine; NeubAc: N-acetylneuraminic Acid; Gal: Galactose;
Fuc: Fucose; Man: Mannose and Glu: Glucose.



Most of the receptors that bind carbohydrates are very specific towards a limited amount
of glycans and usually have individually low/moderate affinities (for 1:1 complexes) however, high
affinities in a cellular context due to multivalence. Several and concerted weak interactions, such
as electrostatic, hydrogen bonding, van der Waals interactions, stacking between the hydrophobic
sugar faces and the aromatic and aliphatic amino acid chains and salt bridges with ions in more
specific situations, take place in glycan-protein complexes'®2°. All these interactions contribute
favourably to the enthalpy of the system. Nevertheless, the complexation of a glycan with a protein
is also characterized by a reduction in the conformational flexibility of the interacting carbohydrate
units, through the decrease of the rotational and translational motions, which leads to a negative
entropic contribution. To compensate this entropic penalty, a favourable entropy term, usually
attributed to the release of water molecules from the binding site to the bulk solvent, balance the

overall entropy of the system and strongly contributes to the complex formation.

Polar amino acids of proteins can form hydrogen bonds with the hydroxyl groups of
carbohydrate units. The different positioning of the hydroxyl groups on each carbohydrate moiety
makes hydrogen bonds the primary responsible for protein specificity. Also, the large amount of
hydroxyl groups on carbohydrates and their ability to be both donors and receptors of electrons
enables the formation of hydrogen bond interactions, which is advantageous to a high affinity
complex?'. There are three different types of hydrogen bonds: cooperative hydrogen bonds,
bidentate hydrogen bonds and hydrogen bonds networks. The first one is the result of a hydroxyl
group functioning both as a donor and acceptor of electrons. The second one happens when two
adjacent hydroxyl groups from the carbohydrate with different atoms of the same aspartic or
glutamic acid residue; The last one is formed by combining the previous two types of hydrogen
bonds. This is possible since generally the carbohydrate-recognition domain of proteins have
many residues with planar polar side chains that have at least two groups able to form all three
types of hydrogen bonds??. Van der Waals contacts are also one of the most important
interactions in a glycan-protein complex, occurring with nonpolar aromatic and aliphatic residues
from the protein’s binding site and the apolar face (C-H bond) of the carbohydrate unit?>. Aromatic
residues enable the formation of hydrophobic interactions, in particular, CH-r interactions, since
the C-H bonds from glycans usually point towards aromatic systems on the protein binding
site?324, Even though CH-1r interactions don’t contribute much to the complex specificity, they are
crucial for its stability contributing positively to the enthalpic term, by establishing non-
conventional hydrogen bonds between the glycan C-H groups and the aromatic ring, and also to
the entropic term, by shielding the apolar surfaces from the bulk water?>-25. Both hydrogen bonds

and CH-1T bonds are the major contributors to the system enthalpy (Figure 1.4).
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Figure 1.4 - Representation of interactions that contribute positively to the enthalpy: Gal-1/Lactose complex
(Protein Data Bank (PDB) code: 4GA9) close up where is displayed a lactose forming a hydrogen bond with
the oxygen of the side chain of N47 (dashed red line) and a CH-r bond with the five-member aromatic ring
of W69 (dashed blue line).

The solvent also plays a role in the formation of these complexes, since it allows extra
inter and intramolecular interactions that stabilize the complex due to the ability to be both a
receptor and an acceptor of electrons®. Furthermore, water molecules found in the protein’s

binding site can also balance the entropy of the system, as previously discussed?’.

In a cellular context, the high affinity of protein-carbohydrate complexes is achieved
based on multivalence effects (multiple binding epitopes interacting with multiple receptors).
Multivalence effects include oligomerization of the receptors and/or multivalent presentation of

the sugars, which allows ligand cross-linking.

Multivalency is the sum of individual different interactions that increase the binding affinity.
These create modes of multivalent binding such as, the chelate effect, the receptor clustering,
concentration effects, secondary binding sites, and the polyelectrolyte effect, which are

inaccessible to monovalent ligands?®.

1.3. Lectins — Proteins that translate the Glycocode

Lectins are proteins that possess the ability to specifically recognize glycans, making
them crucial to translate the glycocode into function. Lectins do not display enzymatic activity,
instead lectins have functions such as regulation of cell adhesion, homeostasis and protein

modulation. Several lectins play an important role in modulation of immune responses®?8. Lectins



are present in plants, animals and microorganisms, also each tissue expresses different lectins,

as these can recognize different glycans and have different functions?®2°.

The recognition and binding to glycans, usually with high specificity, is the ability of the
carbohydrate recognition domain (CRD) of the lectin. Lectins are capable to differentiate specific
structures among a vast variety of complex structures, including ones that have the same minimal
carbohydrate motif. These glycan-binding proteins also present high avidity towards specific
sugars due to the recognition of another sugar unit in the glycan structure or to carbohydrate

multiplicity presentation®.

Lectins differ in their structure, function, glycan motif specificity and tissue where they are
expressed, among others, which makes it difficult to establish classification criteria. For example,
there are different classification criteria between plant and animal lectins. The animal lectin
classification divides lectins into 15 different groups, as shown in the Figure 1.5. These categories
are defined by their roles, location and structure. Each different class of these lectins is still divided
into several subgroups, depending again on various factors, demonstrating the variety of lectins

present in animal cells®0,
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Figure 1.5 - Classification of animal lectins®°.

1.3.1. Human Macrophage Galactose-Type Lectin (MGL)

Human Macrophage Galactose-type Lectin (MGL, CLEC10A, or CD301) belongs to a
large family of lectins, the C-type lectins. This category of lectins is expressed in different types

of leukocytes and is known for being responsible for multiple immune responses and the



regulation of homeostasis. C-type lectins bind to their sugars in a Ca®* dependent manner, and

this feature consists of the main distinction from other lectin classes?931.

C-type lectins englobe a huge and varied number of lectins. Thus, in order to group these
proteins by structure and function, Drickamer in 1993%" organized them into 7 different groups, a
classification that was updated over the years, until it reached the present 17 groups of C-type
lectins, as displayed in Figure 1.6. In particular, MGL belongs to the asialoglycoprotein and DC

receptors group, more specifically, to the asialoglycoprotein receptor (ASGR) subgroup®'.
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Figure 1.6 - Classification of MGL accordingly to structure in the C-type lectins group.

This attribution was done based on the common features between the structure of MGL
and ASGR. Structurally, MGL (entry Q8IUN9-1 from UNIPROT), is composed of 316 amino acids,
which are divided into a cytoplasmic domain (1-39), a transmembrane domain (40-60) and an
extracellular domain composed of a tail region (61-180), and a calcium-dependent carbohydrate
recognition domain (181-316, Figure 1.7-B)*. Additionally, the extracellular domain of MGL is
presented as a trimer stabilized by the helical-coil tail region (Figure 1.7-A)3334. The molecular
weight of full length MGL is 35.4 kDa, while the molecular weight of the extracellular domain is
28.8 kDa and of its CRD is 15.6 kDa. Until nowadays, no X-ray high resolution structure was
reported. Therefore, a 3D homology model was proposed based on the X-Ray structure of ASGR
(Figure 1.7-C)35:3¢,
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Figure 1.7 - Location and structure of MGL A) MGL is expressed in dendritic cells and macrophages in the
form of a trimer stabilized by the helical-coil tail region; B) schematic representation of the carbohydrate
recognition domain (CRD) of MGL,; C) 3D homology model structure of MGL-CRD with the three Ca®* ions
presented as purple spheres created from X-Ray structure of ASGR (PDB code: 1DV8)%5.

Based on the homology model, the MGL-CRD domain contains glutamine-proline-
aspartic acid (GIn-Pro-Asp (QPD)) motif in the long loop region and the tryptophan-asparagine-
aspartic acid (Trp-Asn-Asp (WND)) motif in the B4-strand which are responsible for Ca?*
coordination and ligand binding and characteristic from C-type lectins?®3¢. In terms of ligand
recognition MGL presents high specificity towards galactose (Gal) and N-acetyl galactosamine
(0- and B-GalNAc) epitopes?®3’. Remarkable the availability and orientation of the equatorial/axial
OH-3 and OH-4 groups of Gal/GalNAc residues are essential for Ca?* interaction, and where
extensions in OH-3 and OH-4 groups preclude MGL binding?®. Nevertheless, additional contacts
established between the 2-acetamido group (NHAc) and protein seems to determine the MGL

binding preference in 100 times more for GaINAc (Ko ca. 10uM) over Gal (Ko ca. 1000uM)*6:37,

From a functional perspective, the human MGL is exclusively expressed in cells from the
immune system, such as dendritic cells and macrophages®3° and plays a role in modulating
immune responses in cancer and infections. It has tremendous physiological importance since it
is able to activate dendritic cells for undertaking subsequent T cell downregulation or inducing
apoptosis of these cells, even though this protein has a protective role in preventing tissue

damage in inflammations and auto-immune diseases3®4041,

In cancer, MGL is the only lectin present on immune cells able to bind a-/B-GalNAc motif
exclusively found in the N- and O-glycans chains of glycoproteins (e.g. mucins) expressed in
tumour cells, such as the Tn (aGalNAc-Ser/Thr) and sialylated form of Tn-antigen
(Neu5NAca(2—6) GalNAca1—O-Ser/Thr), as well as the LacdiNAc (GalNAcB1-3GIcNAc) motif.
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In the particular case of LacdiNAc epitope, studies have revealed that its expression in vitro is
high on colon cancer cells, and it promotes increased tumour growth and metastasis in vivo*.
Furthermore, other investigations have demonstrated the co-localization of tumour-associated
MGL motifs and MGL expressing cells in colorectal cancer”#3. In fact, the interaction between
tumour glycans and MGL seems to modulate immune responses, balancing tolerance vs.
immunity. On the one hand, MGL binds Tn-structures in mucin glycoproteins (e.g. mucin-1,
MUC1) and on self-glycoproteins (CD43/CD45) inducing suppressive anti-tumour immune
responses*®4344 On the other hand, MGL is capable to uptake Tn-derived peptide structures for
antigen presentation inducing T cell responses and antibody production, thus prompting anti-

tumour immunity®. Therefore, MGL is a potential target for cancer-related therapies?%4°.

1.3.2. Human Galectin-3 (Gal-3)

Galectins are associated with a variety of biological processes, including as immune
functions, tissue organization, among others since these proteins are expressed in all types of
cells and tissues. This family of lectins binds B-galactoside motifs through its carbohydrate
recognition domain (CRD). Until nowadays, 15 different galectins were identified in vertebrates,
and they were divided into three groups: prototype, which consists of monomers or homodimers
with one CRD per subunit (Galectin-1, -2, -5, -7, -10, -11, -13 and -14); tandem-repeat,
heterodimers containing two CRD connected by a linker peptide (Galectin-4, -6, -8, -9 and -12);
and chimera-type, consisting solely of Galectin-3 (Gal-3) (Figure 1.8), due to being the only one
that has two distinct domains, a flexible N-terminal domain and a CRD in C-terminal*6-48,
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Figure 1.8 - Classification of Galectin-3.
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Gal-3 is a very well-studied protein that is responsible for multiple biological functions. It
is present in many different types of tissues and cell compartments, having distinct roles
depending on its location, for example, in the cytosol, it interacts with the endosomal sorting
complex required for transport; in the nucleus, it’s involved in nuclear splicing of mMRNA and gene
expression; extracellularly, it modulates the interactions between cells such as cell fibrogenesis
differentiation and inflammation processes. Due to its involvement in several biological functions,
Gal-3 is directly implicated in obesity, cardiovascular and autoimmune diseases, as well in cancer,
where it is overexpressed to control immune regulation, promote tumour cell adhesion, and it is
strongly associated to metastasis. This makes Gal-3 a possible target for therapies, especially

when it comes to cancer treatment*’4°.

When it comes to the structure, Gal-3 is composed of an unfolded N-terminal tail of
approximately 115 amino acids responsible for multimerization of Gal-3 into a pentamer in
presence of multivalent glycans (Figure 1.9-A) and a CRD consisting of approximately 135 amino
acids responsible for sugar binding (Figure 1.9-B). Specifically, the N-terminal tail of Gal-3 is
compared to collagen a1 (ll) due to the homology of the sequence, that in the case of the lectin
domain consists of a tandem repeat of 9 amino acids: Pro-Gly-Ala-Tyr-Pro-Gly-X-X-X (X cannot
be charged or large side-chain hydrophobic residues). The CRD is displayed in two sets of five
and six B-sheets arranged in a B-sandwich (Figure 1.9-C) and contains a Asp-Trp-Gly-Arg

(NWGR) motif that is responsible for the binding of B-galactoside derivatives#6:48.50.51,

Figure 1.9 - Representation of A) Gal-3 in the form of a pentamer due to the multimerization through the
unfolded N-terminal tails of the protein; B) Gal-3 Carbohydrate Recognition Domain (CRD); C) X-ray
Crystallography structure of Gal-3 CRD with labels for B-strands 1-6 (PDB code: 1KJL)%. The B-strands 1-
6 constitutes the face of Gal-3 responsible for -galactoside recognition.
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Even though Gal-3 CRD binds preferably to galactose units, it has a higher affinity
towards glycans that have terminal galactose than just to the monosaccharide, for example, the
disaccharides: lactose and LacNAc (N-acetyllactosamine), although LacNAc has a higher affinity
than lactose®. The second sugar unit (GIcNAc in LacNAc and Glc in lactose) increases the
stabilization of the complexes through the involvement of interactions with amino acids present
between B-strands S4-S65'.

1.4. Methodologies to investigate glycan-protein interactions

The investigation of the molecular determinants of protein-carbohydrate complexes can
be unravelled by distinct techniques. The most used techniques to obtain structural information
of glycan-protein complexes are X-ray crystallography and NMR spectroscopy. X-ray
crystallography uses crystallized molecules and complexes to retrieve extremely precise
structural data, however, depends on the molecules and complexes stability, and mostly on its
ability to form crystals. Indeed, due to the intrinsic flexibility of glycans, especially in the case of
more complex glycans (high number of sugar units), it is often difficult to obtain crystals due to
the lower resolution of the glycans in some of these complexes. On the other hand, NMR
spectroscopy in combination with molecular modelling offers the advantage to obtain information
about dynamics of the glycans in its free and bound states and allows to investigate the structure,
dynamics of the complex in solution (near to physiological conditions)®*5°. Biophysical techniques
can be also employed to complement the structural information obtained by X-Ray and/or NMR.
In particular, isothermal titration calorimetry (ITC) measures are very useful and of paramount
importance to obtain not only the affinity constants but also to infer the thermodynamic
parameters®-¢. Furthermore, due to the diversity of glycans present in nature, glycan microarrays
technique has revolutionized the analysis of the specificity of several glycan binding proteins
(lectins, antibodies), allowing to do a high-throughput screen of large amount of glycan’s
libraries®¢-%8. In conclusion, the molecular recognition of glycans by their specific receptors is an
intricate process, and the best way to do it is to combine all these techniques to guarantee a

better chance to comprehend these mechanisms behind the translation of the glycocode®®.

Throughout this master thesis, a combination of some of the techniques was employed
to obtain information on the glycan-protein complexes under study. Nevertheless, one technique
was deeply used and had a prominent role during all this thesis: the NMR spectroscopy.
Therefore, the following section of the introduction provides an overview of NMR binding methods

in the context of the study of glycan-protein interactions.
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1.4.1. NMR and glycan-protein complexes

The binding of a glycan to a glycan-binding receptor (lectin, antibody) relies on a

biomolecular association reaction that usually follows a one-site binding model:

kOTl
P+L = PL (1)

Koff
Equation (1) depends on two kinetic constants, kon and kor, where the bimolecular
constant kon represents the probability of the formation of the [PL] complex while the unimolecular

constant Kor is the inverse of the lifetime of the bound complex prior to its dissociation®°.
The equilibrium dissociation constant can thus be expressed by equation (2):

_ 1 _ [PNL] _ kosr
Ko = =P~ o @
The dissociation constant (Kb) is the inverse of the association constant (Ka), which
means that the higher the affinity of a complex, lower is the Ko value. This depends on the two

kinetic constants of the complex®°.

In the free states both glycan and receptor have their intrinsic NMR parameters (e.g.
chemical shifts, relaxation rates, translational diffusion coefficients) (Figure 1.10). However, when
we mix both in solution, their binding drives an exchange process that can toggle both sets of
glycan and receptor between the free and bound states. In fact, in this process, several NMR
parameters of the glycan and the receptor will be modulated by the interaction of the glycan to
the receptor (Figure 1.10). The rate of the exchange between the free and bound states (slow,
intermediate, and fast), will also influence the detection and evolution of the signals of the glycan
and receptor free/bound forms. This exchange process is strongly dependent on the affinity of the

complex and can be modulated by the temperature.
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Figure 1.10 - The difference of NMR parameters between the ligand in free state and when it is bound to a
macromolecular receptor protein®®.

NMR methods can be divided into those detecting the receptor resonances (protein
viewpoint) and those detecting ligand resonances (ligand viewpoint). To notice that the choice of
the NMR binding method will be strongly dependent of the properties of the system under study,
but in general, the protein detection methods are more adequate to probe moderate to high affinity
complexes, while NMR binding methods based on ligand observation are more sensitive for

moderate to low affinity complexes.

1.4.1.1. Protein viewpoint

The objective of this type of techniques is to observe the protein signals and the
differences caused by the presence of the ligand, usually by detecting chemical shifts or through
variations of linewidth of protein signals. Although very useful, these methods have some
restrictions, such as the size of the protein, which should have at maximum 35 kDa, and it requires
the isotopic labelling of the protein with '*C and "°N, due to the fact that these are the isotopes
that produce NMR signal?0:5961,

Out of all the protein-based NMR experiments, the 'H,"*N-HSQC is the most common
experiment used due to its ability to produce a signal for each N-H bond. This is a heteronuclear
2D experiment that requires labelling the protein with '>N. Since every amino acid, except proline,

have one backbone N-H, it is possible to obtain a signal for almost every residue of the protein
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which makes this experiment considered as the fingerprint of the protein. The signals are
dispersed accordingly to the chemical environment of each N-H pair, depending on the vicinity
and the folding of the protein®8".

It is important to understand that the chemical environment is what defines the position
of the signal in the spectrum, which means that if something interferes with the chemical
environment of some amino acid residues in a protein, thus it is expected differences for those
amino acids in the spectrum, called chemical shifts. There are multiple reasons able to induce
alterations on the chemical environment, such as alteration in pH and/or temperature, or the
binding of a ligand. The formation of a protein-ligand complex depends on certain amino acids
that are directly involved in the binding, this significantly alters the chemical environment of these
specific residues, which can be observed through the 'H,">N-HSQC spectrum of the protein. With
the assignment of the protein backbone in hand, it is then possible to follow the chemical shift

perturbation (CSP) caused by the presence of ligand for every protein residue®8’.

The signals of the protein along the 'H,"™N-HSQC titration experiment will shift differently
from the free to the bound state depending on the exchange rate between the free and bound
state. Itis possible to discriminate three exchange regimes (Figure 1.11)8'-63: 1) the fast exchange
regime on the chemical shift time scale (kex >> Av), usually associated to high values of ko and
typically common of low affinity complexes (high Ko), and where it is possible to gradually follow
the signal from free to bound state, appearing just an average cross peak along the gradual
addition of the ligand during the titration; 2) the slow exchange regime on the chemical shift time
scale (kex << Av), often associated to low values of kot and typically found on high affinity
complexes (low Kb), where it is possible to observe, with the gradual addition of ligand, the
progressive loss of intensity of the signal corresponding to the free state and, simultaneously, the
gain of intensity of the signal corresponding to the bound state; and finally 3) the intermediate
exchange regime on the chemical shift time scale (kex = Av) , typically observed for intermediate
affinity complexes, and where a progressive shift and disappearance of the signal is observed in
simultaneous during the titration.
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Figure 1.11 - Representation of the three types of exchange in 'H,"”N-HSQC titrations. A. Fast exchange;
B. Intermediate exchange; C. Slow exchange.

To analyse of the CSP caused by the presence of the ligand it is necessary to use an
equation to weight the relative chemical shifts from the different nuclei. Usually, a combined

chemical shift (AScomb) caused by the ligand is calculated using the following equation®'6465;

AScomb = \/ASHZ X (0.102 x A8y)? (3)

In equation (3), A8 represents the shift in the 'H dimension, A8~ represents the shift in
the "N dimension and 0.102 is the gyromagnetic ratio between 'H and "N, which is the factor

considered to balance the weight of the shift in the >N dimension8':6465,

Additionally, from the analysis of 'H,">N-HSQC-based titration it is possible to estimate

the Kb, accordingly to the following equation®45%;

(Kp + [L]o + [Plo) = /(Kp + [L]o + [P]o)? — 4 X ([L]o X [P]o) @
2 x [P],

Adcomb = Abmayx

In the case of fast exchange regimes, it is possible to track a gradual shift upon each
addition of ligand, so it is possible to determine the Kb of the complex by correlating the shift with

the ligand concentration. In this equation, Adcoms is the combined chemical shift defined by the
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previous equation, A8max is the maximum chemical shift between the free and bound signals, Ko
is the dissociation constant, and [L]o and [P]o are the concentrations of ligand and protein,
respectively. It is also possible to determine the Kp values in case of a slow exchange regime,
where Adcomb and Admax are substituted by the volume of the bound signal and the maximum

volume of the bound signal, respectively.

1.4.1.2. Ligand viewpoint

NMR binding methodologies based on ligand detection are particularly useful for
moderate to high affinity complexes. The principle is that when a ligand is in fast and intermediate
exchange with the receptor, it will be transiently adopting the characteristics of the receptor while
bound. This includes the slow Brownian motion in solution thus, the ligand will experience shorter
transverse relaxation time (T2) correlated with the longer correlation time of the receptor, which
can preclude the detection of the ligand signals if long residence times of the ligand complexed
with the receptor (typically observed for high affinity complexes) take place. Importantly, the
ligand-based methods rely on direct observation of the free ligand in solution. The ligand-based
NMR experiments® normally exploit: 1) differential Brownian motion of the ligand in the free vs
bound form which leads to altered relaxation parameters and diffusion coefficients; 2) transfer of
magnetization processes based on nuclear Overhauser effect (NOE) phenomenon. Briefly, the
NOE phenomenon is a manifestation of cross-relaxation between two nuclear spins that are close

to each other in space (typically < 5 A).

The most popular methods based on the NOE effect are: 1) the saturation transfer
difference (STD) NMR and 2) the transferred NOESY experiments.

1.4.1.2.1. Saturation transfer difference (STD) NMR

.The STD-NMR experiment is based on the transfer of saturation from the receptor to a
bound ligand (through NOE effect) (Figure 1.12) 3265-68 From the experimental point of view, two
"H-NMR spectra are recorded: 1) the on-resonance spectrum, where it is selectively saturated
the protein. The frequency of saturation is normally set in the aromatic (around 7 ppm) or aliphatic
region (0.5 to -1 ppm) of the protein. The choice of the frequency of saturation should be set far
away from any ligand resonance; and 2) the off-resonance experiment considered the reference
spectrum that will be used for comparison with the on-resonance spectrum. The off-resonance

spectrum is recorded under the same conditions of the on-resonance experiment, but where the
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frequency of saturation is set far away from any resonances (ligand and receptor) present in the
system (typically 100 ppm). The off-resonance experiment yields a spectrum identical to the on-
resonance except that the resonance intensities (lo) are not affected by saturation. In the on-
resonance experiment, only the resonances of the ligands that will receive saturation from the
protein will experience a reduction in their resonance intensities (lsat). With these two spectra in
hand, a difference spectrum, called the STD spectrum (Isto = lo - Isat) is obtained and yields only
those resonances that experienced saturation in the on-resonance experiment, the receptor
resonances, and the ones from the binding ligands. Furthermore, the magnitude of STD
intensities can be quantified as a fractional intensity (Isto/lo). The protons of the ligand with the
highest STD intensity correspond to those that are closer to the protein protons. Therefore, it is
possible to create an epitope mapping of the ligand, considering as 100% the proton with the
highest STD intensity and calculating the others accordingly. STD enhancements are more
effective in deuterated samples those only the non-exchangeable protons of the amino acids of
the protein contribute to the transfer of saturation. There are two major restrictions to this
technique: 1) the receptor must be large enough to experience self-diffusion properly and be able
to transfer it to the ligand; and 2) it requires the ligand to be in fast exchange with the receptor

(moderate to low affinity complex).

\ Selective saturation
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STD spectrum

H HH

Increasing saturation

Figure 1.12 - Schematic representation of the STD-NMR technique. The saturation of the protein is
transferred to the ligand which causes differences in the on-resonance spectrum with respect to the off-
resonance spectrum. These differences are accounted for in an STD spectrum to identify potential binders
and to determine the STD-derived epitope mapping of the binder®®.
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1.4.1.2.2. Exchanged transferred NOE effects (transferred NOEs)

Transferred NOE (TR-NOE) experiments are based on the build of intramolecular NOEs
between protons of the ligand while it is bound to the protein. These NOEs are further transferred
to the free ligand state by chemical exchange, where they are detected. In bound state, the ligand
adopts the molecular motion of the protein thus, the NOEs of the ligand generated in the bound
state change from positive to negative (Figure 1.13). Once again, as STD-NMR, the transferred
NOESY (TR-NOESY) technique relies on fast exchange between the free and bound states. In
this way the strong and rapidly growing negative NOEs of the bound state dominate any weaker,
slowly developing free ligand NOEs. Ligands with slow off-rate in the relaxation timescale will not
produce detectable TR-NOE, since the relaxation of the ligand’s signals will happen faster than
the dissociation of the ligand from the protein, which precludes the detection. In a fast exchange
regime in the chemical shift timescale, the TR-NOEs will appear at the same chemical shifts of
the free ligand due to the excess of the ligand. By analysis of the TR-NOEs of the ligand, it is
possible to infer the bioactive conformation of the ligand. This is especially important in a drug
design and optimization process. Moreover, TR-NOESY is of special interest for glycans since
they are intrinsic flexible molecules with multiple conformations in free state and commonly adopt
some conformation upon binding.

Fast Exchange

Free state Bound state

NOE %
small molecules
50} ----- .
T, (8)
o TR-NOESY
-50 \
-100 i
NOESY | TTmee--

Large molecules
(B)
TR-ROESY

Figure 1.13 - Schematic representation of the exchange-transferred NOE process for the protein-ligand
analysis. When the ligand is free, since it is a small molecule, it has a positive NOE signal between its
protons, while when it is bound to a macromolecule such as a protein, it gains the characteristics of a large
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molecule and has negative NOE signals (A). In the TR-ROESY experiment, the direct NOE effects are
positive whereas the indirect are negative (B)%°.

An experimental drawback of TR-NOESY experiments concerns NOEs artifacts due to
spin diffusion issues. In those cases, NOEs cross peaks appear between protons that are not
close in space, however close to one or more protons within the ligand or at the receptor (indirect
interactions). In case of suspicion of spin diffusion artifacts, transferred ROESY (TR-ROESY)
experiments should be carried out. In the TR-ROESY spectrum, the direct NOE effects are
positive while indirect NOEs are negative (Figure 1.13) allowing to discriminate between direct
and indirect NOEs.
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2. Objectives
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The tumour-glycan/lectin interactions induce suppressive immune responses. By
targeting these interactions with glycomimetics (small molecules) can in principle recover immune
responses against cancer. In this perspective, the major goal of this thesis relies on the elucidation
of the molecular determinants that govern the recognition of specific cancer-related glycan

epitopes, the LacdiNAc and the LacNAc epitopes by two human lectins, the MGL and the Gal-3.

The study of glycan-protein interactions requires a multidisciplinary approach and the
combination of different techniques. Therefore, the binding of the glycan epitopes LacdiNAc and
LacNAc to MGL and Gal-3 lectins was scrutinized by the concerted application of distinct
methodologies: NMR spectroscopy, X-Ray Crystallography, isothermal titration calorimetry (ITC)

and molecular dynamics (MD) simulations.
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3. Methods
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3.1. Transformation of competent cells

The expression of recombinant proteins requires a transformation of competent cells to
insert the wanted plasmid. The transformation for all proteins expressed in this work was the
same, only differing the plasmid. It was added 1 yL of plasmid (0.5-1 pg in 20 yL) in 50 yL of E.
coli BL21 (DE3) cells and incubated 15 minutes in ice. Then, the cells were incubated at 42°C for
40 seconds and then back on ice for another 15 minutes, for the thermal shock. It was added 500
uL of sterile LB (Luria-Bertani) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) and
incubated for 1 hour at 37°C in the shaker (Orbital Shaker-Incubator ES-20). The cells were
recovered by centrifugation at 13500 rpm (Labogene scanspeed mini) for 1 minute. The excess
of medium was removed and the pellet was resuspended in the remaining supernatant. The
resulting cell suspension was spread in an LB-agar plate containing 100 pg/mL of ampicillin. The

plate was incubated during approximately 16 hours at 37°C.

3.2. Recombinant expression and purification of MGL

The expression and purification of MGL was based on reported work.®® The gene of the
carbohydrate recognition domain (CRD) of MGL (CLEC10A) was synthesized by NZYTech using
a codon optimization strategy of E. coli expression. The synthesized region corresponds to
residues C181-H316 (Appendix A) and it was subcloned into the expression vector pET21a by
NZYTech. The protein was overexpressed in E. coli BL21(DE3) cells using LB medium
supplemented with 100 pg/mL of ampicillin. After an OD between 0.6 and 0.8 was achieved, the
induction of the expression of the protein, with 1 mM IPTG, was done at 25°C for approximately
16 hours. The cells were retrieved, by centrifugation during 15 minutes at 6000 rpm at 4°C (Rotor
JA-10, Avanti J-26 XPI, Beckman Coulter), and resuspended in 50 mM Tris buffer pH 8.0, 150
mM NaCl and lysed by sonication with 10 cycles of ultrasounds that lasted 1 minute with 1 minute
intervals between each one (UP100H/Tip MS7, Hielscher Ultrasonics; 50% cycle and 80%
amplitude). MGL is expressed in inclusion bodies, therefore the lysate was centrifuged (Rotor f-
34-6-38, Eppendorf centrifuge 5804R) for 15 minutes at 11000 rpm at 8°C, and the pellet was
recovered. The inclusion bodies were washed with 50 mM Tris buffer pH 8.0, 150 mM NacCl, 0.5%
TritonX-100, 10 mM EDTA twice and once with water. To recover the inclusion bodies between
washes, they were centrifuged (Rotor f-34-6-38, Eppendorf centrifuge 5804R) for 15 minutes at
11000 rpm at 8°C. Then, the inclusion bodies were solubilized with 2 M NH4OH for 3h30 and the
refolding of the protein was done by dialysis against 10 mM Tris buffer pH 7.5, 75 mM NaCl, 20
mM CacCl: for approximately 16h. The refolded protein was centrifuged for 30 minutes at 19000
rom at 8°C (Rotor JA-25.50, Avanti J-26 XPI, Beckman Coulter) and the supernatant was
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recovered. MGL was purified by affinity chromatography using an a-Lactose agarose column
(Sigma-Aldrich L7634) and it was eluted with 10 mM Tris buffer pH 7.5, 75 mM NaCl, 20 mM
CaCl2 with 150 mM of lactose. A desalting (HiTrap™ Desalting, GE Healthcare) step was
performed, followed by dialysis against 10 mM Tris buffer pH 7.5, 75 mM NacCl, and 20 mM CaClz,

in order to remove the lactose. The yield was approximately 4.3 mg/L of culture.

3.3. Recombinant expression and purification of >N labelled
MGL

The expression procedure is similar to that used for the unlabelled MGL, however the
protein was overexpressed in E. coli BL21(DE3) cells using '*NH4Cl as an exclusive nitrogen
source in M9 minimal medium (50 mM NazHPOQO4, 20 mM KH2PO4, 9 mM NaCl, 2.5 g/L "*NH4CI
as the sole nitrogen source, 4 g/L glucose, 2 mM MgSQs4, 10 mg/L thiamine HCI, 100 uM CaCly,
100 uM FeSO4 and 100 pg/mL ampicillin) to isotopically label MGL with ®N. The yield was

approximately 2.6 mg/L of culture.

3.4. Recombinant expression and purification of Galectin-3

The expression and purification of this protein was based on reported work.”® The gene
of the carbohydrate recognition domain of Galectin-3 (LGALS3) was synthesized by NZYTech
using a codon optimization strategy of E. coli expression. The synthesized region corresponds to
residues L114-1250 (Appendix A) and it was subcloned into the expression vector pET21a by
NZYTech. The protein was overexpressed in E. coli BL21(DE3) cells using LB medium (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl) supplemented with 100 ug/mL of ampicillin. After an
OD between 0.6 and 0.8 was achieved the induction of the expression of the protein, with 1 mM
IPTG, was done at 37°C for approximately 4 hours. The cells were recovered by centrifugation at
6000 rpm for 15 minutes at 4°C (Rotor JA-10, Avanti J-26 XPI, Beckman Coulter) and
resuspended 50 mM PBS buffer pH 6.9, 50 mM NaCl, 1 mM DTT, 0.1% NaNs and lysed by
sonication with 10 cycles of ultrasounds that lasted 1 minute with 1 minute intervals between each
one (UP100H/Tip MS7, Hielscher Ultrasonics; 50% cycle and 80% amplitude). The supernatant
was retrieved after centrifuging for 30 minutes at 16000 rpm (Rotor JA25-50, Avanti J-26 XPI,
Beckman Coulter) and Gal-3 was purified by affinity chromatography using an a-Lactose agarose
column (Sigma-Aldrich L7634) and it was eluted with 50 mM PBS buffer pH 6.9, 50 mM NacCl, 1
mM DTT, 0.1% NaNs with 150 mM of lactose. A desalting (HiTrap™ Desalting, GE Healthcare)
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was performed, followed by a dialysis against 50 mM PBS buffer pH 6.9, 50 mM NaCl, 1 mM
DTT, 0.1% NaNs, in order to remove the lactose. The yield was approximately 24.3 mg/L of
culture.

3.5. Recombinant expression and purification of "°N labelled
Galectin-3

The expression procedure was similar to that for the unlabelled Gal-3, however the
protein was overexpressed in E. coli BL21(DE3) cells using '>NH4Cl as an exclusive nitrogen
source in M9 minimal medium (50 mM Na2HPO4, 20 mM KH2PO4, 9 mM NaCl, 2.5 g/L "SNH4CI
as the sole nitrogen source, 4 g/L glucose, 2 mM MgSOa, 10 mg/L thiamine HCI, 100 yM CacClz,
100 uM FeSO4 and 100 pg/mL ampicillin) to label Gal-3 CRD with °N.

3.6. Isothermal titration calorimetry (ITC) measurements

The ITC measurements were carried out in collaboration with the group of Prof. Jiménez-
Barbero at CIC bioGUNE in Bilbao, Spain.

The ITC measurements were performed using MicroCal PEAQ-ITC calorimeter. Gal-3 in
the presence of LacdiNAc and LacNAc were prepared in PBS 20 mM buffer containing 150 mM
NaCl, and 10 mM [(-mercaptoethanol at pH 6.5; while MGL-CRD in the presence of
LacdiNAc/LacNAc were prepared in HEPES buffer 10 mM containing 20 mM CaClz2 and 75 mM
NaCl at pH 7.5. The concentration of the protein solution was set between 46—-80 uM and that of
the sugar stock between 1.5-15 mM. During the automated experiment, small amounts (3-5 uL)
of the sugar solutions were titrated into a cell containing the protein solution and the heat
dispersed was detected. Titrations were carried out in at least duplicate for all the ligands, and
the errors are the standard deviations of the means of these replicates. The analysis of the curves
was accomplished using the MicroCal Origin 7 software. The association constants and the
thermodynamic parameters were obtained from the fit of the titration profile to a single-site binding

model.
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3.7. 'H,"N HSQC MGL titrations with LacdiNAc and LacNAc

The titration of '*N-labelled MGL with LacdiNAc and LacNAc was monitored through the
acquisition of 'H,"®N HSQC spectra at 600 MHz (Bruker Avance |l spectrometer equipped with a
5-mm inverse detection triple-resonance cryogenic probe head with z- gradients) and 293 K. The
concentration of MGL-CRD was set to 200 uM in 10 mM Tris buffer, 75 mM NaCl, 20 mM CacCl:
in H20:D20 90:10 at pH 7.5. The ligand was added to achieve the protein:ligand ratios of 1:0.25;
1:0.5; 1:1; 1:2 and 1:10 for LacdiNAc and 1:1; 1:5; 1:15; 1:35; 1:70; 1:100 and 1:150 for LacNAc.
The pH was verified along the titration. The experiments were acquired at 293 K with 32 scans
and 2048x128 points, with the spectral width being 9615.4 Hz centred at 2801 Hz for 'H and
1946.2 Hz centred at 7175 Hz for '°N. The central frequency for proton was set on the solvent
signal (2801 Hz) and for nitrogen was set on the centre of the amide region (7175 Hz). The data

was processed with Bruker TopSpin 4.0.9 and analysed with CcpNmr Analysis 2.4.271,

3.8. TH,"™N HSQC Gal-3 titration with LacdiNAc and LacNAc

The titration of "®N-labelled Gal-3 with LacdiNAc and LacNAc was monitored through the
acquisition of "H,"®N HSQC spectra at 600 MHz and 298 K. Two NMR tubes were prepared: 1)
one with the protein containing an excess of the ligand in a protein:ligand ratio of 1:70 (tube 1)
and 2) another with the protein in absence of the ligand (tube 2). Before titration, a 'H,"’N-HSQC
spectrum is acquired of both tubes. The titration is performed by adding small volumes of tube 1
to tube 2 in order to achieve the protein:ligand ratios of 1:0.5; 1:1; 1:5; 1:15 1:35 and for LacdiNAc
and 1:0.5; 1:1; 1:2; 1:5; 1:15 and 1:35 for LacNAc. The concentration of Gal-3 was set to 42 yM
in 50 mM PBS buffer, 50 mM NaCl, 1 mM DTT, 0.1% NaNs in H20:D20 90:10 at pH 7.15 in both
tubes. The experiments were acquired at 298 K with 32 scans and 2048x128 points, with the
spectral width being 9615.4 Hz centred at 2791 Hz for 'H and 1946.2 Hz centred at 7175 Hz for
SN. The central frequency for proton was set on the solvent signal (2790 Hz) and for nitrogen
was set on the centre of the amide region (7175 Hz). The data was processed with Bruker

TopSpin 4.0.9 and analysed with CcpNmr Analysis 2.4.271.
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3.9. Chemical Shift Perturbation (CSP) calculation

To determine the chemical shift perturbation (CSP) the following equation®%% was used

AScomp = JASHZ X (0.102 X Ady)? 3)

In which Adcomb is the combined chemical shift observed and the AdH and Adn are the
chemical shifts of the amide hydrogen and nitrogen atoms in ppm, respectively, between the free
and bound states of the proteins. The value of 0.102 is the ratio between the gyromagnetic
constants of '®N and 'H. With the AScomb values obtained for each residue, a histogram that
displays the Adcomp for each amino acid was constructed. A cut-off line (0.06 ppm for MGL and
0.05 ppm for Gal-3) was used to distinguish the residues that strongly shifted due to the presence

of the ligand.

3.10. Kp calculations

The Kb value was estimated by correlating the ligand concentration with the chemical

shifts along the 'H,"®N-HSQC based titrations using the following equation®*©5;

(Kp + [L]o + [Plo) —+/(Kp + [L]o + [P1o)? — 4 X ([L]o X [P]o)
2 x[P]p

A8Comb = A(Smax (4)
In which Adcomb is the combined chemical shift, the Admax is the maximum combined

chemical shift, the Kb is the dissociation constant, the [L]o is the concentration of ligand and the

[Plois the concentration of protein.

Using equation (4), a calculated A6comb Was determined for each step of the titration. It
was also calculated a difference between the calculated AScomb and the AScomb Obtained
experimentally. The solver tool of excel was used to minimize this difference and estimate the Ko
and Admax values for each residue. In the case of the MGL-CRD/LacdiNAc titration, the volume of
the bound signal for each concentration of ligand, and the maximum volume of the bound signal

were used to substitute Adcomb and Admax, respectively.
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3.11. Carbohydrates

Carbohydrates were purchased from Carbosynth. The 'H-NMR resonances of LacdiNAc
and LacNAc were completely assigned through standard 2C-TOCSY (30 ms mixing time), 2D-
NOESY (600 ms mixing time) and 2D-"H,"*C-HSQC experiments. The concentration of the ligand
was set to 2 mM for the heteronuclear experiments in D20 Tris(D11)-DCI buffer solutions with
uncorrected pD 7.5. The assignment was accomplished at 298 K (Appendix B, Table A1). The
resonance of 2,2,3,3-tetradeutero-3-trimethylsilylpropionic acid (TSP) was used as a chemical

shift reference in the experiments (& TSP = 0 ppm).

3.12. Saturation Transfer Difference (STD) NMR

For STD-NMR experiments, MGL-CRD was suspended in 10 mM perdeuterated Tris
(D11)-DCI buffer (Sigma—Aldrich), 20 mM CaClz, 75 mM NaCl and 0.09% sodium azide at pH 7.5
in 100% D20. The experiments were performed with 450 uM of LacdiNAc/LacNAc and 22.5 yM
of MGL CRD (ligand:protein molar ratio of 20:1) at 310 K and 293 K for LacdiNAc and LacNAc,
respectively. Spectra were acquired with 1728 scans in a matrix with 64 K points in t2 in a spectral
window of 12335.5 Hz centred at 2813.1 Hz. An excitation sculpting module with gradients was
used to suppress the water proton signals. Selective saturation of the protein resonances (on
resonance spectrum) was performed by irradiating at 7 ppm (aromatic residues) using a series of
40 Eburp2.1000-shaped 90° pulses (50 ms) for a total saturation time of 2 seconds. For the
reference spectrum (off resonance), the samples were irradiated at 100 ppm. The STD spectra
were obtained by subtracting the on-resonance spectrum to the off-resonance spectrum. Then,
the percentages of absolute spin saturation (% STD) were calculated by comparing the intensity
of the signals in the STD spectrum with the signal intensities of the reference spectrum (off
resonance spectrum). Finally, the relative percentages of spin saturation (relative % STD) to
calculate the STD-derived epitope map were estimated by setting to 100% the proton with the

highest % STD intensity and calculating the others accordingly.
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3.13. ROESY and TR-ROESY experiments

2D-ROESY experiments of LacdiNAc (3 mM) in the free state was recorded at 600 MHz
(Bruker Avance Il spectrometer equipped with a 5-mm inverse detection triple-resonance
cryogenic probe head with z- gradients) with a mixing time of 300 ms at 293K. Also, 2D-ROESY
experiments of LacdiNAc (500 uM) in presence of MGL-CRD (100 uM) were acquired at 800 MHz
(Bruker Avance Il 800 MHz spectrometer, equipped with a TCI cryoprobe) with a mixing time of
150 ms at 293K.

3.14. Molecular Dynamics (MD) Simulations

The MD simulations were carried out in collaboration with Dr. Francisco Corzana of
Universidad de La Rioja, Spain. MD simulations were performed using the same software and
force fields previously described in Diniz et al*’. The 3D models of the MGL complexed with
LacdiNAc and LacNAc were generated according to Marcelo et al*. The setup of MD used was
the same as described previously®’, except for the time of the production step that was set to 2

ps instead of 100 ns.

3.15. X-Ray Crystallography

The crystallization procedure as well as the experiments and data treatment that followed
were carried out in collaboration with Dr. Ana Luisa Carvalho and Filipa Trovao of the XTAL
Macromolecular Crystallography Group of UCIBIO at FCT-NOVA.

3.15.1. Co-crystallization of Gal-3 in the presence of LacdiNAc

The co-crystallizations of the carbohydrate recognition domain of galectin-3 in complex
with LacdiNAc were performed using the hanging drop diffusion method in a 24-well crystallization
plate (Molecular Dimensions). The protein (Gal-3 in 50 mM sodium phosphate buffer (pH 6.8), 1
mM DTT, and 0.1% NaNs) was previously incubated for 4 hours with 10 mM of LacdiNAc at 4 °C.

The crystallization drops were set up with different concentrations of the incubated protein (10 to
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20 mg/mL), different precipitant conditions (28% to 34% (w/v) polyethylene glycol (PEG) 4000,
100 mM Tris-HCI (pH 7.5), 100 mM MgClz and 8 mM 3-mercaptoethanol) and different proportions
[(2 pL protein + 2 uL precipitant solution) and (3 L protein + 2 pL precipitant solution)]. The
crystals appeared after 48-72 hours and continued to grow for 4-5 days, after which the crystals
were flash-cooled in liquid nitrogen, cryo-protected in a solution containing 34% (w/v)
polyethylene glycol (PEG) 4000, 100 mM Tris-HCI (pH 7.5), 100 mM MgCl> and 8 mM j3-

mercaptoethanol, and 12% (v/v) glycerol.

3.15.2. X-ray diffraction data collection and structure refinement

Complete X-ray diffraction data of Gal-3/LacdiNAc crystals were collected at the BL13-
XALOC beamline of the ALBA Synchrotron (Barcelona, Spain) with a radiation wavelength of
0.976 A. The best crystal diffracted to a maximum resolution of 1.25 A, which was grown with a
protein concentration of 15 mg/mL against a reservoir containing 32% (w/v) polyethylene glycol
(PEG) 4000, 100 mM Tris-HCI (pH 7.5), 100 mM MgClz and 8 mM -mercaptoethanol.

The diffraction data was processed using autoPROC software package™ from the
beamline pipeline. The structure was solved by molecular replacement using PhaserMR"3, with
the unbound Gal-3 (PDB code: 3ZSL) as search model™. All subsequent refinement cycles were
carried out in the Phenix platform’s, using program phenix.refine’®. The ligand coordinate file was
generated through eLBOW program’” using the isomeric SMILES string from the compound. The
resulting Rwork and Riee Were 0.17 and 0.19, respectively, with all residues in the allowed region
of the Ramachandran plot (97.8% in the favoured region). All data collection and refinement

statistics are summarized in Appendix C, Table A2.
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4. Results and Discussion
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4.1. Molecular recognition of LacdiNAc and LacNAc epitopes

by immune-related lectins

The interaction of cancer-specific glycans by lectins plays an essential role in immune
surveillance and tumour immune modulation’. In this perspective, the elucidation of the
molecular determinants that govern the interaction of tumour glycan epitopes with immune-related
lectins is crucial for the rational design of glycan-based cancer therapies, such as molecules
(glycomimetics) able to block the aberrant interaction between tumour-glycans and lectins. By
combining and integrating different biochemistry and biophysics techniques, like isothermal
titration calorimetry (ITC), molecular dynamics, X-Ray crystallography and mainly NMR
spectroscopy, it was characterized the recognition process of two key glycans epitopes, the
LacdiNAc (GalNAcB1 — 4GIcNAc) and the LacNAc (GalB1 — 4GIcNAc) structures, by two lectins:
the human macrophage galactose C-type lectin (MGL) and human galectin-3 (Gal-3) (Figure 4.1).

A B

OH
OH  OH e OH
o
o y o &
HO Ho . %"Ho
NH
NH S NH
OH
0% OH

GalNAc GIcNAc Gal GIcNAc

Figure 4.1 - Representation of the glycan structures and 3D models of the lectins under study A. LacdiNAc
chemical structure; B. LacNAc chemical structure; C. MGL CRD 3D structure®®; D. Gal-3 CRD 3D structure®2.
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4.2. Characterization of MGL/LacdiNAc complex

4.2.1. Isothermal titration calorimetry (ITC) experiments

To determine the equilibrium dissociation constant (Kp) of the MGL/LacdiNAc complex
and to obtain the thermodynamic parameters behind the complex formation isothermal titration
calorimetry (ITC) experiments were accomplished. For comparison reasons, ITC data for MGL/a-
Me-GalNAc was also carried out. These experiments were performed in collaboration with the
group of Prof. Jiménez-Barbero at CIC bioGUNE in Bilbao. The ITC experimental data and the

summary of the estimated parameters are shown in Figure 4.2, and Table 4.1, respectively.
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Figure 4.2 - Representative ITC data for the titrations of MGL with LacdiNAc (A) and a-Me-GalNAc (B) in
HEPES buffer (10 mM) containing 20 mM CaClz and 75 mM NaCl at pH 7.5. Injections were performed every
150 s at 293 K. Top: raw data for the titration of glycan into protein. Bottom: binding isotherm of the
calorimetric titration. The continuous line represents the least-squares fit of the data to a single-site binding
model.
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Table 4.1 - Thermodynamic parameters for the binding of LacdiNAc and a-Me-GalNAc to MGL determined
by ITC experiments. Data fitted to a single-site binding model. Average values and standard deviation were
indicated.

_ MGL/LacdiNAc MGL/a-Me-GalNAc

Kb (uM) 53+04 6.6 +1.5
AG (kcal/mol) -7.08 £ 0.05 -7.04 £ 0.08
AH (kcal/mol) -88+0.4 -8.4+0.8
-TAS (kcal/mol) 1.7+0.3 1.3+£0.7
N (sites) 0.99 + 0.06 0.92+£0.12

The binding isotherms obtained for both complexes are well defined, which suggests that
the complexes are stable and fit for a single-site binding model (N of 0.99 and 0.92 for LacdiNAc
and a-Me-GalNAc, respectively). According to the ITC results, the Ko for both complexes is similar
in the low uM range and compatible with moderate to high affinity complexes. The
thermodynamics of the complexes are identical suggesting that GalNAc unit is the key unit for the
recognition process. In both complexes, the small negative entropic contribution (-TAS > 0) is
compensated by the enthalpic factor. This enthalpy/entropy balance corresponds to that typically

observed in glycan-protein complexes?2%3,

4.2.2. Saturation transfer-difference (STD) NMR experiments

With the ITC results in hand, the interaction of LacdiNAc by MGL was investigated by
STD-NMR. The assignment of the "H-NMR proton of the ligand (Appendix B, Table A1) was firstly
carried out by the interpretation of 2D NMR experiments (see experimental section). The
assignment of 'H-NMR proton is essential to identify which protons are mostly involved in the
recognition. The STD-NMR experiments allowed to obtain information about the binding epitope
of LacdiNAc to MGL. Figure 4.3 displays the off-resonance spectrum and the difference between
the off and on-resonance spectrums, the called STD-NMR spectrum, of LacdiNAc in presence of
MGL. To the resulting STD-NMR spectrum of the complex it was subtracted the STD-NMR

spectrum of the protein and ligand alone (see experimental part).
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Figure 4.3 - STD-NMR of LacdiNAc at 450 uM in the presence of 22,5 uM MGL obtained at 310 K and 600
MHz. A. LacdiNAc chemical structure with the protons numbering. B. Off resonance spectrum (Off Res) C.
STD-NMR spectrum (STD). In the STD spectrum the key interacting protons are identified.

The best STD-NMR spectrum was obtained at 310 K, which is compatible with the high
affinity of the MGL/LacdiNAc complex estimated by ITC. By changing the temperature, it is
possible to modulate the kinetics of the process. Thus, by increasing the temperature, the Kot of
the complex increases, which favours the exchange between the bound and free ligand, and thus
allowing to detect the transfer of magnetization from the protein to the ligand by analysing the

intensities of the proton signals of the ligand in the free state.

Therefore, by comparing the intensities between the off and STD-NMR spectra, it was
possible to derive the LacdiNAc epitope map (Figure 4.4). The H4 of the GalNAc unit is the one
that presents the highest absolute STD percentage, thus it was set to 100%. The % STD of the
other protons were then calculated accordingly, allowing to determine the STD-derived epitope
map (Figure 4.4). Besides H4, the protons H3, H2, and the methyl group of the NHAc group of
the GalNAc also present moderate STD intensities. In contrast, the protons of GIcNAc unit shows
negligible STD enhancements. This result indicates that the GalNAc unit of LacdiNAc structure is
the main interacting motif responsible for MGL binding, which agrees with previous studies that

demonstrated the importance of the GalNAc unit in the recognition of GalNAc-containing ligands,
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such as the blood group antigen type A, the Forsmann antigen and the GM2 type of structures,
by MGL¥. The STD-derived epitope map of a-Me-GalNAc in presence of the carbohydrate
recognition domain of MGL was recently recorded by Coelho and Diniz in our group (Appendix
D, Figure A1 unpublished results). Hence, an identical STD-derived epitope map is deduced by
for GalNAc moiety either in LacdiNAc and a-Me-GalNAc structures, indicating a conserved

binding mode for the interaction of both ligands to MGL.

H

*1 - Overlap
% STD 6 \ ‘

- 0 - 0 - 0 - 0
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Figure 4.4 - STD-derived epitope map obtained for LacdiNAc in presence of MGL.

4.2.3. 'H, > N-HSQC titration experiments

"H,"*N-HSQC titration experiments of MGL with LacdiNAc were further performed to
obtain structural information from the protein viewpoint (Appendix E, Figure A2). These
experiments allow to determine the amino acids residues mostly perturbed in the presence of the
ligand. Figure 4.5 displays the overlay of three selected 'H,">N-HSQC spectra of MGL in the
absence and after addition of different concentrations of LacdiNAc. The differences in the spectra
in the free and bound state account the influence of LacdiNAc in the chemical environment of

MGL amino acids upon binding.
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Figure 4.5 - Overlay of the "H,"®N-HSQC spectra of the titration of MGL with LacdiNAc: MGL CRD (200 uM)
in apo state (black), MGL CRD/LacdiNAc complex in presence of 0.25 equivalent of LacdiNAc (purple) and
MGL CRD/LacdiNAc complex in presence of 2 equivalent of LacdiNAc (green). The bottom right and top left
of the spectra present the expansion region of the K264/D269 and W271 side chain cross-peaks,
respectively. The residues that appear after addition of LacdiNAc are labelled with *.

From the analysis of 'H,">N-HSQC titration (Figure 4.5 and Appendix E, Figure A2) it is
possible to observe that few resonances, absent on the free state, appear upon addition of
LacdiNAc (residues labelled with *). These resonances correspond to residues D270, G275,
L276, D288, D293, V295 located at the long loop L5, B-strand 4 and loops L6 and L7 (homology
model Figure 4.6-B) and near to the putative binding site of GalNAc. This result indicates that part
of the long loop L5 should adopt different conformations in free state with some of the residues
exchanging in the intermediate regime in the NMR chemical shift time scale. In the presence of
the ligand, this region of the loop stabilizes preferably adopting one major conformation. The
appearance of some of the loop resonances along with the overall increase of signal intensities
in the 'H,"N-HSQC spectra highlight conformational changes in the protein upon ligand binding.
To notice that this behaviour was previously reported in the case of the monosaccharide a-Me-
GalNAc?, which indicate that LacdiNAc and a-Me-GalNAc induces the same perturbations in the

protein and might share the same binding mode to MGL.

In addition, the titration clearly shows a slow exchange regime between the free and
bound state of MGL. This slow exchange regime is deduced by the observation of separate
resonances for the free and bound form with the concomitant change in their intensities through

the titration, directly reflecting the population between the two states (Figure 4.5 and Appendix E,
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Figure A2). In Figure 4.5 the expansions show that the resonances in purple (MGL/LacdiNAc
1:0.25) appear at the two chemical shifts corresponding to the free and bound states. The
assignment of the peaks of MGL/LacdiNAc complex was deduced by comparison with the 'H,"°N-
HSQC of MGL/Me-GalNAc previously reported®. In addition, for the residues that are present in
the free and bound state, it is possible to also account the chemical shift perturbation (CSP)
induced by the ligand by comparing the 'H,"N-HSQC in absence and presence of LacdiNAc. The
CSP of each residue can thus be tracked by the calculation of the combined 'H and >N chemical
shift (Adcomb) (Se€e experimental section) and plotted in a histogram. The histogram of the CSP
for the MGL/LacdiNAc complex along with the map of the most affected residues (those that

appear and strongly shift) in the 3D homology model of MGL-CRD is displayed in Figure 4.6.
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Figure 4.6 - MGL backbone amide chemical shift variations upon LacdiNAc binding. A. Histogram of the
Adcomb for each amino acid of MGL/LacdiNAc complex in the presence of 2 equivalents of LacdiNAc. A cut-
off line at 0.06 ppm (arbitrary threshold), displayed as an orange line, is considered to discriminate the
residues that strongly shift in the presence of LacdiNAc. As red bars, there are displayed the residues with
Adcomp > 0.06 ppm. B. Map of the residues perturbed upon LacdiNAc binding highlighted in 3D MGL-CRD
homology model. The three Ca®* present on the MGL-CRD structure are shown as spheres. The amino
acids that are most affected in the presence of LacdiNAc (residues that appear and strongly shift) are
displayed in red in the model.

Observing the histogram and the map depicted in Figure 4.6 several MGL residues are
strongly perturbed in the presence of the ligand. Residues from the long loop L5 are significantly
perturbed (Y236 and residues from K264-E280) along with the residues of L6 (H286, D288) beta-
strand 4 (N292-D294) and L7 (V295, Q297, H301). All these residues were previously identified
to be affected upon addition of the simple monosaccharide, the a-methyl GalNAc®, indicating a
common binding mode for LacdiNAc and a-methyl GalNAc. The binding mode of a-Me-GalNAc

was previously proposed by the group®-3” and is depicted in Figure 4.7.
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Figure 4.7 - 3D view of the binding site of MGL/ a-Me-GalNAc complex obtained from molecular dynamics
simulations showing the interaction of several residues (Y236, Q267, D269, W271, E280, H286, N292) with
the ligand. Adapted from3®.

Furthermore, as previously observed in the case of a-Me-GalNAc, LacdiNAc induces
significant alterations in the protein structure upon ligand binding. To account the differences
between the MGL/LacdiNAc and MGL/a-Me-GalNAc complexes the comparison of the
corresponding 'H,"N-HSQC spectra and the CSP calculation between the two MGL bound forms,

were performed (Figure 4.8).
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Figure 4.8 - Differences of MGL/LacdiNAc and MGL/a-Me.GalNAc complexes inspected by NMR A. Overlay
of the "H,"N HSQC spectra of the MGL/LacdiNAc complex (green) with the MGL/GalNAc complex (orange).
B. Histogram of the H,"N combined chemical shift (Adcoms) between MGL/LacdiNAc and MGL/GalNAc
complexes. The residues that show major differences (Adcom» > 0.05 ppm) are annotated and displayed as
red bars.

Small differences in a few amino acids can be appreciated between the two complexes
in the CSP histogram (Figure 4.8-B), showing the sensitivity of some residues to the two GalNAc-

containing structures.

Finally, from the analysis of the intensities of the 'H,"°N-HSQC spectra of MGL upon
gradual addition of the LacdiNAc it is also possible to estimate the Ko of the complex. Along the
"H,"*N-HSQC titration there is a gradual increase in the volume of bound signals that can be
correlated to the gradual addition of ligand, allowing to estimate the apparent Kp of the complex
(Kpapp) see experimental section). In the Figure 4.9 are presented the curves obtained for six

residues. The selection of the residues was based on their involvement on GalNAc binding.
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Figure 4.9 — Fitting curves used for the estimation of the apparent Kp values for six residues: 1) Y236; Il)
Q267; 1ll) D269; IV) W271; V) N292; VI) D294.

The estimated average of Koapp is of 1.9 + 0.9 yM, a high affinity complex, which agrees
with the previous result obtained by ITC.

4.2 4. Transferred ROESY experiments

TR-ROESY experiments of LacdiNAc in absence and presence of MGL were also carried
out (Figure 4.10). Comparing both spectra, it is possible to appreciate exchange transfer cross-
peaks between the free and bound state of LacdiNAc. By this experiment, it was also possible to
assign the chemical shift of LacdiNAc in the bound state.
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Figure 4.10 - 2D-NMR ROESY spectra of LacdiNAc in free and bound to MGL. A) 2D ROESY of LacdiNAc
(3 mM) at 600MHz and 293K (mixing time 300 ms) B) 2D TR-ROESY of 1:5 MGL/LacdiNAc at 800MHz and
293K (mixing time 150 ms).

Curiously, the cross-peaks of H5, one of H6s and the methyl group of NHAc of LacdiNAc
in the bound state show an upfield shift when compared to those observed in the free state.
Specifically, H5 and one of the H6 of CH20H group of the GalNAc unit experience a large upfield
shift of -1.89 ppm and -1.98 ppm, respectively. This observation contrasts with the downfield shift
of H3 proton of +0.3 ppm. No exchange cross-peaks are detected for the GIcNAc unit of
LacdiNAc, indicating once again that this unit should play a minor role in the recognition process.
The upfield shift of H5 and one of H6 is characteristic of the proximity of these protons to an
aromatic group. This result agrees with the binding pose proposed by Me-GalNAc to MGL (Figure
4.7). With these experiments, it is also possible to detect an interglycosidic NOE cross-peak
between the H1 of GalNAc and H4 of GIcNAc in LacdiNAc in free and bound state. This NOE
indicates that the conformer of LacdiNAc has the NHAc moieties of GalNAc and GIcNAc in

opposite directions, and this conformation is prevalent either in free and bound state.

4.2.5. Molecular dynamics simulations

To further support these findings, it was performed microseconds molecular dynamics
(us-MD) simulations. These simulations were carried out in collaboration with Dr. Francisco

Corzana of Universidad de La Rioja, Spain.

The MGL-CRD/LacdiNAc complex is stable for the 2 ps of the simulation. The MD model
shows that the GIcNAc unit of the ligand is completely exposed to the solvent, which agrees with
the STD-NMR results. Besides the coordination with Ca?* at the binding site, there is a CH-1T bond
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between the H5, and one of the H6 of CH20H group of GalNAc unit and the aromatic five-
membered ring of W271, and another CH-1T between the N-acetyl group of GalNAc and Y236,
which explains both the strong CSP of these residues (W271 and Y236), as well as the upfield
shift of H5, H6 and methyl group of NHAc of LacdiNAc due to the ring current effect of (Y236 and
W271). It was also detected an H-bond between H286 and the carbonyl of the N-acetyl group of
GalNAc unit. Finally, it is also possible to confirm that the major conformer of LacdiNAc along the

MD remained with NHAc groups of GalNAc and GIcNAc in opposite directions.

Figure 4.11 - 3D view of the binding site of MGL/LacdiNAc complex derived from MD demonstrating the
proximity of the side chain of W271 to H5 and one of the H6s protons of GalNAc unit, as well as the
interaction of Y236 and H286 and D294 with the N-acetyl group of the GalNAc unit of LacdiNAc.
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4.3. Characterization of MGL/LacNAc Complex

4.3.1. Isothermal titration calorimetry (ITC) experiments

The MGL/LacNAc complex was analysed by ITC experiments. The obtained results and

thermodynamic values are shown in Figure 4.12 and Table 4.2 respectively.
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Figure 4.12 - Representative ITC data for the titrations of MGL with LacNAc in HEPES buffer (10 mM)
containing 20 mM CaClz and 75 mM NaCl at pH 7.5. Injections were performed every 150 s at 293 K. Top:
raw data for the titration of glycan into protein. Bottom: binding isotherm of the calorimetric titration shown
on top. The continuous line represents the least-squares fit of the data to a single-site binding model.
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Table 4.2 - Thermodynamic parameters for the binding of LacNAc to MGL as determined by ITC
experiments. Data fitted to single-site binding model. Average values and standard deviation were indicated.

Ko (uM) >1380

AG (kcal/mol) -

AH (kcal/mol) -
-TAS (kcal/mol) -

N (sites) 1.00

The impossibility to obtain a good binding isotherm for MGL/LacNAc complex precluded
to determine an accurate value of Ko and the thermodynamic values of this complex. ITC suggests

a Ko for MGL/LacNAc over 1380 pM, indicating a low affinity complex.

4.3.2. Saturation transfer-difference (STD) NMR experiments

With the assignment of the 'H-NMR spectrum of LacNAc (see experimental section and
Table A1) it was possible to analyse the STD-NMR of LacNAc in presence of MGL. In the Figure
4.13, it is presented the off-resonance spectrum along with the spectrum of the difference
between off and on-resonance spectra, the STD spectrum. The STD spectrum of the mixture
takes into account (subtracted) the STD controls of the LacNAc in absence of the protein and the

protein in absence of LacNAc.
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Figure 4.13 - STD-NMR of LacNAc at 450 uM in the presence of 22,5 uM MGL obtained at 283 K and 600
MHz A. LacNAc chemical structure with the protons numbering. B. Off resonance spectrum (Off Res) C.
STD-NMR spectrum (STD). In the STD spectrum the key interacting protons are identified.

First, it is important to emphasize that best STD responses were obtained decreasing the
temperature to 283 K. At 310, 298 or even 293 K negligible STD intensities of LacNAc are
detected. This behaviour correlates very well if we assume a low affinity complex. Therefore,
decreasing the temperature it is expected to increase the residence time of the ligand in the
binding site (lowering the kof), allowing the transference of saturation from the protein to the
ligand. By observing the STD spectrum, the H4 of Gal is the proton that receives the most % of
saturation from the protein, with H3 and H2 also showing some STD responses (Figure 4.14). No
STD signals from the GIcNAc unit is detected suggesting the absence of any direct interaction
between GIcNAc and MGL.
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Figure 4.14 - STD-derived epitope map obtained for LacNAc in presence of MGL.

4.3.3. 'H,">N-HSQC titration experiments

'H,"N-HSQC titration of MGL with LacNAc was performed. In the Figure 4.15, itis shown
the overlay of four 'H,"®N-HSQC spectra, corresponding to: MGL in absence of LacNAc (black),
MGL fully saturated with LacNAc (red, P:L 1:150), and two spectra in the intermediate points of
the titration (blue, P:L 1:15 and purple, P:L 1:35).
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Figure 4.15 - Overlay of the "H,""N-HSQC spectra of the titration of MGL-CRD with LacNAc: MGL (200 uM)
in apo state (black), MGL/LacNAc complex in presence of 15 equivalents of LacNAc (blue), MGL/LacNAc
complex in presence of 35 equivalents of LacNAc (purple) and MGL/LacNAc complex in presence of 150
equivalents of LacNAc (red). The bottom right and top left of the spectra present the expansion region of the
K264/D269 and W271 side chain cross-peaks, respectively. The residues that appear in the presence of the
ligand are labelled with *.

In Figure 4.15 and Appendix E, Figure A3, it is possible to observe the fast exchange
regime between MGL free and complexed state, a gradual shift of the signals from free to bound
state can be followed during the ligand addition. Also, to displace completely MGL to the bound
state a ratio of P:L of 1:150 was necessary, which is compatible with a low affinity complex and

is in conformity with the previous ITC and STD-NMR results.

As in the case of LacdiNAc, several cross-peaks corresponding to the flexible part of the loop L5
appear (labelled with * on 'H,"®N-HSQC, Figure 4.15) indicating a stabilization of the dynamic
loop in presence of LacNAc. Nevertheless, the intensity of some of those residues is lower in the
case of LacNAc than LacdiNAc (e.g., Y236, K264, D270, L276, D294, etc). In addition, several
residues of MGL also suffer chemical shift perturbation in the presence of LacNAc. CSP was
determined through the analysis of the combined chemical shift (Adcomb) and shown in the
histogram along with the map in the 3D homology model of the most affected residues of MGL in

presence of LacNAc (Figure 4.16).
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Figure 4.16 - MGL backbone amide chemical shift variations upon LacNAc binding. A. Histogram of the
Adcomb for each amino acid of MGL/LacNAc complex in the presence of 150 equivalents of LacNAc. A cut-
off line at 0.06 ppm (arbitrary threshold), displayed as an orange line, is considered to discriminate the
residues that strongly shift in the presence of LacNAc, respectively. As red bars, there are displayed the
residues with Adcomb» > 0.06 ppm. B. Map of the residues perturbed upon LacNAc binding highlighted in 3D
MGL homology model. The three Ca®* present on the MGL structure are shown as spheres. The amino
acids affected in the presence of LacNAc (residues that appear and strongly shift) are displayed in red in the
model.

As in the case of LacdiNAc, most of the residues that were perturbed in the presence of
the ligand belong to the long loop L5 and beta-sheet 34 along with few residues of the loops L6
and L7, which indicates the same binding site to MGL for LacdiNAc and LacNAc.

Noteworthy, in comparison with LacdiNAc, the magnitude of the shifts of MGL residues
in the presence of LacNAc is lower than with LacdiNAc, indicating a weaker perturbation in MGL
structure in presence of LacNAc than LacdiNAc. This result corroborates with the lower affinity
deduced by ITC measurements for LacNAc than LacdiNAc. MGL/LacNAc seems to be a weaker
complex precluding the production of heat and becoming a not suitable complex to investigate by
ITC technique. In this context, the apparent Ko was estimated based on the gradual shift of the
amide resonances observed along the 'H,"™N-HSQC based titration of MGL with LacNAc (see
experimental section). From the several residues that shifted in the presence of the LacNAc, six
residues were selected based on their relevance for binding, and the corresponding fitting curves
are presented in Figure 4.17.
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Figure 4.17 - Fitting curves used for the estimation of Kpapp values for six residues: I) Y236; 1) Q267; Ill)
D269; IV) W271; V) N292; VI) D294.

The average of Kpapp estimated for this complex by NMR was 4.0 + 0.3 mM and agrees
with the high P:L ratios required for saturation, as well as with the difficulty to obtain binding

isotherms from ITC.
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4.3.4. Molecular dynamics simulations

As in the case of the MGL/LacdiNAc complex, a 2 ys molecular dynamic simulation (us-
MD) for MGL/LacNAc complex was performed. This long dynamic simulation allows to observe
that the complex was stable for only 1.8 ps in contrast to MGL/LacdiNAc complex. Nevertheless,
the 3D model of the complex illustrated in Figure 4.18 shows the same binding site for LacNAc
than LacdiNAc. Indeed, the key interaction between the Ca?* and the two hydroxyl groups, OH-3
and OH-4, is conserved in both MGL/LacdiNAc and MGL/LacNAc complexes. Furthermore, the
involvement of certain residues such as W271, Q267, D269 is also preserved in both complexes.
However, besides these similarities, important differences arise in terms of MGL affinity and

specificity towards LacdiNAc and LacNAc.

Figure 4.18 - 3D view of the binding site of MGL/LacNAc complex derived from MD simulations illustrating
the involvement of the residues Q267, D269 and W271 in the recognition of LacNAc.
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4.4. Comparison of MGL/LacdiNAc vs MGL/LacNAc

complexes

Chemically the difference of LacdiNAc and LacNAc rely on the functional group at C2 of
the non-reducing end of the disaccharide that transforms a GalNAc into a Gal unit from LacdiNAc
to LacNAc (Figure 4.19).

A B
OH OH OH OH
o o o
g g % Ho
NH NH
o =§ OH o =§ OH
GalNAc GIcNAc Gal GIcNAc

Figure 4.19 - Representation of the chemical structures of A. LacdiNAc and B. LacNAc, evidencing the
difference between the two functional groups at C2 of the non-reducing end of the disaccharides.

From the chemical perspective, this alteration makes a substantial difference for MGL. The ITC
results showed a significant variation in the terms of MGL affinity depending on the ligand context.
MGL/LacdiNAc has a low Kp value of 5.3 + 0.4 yM, while MGL/LacNAc has a Kb higher than 1380
MM. This difference in affinity is also reflected in the STD-NMR experiments. STD responses are
strongly modulated by the rate of the exchange process between the free and bound state of the
ligand. In this context, improved STD enhancements were obtained by changing the temperature
of the experiments in opposite directions depending on the ligand context. Therefore, in the case
of MGL/LacdiNAc, the STD-NMR experiment was acquired at 310 K (Figure 4.3) to facilitate the
process of unbinding and to allow the detection; while in the case of MGL/LacNAc the experiment
was recorded at 283 K (Figure 4.13) to increase the residence time of the ligand bound to MGL.
Besides this difference in the exchange process, MGL recognizes both complexes through the
non-reducing end of both disaccharides (GalNAc/Gal of LacdiNAc/LacNAc, respectively). In both
complexes, the H4 proton, of GaINAc/Gal in LacdiNAc/LacNAc, respectively, receives the highest
% of saturation from MGL. To notice that the GIcNAc residue present negligible STD response
either for LacdiNAc and LacNAc (Figure 4.4 and 4.14). Thus, STD-NMR results clearly show that

LacdiNAc and LacNAc present the same binding mode of interaction to MGL.

From the protein perspective the 'H,"’N-HSQC based titrations highlighted important
differences in the recognition process of LacdiNAc and LacNAc by MGL. Along the 'H,">N-HSQC
titration it is possible to appreciate the difference in the exchange regime between the MGL free

and ligand complexed state, depending on the employed ligand (Figure 4.5 and 4.15). For
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MGL/LacdiNAc complex a slow exchange regime was detected (Figure 4.5), while in the case of
MGL/LacNAc complex (Figure 4.15) it is observed a fast exchange regime on the chemical shift
NMR timescale. These results suggest that LacdiNAc has longer residence times in the
complexed form than LacNAc (kort LacdiNAC << kot LacNAc) and agree with the necessity to use
different temperatures in the STD-NMR experiments. Since no major structural restraints are
anticipated due to the additional N-acetyl group of GalNAc in LacdiNAc over the Gal unit in
LacNAc, the kon is expected to be limited by diffusion. Therefore, the koff values for MGL/LacdiNAc
and MGL/ LacNAc complexes are behind the differences in the exchange mechanism and explain
the differences in the experimental Ko estimated by ITC. Close inspection of the 'H,">N-HSQC of
MGL/LacdiNAc and MGL/LacNAc complexes (Figure 4.20- A) allow to determine that both ligands
induce perturbation in the same protein residues, which is compatible with the fact that they
should binding in the same region of the protein. Remarkably, significant differences in the
magnitude of the chemical shift perturbation of several residues can be identified for the two
complexes. To better account these differences, a histogram of the CSP between the two MGL
bound forms (MGL/LacdiNAc vs MGL/LacNAc) was accomplished and it is displayed in Figure
4.20-B.
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Figure 4.20 - Differences of MGL/LacdiNAc and MGL/LacNAc complexes inspected by 'H,""N-HSQC A.
Overlay of the TH,">N HSQC spectra of the MGL/LacdiNAc complex (green) with the MGL/LacNAc complex
(red). B. Histogram of the 'H,’”N combined chemical shift (Adcoms) between MGL/LacdiNAc and
MGL/LacNAc complexes. The residues that show major differences (Adcomv > 0.05 ppm) are annotated and
displayed as red bars.

The residues shown as red bars in the histogram correspond to those in which the CSP
is higher than 0.05 ppm. These residues reflect the high sensitivity of MGL structure upon binding
LacdiNAc or LacNAc. A high number of residues are differentially perturbed depending on the
ligand context. In particular, the residues that show the highest CSP between the two bound forms
are: Y236, H286 and D294. The specific perturbation of these residues should be related to the
engagement of the NHAc group of GalNAc unit in LacdiNAc structure. To confirm this hypothesis
molecular dynamics simulations were performed. Additionally, long times of simulations (2 us)

were used to evaluate the stability of the complexes.
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The MD results show that MGL/LacdiNAc complex was stable along 2 ps of simulation,
while the MGL/LacNAc complex was only stable for 1.8 us. This result agrees with the difference
in the exchange regime deduced in the 'H,"SN-HSQC titration experiments. Furthermore,
according to the models (Figure 4.21), it is possible to confirm the proximity of Y236, H286 and
D294 amino acids to the N-acetyl group of GalNAc in LacdiNAc structure. Specific interactions
were detected involving the Y236 and H286 residues. A CH-1r bond can be observed between
Y236 and the methyl group of NHAc. Additionally, the H286 is participating in an H-bond with the
carbonyl of NHAc of GalNAc in LacdiNAc. The interaction involving the NHAc group of GalNAc
can thus explain the differences in the CSPs of these amino acids between the two complexes
(Appendix E, Figure A4).

A B

Figure 4.21 - 3D view of the binding site of the complexes A. MGL/LacdiNAc and B. MGL/LacNAc. The
proximity of the N-acetyl group of the GalNAc unit of LacdiNAc and the Y236, H286 and D294 residues is
clearly highlighted in MGl/LacdiNAc complex.

All these results point out that the N-acetyl group (NHAc) present in the GalNAc unit is behind the
preference of MGL towards GalNAc-containing structures. Indeed, the additional interactions
involving the side chains of Y236 and H286, not only stabilize the MGL/LacdiNAc complex but
also turns it into a high affinity complex. Our results provide compelling evidence to explain why

MGL has a high specificity and selectivity for GaINAc-containing structures.
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4.5. Characterization of Galectin-3/LacdiNAc Complex.

Comparison with Galectin-3/LacNAc complex

4.5.1. Isothermal titration calorimetry (ITC) experiments

As in the case of MGL complexes, binding information of Gal-3/LacdiNAc complex was
accessed by ITC measurements. ITC data was also acquired for Gal-3/LacNAc for comparison
purposes and values obtained are in agreement with those reported before®. Figure 4.22 and
Table 4.3 shows the raw data/binding isotherm and the summary of the thermodynamic

parameters for the complexes, respectively, deduced by the ITC experiments.
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Figure 4.22 - Representative ITC data for the titrations of Gal-3 (46 — 50 uM) with A. LacdiNAc (4.95mM);
and B. LacNAc (6.88 mM) in phosphate buffer (20 mM) containing 150 mM NaCl, and 10 mM -
mercaptoethanol at pH 6.5. Injections were performed every 150 s at 298 K. Top: raw data for the titration
of glycan into protein. Bottom: binding isotherm of the calorimetric titration shown on top. The continuous
line represents the least-squares fit of the data to a single-site binding model.

63



Table 4.3 - Thermodynamic parameters for the binding of LacdiNAc and LacNAc to Gal-3 as determined by
ITC experiments. Data fitted to single-site binding model. Average values and standard deviation were
indicated.

_ Gal-3/LacdiNAc Gal-3/LacNAc

Ko (UM) 38.1+£22 344103

AG (kcal/mol) -6.04 + 0.04 -6.09 £ 0.0
AH (kcal/mol) 12.3+0.6 11.25+ 0.4
-TAS (kcal/mol) 6.24 + 0.6 5.18 £ 0.3
N (sites) 1.17 £0.03 1.26 + 0.01

The data obtained for both complexes fitted to a single-site binding model and the Kp
estimated for both ligands are very similar. With respect to the thermodynamic values, LacdiNAc

shows a slightly better enthalpy but worst entropy in comparison with LacNAc.

4.5.2. '"H,">N-HSQC titration experiments

The molecular determinants of Gal-3/LacdiNAc recognition process were further
inspected by 'H,">N-HSQC based titration experiments. Figure 4.23 shows an overlay of four
spectra of Gal-3 in the absence (black) and in presence of different equivalents of the LacdiNAc:
Gal-3/LacdiNAc 1:1 (blue); Gal-3/LacdiNAc 1:5 (purple) and Gal-3/LacdiNAc 1:35 (green). For
comparison purposes, the 'H,"®N-HSQC based titration of '®N-labelled Gal-3 was also performed
with LacNAc and Appendix E, Figure A6 and Figure A7 depicts the overlay of selected 'H,"N-
HSQC spectra recorded along with the titration of Gal-3 and LacNAc.
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Figure 4.23 - Overlay of the "H,"N-HSQC spectra of the titration of Gal-3 with LacdiNAc: Gal-3 (42 uM) in
apo state (black), Gal-3 /LacdiNAc complex in presence of 1 equivalent of LacdiNAc (blue), Gal-3 /LacdiNAc
complex in presence of 5 equivalents of LacdiNAc (purple) and Gal-3/LacdiNAc complex in presence of 35
equivalents of LacdiNAc (green). The bottom right and top left of the spectra present the expansion region
of the H158 and W181 side chain cross-peaks, respectively.

A clear progressive shift of the amide resonances of '®N-labelled Gal-3 upon the addition
of LacdiNAc is indicative of a fast exchange regime between the Gal-3 free and bound state at

the NMR chemical shift scale.

To determine which residues were mostly affected by the presence of the LacdiNAc, it
was elaborated a CSP histogram (see experimental section, Figure 4.24-A). The CSP histogram
was also performed for Gal-3/LacNAc complex. The most affected residues deduced by CSP
analysis of Gal-3/LacdiNAc and Gal-3/LacNAc were then mapped in the Gal-3 X-Ray structure
(PDB code: 1KJL Gal-3 complexed with LacNAc)®2. Figure 4.24-B highlights that the residues of
the B-strands S4, S5 and S6 are both affected by the presence of LacdiNAc and LacNAc.
However, in the case of Gal-3/LacdiNAc complex additional residues are affected in the B-strand
S3. R144 and its neighbours N143 and 1145 in the B-strand S3 are specifically affected in
presence of LacdiNAc (Figure 4.24-C). Also, F163 at the loop connected to S4 and the D239 and
the 1240 on the loop connected to S2, are disturbed (Figure 4.24-C).
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Figure 4.24 - Gal-3 backbone amide chemical shift variations upon LacdiNAc and LacNAc binding. A.
Histogram of the Adcom» for each amino acid of Gal-3/LacdiNAc (Panel |) and Gal-3/LacNAc (Panel )
complexes in the presence of 35 equivalents of LacdiNAc and LacNAc, respectively. A cut-off line at 0.05
ppm (arbitrary threshold) displayed as orange is considered to discriminate the residues that strongly shift
in the presence of the ligands. The residues with Adcom» > 0.05 ppm are displayed as red bars. B. Map of
the residues perturbed upon LacdiNAc (Panel ) and LacNAc (Panel Il) binding highlighted in the 3D X-Ray
structure of Gal-3 (PDB ID:1KJL). The amino acids most affected in the presence of the ligands (Adcoms >
0.05 ppm) are displayed in red in the structure. C. Overlay of regions of the 'H,"*N HSQC spectra of Gal-3
/LacdiNAc complex (green) and Gal-3/LacNAc complex (red), of signals of the amino acids with higher
differences between the two bound states. I) R144; 1) F163; 1ll) D239.
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4.5.3. X-ray crystallography data

The Gal-3/LacdiNAc complex was further studied by X-Ray crystallography in
collaboration with Dr. Ana Luisa Carvalho of the X-Ray crystallography group at UCIBIO unit of
FCT-NOVA. The structure of Gal-3/LacdiNAc complex was compared with the corresponding Gal-
3/LacNAc complex (Figure 4.25).

A LacdiNAc B LacNAc

Glu165

Argue/l 2.7

Ows

Figure 4.25 - 3D view of the binding site of Gal-3 complexes deduced by X-Ray crystallography. A. Gal-
3/LacdiNAc (PDB code: 7BE3; 1.25 A). B. Gal-3 CRD/LacNAc (PDB code: 1KJL; 1.40 A). The ligands and
the amino acids of Gal-3 at the binding site are highlighted and displayed as sticks. Water molecules are
shown as red spheres. The distances between the side chains of Gal-3 amino acids and the sugar units
(GalNAc/Gal and GIcNAc) are also identified in the models.

The key amino acids typically involved in the recognition of B-galactosides by galectin-3
are conserved in both complexes. As an example, the H158 residue, conserved among galectins,
participates in hydrogen bonding with OH-4 of GalNAc of LacdiNAc and Gal in the case of
LacNAc. Along with H158 there is the side chain of W181 that mediates a CH-1r stacking
interaction with H-4 and H-5 of Gal in LacNAc and GalNAc in LacdiNAc. Other common interaction
is the hydrogen bond between the side chain R186 and the GIcNAc moiety present in both
complexes. In both complexes, the GIcNAc unit is more solvent exposed than GalNAc/Gal in
LacdiNAc and LacNAc.

Besides all these common features, it seems that the presence of LacdiNAc triggers an
alternate conformation for the side chain of R144, between R144A (occ. 43%) and R144B (occ.
57%). The R144B conformation establishes an additional hydrogen-bond with the N-acetyl group
of GalNAc of LacdiNAc, absent in the case of LacNAc. Furthermore, R144B increase the
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residence of a water molecule, W2, also absent in the case of Gal-3/LacNAc complex. In turn,
W2 mediate a hydrogen-bond network between the GalNAc N-acetyl group and the glycosidic
bond of LacdiNAc and R144B. These additional contacts involving GalNAc of LacdiNAc might
explain the slightly favoured enthalpy deduced by ITC measurements of LacdiNAc over LacNAc.
In addition, the W2 detected on the structure deduced by X-Ray might explain the modest
increase of the entropy penalty observed of LacdiNAc in comparison to LacNAc. The alternate
conformation of R144 side chain observed for LacdiNAc correlates with the variations detected
on the "H,"®N-HSQC on the amide resonances of R144 and its neighbours N143, 1145, D239,
1240. In addition, the difference in the chemical shift of F163 can be tentatively explained by the
alternate conformation of R169 side chain observed in the Gal-3/LacdiNAc model (Figure 4.26).

A B

(¥ LacNAc

Figure 4.26 - 3D view of the binding site obtained by X-Ray crystallography of the complexes A. Gal-
3/LacdiNAc and B. Gal-3/LacNAc. R169 presents an additional side chain conformation in the Gal-
3/LacdiNAc that can probably explain the alteration of chemical environment of F163 detected on the "H,">N-
HSQC of Gal-3/LacdiNAc complex.

Finally, in terms of affinity, Gal-3 does not discriminate LacNAc and LacdiNAc structures

and only subtle differences between the two complexes were detected.
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5. Conclusions and Future
Work
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Understanding the recognition process at an atomic level of specific glycan motifs by
lectins enrolled in tumour immune surveillance opens the door for the development of glycan-

based cancer therapies and new tools for diagnosis.

Herein, new structural insights of two cancer-related glycan structures, the LacdiNAc
(GalNAcB1-4GIcNAc) and the LacNAc (GalB1-4GIcNAc) structures by two lectins, the human
macrophage galactose-type lectin (MGL) and human galectin-3 (Gal-3) were unveiled, through a
multidisciplinary approach that combines NMR spectroscopy, isothermal titration calorimetry
(ITC), molecular dynamics (MD) and X-ray crystallography. The difference between the two
structures relies on the functional group at C-2, an OH or NHAc, in the non-reducing end of the
disaccharides that turns a Gal in LacNAc into a GalNAc in LacdiNAc. Besides both lectins
recognize galactoside derivatives, the mechanism of binding of MGL and Gal-3 to LacdiNAc and

LacNAc is significantly divergent and in line with the differences in their 3D architecture.

Our results highlight that MGL is a very selective and specific protein towards GalNAc-
containing ligands. STD-NMR and MDs clearly show that MGL binds LacdiNAc and LacNAc
through GalNAc and Gal units and where the GIcNAc moiety is exposed to the solvent.
Nevertheless, the preference of MGL towards LacdiNAc rather than LacNAc is notable. The N-
acetyl group of GalNAc unit in LacdiNAc performs additional interactions with the side chains of
Y236 and H286, which in turn become the complex of MGL/LacdiNAc much more stable and of
higher affinity complex (Ko of 5.3 £ 0.4 yM) than MGL/LacNAc counterpart (Ko > 1380 uM of 4.0
+ 0.3 mM according to NMR). Furthermore, the 'H,"’N-HSQC based titrations point out that the
interactions involving NHAc moiety in LacdiNAc have a greater impact on the structure and
dynamics of MGL than LacNAc.

On the other hand, Galectin-3 recognizes both LacdiNAc and LacNAc with similar affinity
(38.1 and 34.4 uM, respectively). GalNAc and Gal unit in LacdiNAc and LacNAc ligands,
respectively establish both the H-bond (OH-4 of GalNAc/Gal and His158) and CH-pi (H4 and H5
of GalNAc/Gal and W181) interactions conserved in all galectins. In addition, in both complexes
Gal-3/LacdiNAc and Gal-3/LacNAc, the GIcNAc moiety establish similar interactions with Gal-3.
The involvement of GIcNAc unit in Gal-3 is an issue that contrast to the MGL mechanism of
binding. The major difference between Gal-3/LacdiNAc and Gal-3/LacNAc complexes relies on
the alternate conformation of R144, between R144A (occ. 43%) and R144B (occ. 57%), only
observed in the case of Gal-3/LacdiNAc complex. The R144B conformation establishes direct
and water-mediated hydrogen-bonds with the N-acetyl group of GalNAc of LacdiNAc, which are

absent in the case of LacNAc.
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For future work, the interactions with these lectins could be studied with more complex
sugars, resembling, even more, the structures that are present in healthy and cancerous cells.
This way, we will be one step closer to better understand the recognition mechanism of these
lectins and to exploit this knowledge in the creation of alternative tools for cancer diagnosis and

anti-cancer therapies based on glycans.
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Appendix A — Protein Sequences

The amino acid one-letter code sequence of MGL-CRD (C181-H316) with the starting

methionine residue:

MCPVNWVEHQDSCYWFSHSGMSWAEAEKYCQLKNAHLVVINSREEQNFVQKYLGSAYTWM
GLSDPEGAWKWVDGTDYATGFQNWKPGQPDDWQGHGLGGGEDCAHFHPDGRWNDDVCQ
RPYHWVCEAGLGQTSQESH

The amino acid one-letter code sequence of Gal-3 CRD (L114-1250) with the starting
methionine residue:

MLIVPYNLPLPGGVVPRMLITILGTVKPNANRIALDFQRGNDVAFHFNPRFNENNRRVIVCNTKL
DNNWGREERQSVFPFESGKPFKIQVLVEPDHFKVAVNDAHLLQYNHRVKKLNEISKLGISGDID
LTSASYTMI
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Appendix B — Ligand Assignment

Table A1 - "H-NMR assignments of LacdiNAc and LacNAc in D20 Tris(D11)-DCI buffer solutions with pD
7.5 at 298K.

LacdiNAc LacNAc
'H ppm 'H ppm
H1 4.43 H1 4.38
H2 3.84 H2 3.44
H3 3.68 H3 3.56
H4 3.84 BGal H4 3.87
BGalNAc | ys 3.65 H5 3.62
we | 370 H6 2:;2; _
3.62
H1 4.61
NHAc | 1.95 H2 3.60
H1 4.61 H3 3.49
H2 3.62 saionAc | M 3.62
H3 3.45 H5 3.85
BGIcNAc | H4 3.56 H6 2:3;
H5 3.77 NHAc | 1.97
H6 3.55 H1 5.09
NHAc | 1.92 H2 3.79
H1 5.11 H3 3.70
H2 3.76 GleNAe | H4 3.62
H3 3.62 H5 3.79
aGIcNAc | H4 3.56 H6 2:3;
H5 3.77 NHAc | 1.97
H6 3.70
NHAc | 1.92
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Appendix C — X-Ray Crystallography Data Collection and

Refinement Statistics

Table A2 - Data collection and structure refinement parameters and statistics.

Statistics for the highest-resolution shell are shown in parentheses.
Data collection and processing

Space group
Unit-cell parameters (A)
Resolution range (A)

Matthews coefficient, Vi (A3Da’)

Solvent content (%)

Protein molecules per asymmetric unit

Mosaicity (°)

I/o(l)

Wilson B-factor (A2)
Rmerge+

Rp.i.m.+

Half-dataset correlation CC1/2

Multiplicity

Total reflections
Unique reflections
Completeness (%)

P2, 212,
a=36.0,b=58.0,c=62.3
31.14-1.25 (1.29 - 1.25)
2.33

47.2

1

0.17

20.7 (2.0)

14.34

0.047 (0.999)

0.018 (0.382)

1.00 (0.88)

7.8(7.7)

287616 (27673)

36869 (3611)

99.85 (99.61)

Refinement statistics

Number of reflections 36843
Number of protein atoms 1149
Number of ligand atoms 36
Number of solvent molecules 184
Rworki 0.170
Rfree§ 0.195
R.m.s.d. bond lengths (A) 0.005
R.m.s.d. bond angles (°) 0.85
Average B-factor (A?)
Protein 16.1
LacdiNAc
GalNAc 19.5
GIcNAc 30.9
Water molecules 28.9
Ramachandran plot
Residues in favoured regions (%) 97.8
Residues in allowed regions (%) 2.2
Residues outliers (%) 0.0
PDB accession code 7BE3
t Rinerge = Z’”‘lZ?“”"(hkl)_l(hkl)l, where [ is the observed intensity, and I is the statistically-

Shki Xieq 1i(hkD)

/ — n . —Ti
weighted average intensity of multiple observations. + R, ;,, = Zhid 1/(; I)ZZ,I‘”I“&([Z’;)D I(hkl)l, a
hklZij=1"1i

. . F, hkl)|—|F hkl
redundancy-independent version of Rmerge. £ Ryork = Znic|Fops kDI~ Feate( )”, where |Fecac| and
ZhkilFobs(hkD]

|Foos| are the calculated and observed structure factor amplitudes, respectively. § Riree is

calculated for a randomly chosen 5% of the reflections.
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Appendix D — STD-NMR

v% st @ » ¥ | '

100-75% 74-55% 54-30% 29-10% No STD accuracy

Off Res
M e N

3 CH3(Ac)

H5
H4 .~ /

OMe

STD (16x)

4.0 3.5 3.0 2.5 2.0
H ppm

Figure A1 - STD-NMR experiments for a-Me-GalNAc (1.1 mM) with MGL (30 uM) carried out at 600MHz,
at 310K with irradiation at 7 ppm. The reference spectrum is displayed in gray color while the STD
spectrum (STD) is displayed in black. The key proton resonances that have STD response are marked in

the off-resonance spectrum. On top of the spectra is the epitope mapping obtained for a-Me-GalNAc with
MGL.
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Appendix E — "H,"®N-HSQC Titrations
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Figure A2 - Overlay of the "H,""N-HSQC spectra of the titration of MGL-CRD (200 uM) with LacdiNAc at
293K.
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Figure A3 - Overlay of the "H,"SN-HSQC spectra of the titration of MGL-CRD (200 uM) with LacNAc at
293K.
1) Y236 Ill) D294
‘ E224 L1215 | 1245
B [
Q.
L s L
-122.0 z —125.0
. MGL/LacdiNAc [ b MGL/LacNAc i
MGL/LacNAc C ’g
.- 1255 S
805 800 795 790 785 7.80 - z
Il) H286 o™ tepm) -
[ 1255 MGL/LacdiNAc 1260
L 5 _ [
E [
& [
[ z 11265
MGL/LacdiNAc 1260 5 i
MGL/LaCNAC L | LI l LI l LI l LI l LI l LI
L L g B U B B 1040 1035 1030 10.25 10.20 10.15
955 950 945 940 935 9.30
8 'H (ppm)
5 'H (ppm)

Figure A4 - Overlay of regions of the 'H,"’N HSQC spectra of MGL/LacdiNAc complex (green) and
MGL/LacNAc complex (red), of signals of the amino acids with higher differences between the two bound

states.
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Figure A5 - Overlay of the 'H,""N-HSQC spectra of the titration of Gal-3 CRD (42 uM) with LacdiNAc at
298K.
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Figure A6 - Overlay of the "H,">N-HSQC spectra of the titration of Gal-3 CRD (42 uM) with LacNAc at

298K.
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Figure A7 - Overlay of the "H,">N-HSQC spectra of the titration of Gal-3 CRD with LacNAc: Gal-3 (42 uM)
in apo state (black), Gal-3/LacNAc complex in presence of 1 equivalent of LacNAc (blue), Gal-3/LacNAc
complex in presence of 5 equivalents of LacNAc (purple) and Gal-3/LacNAc complex in presence of 35
equivalents of LacNAc (red). The bottom right and top left of the spectra present the expansion region of
the H158 and W181 side chain cross-peaks, respectively.
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