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Abstract

Glycans are everywhere. Carbohydrates are essential biomolecules that are
found ubiquitously in every living species. In humans, every cell is coated with
a dense layer of carbohydrates known as the glycocalyx, which interacts with
multiple kind of entities. These interactions are essential for cell adhesion,
signalling events, host-pathogen interactions, cancer development, and many

more.

Galectins are a family of B-galactoside-binding proteins that mediate in a broad
variety of physiological functions because of their interaction with saccharides,
participating in cell-cell interactions, immune response, and intracellular
signaling, among others. Human galectin-4 (hGal-4) is a tandem-repeat protein
with two carbohydrate recognition domains (CRD) united through a linker-
peptide. Both up- and down-regulation of hGal-4 expression levels have been
found in cancerous tissues, making this lectin an interesting drug target. The
relevance of the molecular recognition of human blood group antigens by hGal-
4 in biological processes has been reported. For instance, tumor cells are able
to express hGal-4 to interact with red blood cells. Additionally, hGal-4 has
shown to have bactericidal activity against bacteria mimicking blood group
antigens. However, the essential features of the interaction events, including the
knowledge of the dynamic properties of both the receptor and the ligand are yet

to be ascertained.

To gain insights into the key elements of the recognition process, the interaction
between the N- and C-terminal CRDs and the blood group A- and B-antigens
have been studied by Nuclear Magnetic Resonance Spectroscopy (NMR). In
particular, the analysis of STD-NMR, tr-NOESY, and tr-ROESY experiments,
and *H-®N-HSQC based titrations, reporting on information from the ligand



and the lectin’s point of view respectively, have permitted to shed light into the
fine details of these glycan-lectin interactions. In addition, the interaction of the
antigens with the full-length hGal-4 has also been analyzed. Production of two
mutants of Gal-4 (Gal-4FL-H236R and Gal-4FL-H63R) that only contain one
active CRD helped to decipher the impact of the structure of the full-length
protein into the recognition events. STD-NMR, H-N HSQC based titrations
and Isothermal Titration Calorimetry (ITC) measurements were performed to
achieve such objectives. Finally, the combination of the NMR experimental
data with those deduced from computational protocols have allowed explaining

the selectivity of the lectin towards the distinct ligands.

Since multiple pathogens mimic blood group antigens, the interaction between
a lipopolysaccharide from an E. Coli strain whose O-antigen mimics blood
group antigens (E. Coli O55) and galectin-4 has been analysed. *H-*N HSQC
of Gal-4 (both the single domains, the full-length and the mutants) in the
presence and absence of LPS allowed revealing key features on the recognition

of this multivalent endotoxin by Gal-4.

The main co-receptor of LPS, the glycoprotein CD14, has been reported to
interact with Gal-4 through its N-glycans. Therefore, CD14 has been expressed
in human embryonic kidney cells (HEK293F cells) to study the nature of these
N-glycans and the interaction with Gal-4. The combination of NMR and mass
spectrometry have allowed determining the glycoprofile at each glycosylation
sites. Through point mutations of the detected N-glycosylation sites, the impact
of each N-glycosite in the folding and stability of the protein has been deduced.
Additionally, the interaction of CD14 with LPS has been characterized.

Finally, the last project involved pB-glucans, which are polysaccharides
produced by certain fungi and bacteria. These repeating-glycan structures,

intrinsically heterogeneous, are known to interact with lectins of our immune



system and display different biotechnological and clinical applications. With
the aim of producing B-glucans of well-defined structure, solid-phase-
automated synthesis (also known as Automated Glycan Assembly) was
explored. For that, two monosaccharide building blocks have been synthesized,

and the synthesis of three different well-defined B-glucans has been pursued.
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1 Introduction

Carbohydrates are essential biomolecules that are found ubiquitously in every
living species. The roles of carbohydrates, also known as sugars, glycans, or
saccharides are multiple; they are the main energy source for humans and one
of the major components of the cell wall of plants. However, despite these
renowned functions, carbohydrates also have a role in recognition events

related to health and disease that are of paramount relevance.

The interactions mediated through carbohydrates occur in multiple ways and
with different kind of entities. Glycans can interact between themselves, for
instance, in cell-cell recognition. However, the most studied and relevant
systems involve protein-carbohydrate interactions. These interactions are
essential for cell adhesion?, signalling events®, host-pathogen interactions®,

cancer development®, and many more.

In order to be able to comprehend the nature of these interactions mediated
through carbohydrates, firstly, it is relevant to understand the chemical nature

and distribution of these molecules.



1.1 Structural Aspects of Carbohydrates

Glycans, as other biologically relevant molecules, are composed of small
building blocks named monosaccharides, which are combined to form large and
highly diverse structures. Unlike for DNA or proteins, the combination of these
building blocks is of higher chemical complexity for various reasons. Firstly,
each monosaccharide exists in two epimers, alpha and beta (Fig 1). Secondly,
the number of “pieces” to build complex glycans is over one hundred,
significantly more in comparison to other biomolecules. Another relevant
feature is that the same chemical structure can form rings of different sizes.
Additionally, many monosaccharides have various functional groups that can
be modified. Finally, each building block can be connected to another through
different positions. All these factors, increase quantitatively the number of
possible combinations to generate large structures, and subsequently increase
the difficulty of understanding the role of glycans in nature.

Blood Group B Lewis type Y pentasaccharide
Gal-o-1-3-(u-Fue-[1-2])-Gal-B-1-4-(a-Fue-[1-3])-GleN Ac

OH OH * The same monosaccharide
can be found as alpha and beta * The same monosaccharide
0 can be connected through
HO OH OH different positions

OH
OH|» 0
&
O v Oo* OH
o . NHAc
* The sg accharid
WOH o

different positions
HO
OH

OH
HO

Figure 1. Chemical structure of the Blood Group B Lewis Type Y pentasaccharide antigen.
Galactoses (Gal) are coloured in yellow, fucoses (Fuc) in red and the N-Acetylglucosamine
(GIcNAC) in blue.



As mentioned before, each monosaccharide can be found as two different
diastereomers in the anomeric position. The reason behind this fact is a
phenomenon named mutarotation®. Although monosaccharides are mainly
found as cyclic structures (hemiacetals) most of the time, in solution, these two
epimers are in equilibrium with an open conformation (aldehyde) (Fig 2). There
are various factors such as temperature, pH or concentration’ that affect the
stability of each epimer, and therefore, the equilibrium and relative proportion
of each species.

B-D-Glucopyranose D-Glucose a-D-Glucopyranose
H OH H OH H OH
Ho H.oH Ho
HO oH — HO o H = _ HO
HO H HO H
H Ho H Ho H Ho
H H H ) H OH
64% 0.02% 36%

Figure 2. Mutarotation of D-Glucose and the percentage of each of species in water at 25°C.

Regarding the stability of each epimer, steric effects favour that the bulkier
group adopts the equatorial position. However, in many occasions, the epimers
with the hydroxyl group in an axial position are more populated than could be

expected. The phenomenon behind this effect is known as the endo-anomeric

effect®. When the hydroxyl group is axial, the anti-bonding orbital of the C1-
01 bond overlaps with one of the lone pairs of the endocyclic oxygen (Fig 3),
whereas when it is equatorial, this interaction is not present. The
hiperconjugative delocalization of the electron pair stabilizes the alpha anomer
and makes this form energetically favourable. This explanation is supported by
X-Ray crystallography data since, for a-D-glucopyranosides, the bond between
O5 and C1 is shorter and the C1-O1 bond is longer compared to the -anomers.



O~H

Figure 3. Schematic representation of the interaction between the lone pair of the endocyclic
oxygen and the o* orbital of the C1-O1 linkage.

An additional complexity level arises from the linkage between
monosaccharide units. This linkage, known as the glycosidic bond, is also of
paramount relevance for the presentation of carbohydrates, since the type of
linkage affects the orientation of each residue, which has a direct impact in the
properties of the molecule. As an example of the relevance of this linkage, in
nature, many linear glucose polymers are found with different glycosidic
linkages, such as laminaran glucans (B1-3 linked), cellulose (B1-4 linked) or
dextrans (B1-6 linked). Although the chemical composition of these polymers
in terms of monosaccharides is the same, their physical and chemical properties
and functions are completely different®. The relevance of the glycosidic
linkages has also been detected in recognition events, with many proteins only
being able to recognize one specific type of linkage™®.

The glycosidic linkage can be usually defined with two dihedral angles, ® (H1-
C1-01-Cx) and ¥ (C1-O1-Cx-Hx). As shown in Fig 4, there are three possible
canonical conformations for ®. However, it has been shown that one of those
conformations is the major one. For the exo-syn and exo-anti conformations,
there is an overlap between the anti-bonding orbital of the O5-C1 bond and one
of the lone pairs of the exocyclic oxygen, whereas for non-exo analogue, there

is not overlap. Due to this overlap, those two conformers are more favoured



energetically than the third one. This effect is known as the exo-anomeric
effect™. In addition, steric factors also play a role in the conformational
preferences, and since the first conformer has less steric hindrance than the

second one, it is the most populated conformer.

OH OH CH OH
0 0 o ©CHs o 0
H%O 0O'CHs Hao 0@ Hao 0@
HO O HO O HOO “on,
Exo-syn (¢ = 60) Exo-anti (¢ = 180) Non-exo (¢ =-60)

v CH, 3
Os C2 Os C, 0502
e H < ! & CH,
1 1

Figure 4. Possible torsion angles for the @ dihedral angle in B-methylglucopyranose. Below,
Newman projections for the C1-O5 bond.

In relation to the W angle, steric interactions are the main factors to rule the

predilection of the conformations around this bond.

The C6 hydroxymethyl group in pyranosides also displays conformational
mobility*2. Since glycosidic linkages may also involve the oxygen at position
06, the conformation of the C6 hydroxymethyl can directly affect the
presentation of the molecule. There are three possible conformations for the
hydroxymethyl group, gauche-gauche (gg), trans-gauche (tg) and gauche-trans
(gt) (Fig 5). However, in solution, for most pyranosides, a conformational
equilibrium between two rotamers is present, as the orientation of the hydroxyl
group at position 4 provides additional destabilizing interactions and restricts
the motion for one of the three possible conformers. For instance, the population
of tg for glucose or gt for galactose is almost negligible in solution, due to

unfavourable interactions between O6 with the hydroxyl group at position 4.



OH

HQO 0 OH o
AN, “ﬂ% Hﬂ&
HO HO HO
OH OH

OH
Gauche-trans (o = 180) Trans-gauche (o = -60) Gauche-gauche (o = 60)
Oq Hes Her
Cﬁa\os CarC 05 Car 05
H H 0 H H
B8R Hs S 6 Hs 6R 63 Hs Os

Figure 5. The three possible conformers for the hydroxylmethyl group of pyranosides. ® is
defined as the angle H5-C5-C6-06. Below, Newman projections for the C5-C6 bond.

Even if in nature there are hundreds of different monosaccharides, most of the
human glycome is composed by ten basic monosaccharides: D-mannose (Man),
D-glucose (Glc), N-Acetyl-D-glucosamine (GIcNAc), L-fucose (Fuc), D-
galactose (Gal), N-Acetyl-D-galactosamine (GalNAc), N-Acetylneuraminic
acid (NeubAc), Xylose (Xyl), Iduronic Acid (IdoA), and Glucuronic Acid
(GlcA) (Fig 6). Although the number of building blocks might seem small, the
structures that these carbohydrates naturally form are multiple, since they can
be connected through multiple positions. As a result, carbohydrates are one of

the most complex, and yet extremely relevant biomolecules.



OH OH OH OH
HQ O 0] 0 0
T “Om HO% ﬁ\jw
HO OH OH
Ho o OH O AN o 2

. Mannose . Glucose . N-Acetylglucosamine A L-Fucose
Man Gle GleNAc Fuc
OH oH OH OH HO oH COOH
%&M o 0o
HO OH OH
on HO AchN AcHN
O Galactose D N-Acetylgalactosamine ’ N-Acetylneuramidic acid
Gal GalNAc NeuSAc
on OH COOH
BoNon OO . 2
OH ﬂo OH
HO OH OH
* Xylose 0 Iduronic acid Q Glucuronic acid

Xyl IdoA

GlcA

Figure 6. Main basic carbohydrates of the human glycome, their Symbolic Nomenclature for
Glycans (SNFG), name, and chemical structure.



1.2 Distribution of Glycans

Glycans are everywhere. Every human cell is coated with a dense layer of

carbohydrates known as the glycocalyx**4. This layer is formed by free

glycans (polysaccharides) as well as by glycoconjugates (glycoproteins,

proteoglycans, and glycolipids) (Fig 7). As the first layer of the cell, the roles

of the glycocalyx are multiple®. It constitutes a physical barrier for any entity

entering the cell, providing an important role in preventing pathogens to enter

the cell. The glycocalyx is also relevant for the regulation of the immune system

and the diffusion of membrane-proteins, as well as for the cell morphology, and

diseases development.

Hyaluronic acid

4ESES B ERSOERSE

0-Glycans

P
it

M&QJ

®) %D

Proteoglycans 8
MHOCTRGECECECECE o gé%Q

Al
Glycosphingolipids e ..QO
e ®®
? 0 0 L] ©

i

AR

Q cea @ cie [l GieNac Q Newsae () Man
O Gat [ ] cavac Q ldoA * Xyl

Figure 7. Different types of glycans found on the cell-surface.

One of the main components of the glycocalyx are glycoproteins, which may

also be found in the cytoplasm and in the cell nucleus, as well as extracellularly.

The glycosylation of proteins is one of the most common post-translational

modifications and it is estimated that at least 50% of human proteins are



glycosylated*®. Protein glycosylation is not a mere decoration, since it has been
shown that it is relevant for the folding, stability, and function of proteins?’.
Therefore, understanding the mechanisms underlying the glycosylation of
proteins is of huge relevance.

Most proteins are glycosylated at specific residues: asparagine (N-
glycosylation), serine, threonine, and tyrosine (O-glycosylation), or tryptophan
(C-glycosylation)!8. Other proteins can be glycosylated through a
glycosylphosphatidylinositol (GPI) anchor attached to the C-termini at different
amino acids'®. Although every kind of protein glycosylation is relevant, the
most frequent ones are N- and O- glycosylation.

Protein N-glycosylation is a process that starts in the lumen of the endoplasmic
reticulum (ER), in which a sugar containing 14 monosaccharides
(GlcsMangGIcNAC?) is covalently attached to the side chain of an asparagine in
an unfolded protein®°. This attachment is not aleatory, but rather specific. For
the GlcasMangGIcNAC: glycan to be attached to an asparagine residue, a specific
amino acid sequence, Asn-X-Ser/Thr, in which X is not proline, is needed.
Although this sequon is a minimal requirement for N-glycosylation, its
presence does not obligatory imply that that particular Asn residue will be

glycosylated.

Glycosylation is a very complex process that involves over 200
glycosyltransferase and glycosidase enzymes. Even if the event always starts
with the attachment of the same sugar, the final glycosylation product is rather
heterogeneous?’. The starting GlcsMansGIcNAC: structure is modified by
various enzymes to yield multiple glycans in the same glycosylation site. This
heterogeneity is defined as microheterogeneity or site heterogeneity.
Nevertheless, there is a common pathway that is maintained in every human

cell.



After the attachment of the initial tetradecasaccharide, glucosidases remove the
external glucose units during protein folding (Fig 8). Before leaving the ER,
mannosidases remove the mannose of the central arm. Then, the protein is
translocated to the cis-Golgi, where Manal-2 residues can be trimmed,
obtaining Mans.9GIcNACc>. These type of N-glycans, defined as high-mannose
constitute the first of the three canonical groups of N-glycans. Proteins can be
secreted containing these high-mannose type N-glycans or follow their
processing in the medial- and trans-Golgi. The maturation of the glycosylation
can continue to obtain the complex and hybrid types of N-glycans. The
modifications that the MansGIcNAc. N-Glycan can undergo are multiple, and

as a result, hundreds of different structures can be built?.

Endoplasmatic Reticulum Golgi Apparatus
@ @ High Mannose Hybrid Type Complex Type
) [ J
® [ 4 L 4
(1 X} ..: .:: QO O O
(L X J 0 (T Y [ X ] I | H B | N | | |
e L e o ee e @0 0 LI
—s @ » @ @ . . — — — ® .,
u | | | |
[ ] | | | [ | >
Dolichol- . s ™ AN A A AN AN AN
Phosphate  pfolded Folded l e
: o Ooé
!” =... A 1]
Folded ) . ) . . ) . . . .
B GleNac : : :
[ 3 2 [ B 2 > >
. Man A A A i
* * 9P
@® a C e l 0000 000
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Figure 8. Common N-glycosylation pathway in humans. Adapted from 2

Unlike for N-glycosylation, there is no consensus sequence for O-
glycosylation, which makes it more difficult to study?. The most common O-

glycosylation is the mucin-type O-glycosylation, in which a GalNAc residue is

10



al-linked to the hydroxyl group of serine or a threonine residue®.
Subsequently, through various enzymes, the glycosidic part is elongated
leading to multiple possible cores (Fig 9). Nevertheless, there are other types of
O-glycosylation too, such as O-linked GIcNAc or O-linked Fuc, which are also

fairly relevant?®2°,

Tn Antigen ILI Ser/Thr
Core 3 13 % Ser/Thr 1-6 a
- Ser/Thr Core 6 Ser/The

(jorc 4 I SCI]’ThI ‘ D_D
Core 7 ol-6 L Ser/Th
1-3 o Sy T
OL |—SerfThr 4
al-3 o g, .
Core 2 OM o Gor/Thr Core 8 O—BSu/Thl
1-6
ﬁ core? DMD“*W

Sialyl-Tn a2-6
Antigen

Core |

Figure 9. Mucin type O-glycosylation cores found in humans.

In order to transfer the first GaINAc to the target Ser or Thr, there are more than
20 GalNAc-transferases, which are expressed in a tissue-specific manner?’.
Each transferase has its own specificity, and therefore, the mucin-type O-
glycosylation event is very dependent on the tissue where the protein is
expressed?®. Despite the fact that the O-glycosylation changes among tissues, a
feature that hinders the site prediction, since O-glycosylation occurs after

protein folding, mainly exposed Ser and Thr residues are affected.

Another type of relevant O-glycosylation is that found in proteoglycans.
Proteoglycans are extremely glycosylated proteins, which have a highly
negatively charged polysaccharide O-linked to a serine?. The polysaccharide,
known as glycosaminoglycan (GAG), is formed by repeating units of
disaccharides (20 to 200 units) and can be classified in three types regarding

their composition: heparin/heparan sulfate, chondroitin/dermatan sulfate, or
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keratan sulfate (Fig 10). With the exception of hyaluronic acid, GAGs can be
N- or O-sulfated during their biosynthesis. The anionic character of
proteoglycans is very relevant from the structural and molecular recognition
points of view, since due to their negative charge and viscoelasticity, they are
able to attract cations and water molecules and neutralize pressure changes in
tendons or in intervertebral disks*®. Additionally, they are also relevant to
organize multiple interactions between proteins, directing many biological

processes.

Heparin Heparan Chondroitin Dermatan Keratan
S:E o+l &0 o0 O\

Figure 10. Repeating unit canonical disaccharides of the most common glycosaminoglycan
types.

Despite its major importance, the factors that define the glycosylation of a
protein are not completely understood. However, it is known that the protein
sequence, the tissue in which is expressed and other factors, such as oxidative

stress, pH, or temperature, modulate the outcome of the glycosylation®3132,

Glycolipids are other glycoconjugates found in humans. Most human
glycolipids are glycosphingolipids (GLS), which are constituted of a
hydrophobic lipid moiety to which a hydrophilic carbohydrate is covalently
attached (Fig 11)*3. The hydrophilic part of GLS on most occasions start with a
glucose residue, although some may start with galactose. On the other side, the
hydrophobic tail is usually a ceramide or, on some occasions, a sphingosine
moiety. Regarding the glycosidic part, its composition is very heterogeneous,
but most of the GLS can be subclassified in three groups, according to the
common carbohydrate part: i) ganglio-series (GalNAcP1-4Galp1-4Glcp1-
I’Cer), ii) lacto (GIcNAcB1-3GalB1-4GlcB1-1°Cer) and neolacto (Galfl-
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4GIcNACcB1-3Galp1-4GlcP1-1"Cer) series, and iii) globo (Galal-4Galpl-
4GlcB1-1"Cer) and isoglobo (Galal-4Galp1-4Glcp1-1’Cer)-series.

Figure 11. Chemical structure of B-glucosylceramide. The hydrophobic part, the ceramide, is
highlighted in blue. The hydrophilic carbohydrate part is presented without highlighting.

Each of the mentioned series is expressed in a tissue-specific manner343,
Glycosphingolipids are mainly located on the outer leaflet of the cell
membrane, where they bind to different membrane receptors and signal
transducers. Through interacting with different proteins, GLS can regulate
functions of the cell, such as cell growth, apoptosis, differentiation, or
adhesion®.

Very recently, a new type of glycoconjugate has been discovered. The group of
Prof. Bertozzi has proposed that RNA can also be glycosylated®” using the same
machinery as for N-glycosylation of proteins. However, there is still a lack of
detailed information on this modification, whose biological implications remain

still unknown.

As mentioned before, glycans participate in a plethora of biological events.
Indeed, changes on the glycosylation affect the behaviour of the cell. For
instance, there are different genetic deficiencies in glycosylation of proteins that
are embryonic lethal®. Congenital disorders of glycosylation, when not lethal,
are usually associated to very severe symptoms, including impairment of

muscular and neurological functions®.
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Nevertheless, the glycosylation pattern of a cell may change not only due to
genetic reasons. For example, upon cancer or inflammatory diseases, the
expression level of glycosyltransferases are modified, altering the glycosylation
on the cell surface. These alterations change how the cell interacts with its
environment, what can contribute to the evolution of the disease. As a result,
certain glycosylation patterns, like aberrant sialylation, can be tracked as

biomarkers for certain diseases**4!,

Carbohydrates are also present in pathogens like virus, bacteria, parasites, or
fungi. The glycans on the surface of these entities are often the first interface
with the host cell. As a result, targeting those carbohydrates can be useful to
avoid infection. For instance, various vaccines based on the carbohydrates of
the capsular polysaccharides of different bacteria have been developed. In these
vaccines, fragments of the polysaccharides are conjugated to recombinant
proteins to stimulate our immune system and thus generate memory antibodies
against them*2. As many viruses display a dense coat of glycans, another
approach that has been proposed to battle pathogens is the use of glycan binding
proteins**44, Fittingly, several glycan binding proteins have shown the ability
of neutralising various viruses, including HIV, and therefore, these proteins are
in the pipeline to be used to treat and prevent infections.
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1.3 Protein-carbohydrate interactions

As the cell surface is surrounded by glycans, there are multiple entities that
interact with them (Fig 12). For example, on the cell surface there are many
glycan binding proteins that mediate cell-cell interactions®®. Some pathogens
also interact with these glycans, as they can express glycan binding proteins on
their surface to recognize and attach to the host cells. As pathogens also present
glycans on their surface, host glycan binding proteins can also act as “bridges”

between the host cell and the pathogen.

Other cells
¥,

L
Q

n \\\

Lectins
| ™ Bacteria
Antibody C;D/ \u'\]#}%(/ Virus

Figure 12. Typical interactions mediated through carbohydrates on the cell surface.

There are several types of interatomic forces that are involved in the binding
events between proteins and carbohydrates (Fig 13). Carbohydrates are
polyhydroxylated molecules that may form multiple hydrogen bonds (HB) with
different amino acids of the protein (Fig 13-A). In principle, each hydroxyl
group of the sugar can act as donor (with the hydrogen) and/or as acceptor
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(twice, one with each electron pair of the oxygen) of hydrogen bonds. In
addition, water molecules can also take part in the interaction by bridging the

donors and acceptors at the protein and the sugar. These HB interactions may

account for 1-2 kcal/mol.

A) CH-= stacking C)  Electrostatic interactions
0 (

\‘.
\
\

Figure 13. Typical interactions in protein-carbohydrate complexes. The structure used to depict
interactions: A) and B) are taken from PDB 4YMO (Galectin-4 complexed with lacto-N-
tetraose). The structure for describing interaction C) is taken from PDB 2DF3 (Siglec-7
complexed with a sialylated glycan).

Hydrophobic interactions are also highly relevant. Even though carbohydrates
are highly hydroxylated and polar compounds, they display amphiphilic nature,
having less polar patches that can establish other types of interactions with the
protein. These sites may participate in stacking interactions (CH-= stacking, ca.
1.5 kcal/mol) with the aromatic sidechains of tyrosine, phenylalanine, or
tryptophan (Fig 13-B)*#'. Aliphatic residues such as isoleucine or valine, with
apolar sidechains, can also show weaker interactions (van der Waals) with non-

polar regions of the sugars.

Electrostatic interactions can also stabilize protein-carbohydrate complexes.
Sialic, glucuronic and iduronic acids, and sulfated carbohydrates can interact
directly with positively charged residues of the protein or forming salt bridges

(Fig 13-C), which may provide a strong stabilizing energy, beyond 2 kcal/mol.
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Metal ions can also participate in these recognition events. For instance, in C-
type lectins, in addition to maintaining the integrity of the binding site, Ca®*
ions are also necessary for sugar binding. The calcium cation located in the
binding site normally exhibits two coordination bonds with two sugar hydroxyl

groups and provides additional bridges to other four protein atoms.

Another relevant feature to take into consideration is the conformation of the
carbohydrates. As stated before, glycans are rather flexible molecules. This
feature can be, in many occasions, detrimental for the binding, due to high
entropic penalties. Indeed, in certain systems, the glycan might need a specific
conformation and presentation for the binding event to take place, which can
result in high entropic penalties in flexible molecules. Thus, the design of
synthetic molecules (glycomimetics) which already are preorganized for the
binding may be a proper strategy to consider to target a biologically relevant

sugar-binding protein“®,

Given all these structural and dynamic features, most protein-carbohydrate
interactions are rather weak (Kp values in the mM-uM range). In biological
systems, however, this low-affinity binding is usually overcome through the
engagement of simultaneous synergic interactions between the receptor and the

ligand, a phenomenon known as multivalency.

Among the entities that interact with glycans, lectins are sugar binding proteins
with no catalytic function (they are not enzymes) and do not provide a direct
immune response (they are not antibodies). There are fourteen different types
or group of lectins (Table 1) in the animal kingdom®*°.
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Table 1. Families of lectins found in animals

. Taken from 4°

Animal Lectin Family

Typical carbohydrate ligands

Localization

Calnexin and Calreticulin Glc,Mang Endoplasmic reticulum
M-type lectins Mang Endoplasmic reticulum
L-type lectins Various Endoplasmic reticulum, Golgi

P-type lectins

Mang-phosphate

Secretory pathway

C-type lectins

Mannosides, galactosides, sialic acids
and others

Membrane bound, extracellular

S-type lectins (Galectins)

B-galactosides

Cytosol, extracellular

I-type lectins (Siglecs)

Sialic acid

Membrane bound

R-type lectins

Various

Golgi, membrane bound

F-box lectins

GlcNAc, of N-glycans

Cytoplasma

Fibrinogen-type lectin

GlcNAc, GalNAc

Membrane bound, extracellular

Chi-lectins

Chito-oligosaccharides

Extracellular

F-type lectins

Fucose terminating oligosaccharides

Extracellular

Intelectins

Galactose, galactofuranose, pentoses

Membrane bound, extracellular

Annexins

GAGs, heparin and heparin sulphate

Membrane bound

Three of the most relevant lectin families found in humans are C-type, I-type
and S-type lectins. C-type (Ca?'-dependent) lectins are found both as
transmembrane and as soluble proteins. Some of the lectins of this family, like
DC-SIGN, Langerin, and MGL have key roles in pathogen recognition and have

become targets in the field of drug discovery®.

Within I-type lectins, the study of Sialic Acid Binding Immunoglobulin-Type
Lectins (Siglecs) is nowadays a topic of major interest®. The Siglec family of
transmembrane lectins is comprised by 15 members, which contain an N-
terminal domain that recognizes sialic acids®. All siglecs (except for Siglec-4
and 6) are expressed in immune cells and help our immune system to

distinguishing between self and non-self signals.

Galectins (earlier dubbed as S-type lectins) are B-galactoside binding proteins.
This family is formed by 16 members, which are found ubiquitously in the

human body®2. These lectins are expressed in the cytoplasm and then secreted
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through a non-classical pathway or transported to the nucleus. Through their
ability of binding B-galactosides, galectins participate in cell-cell interactions
and they are also involved in immune responses, inflammation and signalling

events, among many others.

Galectins can be classified in three groups according to the organization of their
carbohydrate recognition domains (CRDs) (Fig 14). The first group, the
prototype galectins, contain two identical CRD that are linked through non-
covalent interactions. Galectins 1, 2, 5, 7, 10, 11, 13, 14, 15, and 16 belong to
the prototype group. The second group, which is formed by galectins 4, 6, 8, 9
and 12, are the tandem repeat galectins. They contain two CRDs that are united
by a short linker peptide. Different to the prototype group, tandem-repeat
galectins are heterodimers: the two CRDs have different amino acid sequences.
Finally, Gal-3 is the only member of the chimera type galectins, which contains

a single CRD united to a non-lectin N-terminal domain.

Prototype Tandem-Repeat Chimera

¢ (e ||V °

Gal -1,-2,-5,-7,-10, -11,

13,14, 15, 16 Gal -4, -6,-8, -9, -12 Gal-3

Figure 14. The three subgroup of galectins and the members of each group. Taken from 3

The CRDs of galectins have a conserved bent B-sandwich structure (Fig 15),
formed by six (S1 to S6) and five (F1 to F5) antiparallel strands, in which
glycans are recognized in the concave side. Several amino acids located in the
binding site are key to recognize B-galactosides and are conserved for all

galectins.
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Figure 15. Top and bottom views of the X-Ray structure of hGalectin-4-N-terminal domain in
complex with lactose (PDB 5DUV). The name of the strands are coloured in green (S strands)
and red (F strands)

As shown in Fig 16, all galectins show a conserved tryptophan residue whose
aromatic moiety interacts with H4, H5 and H6 of B-galactosides through CH-n
stacking interactions. Located at the strand S4, there are histidine, asparagine
and arginine residues that mediate key hydrogen bonding interactions with the
hydroxyl group at position 4 of the bound galactose. At the strand S5, there is
a conserved asparagine that interacts with the O6 hydroxymethyl. The glutamic
acid at strand S6 is also conserved, and despite not interacting with the
galactose, it is relevant for the interaction with a strategically positioned oxygen

atom at its B1-linked residue.

20



21 29 44 46 48 59 61 68 7173 7
hGal-1 VRGEVA-PDAKSFVLNLGKDS —---- NNLCLHFNPRFNAHGDANT IVCNSKDGGAWGTEQRE--AVFPFQP
hGal-2 1TGSIA-DGTDGEVINLGQGT - ~DKLNLHFNPRF SE ---~-STIVCNSLDGSNWGQEQRE~-DHLCFSP
hGal-3 ILGIVK-PNANRIALDFQRG-~~~--NDVAFHFNPRENENN-RRVIVCNTKLDONNWGREE!
hGal-4-Nter TOGVAS-EHMKRFFVNEVVGQ--DPGSDVAFHFNPRF DGWD---KVVENT LOGGKWGSEE]
hGal-4-Cter  IKGYVP-PTGKSFAINFKVGS----SGDIALHINPRMGNGT----VVRNSLLNGSWGSEEKKI-THNPFGP
hGal-7 IRGLVP-PNASRFHVNLLCGE--EQGSDAALHFNPRLDT S ----EVVENSKEQGSWGREERG--PGVPFQR
hGal-8-Nter  IRGHVP-SDADRFQVDLONGSSMKPRADVAFHFNPRFKRAG---CIVCNTLINEKWGREEIT--YDTPFKR
hGal-8-Cter  VKGEVN-ANAKSFNVDLLAGK----SKDIALHLNPRLNIKA----FVRNSFLQESWGEEERNI-TSFPFSP
hGal-9-Nter  VNGTVLSSSGTRFAVNFQTG---FSGNDIAFHFNPRFEDGG---YVVCNTRONGSWGPEERK--THMPFQK
hGal-9-Cter  LSGTVL-PSAQRFHINLCSG------NHIAFHLNPRFDENA----VVRNTQIDNSWGSEERSLPRKMPFVR

’

Figure 16. Top: Sequence alignment of the binding site of different galectins. Bottom: X-ray
crystallographic structures of: Left: Galectin-1 (PBD 1GZW), center: Galectin-3 (PBD 1NNS8),
and right: Galectin-8-Nterminal (PDB 5T7S) in complex with lactose. The residues that
participate in the binding event are displayed as sticks, while hydrogen bonds are displayed as
yellow dashed lines. Taken from 53

Additionally, there are significant differences in some amino acids located in
the binding sites, which are responsible of dictating the specific binding
preferences for each galectin (Table 2). For example, Arg44 located at the
strand S3 of Gal-8N (See Fig 16-C) favours the interaction of this domain with
sialylated B-galactosides®,
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Table 2. Galectins and their preferred ligands®*-%. On the bottom the symbol representation of

each ligand is noted.

Protein Preferred Ligands

. O/ A / D—?—I
@z 0z 0p |

Galectin-4 N-CRD
Galectin-4 C-CRD l

s | O/ Df—l/ O O
Ol

Galectin-8 N-CRD

Galectin-8 C-CRD
Galectin-9 N-CRD |
Galectin-9 C-CRD

LacNAc = (OHBl 37sialyl LacNAc = @O LacdiNAc = [ Hl
PolyLacNAc = O-IFO-IFO-H
Blood Group Antigens = D—?—. Lacto-N-neotetraose = O—.—O—.

Due to their involvement in several diseases, galectins have been targeted for
inhibitors development, for which different approaches have been used.
Glycomimetics®® have been employed, ranging from monovalent molecules
with multiple chemical decorations to relative simple molecules displayed
along multivalent scaffolds. One of the main drawbacks in developing mimetics
for galectins is the difficulty of designing a molecule that is specific for just one
galectin. However, there are various promising molecules that are fairly specific
for Gal-1%4, Gal-3% and Gal-8°.
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In this Thesis, we have paid special attention to Galectin-4 (Gal-4). This lectin
was first isolated in 1989 from rat intestine as a 17 kDa protein®’. Later, this
protein was identified as a proteolytic fragment of a 36 kDa protein with two
CRDs®. Indeed, Galectin-4, which belongs to the tandem-repeat galectin
group, is mainly expressed in the alimentary tract and it has been found

intracellularly, extracellularly, and at the cell surface.

The two domains that recognize carbohydrates of hGal-4 show a sequence
identity of 36%. Their 3D structures in the presence of various ligands (Table
3) have been solved by X-ray crystallography, as well as the crystallographic
structure of the apo N-terminal CRD.

Table 3. X-ray structures of the N- or C-terminal domains of Galectin-4 and its sugar complexes
deposited on the PDB5%-"L,

Protein — Ligand complex Peb Protein — Ligand complex Peb
Code Code

Gal-4C — Galactose derivative | 6WAB | Gal-4C - Lacto-N-neotetraose | 4YLZ

Gal-4C — Lactose 5CBL | Gal-4N - Apo 4XZP
Gal-4C — Lactose 4YM3 | Gal-4N — Lactose 5DUV
Gal-4C — Lactose-3’-sulfate 4YM2 | Gal-4N — Lactose-3’-sulfate 5DUW
Gal-4C — 2’Fucosyllactose 4YM1 | Gal-4N — 2’Fucosyllactose 5DUX
Gal-4C — Lacto-N-tetraose 4YMO | Gal-4N - Glycerol 5DUU

Structurally, both domains have a similar molecular weight (16-17 kDa) and
shape, with the typical -jellyroll fold and shallow binding site of galectins (Fig
17-A). However, the charge distribution of the domains is different. Whereas
the C-terminal domain (Gal-4C, amino acids 179-323) displays a positively
charged surface, that of the N-terminal CRD (Gal-4N, amino acids 1-150) is
more heterogeneous, although with a positively charged region in the binding

site©.
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Figure 17. A) Superimposition of the X-ray crystallographic structures of Gal-4N (PDB 4XZP)
and Gal-4C (PDB 4YMZ2). B) Structure of Gal-4N (5DUW) in complex with 3’sulfated lactose.
C) Structure of Gal-4C in complex with 3’sulfated lactose (PBD 4YM2). In figures B and C,
the residues of the lectin that participate in the binding are shown with sticks. The hydrogen
bonds are depicted with yellow dots.

Interestingly, most of the amino acids at the binding sites of Gal-4N and Gal-
4C are the same. Nevertheless, there are some relevant differences that are
relevant for binding to specific ligands. In particular (Fig 17-B and C), residues
His63/236, Asn65/238, Arg67/240, Asn77/249, Trp84/256 and Glu87/259 are
conserved and provide the same intermolecular interactions. However, Gal-4N
has an arginine residue at the strand S4 that directly interacts with a negatively
charged residue (sulfate) at position Gal O3, whereas for Gal-4C, there is no

arginine at that position.

Compared to other galectins, both domains of Gal-4 show relatively weak
binding to lactose (both binding affinities are in the mM range), which is the
minimum binding epitope for galectins. Notwithstanding, Gal-4 is able to exert
various biological functions given its ability to bind f-galactosides. The binding
preferences of each domain remain controversial, although it has been

described that both domains have preferences for blood group antigens®®72-74,
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Moreover, the natural ligands of this lectin include N- and/or O-glycosylated

proteins and glycosphingolipids™-,

In the intestinal tract, Gal-4 is able of cross-linking ligands. For instance, Gal-
4 in lipid rafts participates in its stabilization by forming lattices with glycol-
proteins and glycolipids”™. Additionally, Gal-4 participates in apical protein
trafficking as seen in Gal-4 knockdown HT-29 5M12 cancer cells®"’. Whereas
in cells containing Gal-4, the apical glycoproteins are effectively transported to
the apical plasma membrane, in the absence of the lectin, some apical proteins,
including mucin-1, could not be transported and are accumulated

intracellularly.

Nevertheless, the mechanisms behind some roles of Gal-4, including its ability
to promote intestinal wound healing®, remain unknown. Although the
mechanism has not been elucidated yet, Gal-4 is able to bind to intestinal

epithelial cells and to promote their healing.

Additionally, in neurons, Gal-4 regulates myelination’®® and promotes the
growth of axons’® . Indeed, myelination is a necessary process for the protection
and function of the neurons. Oligodendrocytes are essential to deposit the layers
of myelin around axons, which is disposed in sheaths. Between these sheaths,
there are gaps, known as Nodes of Ranvier, in which there is no myelin. These
nodes are relevant as the nerve impulses are speeded up there. Neurons are able
to regulate the expression levels of Gal-4 to define these nodes, since Gal-4

repels myelin deposition by interacting with the glycoprotein contactin-1.

The interaction with another glycoprotein, the neural cell adhesion molecule
L1, is also relevant for the growth of axons. During the elongation of axons, L1
plays a crucial role by producing intracellular signals to regulate axonal
growth®. However, in order to achieve its proper function, L1 needs to be
transported to axons. Interestingly, in Gal-4 knockdown neurons, the growth of

the axon is retarded, an effect that can be reversed upon addition of exogenous
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Gal-4. The interaction between L1 and Gal-4, which is mediated through the
binding of Gal-4 to the LacNAc moieties on the N-glycans of L1, enables the
transport of L1, likely by crosslinking it to other glycoproteins.

The role of Gal-4 in cancer it is not completely understood since it plays
contradictory roles; whereas in some tumours Gal-4 acts as a tumour
suppressor, in others it promotes metastasis®. Its expression also varies among
cancers. In colon and acute myeloid leukaemia, its expression is
downregulated®®, In contrast, in other type of cancers, as colorectal,
pancreatic, and breast cancer, it is upregulated®8788 Very intriguingly, Helwa
et al have shown that colon cancer cells (KM20L2), which express high levels
of Gal-4, interact with red blood cells (RBC) and that Gal-4 is accumulated at
the interface between the tumour cells and the RBCs (Fig 18)%°. Since it is well
known that Gal-4 is able to bind blood group antigens, these experimental data
suggest that the interaction is mediated by crosslinking of the bivalent lectin.
This phenomenon also occurred with pancreatic cancer derived cells with high
expression of Gal-4 (ASPC-1 and HPAF-2)%. However, in normal pancreatic
cells, with low expression of Gal-4, no aggregation of RBC takes place. The
data suggest that the interaction of Gal-4 with blood group antigens could
promote metastasis. Therefore, targeting Gal-4 could help to reduce the

development of the cancer.
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Figure 18. Interaction of tumour cells with high expression of Gal-4 (KM20L2 cells) and red
blood cells. A) Hematoxylin and eosin stain. B) Immunohistochemical (IHC) staining of Gal-4
after 30 minutes of incubation. C) IHC staining of Gal-4 after 90 minutes. D) IgG isotype
control. Taken from 8,

Based on this same ability of recognizing blood group antigens, Gal-4 (as well
as Gal-8) shows bactericidal activity®®®l. There are multiple pathogens that
mimic human glycans to evade our immune system, some of them mimicking
the blood group antigens®’. The O-antigen of the Escherichia Coli 086
bacterium is very similar to the blood group B antigen. It has been reported that
the C-terminal CRDs of Gal-4 and Gal-8 bind to this bacterial glycan and
degrade its membrane, leading to the death of the pathogen (Fig 19). Bacteria
killing occurs through glycan recognition, as the presence of lactose in the
media avoids the bactericidal activity. Additionally, this activity is specific to
these two lectins, since the presence of galectins 1 or 3 does not affect to the

bacteria.
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Figure 19. Escherichia Coli O86 bacteria free and in the presence of Galectin-8. Taken from
90

This capacity of galectins of killing pathogens is very interesting and could play
an important role in our immune system. Since we hold antibodies against the
blood group determinants that do not belong to our own blood group, we are
protected against those pathogens that mimic another blood groups. However,
if a pathogen mimics our own blood group, there is no specific antibody against
it. In this gap of the immune system, galectins could protect us from the
pathogens. Very recently, it has also been described that another tandem repeat
galectin, Galectin-9, also displays antimicrobial activity against pathogens

presenting blood group-like antigens®.

Related to this bactericidal activity, it has been reported that Gal-4 interacts
with CD14%, a glycoprotein that detects bacteria through binding to their
lipopolysaccharides (LPS)®. The interaction of Gal-4 with CD14, which is
mediated by the recognition of the glycans on CD14, induces significant
changes on CD14* monocytes. This interaction triggers the differentiation of
monocytes into macrophage like cells (Fig 20), alters the expression of several
proteins, and increases the cytokine levels. Although not exactly the same, the
addition of Gal-4 to monocytes induced a similar effect to that produced by
LPS.
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Figure 20. CD14" monocytes in different conditions. Top panel: the control monocytes. Middle
panel: after incubation with LPS. Bottom panel: after incubation with Gal-4. Taken from .

Although the role of Galectin-4 in bacterial infection is interesting, the
structural details of how the interaction takes place between Gal-4 and LPS,

Gal-4 and CD14 and the interplay between these three entities is yet unknown.
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1.4 Experimental technigues to characterize protein-glycan
interactions

There are various techniques that can be applied in order to characterize protein-
carbohydrate interactions. X-ray crystallography has been for decades the most
employed biophysical technique for unravelling the structure of lectin-sugar
complexes, as atomic resolution information of the complex can be obtained®.
However, the process of obtaining crystals can be very tedious and the proteins
are not always crystallisable. Additionally, due to the intrinsic flexibility of
glycans, crystallographic structures usually have erroneous conformations,
linkages, or even wrong residues®”*8, Cryo electron microscopy (CryoEM) is
also becoming an important structural biology technique®. Indeed, there are

already different complexes that have been evaluated through cryoEM%,

Other biophysical techniques, as biolayer interferometry (BLI) or surface
plasmon resonance (SPR) have also been widely employed to monitor protein-
carbohydrate interactions'®:192, These techniques yield the kinetics and binding
energy of the interaction and can be performed without any type of labelling.
Another powerful label-free technique is isothermal titration calorimetry (ITC),
which enables obtaining the thermodynamic profile of the binding event'®,
These methods, which are extremely useful, provide key energy and
thermodynamic data, but no direct information on the epitope and the paratope
of the binding is obtained.

Nuclear Magnetic Resonance (NMR) has also been extensively used to study
protein-carbohydrate interactions. Through NMR, the binding affinities and
information on the epitopes can be obtained. Moreover, the 3D structure of the
protein and/or the glycan ligand can also be deduced®. Additionally, due to
the intrinsic chemical properties of the glycans, NMR has been the technique
of choice of many research groups to analyse the structure, conformation, and
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dynamics of carbohydrates, as well as their interactions with biomolecular

receptors, including proteins®>1%,
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1.4.1 Nuclear Magnetic Resonance

1.4.1.1 Principles of Nuclear Magnetic Resonance

The physical phenomenon of Nuclear Magnetic Resonance is a consequence of
the existence of nuclear spin (n)!%’. Not every nuclei has a spin, since only the
nuclei with odd atomic number or mass have it. These nuclei have a magnetic
moment (p) that is specific for each nuclei. The magnetic moment of a nucleus
is proportional to its spin quantum number (I), Planck’s constant (h), and the

gyromagnetic ratio (8), a property intrinsic of each nucleus (Eq 1)'%.

_vh
= 21
Equation 1

Upon the presence of a strong external magnetic field (Bo), the magnetic
moment of the nuclei will try to align with this field!®®. The possible
orientations of the magnetic moment are limited and depend on the spin
quantum number (1). The majority of the NMR-active nuclei (*H, *C, 1°F, 3!P)
show an | value of “%. Quantum mechanics show that the possible orientations
of a nucleus upon a magnetic field are 21+1. Thus, these nuclei may display 2
orientations, aligned or against the magnetic field. The spin aligned with the
external magnetic field (a) is energetically more stable than that against the
magnetic field (B), and therefore in equilibrium, this state is more populated

(Fig 21).
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Figure 21. Left: Plot of the energy levels of o and [ states over the external magnetic field (Bo).
Right: Depiction of how the spins align with or against the external magnetic field.

The population of each state is described by a Boltzmann distribution, and the
energy difference between these states determines the frequency of radiation
required to promote a transition between them. This frequency is dubbed the
Larmor precession frequency. This energy difference is proportional to the
gyromagnetic ratio, Planck’s constant and the external magnetic field (Fig 21
and Eq 2).

AE = yhB,
Equation 2

The electrons surrounding the nuclei also affect the Larmor frequency. They
create a small magnetic field opposing the external magnetic field, known as
shielding. Since the environment of the electrons around each nucleus is
different, the diverse nuclei suffer a different shielding and thus display distinct
Larmor frequencies. Since the differences in frequencies of each nuclei are very
small, instead of the Larmor frequency of a nucleus, its chemical shift () is
used. The chemical shift for a given nucleus depends on its chemical

environment, and can be calculated following equation 1.3.
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_ Frequency of the signal — Frequency of the reference

106
Frequency of the spectrometer

Equation 3

Usually, the signal corresponding to the Larmor frequency of a nucleus is not a
single peak. This is due to the presence of spin-spin coupling, known as J-
coupling*®. When a nucleus A is coupled to the nucleus B, A will feel the
presence of the magnetic field of B, which perturbs its Larmor frequency. For
instance, if A and B are protons, i.e. the only possible states are alpha or beta,

the peak for A will split into two equal peaks, one corresponding to the a state

of B and another one to the B state of B (Fig 22).

Lan
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Figure 22. A) Energy levels and possible transitions of nuclei A and B when they are spin-spin
coupled. B) Corresponding spectrum of the system of nuclei A and B.

The distance between the split signals is defined as J, the coupling constant.
When two nuclei have a spin-spin coupling, the magnitude of the splitting is the
same for both. For carbohydrates, the protons directly attached to a carbon
usually have one or more vicinal protons (at 3 bonds of distance) and thus show
one or more J-couplings (3J). In 1959, Martin Karplus discovered that the
magnitude of this coupling constant depends on the dihedral angle between the

protons, and defined the so-called Karplus equation (Eq 4)'!!. Additionally, the
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chemical nature of the substituents close to these nuclei affects the J-coupling

values. This dihedral angle dependence is very useful for sugars.
J(6) = Acos?0 +Bcos + C
Equation 4

Where 0 is the dihedral angle and A, B and C are parameters which depend on the

substituents of the molecule.

Another relevant NMR phenomenon is the Nuclear Overhauser Effect (NOE).
Solomon described the NOE principles for the first time in 19552, However,
it was not until 1965 that Anet and Bourn showed how the NOE could be used
to determine the structure of small organic compounds'*3. This was possible as

NOEs are strongly dependent on the distance between the two nuclei (Eq 5).
. . .. . 1 .
The intensity of the NOE (1) is inversely proportional (I a ﬁ) to the distance

between the two nuclei (r) and, as a result, it can be employed to obtain precise
distances between them, enabling the derivation of the 3D-structure of

molecules!4,

1
Inoe = 3 f(te)

Equation 5

Where fis a function that depends on the correlation time (tc) of the molecule.

In order to understand the NOE, let’s imagine two spins (A and B) that are close
in space, showing the spin states shown in Fig 23-A. If spin B is selectively
saturated using a specific radiofrequency, its a and  energy levels (ag and Ps)
will be equally populated (Fig 23-B). When the saturation stops, the spins will

relax and the populations of the energy levels will come back to equilibrium.
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This phenomenon can occur through different type of transitions. In fact, for
this two spin system, relaxation can take place through two mechanisms, using
either double-quantum (DQ) or zero-quantum (ZQ) transitions (Fig 23-C). In
the DQ transition (Fig 23-D), the 3 states of both spins (A and B) will turn into
o (BaPs—aaas). In the ZQ alternative, the B state of B will turn to o and the a
of A will turn into B (aaPs—Paas) (Fig 23-E). These transitions generate
changes in the populations of the o and 3 states of spin A, which are translated
into variations in the intensity of the signal of A!®, When DQ transitions
predominate, since aa state is now more populated than fa compared to the
starting equilibrium, the intensity of the signal for A will be higher, which is
known as positive NOE. When ZQ transitions predominate, following a similar
reasoning, negative NOEs take place. The probabilities of these transitions are
related to the tumbling of the nuclei, which is related to the size of the
molecules. In small molecules (MW<600 Da), which display fast motions with
high frequencies, DQ double quantum transitions predominate, whereas in
larger molecules, with slow motion and very low frequencies, zero quantum

transitions are predominant.
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Figure 23. Spin states, energy levels and transitions of a system in which the nuclei A and B
are close in space, conducting to the generation of NOE. A) The energy levels and its
populations in equilibrium. B) The spin B is selectively saturated (blue transitions). C) When
saturation is finished, the system will come back to equilibrium, for which there are 2 key
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mechanisms: double-quantum (DQ, yellow) or zero-quantum (ZQ, red) transitions. D) Energy
populations after the DQ mechanism. E) Energy populations after the ZQ mechanism.

1.4.1.2 NMR to study protein-carbohydrate interactions

The NMR methods employed to analyse interactions are classified into two
groups. In ligand-based methods, changes in the NMR signals of the ligand (the
glycan, in this Thesis) are observed, whereas in receptor-based methods
changes in the NMR signals of the macromolecule (the lectin, in this Thesis)

are monitored!?S.

14121 Ligand-based NMR methods

Ligand-based NMR methods to characterize protein-carbohydrate interactions
rely on the changes on the NMR properties of the glycan®'’. These variations
can be observed through two strategies: i) taking advantage of the dramatic
changes on the molecular motion of the ligand upon binding to the
macromolecule or ii) through transfer of magnetization from the NMR signals

of the macromolecule to those of the glycan.

For a small or medium size glycan, as depicted in Fig 24, its motional properties
(Fast Brownian motion, slow relaxation, fast diffusion, and positive NOE
values) are different to those of the receptor (Slow Brownian motion, fast
relaxation, slow diffusion, and negative NOE values). However, when the
glycan binds to the protein, its rotational motion properties change, and are

similar to those of the large macromolecule.

37



Receptor Ligand
High molecular weight Small molecular weight The properties of the ligand
Slow Brownian motion Fast Brownian motion are similar to the ones of the
Fast relaxation Slow relaxation receptor
Slow Diffusion Fast Diffusion
Negative NOE values Positive NOE values

Figure 24. Motional properties of a receptor, a ligand, and the corresponding binary complex.
The structures are taken from the PDB 4YMO.

The transferred NOE

One of the most significant NMR-related changes that carbohydrates may suffer
upon protein binding is the change in the sign of the NOE. As explained above,
the NOE intensity and sign depends on the tumbling rate, which is related to
the molecular size (Chapter 1.4.1.1). For the free small sugars, the NOEs are
positive or close to zero. However, when bound to the protein (using usually
ca. 1:5 to 1:20 protein:glycan ratio) the rotational properties of the glycan are
similar to those of the macromolecule, and the corresponding NOEs are
negative (Fig 25). Therefore, the change in sign of the NOE can be exploited to

characterize protein-sugar interactions!8:119,
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Figure 25. Top: A ligand and its receptor in equilibrium. Bottom: A) NOESY spectrum of the
free ligand B) NOESY spectrum of the ligand bound to the protein (trNOESY). C) ROESY
spectrum of the ligand in the presence of the protein (trROESY).

The signals obtained in the trNOESY spectrum are an average of the
contribution of the free and bound states of the ligand. However, the absolute
value of the NOEs for a large molecule are much more intense than those of the
free molecule, and therefore, the contribution of the free ligand is minor, even
if it is in excess. The election of the mixing time of the NOESY is also very
relevant, as exemplified by Weimar and Peters when studying the interaction of
a-Fuc-(1-6)-B-GIcNAc-OMe with Aleuria aurantia agglutinint?’. Whereas for
the free disaccharide, NOEs are positive and small, for the complex, NOEs are
negative and ca. ten times higher in absolute values (See the dots in Fig 26).
Transferred NOESY (trNOESY) experiments are usually performed with short
mixing times (ca. 100 ms). Under these conditions, the contribution of the free
ligand is almost negligible, meaning that the obtained information basically
describes the conformation of the bound ligand. In general, for small molecules,

long mixing times are needed (600-1000 ms) to obtain optimum intensities.
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Figure 26. Plot of the NOE intensity at different mixing times. The NOE intensities of the a-
Fuc-(1-6)-B-GIcNAc-OMe are shown. The round dots represent the NOEs between H6R and
H6° of the GIcNAc. The diamonds represent the NOE between H1Fuc and H6SGIcNAc. Top:
NOEs for the free ligand. Bottom: NOEs for the ligand in the presence of Aleuria aurantia
agglutinin. Taken from 1

However, NOEs for larger glycans are already negative, which can bias the
analysis of the bound conformation. In order to avoid this issue, diverse
approaches can be applied. For instance, very short mixing times (25-50 ms)
can be used to minimize the contribution of the free state. Another alternative
is to increase the temperature of the system, so that the free ligand tumbles
faster. If available, the use of medium field NMR spectrometers can be
advantageous, since for lower field magnets, slower tumbling rates are needed
to generate negative NOEs, i.e. a close proton-proton contact could produce a
negative NOE at 800 MHz and a positive one at 400 MHz. However, this has a

cost in terms of sensitivity'?.,

One of the drawbacks of trNOESY experiments is the existence of spin-
diffusion?>123, Due to the fast transverse relaxation rate of large molecules, the
magnetization that is transferred during the mixing time from an initial nucleus

to another one close in space can be easily transferred from the second nucleus
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to a third one, yielding cross peaks between the first and the third nucleus, even
if they are not very close in space. These peaks are indistinguishable from the
direct NOE in trNOESY experiments, which may lead to incorrect conclusions.
Nevertheless, this three-spin effect can be distinguished in ROESY
experiments. In ROESY experiments, which give rise to positive cross peaks
for directly related proton pairs, these three-spin mediated signals are negative
(Fig 25-C). Additionally, the existence of chemical exchange events between
the free and bound species can also be assessed through ROESY experiments,

since chemical exchange peaks are always negative (Fig 25-C)*,

Thus, the conformation of the bound ligand can be elucidated through trNOESY
experiments. Although no information of the protein is obtained, in some
occasions, direct intermolecular NOEs between the protein and the ligand can

also be observed, which can be used to decipher the location of the binding
Sit@125’126.

Diffusion Ordered Spectroscopy

Diffusion Ordered Spectroscopy (DOSY) experiments can also be used to
monitor protein-carbohydrate interactions?’. DOSY experiments are pseudo-
2D experiments, which relate the diffusion coefficient, in the Y axis, to the
regular *H NMR spectrum (chemical shifts) in the X axis. Since the diffusion
properties of a molecule depends on its molecular weight, size and shape, its
diffusion coefficient will be different in the free and protein-bound states (Fig
27)1812° Thys, through DOSY, binding of ligands to proteins can be easily

monitored.
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Figure 27. DOSY spectra of a free ligand (left) and of the ligand in the presence of its receptor
(right).

iii. Saturation Transfer Difference-NMR

Saturation Transfer Difference (STD-NMR) is probably the most employed
NMR techniques to study protein-ligand interactions®*®. Through STD-NMR
experiments, a clear picture of the “binding epitope” of the ligand towards the
target receptor can be deduced. The binding epitope defines the region (protons

in this context) of the ligand that is spatially close to the protein.

In STD-NMR, two different spectra are recorded. In the first one, a selective
saturation is applied in a region devoid of any NMR signal, usually 100 ppm.
This is the reference spectrum, defined as off-resonance. A second spectrum is
recorded, in which only protons of the protein are selectively saturated. This
spectrum is the on-resonance spectrum. As the protein is saturated, the
magnetization is rapidly spread throughout the polypeptide chain protons. Due
to its size, relaxation and spin-diffusion effects (i.e. NOE) are very efficient.
Fittingly, if a given ligand binds to the saturated protein, the ligand will also
receive this magnetization (Fig 28). As a result, the signals of those protons that
are closer in space to the protein will suffer a decrease in their intensities. Thus,

the on- and off- resonance spectra will be different. The subtraction of the on-
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resonance spectrum to the off-resonance one will result in a spectrum in which
only the signals of those protons that are close to the protein will be present.
NMR signals corresponding to protons of non-binders or far from the protein
protons will display the same intensity in both spectra and will be eliminated
upon substraction. This difference spectrum, defined as STD, contains the

binding epitope of the ligand.

Off-resonance J“_ul_‘_‘_‘i
On-resonance Jﬂ_‘_‘j_‘_‘_‘l

Difference ‘ A ‘ ‘

(Off —On) Saturation Transfer Difference (STD)

Protein Irradiation

Figure 28. The STD NMR experiment for a mixture of ligands A (blue) and B (green). In the
off-resonance spectrum, the protein is not saturated. In the on-resonance spectrum, the protein
is saturated, and the magnetization is transferred to protons of the bound ligand, B. As a result,
some of the protons of B suffer a decrease in intensity. The signals of A display the same
intensity in both spectra. Thus, the difference STD NMR spectrum shows that only ligand B is
bound and defines its binding epitope to the target receptor.

The difference between the off-resonance (lo) and on-resonance (lon) intensities
is the STD (Isp) intensity (Eq 6). Usually, the intensity for each proton (Istp,i)
is shown as the relative value compared to the proton that displays the most
intense STD (Istp,max) (EQ 7).

Istp = Io — Ion
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Equation 6

Relative STD; = (&)

IsTDmax

Equation 7

STD-NMR displays multiple advantages. Firstly, there is no need of labelling
the macromolecule. Additionally, there is no size limit of the macromolecule.
Just a 5 uM concentration of the receptor can be enough to obtain successful
STD-NMR experiments. Moreover, the affinity range of the systems for which
STD experiments can be performed is fairly wide: 10® M< kp < 10 M. Since
only signals from the binders arise in the difference spectrum, STD-NMR also
identifies binders among different candidates. Due to all of these advantages

STD-NMR is widely used in the drug discovery field.

Although STD-NMR does not provide direct information on the binding site of
the protein, information of the amino acids surrounding the ligand can be
obtained by analysing the results irradiating the protein signals at different
frequencies. Saturation is usually performed either at the aromatic (7 to 9 ppm)
or at the aliphatic (-1 to 1 ppm) region. Even if the magnetization is rapidly
spread throughout the protein through spin diffusion, intensity differences
between aromatic and aliphatic irradiations are usually present. These
differences, although small, can indicate whether a certain proton is closer to

aromatic or aliphatic residues®s.,

One of the drawbacks of STD-NMR is the overlap of numerous signals,
especially for carbohydrates. Most of their *H-NMR signals appear between
4.5-3.5 ppm. In this narrow chemical shift range, many signals overlap, which
hinders the precise analysis of the binding epitope. 2-Dimensional STD-NMR
experiments have been developed in which the second dimension provides

significant enhancement in the spectral dispersion. For instance, the synthesis
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of 13C labelled carbohydrates or carbohydrates with fluorine tags has enabled
performing STD-HSQC and STD-TOCSY experiments*2133,

1.4.1.3 Receptor-based NMR methods

In receptor-based methods, changes on the chemical shift of the macromolecule
are observed. Usually, labelling with NMR active heteronuclei is necessary for
this observation. In this Thesis, we have mainly performed *H,>N-HSQC-based

titrations.

1.4.1.3.1 IH,’N-HSQC-based titrations

The use of 3C (usually 3C-labelled glucose) or '*N (usually *NH4CI)
containing precursors allows the introduction of *3C and/or *N atoms into
recombinant proteins. The presence of °N nuclei in proteins permits obtaining
'H-N correlations: the magnetization is transferred from *H to °N through J-
coupling, it evolves encoded in the chemical shift of ®N and is finally
transferred back to the °N-attached proton for detection, yielding a 2-D

spectrum in which every proton attached to a *°N provides a cross peak**.

In order to obtain a spectrum in which the direct correlations between the *H
and N nuclei are observed, two different types of experiments have been
performed in this Thesis: 'H,®N-HSQC (Heteronuclear Single Quantum
Coherence) for the smaller single domain proteins and the H,’>°N-TROSY
(Transverse relaxation optimized spectroscopy) variant for the larger two-

domain proteins*®®.

Due to the sensitivity of the chemical shift to the environment of each nucleus,

the obtained spectrum is considered as the fingerprint of the protein, since it
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reflects its 3-D structure*®. Additionally, the *H,>*N-HSQC spectrum of a given
protein is unique and different to those of others, and any modification on the
protein is noticeable in the spectrum. For instance, although Gal-4N and Gal-
9N are galectin domains with a very similar shape and a 60.1% of sequence

similarity, they display very different *H,">N-HSQC spectra (Fig 29).

. . Y
° .
. S .
]
o .Q' e ' "". & ," -
o ": o 'a' 'a:.
. rs 2
- . .-0..._.. "; ¢ * «®
- -
e - ..... ‘. :*‘ * :. -
e e - - 8
. .. o S .3“’,‘:.‘ oo
- .%*‘. ‘_.-.:.‘. . " .
® - ae® o “Ra e
LS > .-. X e Q:
- .‘t. 7 | f” = e
3 3 g W - Lo
° ) - 4
“ e - ¢ .

T T T T *
10 ° 8 7 F2 [ppm)

Figure 29. Superimposition of the *H,**N-HSQC spectra of Gal-4N (red) and Gal-9N (black).

This sensitivity of the chemical shift towards changes in the chemical
environment of the nuclei can be exploited to monitor binding events®137,
When a protein binds to a ligand, the ligand induces changes in the local
environment of those protein nuclei that are close to it. As a result, the nearby
protein nuclei suffer changes in their chemical shifts, defined as Chemical Shift
Perturbations (CSP), which can be applied to monitor the binding events. The
equilibrium of the system, i.e. the concentration of the protein (P), ligand (L),

and protein-ligand complex (PL) is defined by equations 8 and 9.

kOH
[P]+[L] -k—T‘ [PL]

Equation 8
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Equation 9

Depending on the value of koff, the system can be classified within the slow or
fast exchange regime in the NMR chemical shift time scale**®. When the value
of the ko is slower that the difference (in Hz) between the frequency of a given
nucleus in their free and bound states, the system is in the slow exchange
regime. The corresponding result is shown in Fig 30-A. As the ligand is added,
the HSQC cross peak corresponding to the bound protein will appear, whereas
the intensity of the peak of the free protein decreases. Since the intensity of each
peak is proportional to the population of each state and the protein and ligand
concentrations of the mixture are known, the value of the dissociation constant

can be calculated through fitting to equation 8.

Slow exchange Fast exchange

Apo Bound Apo Bound

© 0| O

ISN lSN
H

Ligand concentration

Y
>

Figure 30. A) Example of a *H,®*N-HSQC-based titration of a system in slow exchange in the
chemical shift time scale. B) Example of a *H,’>N-HSQC-based titration of a system in fast
exchange.

Nevertheless, when the kof is faster than the difference in frequency of the
nucleus in the two states, the system is in the fast exchange-rate in the chemical
shift time scale, and yields a different type of NMR spectrum. Under these
conditions, the initial cross peak, corresponding to the apo state, smoothly shifts
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towards the chemical shift of the bound state (Fig 30-B). In a fast-exchange
system, the chemical shift of the observed peak corresponds to the weighted
average of the two states (Eq 10). Since the sum of the fractions of free (ffree)
and bound protein (foound) equals 1 (Eq 11, Eq 12 and Eq 13), equation 14 holds

and can be used.

8obs = Ofree * free T Sbound * fhound

Equation 10

free + foound =1

Equation 11
PR L _ [P
bound — [Pr] free — [Pe]

Equations 12 and 13
A8obs = fhound * ABmax
Equation 14

Since the bound fraction is related to Kp (Eq 9 and Eq 12), the equation 15 can
be obtained, and during the titration, the total protein and ligand concentration
are known, thus, the value of the kp can be obtained.

{([P]c + [L]e + Kp) = [([P]c + [L]: + Kkp)? — 4[P][L]]"/*}
2[P];

Adops = A8max

Equation 15

The general procedure and outcome of the H,'N-based HSQC titration

protocol is summarized in figure 31.
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A) Sequential addition of the ligand and recording of 'H,'*N HSQC spectra  B) Plotting of the CSP to the ligand concentration

Ligand ’ I ®o e e . "
15N labelled protein = ’ " lgmai

Figure 31. General process for a *H,">N-HSQC-based titration protocol. A) To a **N-labeled
protein, different quantities of a certain ligand are added. After each addition a *H,*N-HSQC
spectrum is recorded. B) From the titration data, the kp can be obtained.

The changes that the ligand induces are not only useful to obtain the dissociation
constant. The observed CSP that a given ligand generates in the backbone cross
peaks are plotted for every residue. The obtained plot allows determining the
binding site of the protein, as well as discovering secondary binding sites or
conformational changes on the protein®*°. However, in order to obtain this
key information, the peaks in the *H,’>N-HSQC spectrum need to be assigned.

14132 Protein backbone NMR assignment

Generally, in order to achieve the assignment of the backbone *H,*>N signals of
a protein, 3-Dimensional NMR experiments are needed. In these experiments,
through a series of INEPT-like sequences, the magnetization is sequentially
transferred from the amide proton (the most sensitive nucleus) to the less
sensitive nuclei (**N, 3Cco, *C,, and/or *Cg,) through their J-couplings. Then,
the chemical shifts of these heteronuclei evolve during the corresponding
evolution times and then the magnetization is transferred back to the amide

proton for detection, obtaining correlations between all these nuclei*4®-146,

For example, in the HNCACB experiment, the magnetization is firstly
transferred from the proton to the amide nitrogen, then to the C,, and afterwards

to the Cp. Finally, the magnetization is sequentially transferred back to the
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amide proton (Fig 32-A)*. As a result, a 3D spectrum is obtained in which, for
each NH, correlations with the C, and Cg within its residue and those of the
previous one are obtained (Fig 32-B and C). In the complementary experiment,
the HNcoCACB, the magnetization is not directly transferred from the *N to
the C,. Alternatively, it goes through the carbonyl group towards to the vicinal
amino acid'*®. As a result, only the correlations with the C, and Cg frequencies

of the previous amino acid are observed.
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Figure 32. A) A five amino acid sequence from Gal-4N. The amide *H and >N are depicted in
blue, the C, in red and the Cp in green. The pathway of the magnetization transference in the
HNCACB experiment is indicated with red arrows. To avoid confusion, only the transferences
in the serine residue are noted. B) Simulation of the 3D experiment of the five amino acids. C)
Strips of the HNCACB experiment of Gal-4N. The assignment and the correlation between
each peak is noted.

HNCA and HNcoCA experiments are very similar to HNCACB and
HNcoCACB, except that the magnetization is not transferred throughout the

amino acid side chain further away than the C,*4%1%2, The consequence is that
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only correlations with the corresponding C,, frequencies are observed, although

the sensitivity is higher.

In the HNcaCO experiment, the magnetization is transferred from the proton to
the N and then to the *3C,. From here, it is transferred to the *C carbonyl and
back to the proton, obtaining correlations for each NH with the 3C of the
carbonyls for its own and previous amino acid (Fig 33)}. In the
complementary experiment, the HNCO, as it does not pass through the C,, only
the correlation with the *C of the carbonyl of the previous amino acid is

observed!“°.
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Figure 33. A) A five amino acid sequence from Gal-4N. The amide *H and **N are depicted in
blue, the C, in orange and the Cco in yellow. The pathway of the magnetization transference in
the HNcaCO experiment is indicated with black arrows. To avoid confusion only the
transferences in the serine residue are noted. B) Strips of the HNcaCO experiment of Gal-4N.
The assignment and the correlation between each peak is noted.
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These experiments yield the chemical shifts of the C,, Cp and Cco of the
previous and own amino acids for each amide moiety, enabling the engagement
of sequential amino acids. However, the presence of proline residues obstructs
the sequential assignment process, as no information can be obtained given the
lack of amide protons. Additionally, many cross peaks may also be “lost”
(usually Cgs), due to relaxation events during the time periods required for
efficient transfer of magnetization around the C-N and C-C bonds. These

features may preclude the full assignment of the protein backbone nuclei.

The chemical shifts of the C,, Cp and Cco nuclei obtained in the aforementioned
experiments are also of relevance for a successful protein backbone assignment.
As mentioned in section 1.4.1.1, the chemical shift is very sensitive to the
chemical environment of each nuclei, and therefore, it is a clear indicator of the
chemical nature of the amino acid. In particular, Cgs display a broad chemical
shift dispersion and help to distinguish between amino acid side chains (Fig 34).
For instance, Trp and Tyr amino acids can be distinguished by the chemical
shift of its Cg. There are certain amino acids whose chemical shifts are very
distinct from others and therefore easy to identify. Specifically, the chemical
shifts of Cgs of alanine, serine, and threonine, as well as the C,s of glycine
residues are very different to the others.
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Figure 34. Plot of chemical shift values and their standard deviations for the C, and Cg of each
amino acid. Taken from the Biological Magnetic Resonance Data Bank (BRMB).

In order to facilitate the NMR assignment of a protein, various NMR
approaches have been applied to identify the corresponding amino acid. For
instance, there are NMR experiments in which only the peaks of a particular
amino acid type is observed!#"1%®, Another alternative to identify certain amino
acids is to add unlabelled or labelled precursors to the growing organism. In
this manner, as the added precursor has a different isotope to the rest of the
protein, those amino acids whose precursors have been added can be easily

identified1491%0,
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1.4.2 Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) is a biophysical technique that allows
obtaining the thermodynamic profile of interaction events®1%2 In ITC
experiments, a molecule (receptor) is titrated with another molecule (ligand),
and the heat exchange that the interaction releases (exothermic) or absorbs
(endothermic) is measured. This heat is plotted against the ligand concentration
(Fig 35) and the enthalpy (AH), stoichiometry (n) and dissociation constant (kp)
of the interaction can be obtained. Additionally, through the employment of the

basic Eq. 16, the entropy (AS) of the interaction can also be estimated.
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Figure 35. A) Example of an ITC thermogram. B) The binding parameters that can be obtained
from the analysis of the thermogram.

AG = —RTInK, = AH — TAS

Equation 16

In the ITC instrument, two identical coin shaped cells are located in an adiabatic
jacket (Fig 36)*1%3, The first cell is the reference and usually contains either
water or the buffer in which the experiment is being performed. The second one
is the sample cell, where the receptor is placed. These two cells are constantly

maintained at the same temperature. Indeed, the temperature difference (AT)
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between them is zero. When the ligand is added into the sample cell (usually 2-
3 uL), heat will be released/absorbed as a result of the interaction. However,
the AT between the cells will remain zero, as heating power will be applied to
maintain it. The power applied to maintain the temperature constant can be

converted into heat to measure the heat released by the interaction.
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Figure 36. Basic scheme of an Isothermal Titration Calorimeter cell.

ITC allows measuring the interaction between many different types of entities,
regardless of their sizes and without any kind of labelling. For instance,
interactions of proteins with small ligands, glycoproteins or antibodies can be
measured. As mentioned in chapter 1.3, interactions between sugars and
proteins are usually in the mM-uM range. Through ITC, the thermodynamic

profile of interactions in the nM to mM range can be obtained®.

Other factors should be considered before applying ITC to estimate the strength
of protein-carbohydrate interactions. As depicted in figure 35, the dissociation
constant value is obtained from the slope of the titration curve. Therefore, to

obtain precise kp values, the curves of the titrations should be sigmoidal. The
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value of ¢ (Eq 17), a dimensionless constant, describes the practical window

and the shape of the measurement®®®,

Equation 17

Where n is the stoichiometry of the system, [Pr] the total protein concentration and

Kb the dissociation constant.

In Fig 37, different ITC curves with different ¢ values are simulated. For
“extreme” kp values - low nM (high c values) or mM (low c values) - the curves
are far from sigmoidal and may lead to low quality estimations. In general, c-
values between 1 and 1000 are needed to obtain reliable data, which means that
the protein concentration ([Pr]) should be between one to one thousand times
the corresponding kp. For lectin-carbohydrate interactions, this requirement
could be a bottleneck. Since most of these interactions are in the high pM or
mM range, large quantities (mgs) of protein and ligand may be required.
Therefore, to acquire proper ITC curves, the affinity of the interaction, as well

as the receptor and ligand concentration must be carefully considered.
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Figure 37. Simulation of diverse ITC thermograms with different ¢ values.
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2 Obijectives



From the training point of view, the key objective of this Thesis has been to
learn the principles of Nuclear Magnetic Resonance, and how NMR can be
applied to characterize protein-carbohydrate interactions. To achieve this, a
solid knowledge about the structural and conformational properties of glycans
has been achieved. Additionally, in order to be able to study the interaction
events, several proteins have been expressed and purified. Learning the

techniques and strategies to obtain these proteins was also a main objective.

From the scientific point of view, a major target was deciphering how galectin-
4 interacts with the blood group antigens, and how subtle chemical
modifications on these antigens affects the binding events. Since the lectin has
two binding sites, the first aim was to understand how each of the domains
recognize these antigens, then to deduce how the full-length protein behaves.

Since the blood group antigens are mimicked by bacteria, the aim was to
determine how galectin-4 interacts with the antigens mimics present on
pathogens, addressing the impact of the multivalent presentation of blood group
antigen-like glycans in multivalent scaffolds as lipopolysaccharides (LPS).
Additionally, since galectin-4 has been reported to interact with the main co-
receptor of LPS, CD14, this part of the Thesis has focused on studies towards
deciphering the structural details that modulate the binding between the three
entities: galectin-4, LPS, and CD14.

The last objective of the Thesis was learning how to synthesize well-defined p-
glucans by employing a solid-phase synthesizer. For that, traditional chemical

synthesis was employed to produce the building required blocks.
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3 Results and Discussion




3.1 The interaction between Galectin-4 and the histo blood group
antigens

3.1.1 Introduction

Galectin-4 (Gal-4) is one of the 16 members of the human galectin family,
characterized by their participation in a myriad of biological phenomena, with
important implications in immunity®™® 1% inflammation, and cancer®®®
Galectins exert their functions through their ability to bind B-galactoside-
containing glycans, towards which the different galectins present different
affinities and selectivities®?. This family can be sub classified in three groups
(see Figure in introduction) according to the organization of their carbohydrate
recognition domains (CRD). Prototype galectins (-1, -2, -5, -7, -10, -11, -13, -
14, -15 and -16) are homodimers with two identical CRDs united by non-
covalent interactions, tandem-repeat galectins (-4, -8, -9, and -12) have two
CRDs with different amino acid sequences that are covalently linked through a
short linker peptide. Finally, galectin-3 is the only member of the chimera-type
galectins, which has a C-terminal CRD with a non-lectin N-terminal tail.

The physiological roles of Gal-4 have been reviewed®®, and include apical
protein trafficking, intestinal wound healing, lipid raft stabilization, and
bacterial pathogen fighting. In healthy individuals, Gal-4 is predominantly
expressed in the epithelial cells along the alimentary tract although, as other
members of the galectin family, its distribution in cancer is altered*’. Although
its exact roles in the disease are not fully understood, the correlation between
Gal-4 levels and malignancy has been reported for many cancers®!. These
evidences have fostered the use of galectins as targets for therapeutic

intervention for several types of cancert2:163,

Gal-4 belongs to the tandem repeat galectins subfamily, characterized by

displaying two different carbohydrate recognition domains covalently linked
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through a short peptide. The role of this peptide linker in the overall protein
behavior is not yet clear, as well as its influence on the carbohydrate binding
properties. In the case of Gal-4, the two CRDs show 49% similarity and, despite
sharing certain glycan-binding preferences, they do not completely overlap.
Previous studies on the binding preferences of full-length Gal-4%074164 as well
as for the two independent N- and C-terminal domains®® have revealed their
preference for the human histo blood group antigens (HBGA) A and B. Despite
certain controversy’, most studies agree on the fact that the N-terminal domain
of Gal-4 (Gal-4N) recognizes A and B blood group antigens with less affinity
than the C-terminal domain (Gal-4C). Nevertheless, significant discrepancies
on the binding affinities were reported®®%1, X-ray crystallography analysis has
provided structural details on how the two independent CRDs recognize
different linear lactose derivatives, including 2"-fucosyl lactose (H-type 6
antigen)®®’*. However, no experimental data are yet available for the

recognition of branched antigens, including the blood type antigens.

In particular, the ABO antigens are divided into six groups, depending on the
peripheral core disaccharide structures (Scheme 1): type-1 (Galp1-3GIcNAcp),
type-2 (Galp1-4GIcNAcpB), type-3 (Galfl-3GalNAca), type-4 (Galpl-
3GalNAcp), type-5 (Galp1-3GlcP) and type-6 (Galp1-4Glcp), giving rise to a
family of epitopes that are presented in different manners. This different
presentation is known to influence their antigenicity'®>¢7. Moreover, their
distribution is also different. HBGA are mostly present as type-2 structures (N-
acetyl lactosamine, Galp1-4GIlcNAcP). However, HBGA are not only found on
red blood cells and, in fact, most endothelial and epithelial cells cell surfaces,
together with the secretions of the so-called AB-secretor genotype individuals,
also contain HBGA. In fact, type-1 antigens are found on endodermal tissues,
type-2 on both ecto- and endo-dermal tissues, while type -3 and -4 antigens are
present on ecto or endodermally-derived tissues, including the salivary glands

and kidneys. While the presence of type-5 in humans is controversial'®, the
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type-6 has been much less studied, being reported to be in human milk and

tissue samples'®®.

Galp1-3GIcNAc Galp1-4GIcNAcp Galp1-3GalNAcp Galp1-4Glcp
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Scheme 1. The blood group antigens employed in this study. The substitution at the position 2
in the non-reducing end (in yellow) determines whether the antigens belongs to group A or B,
whereas their peripheral disaccharide core (in blue) determines the antigens type.

From a biological perspective, the significance of the specific association of
HBGA with certain members of the galectin family seems intriguing. It has
been suggested®’® that some galectins could fill an important gap in adaptive
immunity by conferring protection against pathogens that use molecular
mimicry for the infection, producing blood group-like antigenic glycan
structures*’®. Thus, individuals of a given blood type, who do not produce
antibodies against its own blood group antigens, would be then protected by the
immune activity of galectins. In support of this hypothesis, Gal-4 has been
demonstrated to be able to recognize and kill Escherichia coli (E. Coli) bacteria
expressing the blood group B antigen®. Interesting, a quick glance at the O-
antigenic structures produced by E. Coli"? reveals that not only the 086 E. Coli
serotype (that precisely express the B-antigen structure), but also other
serotypes, incorporate O-antigens that share common structural elements with
galectin ligands. Their chemical context compared to the endogenous epitopes
is however different, for instance with respect to their neighboring residues and

linkages. Considering the diversity of the ABO antigen presentation in terms of
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peripheral glycan structures (types), both among endogenous glycans and host-
mimicking pathogenic glycans, we have here explored the influence of this

presentation in their recognition by Gal-4N and Gal-4C.

A library of commercially available HBGA with different presentations at the
peripheral disaccharide core (Scheme 1) was selected to interrogate the binding
preferences of Gal-4N and Gal-4C towards the possible chemical variations
within this glycan antigenic family. In particular, we have focused on the A
versus B preference, and on the chemical variations involving their core
presentation, including the glycosidic linkage (B1-3 versus [31-4) as well as the
nature of the first peripheral core monosaccharide (GIcNAc, GalNAc or Glc).
We have performed a systematic study, based on experimental Nuclear
Magnetic Resonance (NMR) data and Isothermal Titration Calorimetry (ITC)
measurements, combined with computational chemistry tools, to provide an
atomic-level rationalization of the observed binding preferences of Gal-4N and
Gal-4C.

Once the binding affinities and preferences of the two isolated domains were
assessed, we have also determined the behaviour of the full-length form (Gal-
AFL), for which little was known. Rustiguel and co-workers™ studied the
structure of Gal-4FL using SAXS/WAXS, thermofluor assays and MD
simulations and compared it with the separate domains. Their findings
suggested that Gal-4FL folds as a compact structure and that there are some
transient interactions between the CRDs. Nevertheless, it remained unclear
whether there is crosstalk between the domains and if the full-length overall

structure has an impact on the recognition events.

With the purpose of solving this issue, we have analysed the interaction between
Gal-4FL and the blood group antigen A type-6 (best binder). Since both
domains compete for the same ligands, two different lectins were produced to
better understand the interaction. In these new proteins, the binding site of one
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of the domains was disrupted,’’® whereas the other one was active, maintaining

the overall structure of the protein, but only with one active binding site.

Through NMR and Isothermal Titration Calorimetry (ITC) experiments with
Gal-4FL and its two mutants, it was demonstrated that both domains compete
for the same ligands and that despite this competition, there is no cross-talk
between the domains and that each of them acts independently. Additionally,
the interaction is identical to that observed for the separate domains. Thus, the

conclusions obtained for the free domains can be extrapolated to the full-length.
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3.1.2 The N-terminal domain of Galectin-4

The interaction of Gal-4N with the A and B type-1, -2 and -6 tetrasaccharides,
and with the A and B type-4 pentasaccharides (Scheme 1) was addressed by
combining different NMR-based strategies. *H-Saturation Transfer Difference
(STD) NMR experiments were employed to report on the glycan binding
epitopel™178 Additionally, ROESY experiments of ligand/Gal-4N mixtures
revealed specific ligand *H resonances in slow exchange in NMR chemical shift
timescale between the free and bound states. Fittingly, the analysis of their
chemical shift differences (AS'H free-bound) proved to be instrumental to
provide a sort of ligand binding epitope information, complementary to that
obtained by STD NMR experiments. Additional NMR experiments from the
protein perspective, based on the observation of 1®N-labeled Gal-4N, were used
to estimate binding constant affinities (Kp) and determine the binding epitope
of the lectin in each case, which were further quantitatively estimated by ITC.
The synergic combination of these experimental data with molecular modelling

procedures provided detailed 3D models of the complexes.

3.1.2.1 Nuclear Magnetic Resonance (NMR)

31211 H-STD NMR

IH-STD-NMR spectra were acquired for mixtures of Gal-4N (50 pM) with a
50-fold excess of ligand. Protein aromatic irradiation afforded the best STD
intensities and are thus these are those discussed henceforth. The STD NMR
spectra were very similar among the different ligands with respect to both the
observed glycan protons and their intensities. For all the ligands, all the protons
of the central BGal residue except H2, together with H1 and H2 of the terminal
aGal/aGalNAc residues showed the strongest relative STD NMR effects
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(above 50%), (Fig 38 and Sl). Severe proton overlapping precluded a full
comparison among ligands, but the analysis of the key isolated ‘H-NMR

resonance signals permitted to highlight evident differences.
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Figure 38. (A) 'H-STD-NMR experiment for the complex formed by the A type-6
tetrasaccharide and Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-
resonance). Bottom: the STD-NMR spectrum (green, on-resonance at the aromatic region). The
'H-NMR signals showing STD effect are annotated. The epitope mapping (relative STD) is
shown the ligand structure. (B) Details of the off-resonance and STD-NMR spectra showing
the NAc region obtained for the HBGA antigens in the presence of Gal-4N: From left to right:
A type-6, B type-1, B type-2 and B type-4. Terminal refers to the terminal aGalNAc residue.
Red-end refers to the reducing-end GIcNAc or GalNAc residues. The intensities of the STD
spectra are 75 fold incremented with respect to the reference off-resonance spectra.

In particular, the comparison of the *H-STD NMR signals originating from the
acetyl groups was highly informative. For all the A-type antigens, the Ac group
at the terminal GalNAc residue showed very strong STD intensity (Fig 38-B).
In contrast, the Ac groups at the reducing-end GIcNAc, present in type-1 (B1-
3) and type-2 (B1-4) antigens, displayed much weaker intensities. However,
these signals were always stronger for the 1-3 than for the alternative p1-4
linked antigens (Fig 38-B). This fact indicates that this NAc group is closer to
protein aromatic residues (the STD on-resonance frequency irradiation) for the

B1-3 linked epitopes than for the analogous NAc for f1-4 presentations.
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The methyl group of the Fuc moieties showed weak STD intensities, always
below 20%. Interestingly, they were systematically much weaker for the A than
for the B antigens (see Sl). These data strongly suggest that the Fuc residue is
further away from the protein surface in the lectin complexes with the A

antigens than in those with the B analogues.

For the longer pentasaccharides (type-4) there was a remarkable lack of STD
effect at the reducing-end Gal residue (Fig 39) and very weak for the fGalNAc,
clearly indicating that the binding epitope exclusively involves the terminal
residues. This is a fairly interesting observation since the type-4 core structure
(Scheme 1) contains the GaINAcB1-3Gal moiety at the reducing end that could
act as an additional binding epitope by positioning the GaINAcp- residue on the
primary binding site (stacked on W84) increasing the apparent binding affinity.

These data strongly suggest, however, that this is not the case.
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Figure 39. 'H STD-NMR experiment for the complex formed by the B type-4 pentasaccharide
and Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
STD-NMR spectrum (green, on-resonance at the aromatic region). The *H-NMR signals
showing STD effect are annotated. The epitope mapping (relative STD) is shown in the ligand
structure. * overlapping proton signals.
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3.121.2 trROESY NMR

trROESY spectra were acquired at 1:20 protein/ligand molar ratios!’’. The
observed ROESY cross peaks were very similar to those recorded for the free
ligands, indicating that no significant conformational changes around the
glycosidic torsion angles or at the pyranose chairs took place upon binding.
Most interestingly, the trROESY analysis evidenced that some ligand protons
were in slow chemical exchange between their free and bound states (Fig 40),
thus revealing the corresponding chemical shifts in the bound states’®.
Fittingly, those signals experiencing slow exchange in the NMR chemical shift
timescale are expected to arise from protons that significantly change their
chemical environment upon complex formation and that are highly affected by
their proximity to the lectin surface. Remarkably, not all ligand protons showed
chemical exchange cross peaks. The analysis of the chemical shift difference
between the free and bound forms (Ad(free-bound)) thus afforded additional epitope
mapping information from the ligand perspective. Moreover, the comparison of
the behavior observed for the different ligands also permitted to deduce subtle
differences related to their different binding geometries into the galectin
binding site. Notably, for all ligands, all the protons of the central BGal residue
experienced drastic up-field shifts upon complex formation, with H4, H5 and
one of the H6 standing out with more than 2 ppm difference between the free
and bound forms (Fig 40 and 41). This effect is in full agreement with the
expected key CH-rn stacking interaction between the central pGal residue and
the indol side chain of W84 of the lectin'’®. This key pGal/Trp interaction is

ubiquitous for all galectins®3180,
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Figure 40. 'H-NMR-based ligand chemical exchange (EXSY) analysis from trROESY
experiments. trROESY spectrum of the B type-6 tetrasaccharide antigen in the presence of Gal-
4N (molar ratio 20:1). The cross-peaks in black correspond to those arising from regular NOE
effects in the rotating frame, while those in red arise from chemical exchange. Their chemical
shifts at the different *H dimensions in the 2D spectrum correspond to those in the free
(downfield) and bound (upfield) states.

Nevertheless, the profile is slightly but noticeable different for the A and the B
antigens (Fig 41). For the B epitopes, H1 and H2 of the terminal aGal moiety
experienced slow exchange, being up-field shifted upon binding. On the
contrary, for the A-antigens, only H1 of the analogous aGalNAc residue
displayed slow exchange, and a with reduced chemical shift perturbation, while
H2 was not in slow exchange. The chemical shift difference free-bound for H4,
HS5 and H6" of the central BGal was also smaller for the A than for the B antigens
(Fig 41), suggesting that the sugar-aromatic stacking interaction is stronger for
the latter. Additionally, H1-Fuc (the only proton of the Fuc ring under slow
exchange) is more affected in the B (Adfree-bound) = 0.2-0.3 ppm) than in the A
antigens (less than 0.2 ppm). These differences strongly suggest that the A and
B antigens display a slightly different orientation in the Gal-4N binding site.
Additionally, very few protons at the reducing-end residues showed weak

chemical exchange effects, being these protons different among the different
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peripheral core types (see Sl). Finally, the type-4 oligosaccharides did not show

any chemical exchange effect.
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Figure 41. 'H-NMR-based ligand chemical exchange (EXSY) analysis from trROESY
experiments. Plot for the measured differences in chemical shifts between the free and bound
states (AS(*H) free-bound) for those selected protons of the antigens that experience slow
exchange in the ROESY spectrum in the presence of the lectin.

31213 Chemical shift perturbations at Gal-4N

The molecular recognition event was also analyzed from the lectin’s
perspective. Thus, a chemical shift perturbation (CSP) analysis of the changes
produced in the *H-®N HSQC spectra recorded for °N-labelled Gal-4N upon
addition of the different ligands was carried out. This analysis required the NH
backbone NMR assignment of the lectin signals, following well-established
triple resonance 3D NMR methods (see Materials and methods and SI). The
assignment protocol allowed assigning 80% of the NH backbone resonances
(Fig 42). In addition to the ligands shown in Scheme 1, the corresponding non-
fucosylated analogs and the H antigens (devoid of the terminal Gal/GalNAc
moieties, see Sl), as well as lactose, were also employed. Thus, a full

71



comparative analysis on the monosaccharide-specific effects on the lectin CSP

was achieved. In addition, titration experiments afforded an estimation of the

binding affinities, which are gathered in Table 4.
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Figure 42. 'H-®*N HSQC of Gal-4C. The identity of the assigned peaks it noted next to each

peak.

The observed CSP for the interaction with the trisaccharide 2'-fucosyllactose

(H type-6) were basically identical to those for lactose, suggesting that the Fuc

residue does not provide direct interactions with the lectin. In contrast, when

the non-fucosylated B type-6 antigen was employed, additional CSP with

respect to lactose were observed. These perturbations took place mainly at the

S2 strand and at the side chain of W84, evidencing that the terminal aGal unit
indeed interacts with this area of Gal-4N (SI).

The CSP measured for the A versus the B antigens showed significant

differences for several residues, all located along the S face of Gal-4N (Fig 43).
Some of these residues cluster in the S2 strand, such as V138, D139 and G140.

These residues are remarkably differently affected between the A and B
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antigens, both in magnitude and direction: they are more strongly perturbed in
the presence of A, moving up-field in the *H dimension, than in B antigens (Fig
43-C). The analysis of the published X-ray crystallographic structures® showed
that these amino acid residues are facing F47, located at the contiguous S3
strand. The observed trends suggest that the interaction with the A-antigens
places residue F47 closer to these V138-G140 residues, a motion that does not

take place when the B-antigens are bound (Fig 43-A).

L E.
(B) . =
O e
W Gal-4N + A type 6 - - =)
: % | i 8
W Gal-aN + B type 6 . .. A”. ] =
LA, O “
- .,!: e
- -

- 5 B Sl s |
Xt S -

«® o s &
- -o ‘& = &
R L TN %‘ -

-

. - ’- - =)
--® & % &
L :

10 9 7 F2 [ppm]

© |®
W Gal-4N + Atype 6
M Gal-4N + B type 6

B Gal-4N Apo o &
(o)
& X

126 F1 [ppm]

107
. )
¥ A1
i

127

108

V138 D139 G140 &
970 9.60 950 F2[ppm] 835 825 S815F2[ppm] 765 7.55 7.45 F2 [ppm]

Figure 43. Protein backbone CSP analysis for the interaction of Gal-4N with A and B type-6
tetrasaccharide antigens. (A) Molecular model (MD simulation) for the complex of Gal-4N with
A type-6 antigen. The residues that significantly differ in their chemical shift perturbation upon
binding to group A or B antigens are highlighted in orange, as well as F47 (unknown resonance
assignment). Left: zoom at the S2-S3 region showing residues F46, V138, D139 and G140. (B)
Superimposition of the *H-*N HSQC spectra of Gal-4N in the presence of A type-6 (blue) and
B type-6 antigens (red). C) Expansion of *H->N HSQC spectra at residues V138, D139 and
G140: in green, Gal-4N apo; in blue, Gal-4N/A type-6 (12 eq.); and in red Gal-4N/B type-6 (10

eq.).

The different blood group types also displayed distinct CSP of the lectin cross
peaks. The CSP between types-1 and -2 were basically identical, with only
subtle differences at V75 (S5) and R89 (S6) (Sl), while type-6 oligosaccharides
presented different perturbations all along the S5 and S6 strands (SI), with the
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strongest differences involving residues E87, R89 and K90. As for the type-4
antigens, there was a remarkable lack of perturbations at the S5 strand (Fig 44),

more pronounced for the B than for the A antigen (SI).
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Figure 44. *H->N HSQC: chemical shift perturbation of residues V75 and F76 of Gal-4N in
the presence of the B antigens types -1, -2, -4 and -6.

In addition to the information yielded by the CSP analysis, titrations provided
an estimation of the equilibrium dissociation constants of each ligand (Kp,
Table 4). The NMR-based binding affinities spanned a 20-fold range between
the best (B-type 6) and worse (A-type 4) binders, with Kp values in the pM-
mM range. Lactose, the minimum binding epitope, also exhibited a very low,
although measurable, affinity with a Kp of 1.6 mM, in agreement with
previously reported data’!8. Interestingly, the tetrasaccharides presented
conserved trends in their binding preferences. Thus, for the same peripheral
core structure, the B-type antigens were always better binders than the
corresponding A-antigens. With respect to the core structures, the type-6

antigens are the best binders, followed by type-1 and -2, which are very similar,
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irrespective of their terminal residues (whether they are A or B). Finally, the
type-4 oligosaccharides were the worse binders, with the A type-4 almost as

weak as lactose.

3.1.2.2 Isothermal Titration Calorimetry

In order to provide alternative and complementary estimations of the binding
affinity data, ITC experiments were also carried out for the six HBGA
tetrasaccharides (Table 4). The binding with the type-4 pentasaccharides was
too weak to obtain reliable ITC data. The thermodynamic profile for all the
interactions showed the typical enthalpy-driven binding process (Table 4). The
best enthalpy values are always compensated by opposing entropy
contributions, especially significant for the B type-6 saccharide. The significant
favorable binding enthalpy (-12.3 kcal/mol) is accompanied by the largest
entropy penalty (-6.4 kcal/mol). This binding profile constitutes a prototypical
example of enthalpy-entropy compensation'®? with a nearly perfect relationship
between AH and —TAS (see Supporting Information). However, due to the
moderate or low affinity interactions (all with Kp above 50 uM), the resulting
thermodynamic parameters will not be further interpreted®. Although the
magnitudes of the ITC-derived Kp values were in average 1.5-fold lower than
those determined by NMR, both techniques yielded conserved trends,

reproducing the binding preferences described above, schematized in Figure 45.

Table 4. Equilibrium dissociation constants (Kp) determined for the interactions of the different
A and B blood group antigens with Gal-4N by employing HSQC NMR-based titrations and
ITC measurements, along with the thermodynamic parameters for the interactions, as
determined by ITC.

Ligand Kb Kb AG (kcal ~ AH (kcal -TAS (kcal
g M)  (uM) mol) mol) mol)
(NMR) (ITC)
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Atype-1 (tetra) 440 267 4.9 5.9 1

A type -2 (tetra) 370 187 -5.1 -6.9 1.8
Atype-4 (penta) 1380 - - - -

A type-6 (tetra) 150 86 -5.6 -8.5 2.9
B type-1 (tetra) 200 109 -5.4 -1.7 2.3
B type-2 (tetra) 190 88 -5.5 -9.3 3.8
B type-4 (penta) 460 - - - -

B type-6 (tetra) 60 51 -5.9 -12.3 6.4

The trend is fairly evident: The B group antigens are better binders than their
corresponding A-analogues. Regarding the peripheral disaccharide cores, the
type-6 antigens are preferentially recognized, while the type-4 ones display
rather weak affinity. The type-1 and type-2 antigens display intermediate

affinities.

In particular, for B1-4 linked antigens, the substitution of Glc by GIcNAc at the
reducing-end is detrimental for the binding event, as evidenced by the
comparison between A type-2 versus A type-6, and B type-2 versus B type-6.

In both cases, a two-fold increased affinity is observed for the type-6 linkages.

In contrast, the presentation of the f1-3GICNAC versus B1-4GICNAC epitopes
at the peripheral core (type-1 versus type-2) does not basically influence the

binding affinity, neither for the A nor the B tetrasaccharides.

Finally, the B antigens (with a terminal aGal residue) always bind two-fold
stronger than the A antigens (with a aGalNAc residue), irrespective of the

peripheral core disaccharide.

The binding preferences of Gal-4N can be thus be categorized as shown in
Figure 45, where the B type-6 is the best binder with a difference in affinity of
5-fold. Therefore, Gal-4N prefers aGal moieties at the non-reducing end and
Glc residues at the reducing end.
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Figure 45. Schematic representation of the affinity trends for the binding of the A and B blood
group antigen tetrasaccharides (types-1, -2 and -6) to Gal-4N as deduced by ITC. The NMR-
based data follow the same trend although the estimated binding affinities are ca. 1.5 weaker.
The type-4 oligosaccharides are not displayed since their affinities are even weaker than those
of the type-1 analogues.

3.1.2.3 3D structural models for the binding complexes.

Once the experimental data were available, 3D structural models for the
complexes were generated by atom-pair superimposition of the central pGal
pyranose of the ligands with the corresponding residue in the X-ray
crystallographic structure of the reported complex of Gal-4N bound to lactose
(PDB 5DUV)®. Then, the generated complexes were submitted to 1 pus MD
simulations using the ff14SB and GLYCAMO06j-1 force fields as implemented
in Amberl18 (see materials and methods). Figure 46 gathers the superimposition
of the complexes formed by Gal-4N with the A type-6 and the B type-6
antigens, as summary of the results. Fittingly, the subtle different orientations
and presentations of the ligands at the lectin binding site permits explaining the
observed differences found in the combined ligand-based and receptor-based

NMR analysis and the ITC measurements.
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As discussed above, the B antigens are better binders (and display better
enthalpies) than the A analogues. In fact, according to MD simulations, only in
the A-complex, the bulky Ac group at the terminal GalNAc pushes F47 (in S3)
away, moving it towards S2. The lack of this Ac group in the B-complex allows
for a better binding. These theoretical predictions are in full agreement with the
experimental observations found in the CSP analysis (Fig 43). In fact, for all
the A antigens, the aGalNAc residue is further away from the protein surface.
For instance, in the type-6 antigen, H2-aGalNAc is on average at 5.3 A from
the aromatic ring of F47, whereas for the group B type-6, H2-aGal is only 3.5
A apart. This fact perfectly matches with the chemical exchange observations
in the trROESY experiments in which this proton is up-field shifted only for
the B antigens. The ring current effect of the F47 aromatic ring affects H2-aGal,
due to its close proximity and orientation (Fig 46). Regarding the central fGal
moiety, given the diverse presentation and fitting of the terminal residues, this
BGal residue in the A and B antigens is also differently positioned with respect
to the amino acids that comprise the binding site (Fig 46). In fact, in the A-
antigens, H4-BGal is 0.5 A further away from the imidazole ring of H63 than in
the B-antigens. Additionally, H5-BGal is also 0.4 A further away from the
indole ring of W84 in the A than in the B-antigens. These different geometries
also correlate with the observed stronger chemical shift perturbations of these
protons in the B than in A antigens. These geometry differences also impact
both the strength of the pGal/W84 CH-m interaction, as well as the OH4-
BGal/H63 hydrogen bond, key interactions in the molecular recognition of fGal
moieties by galectins.
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Gal/GalNAc pGal

Gal/GalNAc

Figure 46. Different perspectives of the superimposition of the 3D models for the complexes
Gal-4N/A type-6 (orange) and Gal-4N/B type-6 (green) according to MD simulations.
Reducing-end and Fuc residues are faded. Key residues of the protein are highlighted.

With respect to the core-disaccharides, MD simulations show that, in the f1-4
linked epitopes (types-2 and 6), positions 2 and 3 of the reducing-end pyranose
ring are facing the lectin, while in  1-3 linked analogues (types-1 and -4), these
positions are in the opposite direction, exposed to the bulk solvent (Fig 47).
These MD-based orientations are also in full agreement with the STD NMR
data discussed above. For the p1-4 linked epitopes, the MD simulations also
predict hydrogen bonding interactions between OH3 of the reducing end sugar
(Glc/GIcNAC) with the polar side chains of R65 and E87. Also, only in the type-
6 antigens, an additional hydrogen bond is established between OH2-Glc and
the carboxylate group of E87. This additional stabilizing interaction could
provide the impetus for the additional affinity gain observed in the type-6 versus
the type-2 cores. In type-1 antigens, which are p1-3 linked, R65 and E87
establish hydrogen bonding with OH4-GIcNAc. Thus, despite the different
orientation of the reducing-end pyranose with respect to p 1-4 linked antigens,
type-1 and type-2 would be balanced in terms of establishing interactions, in

agreement with their similar affinities. Finally, for type-4 antigens, the axial
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disposition of the OH4-GalNAcP precludes the interactions with R65 and E87,

in agreement with their reduced affinity.

Group B type 1 E Group B type 2 1 Group B type 4 : Group B type 6
Galp1-3GleNAc Galp1-4GleNAc Galp1-3GalNAcp Galp1-4Gle

Figure 47. Molecular models of the complexes between Gal-4N and group B type -1, -2, -4 and
-6 antigens according to MD simulations. Key residues are highlighted.
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3.1.2.4 Conclusions

Herein the binding preferences of the N-terminal of Gal-4 towards the A and B
blood group antigens has been examined at the molecular level. Different
antigenic presentations in terms of peripheral core structure have been
compared, as well as the A versus B preference. ITC experiments permitted to
classify the ligands in terms of binding affinity, while different NMR strategies
in combination with modelling protocols provided the structural rationale for
the observed binding preferences. All the ligands bound Gal-4N with similar
and low affinities, with Kp in 104-10° M range for the tetrasaccharides and a
7-fold difference between the best and worse ligands, while the
pentasaccharides bound weaker in one order of magnitude (Kp in 103-10* M
range) (Fig 48). Conserved binding trends were observed. For the same
peripheral core structure, the B antigen was always a better binder than the A
antigen, indicating that NAc group on the terminal aGal residue was detrimental
for binding. A similar effect was found for f1-4linked antigens at the peripheral
core, for which the presence of the NAc in type-2 antigens (B1-4GIcNAc) was
again detrimental for the binding with respect to type-6 antigens (p1-4GlIc). The
type-1 and type-2 antigens, despite the different orientation of their reducing-

end residues with respect to the protein, displayed similar affinities.

The experimental NMR observations, both from the ligand and lectin
perspectives, could be nicely reconciled with the molecular models for the
complexes obtained through MD simulations, where the slightly different
chemical modifications among the ligands provoked subtle structural
differences in the complexes, with diverse impact in the binding affinities.
These data might help in understanding the binding preferences of Gal-4
towards the histo blood group antigens, especially with respect to their different
presentation in distinct biological contexts (e.g. tissues) or from diverse origin

(self versus pathogenic). In addition, it provides detailed atomic level
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information and dynamics features about Gal-4N binding characteristics,

relevant in the context of rational ligand design.

Relative Affinity for Gal-4N

Relative affinity
(]

lgzﬁﬂmﬂﬂm ﬂﬂﬁﬂ

Lactose GaliliB6 Htype6 Btvpel Btvpe2 Btyped Btype6 Atypel Atype2 Atyped A type6

Figure 48. Relative binding affinities of different ligands for Gal-4N compared to lactose (Kp
= 1.6 mM) as determined by *H-*N-HSQC based titrations.
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3.1.3 The C-terminal domain of Galectin-4

The interaction between Gal-4C and the blood group A and B antigens of the
different core types (Scheme 1) was analysed by using a combination of various
NMR techniques, as described above for the N-terminus. The use of Saturation
Transfer Difference (STD-NMR) was employed to characterize the epitope of
the ligands®*13L, The use of ROESY experiments of the glycans in the presence
of the lectin revealed specific ligand *H resonances in slow exchange in the
NMR chemical shift timescale between the free and bound states'ss,
Furthermore, *H-"N HSQC based titrations were performed to calculate the
dissociation constant'® (Kp) for each ligand, in addition to analysing the
perturbation that each ligand generated on the protein. The combination of all
this data and molecular dynamic (MD) simulations provided a 3D view of the

interaction of Gal-4C with each antigen.

3.1.3.1 Nuclear Magnetic Resonance

31311 H-STD-NMR

1H-STD-NMR experiments were performed with a 1:50 protein:ligand ratio at
298 K, which allowed the identification of the binding epitope of each
saccharide. The intensity and the profile of the STD-NMR spectra were very
similar among the different ligands (See SI). Aromatic irradiation produced a
much stronger STD response than that at the aliphatic region, and thus epitope
mapping was carried out for the aromatic irradiation spectra. The analysis
showed that, for all the ligands, no STD effect was observed for any of the
protons of the Fuc and reducing-end residues, except for the Ac group whenever
present. Basically, STD NMR signals were observed for protons of the central

Gal residue and H1 and H2 of the terminal Gal/GalNAc residues. Intriguingly,
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the STD NMR effect was particularly enhanced at the aromatic irradiation for
some signals, namely, H1 and H2 of the terminal aGal/aGalNAc residue, H3
and H4 of the central Galf and the Methyl of the NAc group of the terminal
residue in type-1 and -4 antigens (Fig 49), suggesting that, when complexed to
the lectin, these protons are close to aromatic residues. This is expected to be
case for the H3 and H4 of Galf, which according to X-ray crystallography
stacks on top of the W256 indol side chain®*®°, On the contrary, the N-Acetyl
group of GalNAc residue at the terminal end, showed a relative stronger STD
at aliphatic irradiation (Fig 49), suggesting its proximity to an aliphatic residue.
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Figure 49. 'H-STD-NMR experiment for the interaction between A type-1 and Gal-4C. A) Top:
In red, the off-resonance (reference) spectra. The epitope mapping (relative STD) is shown in
the ligand structure. Middle: In green, the STD-NMR spectrum upon aliphatic irradiation.
Bottom: In black, the STD-NMR spectrum upon aromatic irradiation. *H-NMR signals showing
STD effect are annotated. B) The same as in panel A), but the two STD spectra (aromatic and
aliphatic irradiation in black and green respectively) are superimposed. The level of the
spectrum with aliphatic irradiation is 2.4 times higher. The signals with more significant
difference are annotated.

Remarkably, the acetyl region of tetrasaccharides revealed significant
differences among the different core types. Whereas the N-Acetyl group of the
terminal aGalNAc displayed the same intensity for the different core types
presentations (always between 0.25 and 0.30 % of absolute STD), the N-Acetyl
group of the reducing-end varied notably among types (Fig 50). In particular,
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for the type-1 (Galf1-3GIcNAc) and type-4 (GalB1-3GalNAc) antigens, a
strong STD effect was observed for the Me(Ac) at the reducing end with the
aromatic irradiation, which nearly disappeared in the aliphatic irradiation. This
difference between aromatic and aliphatic irradiation was less evident for the
type-2 (Galp1-4GlcNAc) antigens. This trend suggests that for Galp1-3 linked
antigens the N-Acetyl group at the reducing-end is closer to an aromatic group

in comparison with that in the Galp1-4 linked antigens.

Group A type 1 Group B type 2 Group B type 4 Group A type 6
Galp1-3GIcNAc  Galpl-4GIcNAc  Galpl-3GalNAcp Galp1-4Gle
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Figure 50. H-STD-NMR experiments for the interaction of Gal-4C with the different antigen
types. From left to right, STD-NMR experiments with A type-1, B type-2, B type-4 and A type-
6. Group B Type-2 and Type-4 experiments are presented since their respected group A
antigens present overlapped signals. The non-reducing terminal acetyl group (aGalNAc) are
highlighted in dotted boxes, the acetyls at the reducing-end are highlighted in plain boxes. Top:
In red, the off-resonance spectra. Middle: In green, the STD-NMR spectra with the aliphatic
irradiation. Bottom: In black, the STD-NMR spectra with the aromatic irradiation.

31312 trROESY experiments

trROESY experiments were performed with a 1:10 protein:ligand ratio at 298
K. The observed ROESY cross peaks for the bound carbohydrates were very
similar to those detected for the free ligands, suggesting that no significant

changes in the conformation of the ligand occurred upon binding. Fittingly,
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some ligands displayed signals in slow exchange between the free and bound
states (Fig 51-A). These signals are expected to arise from nuclei whose
chemical environment is significantly different between the free and bound
states, and the exchange rate between these two states is smaller than their
resonance frequency difference. (Ke/Am < 1). Even if all the antigens are
expected to bind with a similar affinity, only group A antigens displayed
chemical exchange cross-peaks. H4, H5 and H6 of the central f-Gal showed the
highest chemical shift difference between the free and bound states. Indeed,
these protons are highly up field shifted in the bound state, correlating with the
expected CH-= stacking with the tryptophan residue conserved among galectins
at the binding site®°®°, The profile of the chemical shift difference between
the free and bound states for these protons is nearly identical for all ligands,
suggesting that the orientation of the BGal residue with respect to the Trp
residue at the binding site is very similar for these ligands. Interestingly,
differences are found at specific protons of the monosaccharide at the reducing-
end, which displayed slow exchange signals depending on the antigen type (Fig
51-B). Whereas type-2 and -4 antigens (the weaker ligands, see below) did not
present any chemical exchange crosspeaks for the reducing-end residue
protons, the proton H4 (of the reducing GIcNAc) of A type-1 and the protons
H3 and H5 (of the reducing Glc) of A type-6 were in slow exchange, revealing
that binding differences caused by the antigen type only affect the reducing end
residue, whereas the rest of the ligand remains identical.
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Figure 51. 'H-NMR-based ligand chemical exchange (EXSY) analysis from trROESY
experiments A) trROESY spectrum of the complex Gal-4C/A type-6 (1:10 ratio). The cross-
peaks in black correspond to those arising from regular NOE effects in the rotating frame,
whereas those in orange result from chemical exchange. (B) Plot for the measured differences
in chemical shifts between the free and bound states (AS(*H)free-bound) for the protons of the
antigens that suffer slow exchange in the ROESY spectrum in the presence of the lectin.

3.1.3.13 'H->N based HSQC titrations of *N labelled Gal-4C.

Titration of °N labelled Gal-4C with the different blood group antigens
(Scheme 1) allowed detecting the perturbation that the presence of the ligand
produced on the lectin, in addition to the estimation of the dissociation constants
(Table 5). In order to achieve this analysis, the NH backbone NMR
assignment was required, for which triple resonance 3D NMR experiments
were required. The assignment protocol allowed assigning 86% of the NH
backbone resonances (Fig 52). In addition to the aforementioned eight tetra and
pentasaccharides, titrations were also performed with the H antigen (devoid of
the aGal/GalNAc residue), a linear trisaccharide lacking the a1-2 linked fucose
(Galili type 6), and lactose. This analysis allowed pinpointing the impact of

each monosaccharide residue in the binding events.
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Figure 52. *H-®*N HSQC of Gal-4C. The identity of the assigned peaks it noted next to each
peak.

Titration with lactose revealed that the main residues affected by the presence
of the ligand were located at strands S4 and S5, although other regions were
also affected in a minor way. The spectrum of Gal-4C saturated with H type 6
is identical to that saturated with lactose (SlI), suggesting that the fucose residue
is far from the protein surface, in agreement with the STD NMR data. On the
other hand, the presence of a galactose a1-3 linked to the Galp residue (Galili
type 6) produced numerous new perturbations on the lectin, suggesting the
proximity of this residue to the lectin surface. These perturbations are mainly

in the strand S3, although residues at strands S4 and S5 also present differences

(Sl).

Comparison of the CSP for group A versus B antigens revealed significant
differences in several residues (Fig 53-A). These amino acids are essentially
located at strands S2 and S3, namely K219, S220, F221, A222 and Q313, in
addition to the side chain of W256 (Fig 53 - B and C, and SI). These differences
are conserved for every antigen type, again confirming that the same blood

groups adopt the same binding modes regardless the core antigen presentation.
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The titrations also revealed that the A group antigens have a two-fold better
affinity for Gal-4C than the group B analogues, what could be related to
additional interactions established by the N-Acetyl group, the only structural
difference between A and B antigens. Blanchard and coworkers®® have
predicted, by MD simulations, the interaction between the side chain of S220
and this N-Acetyl group. However, in their model, the N-Acetyl group has a cis
conformation. The presence of this energetically unfavourable conformation
would provide a strong NOE signal between H2GalNAc and the methyl group,
which is not present in our NMR spectra, thus discarding the existence of a
major population of this conformation and therefore, the corresponding
interaction. The different behaviour of the crosspeak corresponding to the side
chain N¢H of W256 is noteworthy, since for titrations with the group A antigens,
this 'H peak shifts downfield 0.2 ppm more than in the presence of the B
antigens (Fig 53-A). It is well known that proton downfield shifts are due to a
loss of electron density around this nucleus (deshielding) that can take place,
among other situations, when the proton acts as hydrogen bonding donor, which
could be the case here. All these data suggest that the N-Acetyl group of the
non-reducing end of group A antigens is oriented towards strands S2 and S3,
providing intermolecular interactions with protein moieties at this site, but also
with the distal W256. This fact is markedly different to the interaction with the

B-antigens, which lack this moiety.
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Figure 53. A) Superimposition of the *H->N HSQC spectra of apo Gal-4C (black) and Gal-4C
saturated with A type-6 (blue) and B type-6 (red). The peaks with strongest differences are
underlined B) Molecular model for the complex of Gal-4C with A type-6. The lectin is colored
according to the intensity of the CSP between Gal-4C saturated with A type-6 and B type-6. C)
Difference of the Chemical Shift Perturbation of Gal-4C in the presence of A type-6 or B type-
6.

The distinct types of antigens (Type -1, -2, -4 and -6) also yielded differences
in CSP plots for Gal-4C (SI). For types -1, -2 and -6, the CSP were very similar,
with the main differences located at strand S5, while the type-4 antigens
displayed significant CSP differences, especially at strands S4 and S5. This
disparity of the type-4 antigens, which are consistently the worse binders (see

below) for this domain, was also observed for the N-terminal CRD of Gal-4'8,

In addition to the CSP plots, the *H-°N based HSQC titrations of Gal-4C
allowed the estimation of the corresponding dissociation constants (Table 5)*%8.
Whereas the affinity for lactose (the minimum binding epitope) is in the
millimolar range (Ko ca. 2 mM), the tetra and pentasaccharides where in the
low-medium micromolar range. The analysis performed with the eight antigens
yielded clear and consistent trends. The A-antigens always presented a 2 to 3
times affinity enhancement in comparison with their respective B-antigen type.
Regarding the peripheral core, the type-6 was the best binder, but very similar
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to the type-1. Then, the type-2 antigen is around two-fold worse binder than
type -1 and -6. Finally, the type-4 antigens displayed slightly less affinity than
the type-2 analogues.

Table 5. Dissociation constants (Kp) obtained for Gal-4C with the different blood group
antigens by HSQC based titrations.

Ko [uM] | Type-1 | Type-2 | Type-4 | Type-6
Group A 86 170 185 63
Group B 190 300 458 170

3.1.3.2 3D Models of the antigens in complex with Gal-4C

Molecular Dynamics Simulations were carried out for Gal-4C (PDB: 4MYO0) in
bound to the eight blood group antigens. The Chemical Shift Perturbation
analysis described above has revealed that the main difference in the interaction
between group A and B antigens with Gal-4C takes place at strands S2 and S3,
as well as at the side chain of W256 (Fig 53). Located at S2, there is a glutamine,
Q313, for which MD simulations predict an hydrogen bond with the carbonyl
group at the N-Acetyl group of the terminal aGalNAc and with the OH-2 group
at terminal aGal residues, which is much more persistent for group A antigens
with respect to B-antigens (54% vs 9%) (Fig 54). During the simulations, the
methyl group of the N-Acetyl moiety of the terminal aGalNAc residue is very
close to S220, F221 and A222 in strand S3, residues that showed significant
different behaviors in the 'H,N-HSQC titrations with A and B antigens.
Additionally, the hydrogen bond between the hydroxymethyl group of the
terminal GalNAc/Gal residue and the side chain of W256 appears to be more
persistent along the simulation for blood group A than for B-antigen (80% vs
32%). This fits with the observed stronger downfield shift of the W256 side

chain in the presence of group A antigens. Thus, the 3D models from MD
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simulations for the complexes between Gal-4C domain with the different

antigens are in full agreement with the experimental NMR data.

A) Group A type 6 B) Group B type 6
GalNAcal-3Gal Galal-3Gal

Figure 54. Models of Gal-4C in complex with A type-6 (A) and B type-6 (B). Key Q313, H236
and W256 are depicted with sticks. The feasible hydrogen bonds for A type-6 with Q313 and
W256 are depicted with yellow lines. For B type-6 the interactions are depicted with red lines.

STD-NMR experiments showed that the aromatic irradiation is more effective
than the aliphatic one (Fig 49). The models from MD simulations are in
agreement with the observations , since the protons of aGal and BGal residues
that are closer to W256 suffer an enormous increase of STD at aromatic
irradiation. Fittingly, the N-Acetyl group of aGalNAc, which is the only proton
that does not have a remarkable decrease of the absolute STD with aliphatic

irradiation, is very close to the aliphatic A222, according to the MD predictions.

With respect to the situation at the reducing-end, MD simulations predict that,
for the B1-3 linked antigens (types -1 and -4), the methyl groups at the reducing-
end residue are pointing towards the aromatic W256, whereas in type-2 antigens
itis close to K261 (Fig 55). These orientations fit with the increased STD effect
observed at type -1 and -4 antigens upon aromatic irradiation.
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Figure 55. Molecular models for the complexes of Gal-4C and group A type -1, -2, -4, and -6
antigens according to MD simulations. Key residues are depicted as sticks and labelled.

Regarding the different affinities for the core-disaccharides, the C-terminal
CRD of Galectin-4 showed a preference for type-6 antigens, a preference
present also in the N-terminal CRD. MD simulations show that for f1-4 linked
antigens (types -2 and -6), positions 2 and 3 of the reducing-end residue
(GIcNAc or Glc respectively) are pointing towards the lectin (Fig 55 - B and
D). For type-6, both positions (OH-2 and OH-3) display hydrogen-bonding
interactions with E259, while for type-2, the N-Acetyl group at position 2 does
not interact with this residue, losing a hydrogen bond. At the same time, the
presence of this NHAc group weakens the H-bond involving OH-3.

For B1-3 linked antigens (type -1 and -4), positions 4 and 6 of the reducing-end
residue (GIcNAc or GalNAc respectively) are pointing towards the lectin (Fig
55- A and D). In the case of type-1 antigens, the OH-4 has a similar orientation
to that of the OH-3 in the B1-4 linked antigens, resulting in similar interactions
with the lectin. Additionally, the hydroxyl group at position 6 is also able to
interact with K261 through hydrogen bonding interactions. For the type-4
antigens, the interaction of OH-6 with K261 side chains is also present;
however, the axial disposition of the hydroxyl group at position 4 of the
reducing-end GalNAc residue precludes any interaction between this hydroxyl
group and the lectin, resulting in a lower affinity in comparison to the other
antigens. These predicted interactions are in perfect agreement with the affinity
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trends observed experimentally, where type-1 and type-6 antigens bind Gal-4C
with similar affinities, stronger than the type-2 antigens, while type-4 are the
worse binders. Overall, the affinity trends observed for Gal-4C are similar to

those for Gal-4N, although with some minor differences.
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3.1.3.3 Conclusions

Galectin-4 displays two different carbohydrate recognition domains (CRD) that
bind to the same type of glycan antigens although with different affinities. In
this chapter, the binding preferences of the C-terminal carbohydrate binding
domain for the distinct blood group antigens with different core presentation
have been addressed (Fig 56).

The STD and trROESY NMR experiments have provided information on the
binding epitopes and binding modes for the different glycan antigens. STD
NMR revealed similar epitopes for all the ligands, mainly involving the central
BGal and terminal aGal/GalNAc residues, with no participation of the Fuc
residue. The ROESY spectra, through chemical exchange crosspeaks,
confirmed the consistent key stacking interaction of the central BGal residue
with the conserved Trp moiety at the lectin binding site for all the complexes,

and anticipated important different binding modes for the diverse core types.

The *H-N HSQC based titrations revealed clear and consistent tendencies in
binding affinities, showing that Gal-4C has a preference for the blood group A
antigens. Indeed, important differences were found in the lectin’s HSQC spectra
for the interactions with the A, B, and H-type antigens. These divergences
affected residues at S3 and S4 strands, demonstrating that the terminal aGal and

aGalNAc interact differently with protein residues at that protein site.

The observed trends in affinity can be rationalised by the small differences
predicted by MD simulations among the different complexes. The A vs B
preference could be related to an additional hydrogen bond between the N-
Acetyl group of the non-reducing end of group A antigens and the glutamine
located at the strand S2 (Q313). Regarding the peripheral core, type-6 antigens
were the best binders, although type-1 antigens showed a similar affinity,
followed by type-2 and finally type-4 antigens, the worst binders. The lack of
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hydrogen bond between E259 and OH-2 in type-2 with respect to type-6
antigens, could explain the worse affinity for the former. The axial disposition
of the hydroxyl group at position 4 in type-4 antigens precludes its interaction
with E259, which is present in the complexes with all the antigen types except

for this one, causing a decrease in terms of affinity.

Relative Affinity for Gal-4C

40

Relative alfinity
- —_ [ [ 43 o]
- wn - i - N

W

ﬁﬂﬂﬂﬂﬂﬂ HH

Lactose Galil B6 Htype6 Btvpel Btipe2 Btvped Btype6 Atvpel Atvpe2 Atvped Atypeb

Figure 56. Relative binding affinities of different ligands for Gal-4C compared to lactose (Kp
= 2.0 mM) as determined by *H-*N-HSQC based titrations.

96



3.1.4 Full-length Galectin-4

Galectin-4 contains two carbohydrate recognition domains (CRD) that
recognize blood group antigens. In order to understand the recognition
processes of this lectin, and whether there is any sort of communication between
both domains, the interaction between the blood group A type-6 antigen and
Galectin-4FL has been analysed. As described above, the separate domains
exhibited affinities in the low uM range for this ligand, with the C-terminal

CRD having a slightly better affinity in comparison with the N-terminal CRD.

3.1.4.1 Nuclear Magnetic Resonance

31411 IH-N HSQC based titrations

Gal-4FL displayed a crowded tH-®N-HSQC spectrum with many overlapped
peaks. However, the careful analysis eas allowed the identification of several
peaks of the separate domains (Fig 57). Interestingly, whereas for the N-domain
most identified peaks remain unaffected with respect to the isolated Gal-4N
protein, other peaks presented chemical shift differences. These peaks
correspond mainly to amino acids located at the F1 to F3 strands, at the opposite
face to the binding site, while the signals of residues at the binding site remained
identical, suggesting that the binding site remains unaltered. For the C-terminal
domain, many more peaks appear perturbed with respect to the isolated Gal-4C
domain, in comparison with Gal-4N. However, the binding site remains
unperturbed, while the significant changes correspond to residues on the F face
(Fig 58, SI).
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Figure 57. 'H-15N HSQC of Gal-4FL. The identity of the assigned peaks it noted next to each
peak.

N-terminal domain of Galectin-4

\ F Face

Figure 2.58. Top: Crystal structure of Gal-4N (PDB: 5DUV). Bottom: Crystal structure of Gal-
4C (PDB: 4YMO). The protein is colored according to the intensity of the CSP between Gal-
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4N/Gal-4C and Gal-4FL. Red: over than the standard deviation of CSP. Green: less than the
standard deviation of CSP. The key tryptophan of the binding site is depicted with sticks. The
name of each strand is annotated.

Titrations with the blood group antigen A type-6 showed that both domains
compete for the binding to the same ligand. Additionally, the chemical shift
perturbation observed for Gal-4FL and the separate domains is identical,
suggesting that Gal-4N and Gal-4C recognize glycans in the same way as in
Gal-4FL (SI). The fact that both domains compete for the ligand in the same
range of affinity, hinders the quantitative estimation of reliable dissociation

constants for the isolated domains within the full-length form.

In order to decipher whether the structure of the full-length Gal-4 has an impact
on the binding, two mutants of Gal-4FL were produced. In these mutants, one
residue at the binding site of one of the domains was mutated so that it is not
able to recognize the glycan, and only the other domain contributes to the
binding. In these constructs (Gal-4FL-H63R and Gal-4FL-H236R), the key
histidine of the binding site is replaced by an arginine. These mutations were
designed based on galectin-13*"3, for which this mutation has been reported to
inhibit binding to B-galactosides while preserving the jelly roll structure of

galectins.

Comparison of the *H,">N-HSQC of Gal-4FL-H63R and Gal-4FL-H236R with
the wild type Gal-4FL revealed that there are little differences between the
lectins, with these differences only affecting the mutated CRD, specifically to
residues close to the mutation site, suggesting that the overall structure of the
protein remains the same (SI). This fact was supported by circular dichroism
(CD) experiments, which yielded identical CD spectra for the wild type and
mutants of Gal-4FL (Fig 59), suggesting that the secondary structure between

proteins remains is fully conserved.
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Figure 59.
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Circular Dichroism spectra of Gal-4FL, Gal-4FL-H236R, and Gal-4FL-H63R.

Titration of the mutants with the A type-6 antigen showed that when the
histidine of the binding site (His63 in the N-terminal CRD and His236 in the
C-terminal one) was replaced by an arginine, the binding to the glycan is

completely abolished, as the peaks of the CRD carrying the mutation remained

unaffected in the presence of the ligand (Fig. 60).
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Figure 60. Region of the *H-*N HSQC spectra for the titrations of Gal-4FL and the mutants
Gal-4FL-H63R and Gal-4FL-H236R with the A type-6 tetrasaccharide. In black, the apo form,
an in red, green, and blue, upon increasing additions of the ligand. The names of the residues

100



located at the N-terminal CRD are written in black and the ones located at the C-terminal CRD
in red. The legend on right-top of the *H-1>N HSQC specifies the number of ligand equivalents.

The chemical shift perturbations (CSP) of the residues at the N terminal domain
for the interaction of the proteins Gal-4FL, Gal-4FL-H236R and Gal-4N with
the A type-6 antigen were identical (Fig 61). The same holds for the C-terminal
domain, for which residues affected by ligand binding were the same for the
three different proteins Gal-4FL, Gal-4FL-H63R and Gal-4C (Fig 62).
Additionally, the titrations with the mutants enabled obtaining the dissociation
constants and the comparison with those described above for the free domains.
Gal-4FL-H63R vyielded a Kp of 50 pM, close to that measured for the free
domain (Gal-4C), 57 uM. The other mutant, Gal-4FL-H236R vyielded a Kp of
153 uM, whereas that for Gal-4N was 154 pM.

025

B Gal-4TL-1163R.
020 Gal-4FT,

m Gal-4NT

015

0.10

0.03

Chemical Shift Perturbation (CSP)

0.00

187Thr

A
Amino acid

Figure 61. In red, the CSP of Gal-4FL-H236R in the presence of A type -6 (100 uM lectin, 1.5
mM ligand). Only residues of the N-terminal domain are shown. In green, the CSP of Gal-4FL
in the presence of A type-6 (200 puM lectin, 2 mM ligand). Only residues of the N-terminal
domain are shown. In blue, the CSP of Gal-4N in the presence of A type 6 (50 uM lectin, 0.6
mM ligand).
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Figure 62. In red, the CSP of Gal-4FL-H63R in the presence of A type 6 (100 uM lectin, 0.8
mM ligand). Only residues of the C-terminal domain are shown. In green, the CSP of Gal-4FL
in the presence of A type 6 (200 uM lectin, 2 mM ligand). Only residues of the C-terminal
domain are shown In blue, the CSP of Gal-4C in the presence of A type 6 (150 uM lectin, 0.6
mM lectin).

2.14.1.2. H-STD-NMR

The analysis followed the protocol described above for the separate domains.
Thus, the recognition of A type-6 by Gal-4 was also analysed from the point of
view of the ligand. 'H-STD-NMR experiments were performed with a 1:50
protein:ligand ratio at 298 K with Gal-4N, Gal-4FL-H236R, Gal-4C and Gal-
4FL-H63R. For Gal-4FL, with two binding sites, the protein:ligand ratio was
1:100, in order to keep the ratio protein-binding-sites:ligand. For all the lectins,
H1, H2 and Me of the aGalNAc residue, and H4, HS and H6 of BGal showed
the most intense STD signals (Figure 63, Table 6). The STD profiles were very

similar, with subtle differences among the variants.
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Figure 63. 'H-STD-NMR spectra for the interaction of the different forms of Gal-4 with A
type-6 tetrasaccharide. On top in black, reference spectrum. Below: in blue with Gal-4FL, in
red with Gal-4N domain, in orange with Gal-4FL-H236R, in green with Gal-4C domain, and
in cyan with Gal-4FL-H63R.

Gal-4N and Gal-4FL-H236R displayed identical STD profiles (Table 6),
although the STD intensity was higher (3-4 times) for Gal-4FL-H236R, which
can be explained by the large molecular weight of the protein. For Gal-4C, the
STD profile and intensities were similar to that for Gal-4FL-H63R, with only a
little difference in the N-Acetyl moiety. These spectra show that the binding

epitope of the mutants is the same as in the separate domains.

Table 6. Relative STD effect (%) observed for the complexes of A type-6 with Gal-4N, Gal-
4FL-H236R, Gal-4C. Gal-4FL-H63R and Gal-4FL.

Rg'?g"e Gal-4N Gj'z'ggé" Gal-4C GﬂégFR"' Gal-4FL
H1Fuc 8% 12% 0% 43%* 8%
MeFuc 13% 11% 0% 0% 9%

H1GalNAC 85% 71% 100% 100% 83%

H2GalNAc 45% 42% 55% 57% 50%

NHACGaINAC 100% 100% 31% 68% 100%
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HI1Galp 25% 25% 0% 0% 24%
H4Galp 39% 40% 49% 53% 47%
H5Galp 36% 46% 57% 60% 53%
H1Glc 18% 22% 0% 0% 15%

2.1.4.2.  Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry experiments were performed for the
interaction of the antigen with Gal-4FL as well as with the mutants and the
separate domains. The analysis of the ITC data showed that Gal-4FL has more
than one binding site. Indeed, the best-fit N value (number of bindings sites)
was ca. 2, with a Kp of 71 pM. Because the affinities of the two sites are very
similar, the available fitting procedures are not able to provide a reliable good
fitting for a two-sites model. For the isolated N- and C-domains, the obtained

Kb were 98 and 26 UM respectively.

The ITC analysis was also performed for the Gal-4FL mutants. Very
interestingly, these mutants displayed basically identical thermodynamic
parameters to those observed for the single domains (Table 7). This
experimental evidence demonstrates that the domains act independently and
that the conclusions obtained for the single domains can be completely
extrapolated to the full-length Galectin-4. These results are in full agreement

with the results obtained by NMR.

Table 7. Thermodynamic parameters obtained upon titration of the different Gal-4 mutants
with A type 6.

NMR ITC
Ko (UM) | Kp (M)  AH (kcal/mol)  -TAS(kcal/mol)
Gal-4FL 71 -7.1 15
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Gal-4NT 154 98 -8.9 3.4
Gal-4FL-H236R 153" 93 -8.3 2.8
Gal-4CT 57 26 -8.3 2.0
Gal-4FL-H63R 50" 35 -7.9 1.8

“ko’s were measured at 35°C
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2.1.4.3. Conclusions

Gal-4 is a tandem repeat protein. Thus, the behaviour of the full-length protein
has been further analysed by different strategies and compared to the behavior
of the separate domains described above. The *H->N HSQC NMR spectrum of
Gal-4FL showed that some residues have a different chemical shift in
comparison with the separate domains, probably due to contacts between the
two domains, or simply the effect of the presence of the linker unit. The analysis
showed that the peaks of the C-terminal domain showed more differences than
those of the N-terminal domain respect to the isolated moieties. Nevertheless,
the observed shifts are mainly located at the opposite face to the binding site.
The residues at the binding site show the same chemical shift both in the full-
length and in the separate domains, strongly suggesting that the binding sites

are unaffected.

Titration of the Gal-4FL with the group A type-6 antigen showed that both N-
and C-terminal domains interact with this tetrasaccharide antigen, and the
chemical shifts perturbations are very similar to those measured for the isolated
domains. The mutations of the histidine moieties at the binding sites enabled
obtaining two full-length lectins with the same structure of Gal-4FL, but with
only one active binding site. STD NMR and *H-N HSQC based titrations and
ITC measurements showed that the mutants bind like the separate domains.
This means that the conclusions described above for the separate domains
(chapters 3.1.2 and 3.1.3) can be extrapolated to full-length Gal-4 (Fig 64).
Basically, both domains compete for the same ligands although with different

preferences, and despite being part of the same protein, they act independently.

106



)
E*_.f 25
-
o] A type-4
£g ° |
[~ A type-1
A [ ]
L5
1 ® Atype-6
~
5] ® Atype2
“
s 03
=l
=) B type-4 B type-1
s 0 @ T >
< ° ® Galili 10 »
. . i
2 s Lactose 1 qype. 6 ® Preference
2 B type-2 for Gal-4FL
“ 1
B B type-6
L 2
»Z
o~
=T
t= 22
&0
£ =
& & 25

Relative affinity for Gal-4FL

Figure 64. Summary of the binding preferences of Gal-4FL and the single domains for the
different ligands tested by *H->N-HSQC based titrations.
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3.2 Towards understanding Galectin-4 interactions: the
recognition of LPS and CD14

3.2.1. Introduction

Bacterial infections are one of the main health problems worldwide due to its
high mortality rate and their increased resistance to antibiotic treatment*8°, For
both host-pathogen interactions and bacterial resistance to antibiotics, the
nature of the cell envelope of the bacteria plays a key role®. Diverse layers
compose the cell envelope of bacteria, which helps them to protect from hostile
environments'®’. The main key element of the outer membrane of Gram-
negative bacteria are the lipopolysaccharides (LPS), which are large glycolipids
composed of three different parts (Fig 65): the lipid A, usually dubbed as

endotoxin, the core oligosaccharide, and the O antigen*8818,

o O-antigen

. Core
Oligosaccharide

- LipidA

Figure 65. General Scheme of the chemical structure of the LPS from E. Coli K12,
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Among the many bacterial components that stimulate the innate immune
system, LPS are one of the strongest immunostimulating compounds, since its
presence, even at picomolar levels, generates an immune response®®%, The
most relevant receptors that recognize LPS are the Toll-Like Receptors 2 and 4
(TLR2 and TLR4), whose LPS recognition activates the innate immune
response!®1%2 These receptors are expressed both in innate immune cells, as
dendritic cells and macrophages, and in non-immune cells. It should be noted
that, while TLR2 only recognizes LPS from non-enterobacteria, TLR4 is able
to recognize LPS from all Gram-negative bacteria'®*'%. For its activity, TLR4
has two co-receptors, MD-2 and CD141%2195:1% The [atter is a glycoprotein that
is found both as a GPI-anchored protein and in a soluble form. Binding of CD14
to the endotoxin followed by the consequent shuttling of LPS to the TLR4/MD-
2 complex greatly enhances the immune response (Fig 66) through activating

different signalling pathways*®’.
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Figure 66. Model of the cellular response to bacteria LPS mediated by CD14,
Lipopolysaccharide Binding Protein (LBP), TLR4, and MD-2. Taken from ¥

In this context of bacterial infections, it has been proposed that not only TLRs,
but also galectins play a defensive role, since some of them have shown
bactericidal activity®®91%, It is well documented that various bacteria contain
blood group antigen-like carbohydrates in their O-antigens, which aim to
deceive and evade the human immune system®. Whereas our immune system
has specific antibodies against those blood group antigens that do not belong to
our own blood group, it lacks of specific defence for pathogens that mimic our
own ones. Multiple studies have shown that some galectins are able of
recognizing blood group antigens®3°65859.184 = Additionally, some of them,
specifically galectins 4, 8, and 9, which belong to the tandem-repeat galectin
family, exhibit bactericidal activities towards bacteria that mimic these
antigens®>*3, Intriguingly, prototype galectin-1 and chimeric galectin-3, which
are also capable of binding blood group antigens, do not display any activity

against these bacteria®®°8%,
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Very interestingly, Hong et al. showed that one of the galectins with bactericidal
activity, human galectin-4, directly interacts with the main co-receptor of
bacterial LPS, CD14, although not with TLR2 or TLR4%. This interaction is
able to modulate the morphology and induce functional changes of CD14"
monocytes. In the presence of Gal-4, CD14" monocytes differentiate into
macrophage-like cells. Additionally, the presence of Gal-4 alters the expression
levels of cytokines and TLRs, generating a similar effect on cells to that of LPS.
Although the impact of this interaction in the immune response to bacterial
infection is yet to be ascertained, it has already been detected that Gal-4 has a
relevant role in the immune response against bacteria in other species other than

humans!%-19°

The interaction of Gal-4 with CD14 is likely based on the recognition of the N-
glycans of CD14 by the lectin, since the presence of lactose decreased the effect
of Gal-4 on CD14" monocytes®. This fact taunts the glycosylation of CD14 as
an interesting target. There are four potential N-glycosylation sites in human
CD14 according to the N-glycosylation consensus sequence: Asn37, Asnl51,
Asn282, and Asn323. Meng et al. have studied the impact of the glycosylations
by inserting point mutations in every feasible N-glycosylation site?®. In order
to determine whether a potential site was glycosylated, the shape of the bands
of CD14 mutants in the supernatants of insect cells transfected with CD14 was
compared with the WT CD14 by Western blot experiments. Their analysis
shows that mutations at positions Asn151 (N151) and Asn282 (N282) results in
decreased height of the bands in the Western Blot, a sign of reduction of
hetereogeneity?®. This data suggests that these positions are glycosylated since
N-glycans are usually very heterogeneous. Moreover, the same authors studied
the impact of the N-glycosylations on the stability and function of CD14,
showing that N282 enhances protein stability, while N151 is relevant for the
secretion of the protein and its interaction with LPS. The evidence that those

two positions are glycosylated is supported by the analysis of the X-ray
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structure of mouse CD14 (PDB 1WW.L), which contains the four potential
glycosylation sites and only those two are glycosylated?®t. There is also a X-ray
structure of human CD14, which has a very similar structure to mouse CD142%,
In order to crystallize CD14, Kelley et al. treated the protein with PNGase F, a
glycosidase that cleaves every type of N-Glycan®®. In the X-ray structure, no
glycans arewere observed, however, the resolution of the crystal structure was
not optimal (4.0 A), while the SDS-PAGE of the protein showed a wide band,
typical for glycoproteins. Thus, the presence of glycans cannot be discarded.
Additionally, through mass spectroscopy studies, CD14 has been detected in
human serum, with sites N151 and N282 found to be glycosylated?%,

However, the role of N-glycans for the biological function of CD14 remains
unclear regarding the immune response. Whereas Meng et al. claimed that the
N-glycan at N151 is critical for the response to LPS, it has been reported that a
shorter fragment of CD14 (amino acids 1-152), without N-glycans, is also able
to recognize LPS?%. Additionally, CD14 can also promote macrophage
activation mediated by TLR2, for which CD14 glycans could be relevant. For
instance ArtinM, a tetrameric lectin from Artocarpus integer, interacts with
both CD14 and TLR2 by recognizing their N-glycans and subsequently
activating macrophages®®. These events induce an inflammatory profile in
macrophages, which could be the result of a bridging between CD14 and TLR2.
Therefore, the detailed analysis of the nature and interactions of the CD14 N-
glycans could help understanding how CD14 exerts some of its functions. For
instance, it has been shown that core fucosylation on CD14 is vital for the
CD14-dependent TLR2 and TLR4 signalling response in macrophages?°"-2%8,
Moreover, diverse TLR agonists have been designed to enhance immune
responses and, since CD14 mediates interactions with various TLRs,

deciphering its glycoprofile could be key for developing new therapeutics?®-
213
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Thus, galectin-4 and CD14 are able to interact with bacterial LPS and these
interactions generate an immune response. Therefore, the study of the structural
features that drive these molecular recognition events is of major interest. Our
previous findings have allowed us determining how gal-4 recognizes the

chemical structures present in blood group antigens*®*

. Many LPS present long
oligosaccharides mimicking these structures in their O-antigen. Therefore, it is
highly likely that Gal-4 bind them in a similar way. However, the impact of the
multivalent presentation of LPS in the binding event is yet to be ascertained.
Herein, we have focused on revealing the specific details of the binding events
among the three partners: First, the interaction of Gal-4 to the LPS from E. Coli
055 by using NMR methods. Additionally, we have also defined the CD14
glycoprofile using NMR and mass spectrometry, the structural and
conformational relevance of these glycans, and deciphered the essential
structural motifs that participate in its binding to Gal-4. Finally, we have also

unravelled key features of the encounter between LPS and CD14.

3.2.2. The glycoprofile of CD14 as deduced by NMR

CD14 is a glycoprotein with four potential N-glycosylation sites and one O-
glycosylation site (Fig 67-A). Based on the work of Kelly et al,?°> CD14 (aa 19-
335) was expressed, fused to the Fc of 1gG1, including a TEV site between
CD14 and the Fc and a His-tag at the C-termini (Fig 67-B). Although this
construct yielded high expression levels of the protein (over 70 mg/L of
culture), the yield of the cleavage of the Fc was very low, needing over 2 weeks
of incubation with TEV protease at room temperature to yield of 2 mg/L of
culture of cleaved CD14. As a result, a spacer was introduced between the
CD14 and the cleavage site, which was substituted by a thrombin site (Fig 67-
C). The final yield with this construct was 27.5 mg/L of culture of cleaved
CD14 after overnight incubation at room temperature with thrombin.
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Figure 67. Sequence of human CD14 and the main constructs employed in this Thesis.

The glycoprofile of CD14 produced in HEK293F cells was determined using
the NMR-based approach recently established in our lab?4-?'® The addition of
13C labelled glucose (Glc) to the media allowed the *3C labelling of the glycans
covalently attached to CD14. In order to identify those glycans, 3D H',CH
NOESY-HSQC, H'CH TOCSY-HSQC, and [*C,BC]JTOCSY-HSQC
experiments were performed. The combination of these experiments allowed
decoding the spin-systems for each monosaccharide residue, as well as the
connectivity between them. As a result, the different glycoforms present in the

intact CD14 were unambiguously revealed (Fig 68).
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Figure 68. A) Anomeric region of the *H-*C-HSQC of CD14. B) Different planes from the 3D
[1C,3C]TOCSY-HSQC of CD14.

The analysis of the data showed the presence of multiple mannose (Man)
residues, both in high-Man and complex type N-glycans (Fig 69). Indeed, NMR
signals for Mang and Mans (high-Man), as well as for the Mans core (complex
type) were observable in the anomeric region of the *H-3C-HSQC spectrum.
The Mans core detected had always attached p1,2- linked GICNAc residues.
These GIcNAc residues presented [1,4-linked galactose (Gal) units,
conforming the LacNAc epitope. This epitope was also present with three
different substitutions, although the unsubstituted terminal LacNAc was the
most abundant glycoform. a2,3- and a2,6- linked sialic acid moities were
present, in a similar proportion between them. Finally, a small signal arising
from LacNAc with an al,3- linked fucose (Fuc) to the GICNAc (Lewis X
epitope) was also detected. Interestingly, although it has been claimed that
CD14 expressed in HEK293T cells carries core Fuc®®, this epitope was not
detected by NMR.
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Figure 69. Anomeric region of the *H-*C HSQC NMR spectrum of glycosylated CD14. The
identification of each peak is done with a SNFG symbol representing the corresponding
monosaccharide and a letter/number relating it to a specific glycan epitope/structure. The
mannoses with a light green background correspond to the Mans core of complex glycans.

3.2.3. Site-specific determination of the glycans by MS

The glycosylation pattern of CD14 was also determined using mass
spectroscopy as described in the experimental section. Despite the usefulness
of NMR to determine the glycan types present in a protein, no information of
the site specificity of each glycan can be obtained. In contrast, MS has shown
to be very efficient to determine the whether a potential glycosylation site is
glycosylated, and can reveal the composition of those glycans (hexose,
deoxyhexose, N-Acetylhexosamine, and sialic acids)?!’. On the other hand, MS

does not provide information of the type of linkage and branching of the sugar.

In this case, treatment of the samples with different enzymes was carried out to
obtain different peptide fragments of CD14. The use of trypsin allowed
identifying peptides containing the glycosylation at N151, whereas Glu-C
protease allowed identifying the peptides containing the N282 glycosylation.
Additionally, both enzymes also allowed identifying the glycans of the fused

116



Fc fragment of the IgGl employed for purification purposes, yielding

information in full agreement with the reported values for this glycoprotein?®,

For the non-exposed N282 site, only Mang (76.5%) and Mans (23.5%) glycans
were detected. For the exposed N151 site, a large microheterogeneity was
detected (Table 8). The major glycoform was Mans (26.8%). Nevertheless,
multiple glycans containing LacNAc epitopes were also detected, along with
mono sialylated glycans. Fucosylated glycan are also present, although in small
quantities. Overall, complex type N-glycans are the most abundant N-glycans

types in this site. Globally, these data are in agreement with the NMR results.

Table 2.8. Percentage of occupation of each glycoform at the position N151 of CD14
determined by mass spectroscopy. Glycoforms with less than 3% of occupancy are not shown.

Glycoform Occupation (%)

HexNAc(2)Hex(5) 26.8
HexNAc(4)Hex(5)Neu5Ac(1) 114
HexNAc(4)Hex(4)Neu5Ac(1) 8.7
HexNAc(4)Hex(3) 5.5
HexNAc(5)Hex(4) 55
HexNAc(5)Hex(3) 5.0
HexNAc(4)Hex(4) 4.2
HexNAc(4)Hex(5)Fuc(1)Neu5Ac(1) 3.0

3.2.4. Glycosidase treatment to determine glycosylation profiles.

In order to determine the specific glycosylation site for the Mang and Mans N-
glycans, the folded and *C-labelled CD14 was treated with endo-H, a
glycosidase able to cleave high-Man- and hybrid-type N-glycans®'®, but not
complex type N-glycans (Fig 70). Thus, H-'*C-HSQC NMR spectra of the
glycoprotein were recorded before and after treatment with endo-H (Fig 70-
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A,B). The obtained sample, containing CD14 and endo-H, was filtered using a
10 kDa cut-off filter to remove the cleaved glycans, and a new *H-3C-HSQC
spectrum of the obtained glycans was also acquired (Fig 71-C). Treatment of
CD14 with endo-H resulted in the specific cleavage of only the Mans glycans,
indicating that the Mang glycan at N282 is not accessible to the human
mannosidases. Therefore, the lack of accessibility of the site N282 conditions

the observed glycosylation pattern.
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&

PNGase F

PNGase F
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Figure 70. The three type of N-glycans and the cleavage point of glycosidases endo-H and
PNGase F.
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Figure 71. A) Anomeric region of the *H-3C-HSQC of CD14. B) Superimposition of the
anomeric region of the *H-*C-HSQC of CD14 before (blue) and after (black) treatment with
endo-H. C) Superimposition of the anomeric region of the 'H-*C-HSQC of CD14 (blue) and
of the glycans removed from CD14 by endo-H (black). Note that the spectral window is
different to show peak corresponding to the reducing-end residue (J*). The peaks corresponding
to signals that could be affected by cleavage of endo-H are annoted.
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3.2.5 Towards a 3D-model of glycosylated CD14

Using the X-ray crystallographic structure of CD14 deposited in the PDB (code
4GLP), models of glycosylated CD14 were built using the glycoprotein builder
module of GLYCAM?®, It is well known that the first step of the N-
glycosylation process involves the attachment of the tetradecasaccharide
GlcsMangGIcNAC; to the unfolded protein??. Later, the Glc residues of this
glycan are trimmed during protein folding, yielding the initial MansGIcNAC:,
which can then be further modified!®22°, Therefore, in the generated model, the
ManyGIcNAc2 N-glycan was first placed in both glycosylation sites, N151 and
N282. Then, MD simulations of this glycoprotein were carried out, which
showed that the N-glycan at position N151 is exposed to the solvent, whereas
that at N282 is buried into the concave side of the protein (Fig 72-A). Indeed,
the terminal Man residues of the a3 and central arms, which are the first residues
cleaved by human mannosidases upon protein maturation, display multiple
hydrogen bonds with Glu and Asp residues at the acidic patch located in this
side of the protein (Fig 72-B, Sl), and are not solvent accessible®. This fact
reinforces the idea that the lack of accessibility of the initial Mang glycoform in
the N282 glycosylation site to glycosidase enzymes could be the reason behind
the presence of the full Mang glycoform in CD14%4,
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Figure 72. A) Our model of CD14 containing Mang N-glycans. B) The model showing the
acidic residues depicted with sticks and colored in red.

As deduced by the mass spectrometry analysis, the major N-glycan type at
N151 belongds to the complex type. Therefore, we also performed MD
simulations of CD14 with Man9 at Asn 282 and with complex N-glycans at Asn
151. This simulations show that the LacNAc/3’SLacNAc epitopes are fully
exposed to the solvent (Fig 73).

Figure 73. Our model of CD14 containing Mang N-glycans at position N282 and a complex
type glycan at position N151.
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3.2.6 Impact of the N-glycosylation on the stability of the protein

The impact of each N-glycosylation site on CD14 was then evaluated by
generating two point mutations, which were inserted in two different constructs,
N151Q and N282Q. The yield of protein on the supernatants of HEK293F cells
transfected with CD14-Fc, CD14-Fc-N151Q, and CD14-Fc-N282Q was
quantified by Western Blot analysis, using an anti-Fc antibody (Fig 74).
Interestingly, the expression levels of the mutants showed drastic changes
compared to those previously reported®®. It has been reported that mutation at
N151 dramatically decreased the secretion level of CD14, suggesting that it is
employed as a secretion or sorting signal. However, the point mutation N151Q
showed just a subtle decrease in protein expression (ca. 18 %). Moreover, these

authors2°

also reported that mutation at N282 did not affect the secretion levels
of CD14. Nevertheless, our findings show that mutation at this site results in a

dramatic decrease (over 80%) in the secreted protein.

CD14-WT CDI14-N151Q CDI14-N282
I J I

1 [ ) ! 1

L L E T T E.
1 2 3 4 5 6 7 8 9

Figure 74. Western blot of HEK293F cells transfected with different proteins. Lines 1, 2, and
3 correspond to the cells transfected with CD14-Fc. Lines 4, 5, and 6 to CD14-FC-N151Q.
Lines 7, 8, and 9 to CD14-Fc-N282Q. The volume of supernatant of HEK293F cells loaded
was 20, 10 and 5 pL for each protein respectively.

The obtained proteins from the supernatants were purified through affinity and
gel filtration chromatography. Whereas the wild-type CD14 was mainly (97%)
well folded, the mutants did not show the same behaviour (Fig 75 & Table 9).

Intriguingly, despite not having a significant impact in the secretion level, the
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N151Q mutation largely affected to the protein stability, since ca. one third of
the protein was aggregated. This observation strongly suggests that the N151
N-glycan is key for the stability of the protein. In line of the observed decrease
in the levels of secreted protein, the CD14-Fc-N282Q variant did not show
proper folding and eluted completely aggregated, showing the key relevance of
this N-glycosylation for the stability of CD14.
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Figure 75. Profile of CD14 and its mutants in a Superdex 200 Increase 10/300 column. The

profile of CD14-Fc is in blue, the one of CD14-Fc-N151Q in orange and the one of CD14-Fc-
N282Q in green.

Table 2.9. Percentages of each of the folding states of CD14 and its mutants.

Percentage CD14-WT CD14-N151Q | CD14-N282Q
Aggregates (%) 3 32 95
Folded (%) 97 68 5

3.2.7 The interaction of CD14 with human Galectin-4
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In addition to its role for the protein stability and folding, the N-glycans of
CD14 could play a role in interaction events. Indeed, Hong et al. have reported
that the presence of lactose decreased the effect that Gal-4 generates in CD14*
monocytes, suggesting that the CD14/Gal-4 interaction is on cargo of the N-
glycans®. Thus, the CD14/Gal-4 molecular recognition event was studied by

NMR, both from the perspective of the CD14 glycans and of the galectin.

Blood group antigens are the preferred ligands for both domains of Gal-4%%184,
Although CD14 lacks these epitopes, it contains three [3-galactosides: LacNAc
(LN) and 3’- and 6’-sialyl-LacNAc (3’SLN and 6’SLN). Our previous findings
showed that Gal-4 binds LacNAc in the mM range'®, however, there is some
controversy regarding the binding of Gal-4 to sialylated epitopes®:?21-22%, Thus,
in order to identify the glycan epitopes on CD14 recognized by Gal-4, *H-13C-
HSQC experiments were carried out for the *3C-labeled glycans of CD14 in the
presence of Gal-4FL, Gal-4FL-H236R, and Gal-4FL-H63R and compared to
those obtained for the apo glycoprotein. The addition of Gal-4FL induced
chemical shift perturbations and intensity decrease for the HSQC cross peaks
belonging to LN and 3’SLN. These facts suggest that the binding of the lectin
to the glycoprotein is relatively weak (Fig 76-A). Gal-4FL-H236R, in which
only the N-domain is active for sugar binding, induced similar changes in the
glycoprotein, suggesting that the N-terminal domain binds both epitopes (Fig
76-B). However, Gal-4FL-H63R, in which only the C-terminal is active,
exclusively perturbed the signals of LN, and to a less extent compared to the
other galectin variants (Fig 76-C), indicating that 3’SLN is only recognized by
the N-terminal domain. Note that signals arising from 6’SLN are not affected
by the presence of any of the Gal-4 proteins. Since the epitopes affected by the
presence of Gal-4 are only at the N151 glycosylation site, the glycan-mediated
interaction between Gal-4 and CD14 takes place on the convex side of CD14.
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Figure 76. Zoom at specific regions of the 'H-3C HSQC spectra of the '3C labelled glycans of
CD14 in light blue. The corresponding spectra in the presence of Gal-4FL (left, 1:2.8
CD14:lectin ratio), Gal-FL-H236R (center, 1:1.6 CD14:lectin ratio), and Gal-4FL-H63R (right,
1:2 CD14:lectin ratio) are superimposed in black. The top panels show the anomeric region,
while the region of the H3 signals of sialic acids is displayed at the bottom panels.

The interaction was also observed from the point of view of the lectin. In
particular, *H-°"N-HSQC spectra of the *N labelled lectins (25 puM) were
recorded, both in the free state and in the presence of 200 uM of CD14 (Fig 77).
In this case, single domains of Gal-4 (Gal-4N and Gal-4C) were employed for
better spectral quality in separate experiments, as well as Gal-4FL. For both
Gal-4 isolated domains, a clear decrease of the signal intensities of many cross
peaks was observed, which were not only localized in the binding sites, but
throughout the entire protein (Fig 77). The average decrease in the signal
intensities was more pronounced for the N-terminal domain. In particular, the
Gal-4N spectrum lost an overall of 55% of the signal intensity, whereas for Gal-
4C, ca. 35% of the average intensity was lost upon addition of CD14. The

analysis of the same experiments carried out for full-length Gal-4 allowed
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deducing a larger overall decrease in intensity, although the differences between
the individual domains was smaller: ca. 63% decrease for the N-terminal CRD

and 53% for the C-terminal one.
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Figure 77. Key region in the *H-*>N HSQC spectra of 25 pM of the galectin variants in the apo
(black) form and in the presence of 200 uM of CD14 (red). From left to the right: Gal-4FL,
Gal-4N and Gal-4C.

3.2.8 The interaction of Galectin-4 with LPS

The interaction of Gal-4 with LPS was analysed using the full LPS of E. Coli
055, whose saccharide repeating unit is composed by colitose, Gal, GalNAc,
and GIcNAc (Fig 78), and thus mimics the blood group antigens'’2. Colitose (3-
deoxy-L-fucose??) is a dideoxyhexose found in Gram-negative bacteria. This
E. Coli O55 antigen is very similar to the H type 1 antigen (Fig 78). Indeed,
according to our previous findings (see above), the lack the O3 hydroxyl group

in colitose should not affect its recognition by Gal-418,
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Figure 78. Left top: the O-antigen of the LPS from E. Coli O55. Left bottom: the Blood Group
Antigen H type 1. Right: Model of Gal-4C bound to the E. Coli O55 O antigen. Fuc has been
employed instead of colitose. Each monosaccharide has been colored according to its SNFG
color (Fuc in red, GIcNAc in blue, and Gal/GalNAc in yellow).

The interaction between Gal-4 and LPSO55 was analysed by observing the CSP
in the HSQC spectra of the °N labelled lectin. The addition of LPS to the NMR
tube containing Gal-4FL (100 uM) induced precipitation of the lectin, resulting
in a marked decrease of the cross peak intensities (Fig 79-A). Intriguingly, the
intensity decrease (ca. 30%) was rather similar for every residue at both lectin
domains. Further experiments were carried out to analyse the impact of the
presence of the linker in the full-length construct. In particular, LPS was also
added to an NMR tube containing a mixture of Gal-4N and Gal-4C (100 uM
each), thus containing the same concentration of binding sites present in the
experiment with Gal-4FL described above. Intriguingly, in this case, no
precipitates appeared upon addition of the LPS. Additionally, a markedly
different intensity decrease was perceived between both domains (Fig 79-B), in
contrast to the observations for the full-length protein. Gal-4C lost an overall of
84% of the cross peak intensities, whereas Gal-4N only lost 46%, although
above the observed values for Gal-4FL. Fittingly, the difference in intensity loss
for the single domains matches with the relative affinity of each domain for the

H type-1 antigens,*®* since the C-terminal domain is expected to bind around
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two fold better to H type-1 compared to N-terminal domain. Indeed, we have
shown (see chapter 3.1) that the binding preferences of the single domains can
be extrapolated to FL Gal-4. However, since the single domains lack the ability
for cross-linking, the observed differences between Gal-4FL and the single

domains can be adscribed to the intrinsic heterodimeric nature of the full lectin.
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Figure 79. A) Superimposition of a key region of the *H->N HSQC spectra recorded for apo
Gal-4FL (black) and in the presence of 0.15 mg of LPS (red). B) Superimposition of a key
region of the *H->N HSQC spectra recorded for the isolated apo Gal-4N and Gal-4C (black)
domains and in the presence of 0.15 mg of LPS (red). The loss of intensity of each amino acid
is plotted at the right of each spectra pair. Residues from the N-terminal domain are plotted
with blue bars, while those corresponding to the C-terminal are shown in orange.

The intensity loss of the single domains is proportional to the affinity of the
particular lectin towards the LPS. Thus, the higher intensity loss of Gal-4C
implies that this domain is better binder than Gal-4N for this LPS. However,
for the full-length domain, the intensity loss is not affected in the same way as
in the single domains, since different processes could be affecting to the
observed signal intensity. It should be highlighted that the intensity loss
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observed for the mixture of the single domains is larger than that for Gal-4FL.
However, it does not directly mean that the single domains bind better the LPS
than Gal-4FL.

Next, we employed Gal-4FL-H236R and Gal-4FL-H63R, for which the binding
ability of one of the domains is abrogated. Strikingly, the obtained results were
different to those described above for the single isolated domains. Whereas Gal-
4C was clearly a better LPS binder than Gal-4N, the intensity decrease observed
for Gal-4FL-H63R was similar (27% vs 29%) to that of Gal-4FL-H236R (Fig
80). Although the available amount of sugar-binding sites is lesser for the same
concentration of LPS, the intensity loss is significantly smaller than that
measured for the full-length lectin. Interestingly, in the heterodimers with single
mutations, despite not being able to bind sugars, the cross peaks belonging to
the mutated CRD displayed a similar decrease in intensity to those at the
“active” CRD. Moreover, the addition of LPS to the NMR tubes containing the
full-length mutants also induced the presence of precipitates, a phenomenon

that was not present for the experiments carried out for the single domains.
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Figure 80. A) Superimposition of a key region of the *H->N HSQC spectra recorded for apo
Gal-4FL-H236R (black) and in the presence of 0.15 mg of LPS (red). B) Superimposition of a
key region of the *H-'>N HSQC spectra recorded for apo Gal-4FL-H63R (black) and in the
presence of 0.15 mg of LPS (red). The loss of intensity of each amino acid is plotted at the right
of each spectra pair. Residues from the N-terminal domain are plotted with blue bars, while
those corresponding to the C-terminal are shown in orange.

It has been postulated that the linker region of galectins regulate the
multimerization and lattice formation of galectins??®. Thus, it is tempting to
speculate that the full-length Gal-4 lectins, even with only one active domain,
could cross-link ligands through dimerization (Fig 81). This phenomenon could
then explain the precipitation and loss of intensity of the HSQC cross peaks of

the non-active CRD, which only takes place in the full-length variants.
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Figure 81. On the top: General scheme of the feasible interactions between LPS and Galectin-
4 variants. On the bottom: Representation of each of the cartoons of the picture on top.

3.2.9 The interaction of CD14 with the LPS

To monitor this binding event, CD14 was incubated overnight at 37°C with LPS
(1:2 CD14:LPS ratio) in the presence of 0.02 equivalents of LBP to foster the
interaction'®>1%", LBP is a protein capable of binding LPS micelles and to then
transfer it to CD14, speeding up the interaction between LPS and CD14. The
obtained mixture was then purified through gel-filtration chromatography to
give three peaks (Fig 82-A). They were analysed through MALDI MS (SI) and
SDS-PAGE electrophoresis (Fig 82-B). The volume of elution of the peaks was
used to infer the apparent molecular weight of the eluted molecules using the
proper standard (SI). Peak number 1 (diamond, 8.2 mL) eluted with an apparent
molecular weight of 835 kDa, while no band appeared in the SDS-PAGE gel.
Peak number 2 (triangle, 12.2 mL) had an apparent molecular weight of 158
kDa, providing a band in the SDS-PAGE with the same molecular weight as
free CD14. Peak number 3 (square, 14.6 mL) eluted with an apparent molecular
weight of 52 kDa, and produced a band corresponding to the molecular weight
of CD14 in the SDS-PAGE gel.
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Figure 82. A) In orange, the profile of the CD14-LPS mixture left overnight at 37°C,
characterized in a Superdex 200 Increase 10/300 column. In blue, the profile of free CD14. B)
SDS-PAGE Gel of free CD14 (line 1) and of every peak eluted from the column. Peaks are
labelled with symbols (diamond, triangle, square).

The MALDI analysis confirmed the presence of LPS in the three peaks, together
with CD14 in peaks 2 and 3. Peak 3 eluted slightly faster than free CD14,
suggesting the existence of a small increase in the size. Interestingly, the
MALDI analysis confirmed the presence of both CD14 and LPS in this peak.
Therefore, it is tempting to assume that a bimolecular complex has been
generated. Although peak number 2 also contained both LPS and CD14, its
apparent higher molecular weight can be accounted for the formation of higher
order complexes (dimer or trimer) between CD14 and LPS. Further
experiments will be required to confirm this hypothesis. Finally, peak number
1 only contained LPS, and its apparent weight is expected for the micelles
produced by LPS.
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3.2.10 Conclusions

The combination of NMR and mass spectrometry methods has allowed
deciphering the glycoprofile of CD14. Whereas there are multiple glycoforms
in the exposed N-glycosylation site (N151), only Mang and Mang glycans are
present in the less exposed site (N282). The generated MD models show that
the N-glycan at N282 is buried into the protein and interacts with an acidic patch
in the concave side of the protein. The lack of spatial accessibility for
glycosidases to trim this glycan precludes its maturation and eliminates the

possibility of showing different glycans in this site.

Additionally, the effect of each CD14 N-glycan in the stability and ability of
interacting with Gal-4 has also been analysed. The N-glycan at N282 is vital for
the stability of the protein, as deduced by mutation experiments. Indeed, the
mutation at this site reduced over 80% the yield of the soluble protein, and also
avoided the proper folding of the protein. Interestingly, the positively charged
patch that interacts with the glycan at N282 has previously been described to be
relevant in the interaction with the lipopolysaccharide binding protein, the
protein that catalyses the binding of LPS to CD14%". Although there is no X-
ray structure of the LBP-CD14 complex and only negative-stain TEM images
are available, the N-glycans at N282 are likely located at the interface between
CD14 and LBP, and could play a key role in this interaction. Therefore, this N-
glycan is relevant for the LPS binding event.

The N-glycan at N151 is also relevant for the folding of the protein, although
its mutation does not highly affects the secretion levels. Nevertheless, the
mutated protein displays a larger aggregation tendency than the wild-type
protein. Moreover, the glycans at this site are key for its interaction with Gal-4,
which binds the LacNAc and 3’sialyl-LacNAcC epitopes present at this site.
Contrary to previous reports, the presence of core fucose could not be assessed
either at N151 or at N282207:208,
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CD14 effectively interacts with LPS. Indeed, CD14 shows two different
populations, both bound to LPS, although with different sizes, as deduced by
gel filtration chromatography. In any case, further experiments should be
performed to understand the nature of these complexes.

The investigations carried out in this chapter have shown that the O-antigen of
the LPS from E. Coli O55, a Gram-negative bacteria, is recognized by the two
domains of Galectin-4. Although the precise epitope of the LPS could not be
deciphered, the Cola-1,2-Galp-1,3-GIcNAc epitope is likely to be the
recognized motif, based on our previous finding'8*. The LPS was better bound
by Gal-4C than by Gal-4N, as expected*®*. This evidence was further confirmed
by performing additional LPS-binding experiments with the mixture of Gal-4N
and Gal-4C. Intriguingly, a different behaviour between the mutants of the full-
length lectin and the single domains was observed. In fact, the mutants
precipitated in the presence of LPS (as the WT heterodimer), while the single
domains did not. The fact that all the full-length variants precipitate in the
presence of the LPS strongly suggests that the full-length mutants crosslink
different LPS moieties. It has been reported that the linkers of tandem-repeat
galectins are responsible for galectin dimerization.??® Therefore, it is feasible
that the full-length mutants with only one active site also generate dimers and

crosslink their glycan ligands, even with only one active site (Fig 83).
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3.3 Synthesis of well-defined B-glucans using Automated Glycan
Assembly

This chapter gathers the results obtained during a short secondment (2 months)
carried out in the Max Planck Institute of Colloids and Interfaces in Potsdam in
collaboration with Dr. Martina Delbianco and Prof. Dr. Peter Seeberger. During
this stay, two building blocks were synthesized to build larger oligosaccharides
using the Automated Glycan Assembly (AGA).

3.3.1 Introduction

In the previous chapter, we highlighted the relevance of receptors like CD14 or
lectins like galectin-4 in the immune response to bacterial pathogens. However,
not only bacteria cause acute health issues in humans. Among the many
infectious diseases caused by pathogens, fungal infection, also known as
mycosis, is also a major cause of death (1.7 million deaths per year) and severe

illness (over 150 million per year)?%.

As previously mentioned, the response from the human immune system to
pathogen infection consists of two components, the innate and the adaptive
immune system. The first response to pathogens is carried out by the innate
immune system, for which pattern-recognition receptors (PRRS) are key, since
they are responsible of detecting those pathogens for the consequent
response®?’. These receptors are a large family of proteins that recognize highly
conserved pathogen-associated molecular patterns (PAMPs). The family of
fungi, which include mushrooms, molds, and yeasts, holds a cell wall that
contains many polysaccharides of different compositions (glucans, mannans,
and chitin, among others)??®22, Since this wall is the outer part of these

pathogens, the polysaccharides that cover this wall directly interact with
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multiple entities of the host cell, including PRRs, which recognize these glycans

as PAMPs and generate and immune response®®,

B-Glucans are one of the most common polysaccharides found in the cell wall
of fungi??®-2°, They have a backbone of B1,3 linked glucose (Glc) units, which
can also contain B1,6 branched Glc units®. There are many human receptors that
can interact with B-glucans. However, the main receptor towards glucans is the
dendritic-cell-associated C-type lectin-1 or Dectin-1231, Regardless of its name,
the lectin is also expressed in other cell types as macrophages, monocytes,
neutrophils, and T-cells, among others. Regarding its structure, Dectin-1
contains an extracellular C-type lectin domain, a transmembrane domain, and
an ITAM-like motif (Immunoreceptor Tyrosine based Activation Motif) in its
cytosolic tail (Fig 83-A)%2,

C-type
lectin
domain

Transmembrane
domain

Figure 83. A) Schematic representation of Dectin-1 and its different domains. B) X-ray

structure of mouse Dectin-1 in complex with a glucan trisaccharide (PDB 2CL8)%%. The

calcium atoms are depicted as purple spheres. The chlorine atoms are depicted as yellow
spheres. The key Trp221 and His233 are depicted with sticks in red.

It is worth noting that the single C-type lectin domain of human Dectin-1 has
not been purified yet, and it has been reported that it displays very low
solubility?34, Therefore, the studies carried out by the different research groups
with this lectin have been performed with mouse Dectin-1. Despite being a C-

type lectin and recognizing B-glucans through the C-type lectin domain, the
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calcium cation is not located in the canonical binding site (Fig 83-B)?*3. The X-
ray structure of mouse Dectin-1 in complex with a B-glucan trisaccharide,
inserted through soaking, shows that the glycan is not located in the canonical
binding site for C-type lectins, but in the interface between two proteins (Fig
83-B). Intriguingly, Trp221 or His223 (in red in Fig 83-B), located in the
canonical binding site of C-type lectins, are vital for the recognition of -
glucans, suggesting that the interaction of Dectin-1 with glucans occurs through
the canonical binding site and that the location of the ligand is an artefact of the

soaking event®,

Although there is no precise structural knowledge on the binding to these
glucans, it has been reported that Dectin-1 has preference for longer and
branched B-glucans®6-2%, Yamaguchi and coworkers analysed the binding of
linear hexasaccharide, hexadecasaccharide, and polysaccharide of B-glucans to
Dectin-1, showing that the increase the length of the glycan improves the
binding to Dectin-12%°, Adams et al. showed that branching can have a huge
impact in the binding to Dectin-1; for instance, a linear heptasaccharide
displayed an ICs of ca. 1 mM, whereas the branched analogue displayed an
ICso of 0.13 mM?’. This effect was also present for the nonasaccharide (ICso
of 2.6 mM versus 29 uM for the branched one); however, this was not the case
for the octasaccharide (ICso of 1.1 mM versus 1.3 mM). This contradictory data
can be initially attributed to the position of the branching. In this case, the
impact of the position of the branching point has not been unravelled, since
branching can occur in multiple points, and the systematic effect of the
branching in every position has not been analysed yet. For longer glycan chains,
i.e. for polysaccharides, very low ICso values at nM-pM levels have been

reported?3%-240,

As shown by the previous examples, the structural knowledge regarding the
impact of the length and branching of B-glucans in the binding to Dectin-1 is

far from being completely understood. Many research groups have studied the
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impact of the length, linkage type, and branching of multiple different kinds of
glycans, since it affects to the conformation and function of the molecule#:-244,
Therefore, the synthesis of well-defined oligosaccharides structures has become
a major topic of interest?*12%-248 For years, the use of solid phase synthesizers
has enabled generating long and well-defined linear peptide or nucleic acid
structures®*®2%, However, the synthesis of carbohydrates is more complicated
due to their intrinsic complexity, since they have multiple connection points
and branches. The use of the Glyconeer®, the first automated glycan
synthesizer, has revolutionized the field of glycan synthesis, since it allows

synthesizing long and well-defined glycans rapidly®®L.

For the automated glycan assembly (AGA)?>?, firstly a solid resin with a linker
is placed in the reaction vessel. This resin has to be swollen before starting the
synthesis. Then, the linker that has a nucleophile (the acceptor) will be
incubated with the desired protected building block (BB), which bears a leaving
group at the anomeric position (donor). The addition of a Lewis acid to the
reaction vessel will activate the leaving group, and the nucleophile will attack
the anomeric position of the BB. Since the anomeric position is activated, both
a and B linkages can occurs; however, different approaches can be applied to
obtain the desired selectivity (the insertion of directing groups in the BB, among
others). Once the first monosaccharide unit is attached, the reaction vessel will
be washed to remove the exceeding reagents. Since the unreacted nucleophile
may remain, after washing the vessel a capping step can be applied, so that the
unreacted acceptor stops reacting. Afterwards, an orthogonal protecting group
of the attached BB will be selectively removed and, in this way, the BB, which
firstly worked as a donor, will also work as an acceptor. Through repeating the
previous steps, the molecule can be elongated in the desired direction (linear or
branching). Finally, the protected oligosaccharide should be removed from the

resin and further purified to obtain the desired deprotected oligosaccharide.
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In this context, we decided to design B1,3 glucans with different lengths and
branching points to interrogate their binding to Dectin-1. In order to achieve
this, building blocks 1 (BB1) and 2 (BB2) were synthesized, with the aim of
employing them in the Glyconeer® (Fig 84).

OBn OLev
0 0
Fﬁ%%ééropomm)z Fﬁq%%’gég,opomau)z

OBz OBz
1 2

Figure 84. Structure of the building blocks synthesized for the Automated Glycan Assembly.
The orthogonal protecting groups are depicted with red (Fmoc) and blue (Lev) colors

3.3.2 Synthesis of the building blocks

Both building blocks were synthesized following previously reported
protocols®3, The BB1 was synthesized from its thioglycoside analogue (1),
which was available in the lab from previous synthesis (Scheme 2). Conversion
of the thioglycoside into a glycoside with a phosphate group as a leaving group
was performed using dibuthylphosphate, NIS, and triflic acid (TfOH) as a
catalyst in DCM using molecular sieves. The reaction did not proceed with a

complete conversion and the yield was moderate (50%).

OBn Dibuthylphosphate OBn
00 p _ NSTOH _ groy 0
FmocO SEt FmocO OPO(OBuU),

OBz MS4A, DCM, 0°C OBz
1 2 (50%)

Scheme 2. Synthesis of BB1

BB2 was synthesized from available commercial Ethyl 4,6-O-benzylidene-1-
thio-B-D-glucopyranoside (3) following Scheme 3.
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Scheme 3. Synthetic route for the preparation of BB2

The first step was the selective TBS protection of diol 3 at position 3, which
was totally regioselective. Benzoylation of compound 4 was tested using three
different conditions, BzCl, with pyridine in DCM with and without DMAP as
cocatalyst at r.t. overnight, which none of them fully converted (2:1 starting
material:product ratio). Only BzCl, with DMAP as cocatalyst at 70°C in
pyridine, yielded complete conversion. The selective benzylidene reductive
ring opening of compound 5 did not achieve complete conversion, always
obtaining part of the starting product. The reaction was performed at 0°C. It has
to be mentioned that the temperature cannot be increased since the use of higher
temperatures resulted in complete hydrolysis of the benzylidene ring. Lev
protection of hydroxyl group of 6 was completed in one hour at 0°C, with high
yield. After that, TBS deprotection of 7 was performed, workup of this reaction
afforded 8, pure enough to be employed in the subsequent Fmoc protection
without further purification, thus obtaining the protected compound 9.
Conversion of the thioglycoside into a glycoside with a phosphate group as a
leaving group was performed as for BB1, obtaining higher yield than for the
BB1 (84% for BB2 vs 50% for BB1).

3.3.3 Automated Glycan Assembly (AGA)

The automated syntheses were performed on a home-built synthesizer

developed at the Max Planck Institute of Colloids and Interfaces®*. A
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photolabile linker (Scheme 4), previously synthesized at the Max Planck
Institute of Colloids and Interfaces, attached to a Merrifield resin was employed
for the AGAZ,

HO” >""""NCbz
o)

Q

Scheme 4. Chemical structure of the photolabile linker attached to a Merrifield resin (Black
dot)

O,N

Employing BB1 and BB2, the synthesis of three different oligosaccharides was
attempted using AGA: a linear tetrasaccharide (11), a linear octasaccharide
(12), and a branched pentasaccharide (13) (Fig 85). For the linear tetra- and
octa-saccharides, BB1 was employed. For the branched pentasaccharide, the
BB2 was employed for the branching point, and BB1 for the other units. The
modules employed for the synthesis of the oligosaccharides are described in the
Materials and Methods section. Each module includes several actions. For each
action, the number of cycles, the reagents and solvents employed, the

temperature of the reaction, and the incubation times are also annotated.
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Figure 85. Structure of the oligosaccharides that were attempted to synthesize in the AGA

3.3.4 Deprotection and purification of the oligosaccharides

The first step of the purification process was the removal of the
oligosaccharides from the resin. The cleavage of the resin was achieved using
a Hg lamp to irradiate UV light. After removal from the resin, the efficiency of
the AGA was measured through MALDI-MS. The linear tetrasaccharide
provided a single peak corresponding to the fully protected tetrasaccharide,
(ESI-HRMS) m/z 2044.777 [M+Na*] (C121H123NNaO27 requires 2044.82) (See
SI). The branched pentasaccharides provided two peaks at the MALDI, one
corresponding to the capped dimer and another one corresponding to the non-
capped trimer (SI). These results show that the BB2 is not a good donor, since
there is a peak corresponding to the capped dimer, meaning that there was
unreacted dimer. Additionally, the lack of peaks corresponding to the tetramer
or pentamer showed that BB2 is not able to work as an acceptor, at least under
the experimental conditions employed herein. For the linear octasaccharide,
multiple deletion sequences were observed (SI), ranging from the dimer to the
octamer; however, the peak arising from the octamer was very small, meaning
that the yield was very low. Therefore, only the purification of the

tetrasaccharide was carried out.

After the UV cleavage, the methanolysis of the tetrasaccharide was performed.

Per each benzoyl group, 1.25 equivalents of NaOMe was employed. The
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oligosaccharide was dissolved in THF, and NaOMe in MeOH was added, the
mixture was stirred overnight. Next step of purification was the hydrogenation
to remove benzyl groups. Per each benzyl group, 3 equivalents of Pd(OH)2 in
activated charcoal was employed. The oligosaccharide was dissolved in a
mixture of EA:tert-butanol:H.O (2:1:1) and stirred overnight in a H:
atmosphere. The deprotected oligosaccharide was further purified through
HPLC as described in the materials and methods section. Automated synthesis,
global deprotection, and purification afforded the tetrasaccharide as a white
solid (1.9 mg, 40% overall yield), (ESI-HRMS) m/z 752.3176 [M*H]*
(C29H54NO21 requires 752.3183). The schematic procedure for the synthesis and

purification of the tetrasaccharide can be seen in figure 86 and Table 10.

HO™ ™>"">~""NCbz

UO 9

O,N
L3

0.30 mmol/

i) AGA: ( Q)
BBBO
FmocO OPO(OBuz)

i) Post-AGA

H

Tetrasaccharide (14)

Figure 86. General procedure for the synthesis of tetrasaccharide 14

Table 10. Automation sequence employed for the synthesis of the tetrasaccharide and the
process employed afterwards

Step Modules Notes
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L3 A L3 swelling

EIA (BBL)x4 (B,C,D,E)x4 C: (BBL1,-20 °C for 5 min, 0 °C for 20 min)
Post- H: (16 h)
AGA GHIJ I: (8h)

J: (Method A2, tr = 13.4 min)

3.3.5 Conclusions

Two building blocks have been synthesized to be employed in the Automated
Glycan Assembly to synthesize B-glucans. The use of Automated Glycan
Assembly has enabled the fast synthesis of a linear tetrasaccharide with good
yield (40%, 1.9 mg). However, although employing the same conditions, the
linear octasaccharide was not obtained. In the synthesis of the branched
pentasaccharides, BB2 was not completely attached to the dimer, thus,
increasing the number of equivalents or changing the conditions of the reaction
should be tested. Additionally, BB1 did not work as a donor when BB2 was the
acceptor. For attachment of BB1, both Fmoc and Lev were removed from the
donor in the same step, so that both glycosylations took place simultaneously.
However, the resulting molecule is not a good donor, since no BB1 could be
attached, neither at position 3 nor at 6. A possible solution to this issue could
be the individual glycosylation of each position. Nevertheless, more
experiments should be performed in order to obtain the desired

oligosaccharides.
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4  Materials and methods.
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4.1. Protein expression and purification

The lectins employed in this thesis were expressed in Escherichia coli (E. Coli)
bacterial cells, whereas the glycoproteins were expressed in human embryonic
kidney cells (HEK293, specifically HEK293F).

4.1.1. Cloning of the vectors.

The amino acid sequence coding for the N-terminal CRD of Galectin-4 (aa 1-
150) including a C-terminus His-tag and a thrombin-cleavage site was inserted
into a pET29b(+) expression vector. The sequence coding the C-terminal CRD
(aa 179-323) also included a C-terminus His-tag and a thrombin-cleavage site

and was also inserted into a pET29b(+) expression vector.

The DNA fragment coding for the full-length hGalectin-4 (amino acids 1 — 323,
including an additional C-terminal SUMO fusion protein and a His-Tag) was
inserted into the pET28a-SUMO expression vector. Point mutations (H63R and
H236R) were also inserted into two different pET28a-SUMO expression
vectors. The vector for the expression of the sumo protease was a gift from
Hideo Iwai (Addgene plasmid # 31122)

The amino acid sequence coding for the human CD14 (aa 1-336) was inserted
into a PCDNA 3.4 vector. Two different point mutations (N151Q and N282Q)
were also inserted into two different PCDNA 3.4 vectors. In order to improve
the solubility of CD14 and its mutants, the proteins were fused to the Fc portion
of the IgG1. The proteins also contained a His-tag at the C-terminus to facilitate

the purification.

4.1.2. Protein expression
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4.1.2.1. Expression of unlabelled proteins using E. Coli.

The vectors for the single CRD domains were amplified in E. coli DH5a cells
and afterwards transformed into E. coli BL21 cells. A single colony was
inoculated into 200 mL Luria Broth (LB) medium containing 50 pg-mL™*
kanamycin and cultured at 37 °C overnight. A precise quantity of the cultured
was then added to 2L of fresh LB containing kanamycin to achieve an initial
optical density at 600 nm (OD600) of 0.1. Cells were grown at 37 °C until
ODG600 reached 0.6-0.8, subsequently, protein expression was induced by
addition of 1 mM of isopropyl-1-thio-pB-D-galactopyranoside (IPTG) and the
culture was allowed to grow overnight at 20 °C 742,

For the full-length Gal-4 lectins, the transformation was into E. coli Rosseta
(DE3) cells. The transformed cells were inoculated into 200 mL of LB medium
containing 34 ug-ml ! chloramphenicol and 30 pug-ml *kanamycin and cultured
overnight at 37 °C. A precise quantity was transferred to 2L of fresh LB medium
to obtain an initial OD600 of 0.1. Cells were grown at 37 °C until obtaining a
OD600 of 0.6, consequently, protein expression was induced by adding 1 mM
of IPTG and the culture was allowed to grow 24h at 25°C °.

4.1.2.2. Expression of 1°N or 13C and N labelled proteins
using E. Caoli.

The transformed cells were inoculated into 5 mL of LB containing the antibiotic
and were grown 6h at 37°C. The small preculture was centrifuged and
resuspended in 1 mL of M9 minimal medium, transferred to 200 mL of M9
medium and then incubated overnight at 37 °C. A precise quantity of the culture
was then added to obtain a starting OD600 of 0.1 in 2L of fresh M9 medium
containing 1 g/L ®NH4CI for the °N-labeled samples, or 1 g/L **NH4CI and

20% w/v U-13C-glucose for the 3C,*>N-labeled samples®®’. Unlabelled amino
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acids (L-Arginine, L-Phenylalanine, L-Valine or L-Lysine) were added in 1 g/L
to M9 medium containing 1 g/L **NH.CI to selectively not label concrete amino
acids of the protein'*®. Upon reaching an OD600 of 0.6 protein expression was
induced by addition of 1 mM of IPTG. E. coli BL21 cells were harvest after
incubation overnight at 20°C. E. coli Rosetta (DE3) cells were harvest after 24h
at 25°C.

4.1.2.3  Purification of proteins expressed using E Coli

The obtained culture pellets were resuspended in lysis buffer (Table 11) and
sonicated at 4 °C. The crude extract was clarified by centrifugation at 35000
rpom for 1 h at 4 °C. The soluble fraction was purified by Ni-NTA affinity
chromatography and further purified by size exclusion chromatography in a
HiLoad 26/600 Superdex 75 column®-"t, Protein purity was checked by 4—
12 % SDS-PAGE and by LC-MS.

Table 11. Lysis buffers employed for the purification of the proteins expressed in E. Coli.

Protein Lysis Buffer
Gal-4N 50 mM sodium phosphate pH 8, 300 mM NaCl, 1 mM
PMSF
Gal-4C 50 mM sodium phosphate pH 8, 600 mM NaCl, 1 mM
PMSF
Gal-4FL, Gal-4FL- 50 mM sodium phosphate pH 8, 600 mM NaCl, 1 mM
H63R, Gal-4FL-H236R PMSF, 1 mM DTT
Sumo Protease 20 mM Tris pH 8, 300 mM NaCl

For Gal-4N the C-terminal His-tag was removed by overnight incubation at 4

°C with thrombin (10 unit of thrombin per mg of protein). Afterwards, the
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protein was loaded onto a 5 mL Ni-NTA column and the desired fragment

collected in the wash and loaded in a HiLoad 26/600 Superdex 75 column.

4124  Expression of glycoproteins using human embryonic kidney
cells (HEK293F)

Every cell culture was grown in a Minitron Infors HT orbital shaker incubator
using sterile culture flasks with cap with HEK293 FreeStyle media at 310 K,
70% humidity and 8% CO.. Maintenance HEK293F cells were split every three
days to obtain a cell concentration of 5-10° cells/mL (cell viability over 97%)
into 200 mL flasks. Cells were split to a cell concentration of 10° cells/mL in
200 mL prior to protein transfection. The transient transfection of cells was
achieved by adding 250 pg/L of culture of the desired DNA plasmid previously
incubated 10 minutes with 250 pg/L of FectoPRO?'®. To obtain the *3C labelled
carbohydrates on the protein, 3 g/L of *3C labelled glucose was added to the
culture after adding the plasmid with the FectoPRO?%.

4.1.25 Purification of proteins expressed using human embryonic
kidney cells (HEK293F)

Six days after transfection cells were harvest at 10.000 rpm at room temperature
and filtered through a 45-micron filter. The supernatant was loaded into a
HiTrap Protein A HP column at 2 mL/min and the desired protein was eluted
using 0.1M glycine pH 32°2, The eluted protein was dialysed against 20 mM tris
pH 8, 300 mM NaCl and incubated with TEV protease for two weeks at room
temperature. The mixture was loaded into a Ni-NTA affinity column and the
protein without the Fc was eluted in the wash. The obtained product was further
purified using a HiLoad 26/600 Superdex 200 column.
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4.2 Glycosidase treatment of CD14

CD14 was treated with endo H in order to decipher its glycoprofile. CD14-Fc
was incubated overnight at room temperature with 500 units of glycosidase per
mg of CD14-Fc?*®,

4.3 Circular Dichroism (CD) measurements

CD measurements of Gal-4FL, Gal-4FL-H236R, Gal-4FL-H63R, CD14 were
acquired using a CD spectrometer?®®. The thermal denaturation of the proteins
was also measured using the CD spectrometer. The employed protein
concentration was 2-4 uM in phosphate-buffered saline (50 mM sodium

phosphate, 150 mM NaCl, pH 7.4, with 1 mM DTT for the Gal-4 proteins).

4.4 Ligands

Lactose was purchased from Sigma. Glycans H type-6, B type-6 trisaccharide,
A type -1, -2 and -6 tetrasaccharides, A type-4 pentasaccharide, B type -1, -2
and -6 tetrasaccharides and B type-4 pentasaccharide were purchased from
Elicityl (references GLY031-3, GLY074-2, GLY035-1, GLY035-2, GLY035-
3, GLY128, GLY038-1, GLY038-2, GLY038-3, GLY129). The LPS from E.

Coli O55 was purchased from Sigma.

4.5 Molecular Dynamic (MD) Simulations
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45.1 MD simulations of Gal-4N and Gal-4C in complex blood group
antigens

The initial geometries of the complexes were built by pair-fitting of the central
BGal moiety of the corresponding ligand to the same moiety of the bound
lactose in the X-ray structure (PDB 5DUV for Gal-4N and PDB 4YM3 for Gal-
4C)%%™, The glycan structures were built in the Glycam webpage®®. MD
simulations were run using Amber18 with the ff14SB force field for the protein
and GLYCAMO6j-1 for the carbohydrates. The complexes were prepared in
explicit water (TIP3PBOX) and minimized in two steps before starting the
simulations. MD simulations of 1 ps were analysed using cpptraj.

45.2 MD simulations of CD14

Models of the glycosylated CD14 were produced using the glycoprotein builder
module in the Glycam web and the deposited X-ray structure of the human-
CD14 (PDB 4GLP)?®. The models always contained a Mang oligosaccharide
linked at asparagine 282 and different oligosaccharides attached to asparagine
151. MD simulations were run using Amber20 with the ff14SB force field for
the protein and GLYCAMOGj-1 for the carbohydrates?®!. The complexes were
prepared in explicit water (TIP3PBOX) and minimized in two steps before

starting the simulations. MD simulations of 500 ns were analysed using cpptraj.

4.6 Nuclear Magnetic Resonance (NMR)

4.6.1 General information.

The total volume for the NMR samples was 500 pL. The proteins were

dissolved in phosphate-buffered saline (50 mM sodium phosphate, 150 mM
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NaCl, pH 7.4, with 1 mM DTT for the full-length proteins), either in D20 or
90:10 H20:D20 depending on the NMR experiment. The pH was adjusted with
the required amount of NaOH and HCI or NaOD and DCI.

4.6.2 H-1N-HSOC based titrations

1H-1N-HSQC spectra® were recorded using an 800 MHz Bruker spectrometer
equipped with a cryoprobe or 600 MHz Bruker spectrometer with a triple-
channel probe. The samples were prepared using 25-200 UM of the °N labelled
lectin in the corresponding buffer in 90:10 H20:D,0. The experiments were
acquired at 298 K. Six to nine points were recorded for each glycan and
chemical shift perturbation (CSP) and dissociation constants (Kp) were then
estimated. For the titration with CD14, the employed concentrations were 25
uM for the lectins and 200 uM for the glycoprotein. From the integrations of

the peaks, CSP and Kp values were calculated using CcpNmr Analysis 2.4.2.

4.6.3 Saturation Transfer Difference (STD) NMR

All the STD NMR experiments were acquired using a 800 MHz Bruker
spectrometer with a cryoprobe. The samples were prepared in the
corresponding deuterated buffer. STD NMR spectra were acquired with 1024
scans, 2 s of saturation time using a train of 50 ms Gaussian-shaped pulses, and
3 s of relaxation delay?®?. The spin-lock filter applied to remove the residual
signals of the lectin was set at 40 ms. The protein:ligand ratio and the

temperature was optimised for each lectin.

For the N-terminal CRD of Gal-4 the temperature was 288 K. 50 uM of the
lectin with 50 equivalents of the ligand were employed except for lactose, for

which a 1:70 ratio was used. The on-resonance frequency was set at the
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aromatic region at 6.58 ppm, while the off-resonance frequency was set at 100

ppm.

For the C-terminal CRD of Gal-4, the temperature was 298 K. 50 uM of the
lectin with 50 equivalents of the ligand were employed. Theon-resonance
frequencies were set at 7.19 ppm (aromatic region) and at 0.52 ppm (aliphatic
region), while the off-resonance frequency was set at 100 ppm.

The experiments with Gal-4FL, Gal-4FL-H63R and Gal-4FL-H236R were
acquired at 298 K. The on-resonance frequency was set at 7.03 ppm, and the
off-resonance, at 100 ppm. The experiments were performed using 25 pM of
Gal-4FL and 50 uM of Gal-4FL-H63R and Gal-4FL-H236R, all with 50

equivalents of ligand.

4.6.4 trROESY spectra

ROESY NMR spectra for the glycans were acquired, in the 800 MHz Bruker
spectrometer, in the presence of 50 uM Gal-4N/Gal-4C using 1:20/1:10
protein:ligand ratios in the corresponding deuterated phosphate-buffered saline
buffer, at 298 K*77:263

4.6.5 Protein Backbone Resonance Assignment

The experiments required for achieving the backbone resonance assignment of
the N-terminal CRD of hGalectin-4 were carried out at 25 °C on a 800 MHz
Bruker spectrometer equipped with a cryoprobe. In particular, 3D HNCO,
HN(CA)CO, HN(CO)CACB and HNCACB experiments40-143145146 yyere
acquired for the free Gal-4N containing the His-Tag and for Gal-4N without the

His-Tag in the presence of 200 equivalents of lactose. For the C-terminal CRD
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of hGalectin-4, the aforementioned experiments as well as 3D HN(CO)CA and
HNCA experiments were recorded for the free protein containing the His-Tag.
Additionally, 3D HNH-NOESY and HNH-TOCSY experiments were also
recorded for this domain. The entire peak analysis provided the unambiguous
identification of 80% of the expected NH signals for Gal-4N and 86% for Gal-
4C. The spectra were processed with Bruker TopSpin 3.5.2 and analysed via
CARANMR 1.9.1.42%4,

4.6.6 Assignment of the 1H-13C-HSOC of the glycans of CD14.

Assignment of the N-glycans of CD14 was performed using a sample of 400
uM of CD14 with °C labelled glycans. 3D H’,CH NOESY-HSQC, H',CH
TOCSY-HSQC, and [*C,*°C]TOCSY-HSQC experiments?* were carried out
using the 800 MHz Bruker spectrometer equipped with the cryoprobe at 310 K.

The spectra were processed and analysed with Bruker TopSpin 3.5.2.

4.6.7 H-13C-HSQC of the glycans of CD14 in the presence of lectins.

'H-3C-HSQC spectra for 3C-labelled CD14 were collected at 310 K. The
spectra were collected with 24 scans and 1536 points in the F2 direction and
660 points in the F1 dimension. Different spectra were recorded for the
glycoprotein both in the presence and in the absence of full-length Gal-4, full-
length Gal-4-H63R and full-length Gal-4-H236R. The intensities of the peaks

were measured using TopSpin 3.5.2.

4.7 Isothermal Titration Calorimetry (ITC)
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Isothermal Titration Calorimetry experiments were performed using MicroCal
PEAQ-ITC calorimeter. Samples containing 100-200 puM the lectins in
phosphate-buffered saline buffer (50 mM sodium phosphate pH 7.4, 150 mM
NaCl) were titrated with stocks of 3-10 mM in phosphate-buffered saline of the
blood group antigens. During the automated experiment, small aliquots (2-3
ML) of the sugar stocks were added to the cell containing the target lectin. Curve
fitting to a single binding site model was performed with MicroCal Origin 7

software?6°.

4.8 Automated Glycan Assembly

4.8.1 General materials and methods

The automated syntheses were performed on a home-built synthesizer

266 Al solvents

developed at the Max Planck Institute of Colloids and Interfaces
used were HPLC-grade. The solvents used for the building block, activator,
TMSOTT and capping solutions were taken from an anhydrous solvent system
(J.C. Meyer) for moisture-sensitive solutions. The building blocks were co-
evaporated three times with toluene and dried for 1 h under high vacuum before
use. Oven-heated, argon-flushed flasks were used to prepare all moisture-
sensitive solutions. Activator, capping, deprotection, acidic wash and building
block solutions were freshly prepared and kept under argon during the
automation run. All yields of products obtained by AGA were calculated on the
basis of resin loading. Resin loading was determined following previously

established procedures?®’.

4.8.2 Building blocks
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Figure 87. Chemical structure of the building blocks employed in this Thesis

4.8.3 Preparation of stock solutions

e Building block solution: Between 0.06 and 0.10 mmol of building
block (depending on the BB, see Module C1 and C2) was dissolved in
DCM (1 mL).

e NIS/TTfOH activator solution: 1.35 g (6.0 mmol) of recrystallized NIS
was dissolved in 40 mL of a 2:1 v/v mixture of anhydrous DCM and
anhydrous dioxane. Then triflic acid (55 pL, 0.6 mmol) was added. The
solution is kept at 0 °C (ice bath) for the duration of the automation run.

e Fmoc deprotection solution: A solution of 20% piperidine in DMF
(v/v) was prepared.

e Lev deprotection solution: Hydrazine acetate (550 mg, 5.97 mmol)
was dissolved in pyridine/ AcOH/H20 (40mL, v/v, 32:8:2) and sonicated
for 10 min.

e TMSOTTf solution: TMSOTT (0.45 mL, 2.49 mmol) was added to DCM
(40 mL).

e Capping solution: A solution of 10% acetic anhydride and 2%
methanesulfunic acid in DCM (v/v) was prepared.
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4.8.4 Modules for automated synthesis

Module A: Resin Preparation for Synthesis (20 min)

All automated syntheses were performed on 0.0125 mmol scale. Resin L3 (45
mg) was placed in the reaction vessel and swollen in DCM for 20 min at room
temperature prior to synthesis. During this time, all reagent lines needed for the
synthesis were washed and primed. After the swelling, the resin was washed
with DMF, THF, and DCM (three times each with 2 mL for 25 s).

Module B: Acidic Wash with TMSOTT Solution (20 min)

The resin was swollen in 2 mL DCM and the temperature of the reaction vessel
was adjusted to -20 °C. Upon reaching the temperature, TMSOTTf solution (1
mL) was added dropwise to the reaction vessel. After bubbling for 3 min, the
acidic solution was drained and the resin was washed with 2 mL DCM for 25

S.

Table 12. Parameters of Module B

Action Cycles Solution Amount T (°C) Inczl;?(:lon
Cooling - - - -20 (15 min)*
Deliver 1 DCM 2mL -20 -
Deliver 1 TMSQTf 1mL -20 3 min
solution
Wash 1 DCM 2mL -20 25 sec

*Time required to reach the desired temperature.

Module C: Phosphate Glycosylation (45 min)

The building block solution (0.06 mmol of BB1 or BB2 in 1 mL of DCM per
glycosylation) was delivered to the reaction vessel. After the set temperature
was reached, the reaction was started by dropwise addition of the TMSOTf
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solution (1.0 mL, stoichiometric). After completion of the reaction, the solution

was drained and the resin washed with DCM (six times, each with 2 mL for 25

S). The temperature of the reaction vessel was increased to 25 °C for the next

module.

Table 13. Parameters of Module C

Action Cycles Solution Amount T (°C) Inc;trf:on
Cooling - - - T, -
Deliver 1 BB solution 1mL T: -
. TMSOTf
Deliver 1 solution 1mL T: -
Reaczg)g time . T, t1_
dependent) to T, fz Min
Wash 1 DCM 2 mL T, 5 sec
Heating - - - 25 -
Wash 6 DCM 2 mL >0 25 sec

The AGA glycosylation conditions employed for the phosphate BB were

previously reported?e®,

Table 14. Employed conditions for AGA glycosylation

. tl Tj_ t2 TZ
BB BQUV. iy cC)  (min)  (°C)
BBL 5 5 35 40  -15
BB2 5 5 35 40  -15

Module D: Capping (30 min)
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The resin was washed with DMF (two times with 2 mL for 25 s) and the
temperature of the reaction vessel was adjusted to 25 °C. 2 mL of Pyridine
solution (10% in DMF) was delivered into the reaction vessel. After 1 min, the
reaction solution was drained and the resin washed with DCM (three times with
3 mL for 25 s). 4 mL of capping solution was delivered into the reaction vessel.
After 20 min, the reaction solution was drained and the resin washed with DCM
(three times with 3 mL for 25 s).

Table 15. Parameters of Module D

Action Cycles Solution Amount T (°C) Inc,l:i?::on
Heating - - - 25 (5 min)*
Wash 2 DMF 2mL 25 25 sec
. 10% Pyridine .
Deliver 1 in DME 2mL 25 1 min
Wash 3 DCM 2 mL 25 25 sec
. Capping .
Deliver 1 Solution 4 mL 25 20 min
Wash 3 DCM 2 mL 25 25 sec

*Time required to reach the desired temperature.

Module E: Fmoc Deprotection (10 min)

The resin was washed with DMF (three times with 2 mL for 25 s) and the
temperature of the reaction vessel was adjusted to 25 °C. 2 mL of Fmoc
deprotection solution was delivered to the reaction vessel and kept under Ar
bubbling. After 5 min, the reaction solution was drained and the resin washed
with DMF (three times with 3 mL for 25 s) and DCM (five times each with 2
mL for 25 s). The temperature of the reaction vessel was decreased to -20 °C

for the next module.
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Table 16. Parameters of Module E

Action Cycles Solution Amount T (°C) Incztrf;ion
Wash 3 DMF 2mL 25 25 sec
Deliver 1 Fmoc depr 2mL 25 5 min
Wash 1 DMF 2mL

Cooling - - - -20 -
Wash 3 DMF 2mL <25 25 sec
Wash 5 DCM 2mL <25 25 sec

Module F: OLev Deprotection (100 min)

The resin was washed with DCM (three times with 2 mL for 15 s) and the
temperature of the reaction vessel was adjusted to 25 °C. Fresh DCM (1.3 mL)
was delivered to the reaction vessel, followed by 0.8 mL of OLev deprotection
solution. The reaction vessel and kept under Ar bubbling. After 30 min, the
reaction solution was drained the whole process was repeated twice more. After
that, the resin washed with DMF (three times with 2 mL for 15 s), THF (3 times
each with 2 mL for 15 s) and DCM (3 times each with 2 mL for 15 s). The

temperature of the reaction vessel was decreased to -20 °C for the next module.

Table 17. Parameters of Module F

Action Cycles Solution Amount T (°C) Incztr)rz:létlon

Wash 3 DCM 2 mL 25 15 sec

Deliver 1 DCM 1.3mL 25 -

Deliver 1 Lev err. 2 mL 25 5 min
Solution 1

Wash 3 DMF 2mL 25 15 sec

Wash 3 THF 2mL 25 15 sec
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Wash 3 DCM 2 mL 25 15 sec

4.8.5 Post-AGA manipulations

Module G: Cleavage from Solid Support

The oligosaccharides were cleaved from the solid support using a continuous-

flow photoreactor as described previously.®°

Module H: Methanolysis

The cleaved oligosaccharide was suspended THF (4 mL). MeONa in MeOH
(0.5 M, 0.4 mL) was added and the suspension was gently shaken at room

temperature.
Module I: Hydrogenolysis at ambient pressure

The crude compound obtained from Module H was dissolved in 2 mL of
EtOAC:tBuOH:H.0O (2:1:1). 100% by weight Pd/C (10%) was added and the
reaction was stirred in a flask equipped with a Hz balloon. The reaction progress
was monitored to avoid undesired side products formation. Upon completion,
the reaction was filtered and washed with EtOAc, tBuOH, ACN and H20 (4 mL

each). The filtrates were concentrated in vacuo.
Module J: Purification

The pure compound was analyzed using analytical HPLC (Agilent 1200 Series,
Method A1/A2).

e Method Al: (Hypercarb column, ThermoFisher scientific, 150 x 4.6
mm, 3 um) flow rate of 0.7 mL/min with H>O (0.1% formic acid) and
ACN as eluents [isocratic (5 min), linear gradient to 30% ACN (30 min),
linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].
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e Method A2 (Prep): (Hypercarb column, ThermoFisher scientific, 150 x
10 mm, 5 pm), flow rate of 3 mL /min with H>O (0.1% formic acid) and
ACN as eluents [isocratic (5 min), linear gradient to 30% ACN (30 min),
linear gradient to 100% ACN (5 min), isocratic 100% ACN (5 min)].

Following final purification, all deprotected products were lyophilized on a

Christ Alpha 2-4 LD plus freeze dryer prior to characterization.

4.8.6 Synthesis of the tetrasaccharide (11)

HO™ ™>"""NCbz
e
O,N
L3
0.30 mmol/,
i) AGA: ( 9
BnO
0] 4x
F%%‘gg%ﬁ,om(osuz) @
OBz
ii) Post-AGA
y
HO
HO 0
HO HO o _HO 0 NH,
HO HO 0 0 NN
HO & 0 oH OH
HO—=H OH

Tetrasaccharide (14)

Figure 88. General procedure for the synthesis of tetrasaccharide 14

Table 18. Automation sequence employed for the synthesis of the tetrasaccharide and the
process employed afterwards

Step Modules Notes
AGA L3 A L3 swelling
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(BBL)x4 (B, C,D, E)x4 C: (BB1, -20 °C for 5 min, 0 °C for

20 min)

H: (16 h)
Post- )
AGA G H,IJ 1: (8 h)

J: (Method A2, tgr = 13.4 min)

4.8.7 Synthesis of the branched pentasaccharide (12)

Table 19. Automation sequence employed for the synthesis of the branched pentasaccharide

Step Modules Notes
L3 A L3 swelling
C: (BB1, -20 °C for 5 min, 0 °C for
(BB1)x2  (B,C, D, E)x2 20 min)
AGA (BB2)x1 (B,C.D,E,F) C: (BB2,-20°C fo_r 5 min, 0 °C for
20 min)
C: (BB1, -20 °C for 5 min, 0 °C for
* 1 I
(BB1) (B, C*, D)x2 20 min)

*Double equivalents of BB1

4.8.8 Synthesis of the linear octasaccharide (13)

Table 20. Automation sequence employed for the synthesis of the octasaccharide (13)

Step Modules Notes
L3 A L3 swelling
AGA C: (BB1, -20 °C for 5 min, 0 °C for

(BB1)x8 (B, C, D, E)x8 20 min)
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4.8.9 Experimental part of building block synthesis

Dibutyl 2-O-benzoyl-4,6-di-O-benzyl-3-O-fluorenylmethoxycarbonyl-1-
thio-B-D-glucopyranoside 2 or BB1

OBn
BnO O
OPO(OBu),
FmocO OBz
2

Thioglycoside 1 (2.00 g, 2.73 mmol) was co-evapored three times with toluene.
The residue and NIS (0.751 g, 3.34 mmol) were dissolved in DCM (55 mL, 50
mmol) under an Argon atmosphere and the solution was cooled down to 0°C.
Dibutyl hydrogen phosphate (1.00 mL, 5.47 mmol) and triflic acid (16.90 uL,
0.191 mmol) were added and the recation was stirred at 0°C for 90 minutes.
The reaction was quenched with pyridine, treated with Amberlite IR-120 and
filtered through celite. After it was extracted with 10% aqueous Na;S;03
followed by saturated aqueous NaHCOs3. The organic phase was dried over
MgSO4 and the solvent was removed in vacuo. The crude product was purified
by column chromatography on silica gel (hexane/EtOAc = 3:1 to 1:1) to afford
2 or BB1 (1.19g, 1.4 mmol, 50%). R¢: 0.35 (Hexane/EtOAc/DCM = 1:1:0.5).
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Ethyl 4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-1- thio-p-D-
glucopyranoside 4

gt Y
TBSO SEt

OH
4

To a solution of compound 3 (10 g, 32 mmol) in anhydrous DCM (213 mL,
0.15 M) were added TBSCI (7.24 g, 48.0 mmol) and imidazole (4.36 g, 64
mmol) at 0°C, and the mixture was stirred for 18 h at room temperature. After
the reaction mixture was quenched with MeOH and saturated with aqueous
NaHCOg, it was diluted with DCM and dried over MgSOa, and the solvent was
evaporated in vacuo. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc = 9:0.5 to 9:1) to afford 4 (12.6g,
29.4mmol, 92%). R¢: 0.50 (Hexane/EtOAC = 4:1).
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Ethyl 2-O-benzoyl-4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-1-thio-
B-D-glucopyranoside 5

Ph/%(%&sa
TBSO .
5

To a solution of compound 4 (1.99 g, 4.67 mmol) in pyridine (9.5 mL, 0.5 M)
were added BzCl (1.63 mL, 14 mmol) and DMAP (0.11 g, 0.93 mmol), and the
mixture was stirred for 12 h at 70°C. After the reaction mixture was quenched
with MeOH and brine. Then diluted with DCM and dried over MgSQOs, and the
solvent was evaporated in vacuo. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc = 9:1) to afford 5 (2.3g, 4.3mmol,
92%). R¢: 0.43 (Hexane/EtOAC = 4:1).
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Ethyl 2-O-benzoyl-4-O-benzyl-3-O-tert-butyldimethylsilyl-1-thio-f-D-
glucopyranoside 6

OH
BnO O
SEt
TBSO OBz
6

Compound 5 (9.80 g, 18.48 mmol) was co-evaporated with toluene and
dissolved under an Argon atmosphere in DCM (123 mL, 0.15 M). To this
solution were added BHz-OEt, (8.82 ml, 92.4 mmol), and TMSOTT (0.333 ml,
1.85 mmol) successively at 0 °C. The mixture was stirred for 6 h at 0 °C. After
the mixture was quenched with saturated aqueous NaHCOs it was diluted with
DCM and dried over MgSO4. The combined organic layer was evaporated in
vacuo. The crude compound was purified by column chromatography on silica
gel (hexane/EtOAC = 9:1 to 4:1) to afford 6 (6.88g, 12.9mmol, 70%). R¢: 0.15
(Hexane/EtOAC = 4:1).
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Ethyl 2-O-benzoyl-4-O-benzyl-3-O-tert-butyldimethylsilyl-6-O-levulinyl-
1-thio-p-D-glucopyranoside 7

OLev
BnO O
SEt
TBSO OBz
7

To a solution of compound 6 (7.31 g, 13.73 mmol) in anhydrous DCM (69 ml,
0.2 M) were added levulinic acid (4.23 mL, 41.18 mmol) and DIC (6.37 ml,
41.18 mmol), and a catalytic amount of DMAP (0.50 g, 4.12 mmol) at 0 °C,
and the mixture was stirred for 1 h at 0 °C. After the mixture was quenched with
saturated aqueous NaHCOs it was diluted with DCM, extracted with DCM, and
the combined organic layer was dried over MgSO4 and evaporated in vacuo.
The crude compound was purified by column chromatography on silica gel
(hexane/EtOACc = 3:1 to 1:1) to afford 7 (8.13g, 12.9 mmol, 94%). R¢: 0.30
(Hexane/EtOAcC = 4:1).
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Ethyl 2-O-benzoyl-4-O-benzyl-3-O-fluorenylmethoxycarbonyl-6-
Olevulinyl-1-thio-p-D-glucopyranoside 9

OLev
BnO O
SEt
FmocO OBz
9

To a solution of 8 (8.00 g, 12.69 mmol) in anhydrous acetonitrile (158 ml, 0.08
M) was added boron trifluoride etherate (BFs-OEt2) (1.88 mL, 15.23 mmol) at
0 °C, and the mixture was stirred for 20 min. at 0 °C. After the mixture was
quenched with saturated aqueous NaHCOs it was diluted with DCM, and the
combined organic layer was dried over MgSO4 and evaporated in vacuo. To a
solution of this crude product in DCM (63.5 ml, 0.2 M) were added 9-
fluorenylmethyl chloroformate (6.56 g, 25.38 mmol) and pyridine (6.15 mL,
76.14 mmol) successively at 0 °C, and the mixture was stirred 2 h at room
temperature. After the mixture was quenched with saturated aqueous NaHCO3
it was diluted with DCM and extracted with DCM, then the combined organic
layer was washed with 1M aqueous HCI, dried over MgSO. and evaporated in
vacuo. The crude product was purified by column chromatography on silica gel
(hexane/EtOACc = 3:2) to afford 9 (7.85¢g, 10.66 mmol, 84% over two steps). R¢
: 0.36 (Hexane/EtOAC = 4:1).
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Dibutyl 2-O-benzoyl-4-O-benzyl-3-O-fluorenylmethoxycarbonyl-6-O-
levulinyl-1-thio-B-D-glucopyranoside 10 or BB2

OLev
2o~ 2 OPO(OBuU),
MOC OBz
10

Thioglycoside 9 (2.54 g, 3.44 mmol) was co-evaporated twice with toluene. The
residue and NIS (0.94 g, 4.19 mmol) were dissolved in DCM (69 mL, 0.05 M)
under an Argon atmosphere and the solution was cooled to 0 °C. Dibutyl
hydrogen phosphate (1.36 mL, 6.88 mmol) and triflic acid (21.2 pL, 0.24 mmol)
were added and the reaction was stirred at 0 °C for 90 minutes. After complete
conversion of the starting material the reaction was quenched with pyridine,
treated with Amberlite IR-120 and filtered through celite. After it was extracted
with 10% aqueous Na»S>03 followed by saturated aqueous NaHCOs. The
organic phase was dried over MgSO4 and the solvent was removed in vacuo.
The crude product was purified by silica gel flash column chromatograph
(hexane/EtOAcC = 3:1 to 1:1) to afford 10 or BB2 (2.569, 2.9 mmol, 84%). Rs:
0.20 (Hexane/EtOAcC = 4:1).
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5 General conclusions
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1A.-The combination of Nuclear Magnetic Resonance (NMR), Isothermal
Titration Calorimetry (ITC) and Molecular Dynamic (MD) simulations has
provided key insights into the recognition events of blood group antigens by
galectin-4. The use of the single carbohydrate recognition domains enabled
understanding the binding preferences of each domain. Regarding the nature of
the blood group, whereas the N-terminal domain prefers group B antigens
(terminal aGal), the C-terminal one prefers group A antigens (terminal
aGalNAc).

1B.-Regarding the peripheral core presentation, both domains prefer type-6
antigens (GalB1-4Glc). Additionally, for both domains, the substitution of this
lactose in the reducing-end by a LacNAc (type-2, Galpl1-4GIcNAc) was
detrimental for binding. Concerning the type of linkage (B1,3GIcNAc vs
B1,4GlcNAc), while for the N-terminal domain no effect on the affinity was
observed, the C-terminal domain preferred 1,3 linked GIcNAc (type-1 vs type-
2). Finally, for both domains, the type-4 (Gal1,3GalNAc) antigens were the
worst binders, as a result of the loss of interaction of the hydroxyl group at
position 4 of the GalNAc.

1C.-Overall, both domains displayed similar affinity; a fact that hindered the
estimation of accurate dissociation constants within the full-length (FL) form
for each domain. Thus, the production of two mutants of galectin-4 (Gal-4FL-
H236R and Gal-4FL-H63R), with only one active site, enabled obtaining
accurate dissociation constants for each domain in the FL form. In particular,
the NMR and ITC data permitted demonstrating that both domains behave

independently, even if they compete for the same ligands.

2.-NMR experiments using the LPS from E. Coli O55 and galectin-4 showed
that the lectin binds exogenous glycans from pathogens. The structural
conclusions obtained from the studies with the single domains are in agreement

with those obtained for the LPS, as the C-terminal domain bound better to this
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LPS than the N-terminal one. Thus, the previous conclusions can be employed
to understand how galectin-4 binds pathogenic glycans mimicking blood group
antigens. The observed precipitation of the galectin-4 mutants in the presence
of LPS suggests that these proteins could crosslink different LPS molecules,
despite only having one active site, probably through dimerization of galectin-
4.

3.-The structural features of the interaction between galectin-4 and the
glycoprotein CD14 have also been unravelled. As first step, the glycoprofile of
CD14 has been determined. Whereas CD14 presents high mannose (Mang and
Mans) and complex type N-glycans, the interaction occurs through the LacNAc
and 3’sialyl LacNAc epitopes present in the complex type glycans. Mass
spectrometry (MS) enabled detecting two glycosylated sites in CD14 and
determining the type of glycan present in each site. MS showed that the N282
glycosylation site only contains the Man9 and Man8. Using NMR, it has been
shown that this glycan is not accessible to the solvent, as treatment with the
endo-H glycosidase did not remove the glycan from the protein. The other
glycosylation site, N151, is exposed to the solvent and presented glycan
heterogeneity. The lack of accessibility of the glycan at N282 is determinant for
the nature of the glycan at this site (Man9, Man8), since it cannot be modified
by glycosidases. The N151 site, being exposed, it can be modified and thus

presents multiple type of glycans.

Additionally, the relevance of each N-glycan in the structure and folding of the
protein was revealed. Mutation of the exposed N-glycosylation site (N151)
resulted in a small decrease in expression level (ca. 20%), although the protein
showed larger tendency to aggregate (one third was aggregated). Mutation of
the non-exposed site (N282) drastically decreased the protein expression levels
(>80%) and induced improper folding of CD14 (>95% aggregated),
highlighting the relevance of N-glycans in the folding and stability of the
protein.
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4.-In the quest for well-defined B-glucans as Dectin-1 ligands, two building
blocks have been synthesized and the synthesis of a linear B1,3-linked

tetrasaccharide using a solid phase synthesizer was achieved.
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7.1 The interaction between Galectin-4 and histo blood group
antigens

7.1.1 N-terminal domain of Galectin-4

7.1.1.1 Saturation Transfer Difference (STD-NMR)
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Supplementary Figure 1. ‘*H STD-NMR for a sample of group A type-4 pentasaccharide and
Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
STD-NMR spectrum (green). The *H-NMR signals showing STD effect are annotated. The
epitope mapping (relative STD) is shown in the ligand structure.
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Supplementary Figure 2. *H STD-NMR for a sample of group A type-6 tetrasaccharide and
Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
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STD-NMR spectrum (green). The *H-NMR signals showing STD effect are annotated. The
epitope mapping (relative STD) is shown in the ligand structure.
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Supplementary Figure 3. *H STD-NMR for a sample of group B type-1 tetrasaccharide and
Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
STD-NMR spectrum (green). The 'H-NMR signals showing STD effect are annotated. The
epitope mapping (relative STD) is shown in the ligand structure. * overlapping resonances.
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Supplementary Figure 4. '*H STD-NMR for a sample of B type-2 tetrasaccharide and Gal-4N
(50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the STD-NMR
spectrum (green). The 'H-NMR signals showing STD effect are annotated. The epitope
mapping (relative STD) is shown in the ligand structure. * overlapping resonances.
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Supplementary Figure 5. *H STD-NMR for a sample of group B type-4 pentasaccharide and
Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
STD-NMR spectrum (green). The 'H-NMR signals showing STD effect are annotated. The
epitope mapping (relative STD) is shown in the ligand structure. * overlapping resonances.
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Supplementary Figure 6. *H STD-NMR for a sample of group B type-6 tetrasaccharide and
Gal-4N (50:1 molar ratio). Top: the reference spectrum (black, off-resonance). Bottom: the
STD-NMR spectrum (green). The 'H-NMR signals showing STD effect are annotated. The
epitope mapping (relative STD) is shown in the ligand structure.

Supplementary Table 1. Relative STD-AF (Amplification factor) and STD percentage of
each non overlapping proton of each ligand.

Ligand 'H-residue STD-AF STD%
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H1GalNAc 0.0145 95%
H3GalNAc 0.0043 28%

NHAc GalNAc ~ 0.0104 68%

H1Galp 0.0092 61%

v H2Galp 0.0054 36%
s H3Galp 0.0032 21%
< HAGalp 0.0108 71%
H5Galp 0.0152 100%
H3GalNAch 0.0023 15%
H4GalNAch 0.0036 24%

MetFuc 0.0012 18%

H1GalNAc 0.0129 82%
H2GalNAc 0.0081 51%
H4GalNAc 0.0025 16%
NHAcGalNAc ~ 0.0158 100%

H1Galp 0.0091 58%

H3Galp 0.0061 39%

© HAGalp 0.0095 60%
s H5Galp 0.0158 100%
< HIGlca 0.0033 21%
HIGlcp 0.0028 18%

H2Glcp 0.0048 30%

H2Glca 0.0054 34%

H3Glep 0.0050 32%

H1 Fuc 0.0020 13%

MetFuc 0.0016 10%

HlGala 0.0053 56%

H2Galo 0.0033 35%

H5Galo 0.0022 23%

H1Galp 0.0066 70%

HA4Galp 0.0070 74%

~ H5Galp 0.0094 100%
s H1GIcNAc 0.0015 16%
@ H2GIcNAC 0.0027 29%
H3GIcNAC 0.0036 38%
H4GIcNAC 0.0050 53%
NHACGIcNAc ~ 0.0133 141%
NHACGICNAC ~ 0.0055 59%
Average NHAc 0.0094 100%




H1 Fuc 0.0000 0%
MetFuc 0.0013 14%

HlGala 0.0108 73%

H4Galo 0.0027 18%

H1Galp 0.0088 59%

H3Galp 0.0054 36%

~ H4Galp 0.0081 55%
s H5Galp 0.0148 100%
m H1GIcNAC 0.0035 24%
H3GIcNAC 0.0054 36%

NHAC GIcNAc  0.0035 9%

H1 Fuc 0.0024 16%

MetFuc 0.0023 16%

H1Galo 0.0094 100%

H3Galo 0.0041 44%

H1Galp 0.0046 49%

< H2Galp 0.0044 47%
2 H4Galp 0.0064 68%
g H5Galp 0.0081 86%
H4GalNAc 0.0028 30%

NHAC 0.0034 36%

H1 Fuc 0.0020 21%

MetFuc 0.0009 10%

H1Galo 0.0276 74%

H2Gala 0.0142 38%

H1GalB 0.0298 80%

H2Galp 0.0129 34%

H3Galp 0.0108 29%

© H4Galp 0.0307 82%
S H5Galp 0.0374 100%
m H2GlcB 0.0135 36%
H2Glco 0.0146 39%

H3GlcB 0.0172 46%

H5GlcB 0.0163 44%

H1 Fuc 0.0105 28%

MetFuc 0.0074 20%

7.1.1.2 trROESY NMR
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Supplementary Figure 7. Plot for the differences in chemical shifts between the free and

bound states for every tetrasaccharide from trROESY experiments.

7.1.1.3 Protein Backbone Resonance Assignment
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Supplementary Figure 8. Left: Superimposition of the *H-*N HSQC spectra of Gal-4N (red)
and Gal-4N with reduced peak intensity for arginine residues (blue). Right: Superimposition of
the 'H->N HSQC spectra of Gal-4N (red) and Gal-4N with reduced peak intensity for

phenylalanine and tyrosine residues (green).
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Supplementary Figure 9. Left: Superimposition of the *H-">*N HSQC spectra of Gal-4N (red)
and Gal-4N with reduced peak intensity for lysine residues (light blue). Right: Superimposition
of the *H-N HSQC spectra of Gal-4N (red) and Gal-4N with reduced peak intensity for valine,

leucine and isoleucine residues (black).

7.1.1.4 Chemical shift perturbations at Gal-4N
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Supplementary Figure 10. A) Top: Superimposition of the *H->N HSQC spectra of Gal-4N
saturated with H type-6 (blue) and lactose (red). Bottom: Chemical Shift Perturbation of Gal-
4N with H type-6 (blue) and lactose (red). B) Top: Superimposition of the *H->N HSQC spectra
of Gal-4N saturated with group B type-6 trisaccharide (blue) and lactose (red). Bottom:
Chemical Shift Perturbation of Gal-4N with B type-6 trisaccharide (blue) and lactose (red).
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Supplementary Figure 11. A) Top: Superimposition of the *H->N HSQC spectra of Gal-4N
saturated with A type-1 (blue) and A type-2 (red). Bottom: Chemical Shift Perturbation of Gal-
4N with A type-1 (blue) and A type-2 (red). B) Top: Superimposition of the *H-SN HSQC
spectra of Gal-4N saturated with B type-1 (blue) and B type-2 (red). Bottom: Chemical Shift
Perturbation of Gal-4N with B type-1 (blue) and B type-2 (red).
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Supplementary Figure 12. A) Top: Superimposition of the *H-"*N HSQC spectra of Gal-4N
saturated with A type-1 (blue) and A type-6 (red). Bottom: Chemical Shift Perturbation of Gal-
4N with A type-1 (blue) and A type-6 (red). B) Top: Superimposition of the *H->N HSQC
spectra of Gal-4N saturated with B type-1 (blue) and B type-6 (red). Bottom: Chemical Shift
Perturbation of Gal-4N with B type-1 (blue) and B type-6 (red).
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Supplementary Figure 13. A) Top: Superimposition of the *H->N HSQC spectra of Gal-4N
saturated with A type-1 (blue) and A type-6 (red). Bottom: Chemical Shift Perturbation of Gal-
4N with A type-1 (blue) and A type-6 (red). B) Top: Superimposition of the H->N HSQC
spectra of Gal-4N saturated with B type-1 (blue) and B type-6 (red). Bottom: Chemical Shift
Perturbation of Gal-4N with B type-1 (blue) and B type-6 (red).

7.1.1.5 Isothermal titration calorimetry (ITC)
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Supplementary Figure 14. Examples of titration profiles of titration of Gal-4N with group A
tetrasaccharides. Top: Row data from the titration representing pical/s dispersed during time.
Bottom: The enthalpy of binding (kcal/mol) for each injection plotted against the protein/ligand
molar ratio. The continuous line represents the least-squares-fit of the data to a single-site
binding model.
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Supplementary Figure 15. Examples of titration profiles of titration of Gal-4N with group B
tetrasaccharides. Top: Row data from the titration representing pical/s dispersed during time.
Bottom: The enthalpy of binding (kcal/mol) for each injection plotted against the protein/ligand
molar ratio. The continuous line represents the least-squares-fit of the data to a single-site

binding model.
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Supplementary Figure 16. Binding free energies (AG), enthalpies (AH) and entropies (AS), in
kcal mol?, derived for ligands A/B-type-1/2/6 from Isothermal Titration Calorimetry (ITC)

measurements.
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Supplementary Figure 17. Binding enthalpies (AH) versus entropies (AS), in kcal mol™,
derived for ligands A/B-type-1/2/6 from Isothermal Titration Calorimetry (ITC) measurements.
Note the nearly perfect linear relationship showing clear enthalpy/entropy compensation.
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7.1.2 C-terminal domain of Galectin-4

7.1.2.1 Saturation Transfer Difference (STD-NMR)

100-75% 75-50% 50-25% 25-0%

Lactose

HO O OH
A o gordgo

HO o} le)

OH
OH
H6Galp
| Hacalp H'Mseals
(x 500) l’ vy <+ H3Galp
: ity , .

Supplementary Figure 18. 'H-STD-NMR of the sample containing 50 uM of Gal-4C and 50
equivalents of lactose. In black the off-resonance spectrum (reference spectrum). In green the
STD spectrum. The protons of the ligand that show STD effect are annotated. On top the
structure of the ligand and the epitope mapping (relative STD) are shown.
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HBGA Group B trisaccharide type 6
HO OH
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Supplementary Figure 19. ‘H-STD-NMR of the sample containing 50 puM of Gal-4C and 50
equivalents of B type 6 linear trisaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.

HBGA Group A tetrasaccharide type 1
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Supplementary Figure 20. *H-STD-NMR of the sample containing 50 puM of Gal-4C and 50
equivalents of A type 1 tetrasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.
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HBGA Group A tetrasaccharide type 2
HO OH
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Supplementary Figure 21. 'H-STD-NMR of the sample containing 50 uM of Gal-4C and 50
equivalents of A type 2 tetrasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.

HBGA Group A pentasaccharide type 4
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Supplementary Figure 22. *H-STD-NMR of the sample containing 50 puM of Gal-4C and 50
equivalents of A type 4 pentasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.
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HBGA Group A tetrasaccharide type 6
HO OH
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Supplementary Figure 23. *H-STD-NMR of the sample containing 50 puM of Gal-4C and 50
equivalents of A type 6 tetrasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.

HBGA Group B tetrasaccharide type 2
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Supplementary Figure 24. 'H-STD-NMR of the sample containing 50 uM of Gal-4C and 50
equivalents of B type 2 tetrasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown.
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HBGA Group B pentasaccharide type 4

HO OH
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Supplementary Figure 25. *H-STD-NMR of the sample containing 50 puM of Gal-4C and 50
equivalents of B type 4 pentasaccharide. In black the off-resonance spectrum (reference
spectrum). In green the STD spectrum. The protons of the ligand that show STD effect are
annotated. On top the structure of the ligand and the epitope mapping (relative STD) are shown

Supplementary Table 2. STD values for the complexes of Gal-4C and the different ligands

upon aromatic irradiation

Ligand 'H-residue STD-AF | STD%
H2Galp 0.0012 | 40%
H4Galp 0.0024 | 80%
H5Galp 0.0028 | 93%

o H6Galp 0.0030 | 100%
% H6Galp 0.0027 | 90%
—' HIGlca 0.0017 | 57%
HIGlcB 0.0009 | 30%
H2Glca 0.0008 | 27%
H2Glcp 0.0009 | 30%

<3 H1Gala 0.0051 | 100%
,ﬁ . H2Gala 0.0011 | 22%
= H3Gala 0.0009 | 18%
& H4Gala 0.0008 | 16%
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H5Gala 0.0013 25%
H1Galp 0.0019 | 37%
H4Galp 0.0020 39%
H5Galp 0.0024 47%
H1Glca 0.0011 22%
H2GlIcp 0.0013 25%
H2Glca 0.0010 20%
H1GalNAc 0.0194 100%
H2GalNAc 0.0104 54%
H3GalNAc 0.0039 20%
H4GalNAc 0.0019 10%
NHAc GalNAc 0.0025 13%
z H2Galp 0.0015 8%
S H3Galp 0.0029 | 15%
< H4Galp 0.0121 62%
H5Galp 0.0055 28%
H6Galp 0.0058 30%
NHAc GIcNAc 0.0028 14%
NHAc GIcNAc 0.0052 27%
Average NHAc GIcNAc 0.0040 21%
H1GalNAc 0.0162 100%
H2GalNAc* 0.0067 41%
H4GalNAc 0.0020 12%
o H5GalNAc 0.0095 59%
L NHACc 0.0030 19%
f(* H3Galp 0.0033 | 20%
H4Galp* 0.0083 51%
H5Galp 0.0073 45%
H6Galp 0.0044 27%
NHAc GIcNAc 0.0018 11%
H1GalNAca 0.0157 100%
H2GalNAco 0.0079 50%
< H4GalNAca 0.0016 10%
L NHAc GalNAca 0.0025 16%
:? H2Galp 00030 | 19%
H4Galp 0.0079 50%
H5Galp 0.0059 38%
NHAc GalNAc 0.0018 11%
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H1GalNAc 0.0082 | 100%

H2GalNAc 0.0043 | 52%

© H4GalNAc 00011 | 13%
,% NHAc GalNAc 0.0025 30%
< H3Galp 0.0024 | 29%
HAGalp 0.0043 | 52%

H5Galp 0.0047 | 57%

H1Gala 0.0102 | 100%

H2Gala 00021 | 21%

~ HA4Gala 0.0016 | 16%
S H3Galp 0.0026 | 25%
0 HA4Galp 0.0056 | 55%
H5Galp 0.0052 | 51%

NHAC GIcNAC 0.0027 | 26%

HiGala 0.0062 | 100%

H2Gala 0.0016 | 26%

. H5Gala 0.0018 | 29%
o HA4Galp 00044 | 71%
g H5Galp 00032 | 52%
H6Galp 0.0025 | 40%

H4GalNAc 0.0010 | 16%

NHACc GalNAc 0.0026 | 42%
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7.1.2.2 Chemical shift perturbations at Gal-4C
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Supplementary Figure 3.26. Superimposition of the *H-*N HSQC spectra of Gal-4C in the
presence of H type-6 (blue) and lactose (red).
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Supplementary Figure 3.27. Superimposition of the *H-*N HSQC spectra of Gal-4C in the
presence of lactose (blue) and Galili linear trisaccharide (red).
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Supplementary Figure 30. Plots of the Chemical Shift Perturbation of Gal-4C in the presence

of the different group A oligosaccharides.



7.1.3 Full-length Galectin-4

7.1.3.1 Chemical shift perturbations at Gal-4FL
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Supplementary Figure 31. In red, the CSP of Gal-4FL in the presence of A type-6. In blue,
the CSP of Gal-4N in the presence of A type-6. In green, the CSP of Gal-4C in the presence of

A type-6.
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Supplementary Figure 32. In black the *H-"*N-HSQC of Gal-4FL. In red the *H-**N-HSQC
of Gal-4FL-H63R.
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Supplementary Figure 3.33. In black the *H-®"N-HSQC of Gal-4FL. In yellow the *H-**N-
HSQC of Gal-4FL-H63R.
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7.2 Towards understanding Galectin-4 interactions: the
recognition of LPS and CD14
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Supplementary Figure 34. Mang residue and the naming of each residue in the MD.

Supplementary Table 3. Predicted hydrogen bonding interactions in MD simulations between
CD14 and the Many residue at Asn282.

Acceptor Donor Fraction HB
GLU_33@OE2 OMA_329@H20 15%
GLU 33@OE1 | OMA_329@H20 15%
GLU_33@OE1 OMA_329@H30 11%
GLU_33@O0E2 OMA_329@H30 9%
GLU_31@OE1 OMA_329@H30 9%
GLU 31@0E2 | OMA_329@H30 5%
GLU 99@OE1 | OMA_329@H30 7%
GLU_99@OE2 OMA_329@H30 6%
GLU_31@OE2 OMA_329@H40 19%
GLU_31@OE1 OMA_329@H40 15%

ASP_3@0D1 OMA_329@H40 8%
ASP_3@0D2 OMA_329@H40 7%
GLU_99@OE2 OMA_329@H40 6%
GLU 99@OE1 | OMA_329@H40 6%
VMA_325@04 | OMA_329@H60 7%
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VMB_324@02

OMA_329@H60

5%

ASP_3@0D2 | OMA_329@H60 10%
ASP_4@0D2 | OMA_332@H20 6%
GLU_31@OE2 | OMA_332@H20 35%
GLU 31@OE1 | OMA_332@H20 34%
ASP_4@0D1 | OMA_332@H20 9%
OMA 332@02 | ARG_8@HH21 10%
GLU_31@OE2 | OMA_332@H30 14%
GLU_31@OE1 | OMA_332@H30 13%
ASP_4@0D2 | OMA_332@H30 19%
ASP_4@0D1 | OMA_332@H30 17%
ASP_3@0D1 | OMA_332@H30 7%
OMA_332@03 | ARG_8@HH21 11%
OMA_332@03 ASP_4@H 9%
ASP_3@0D1 | OMA_332@H40 21%
ASP_3@0D2 | OMA_332@H40 11%
LEU_2@0 OMA_332@H40 9%
GLU_95@OE2 | 2MA 330@H30 33%
GLU_95@OE1 | 2MA_330@H30 20%
2MA 330@03 | ARG_123@HH11 8%
2MA _330@03 | ARG_68@HH21 7%
GLU 95@O0E2 | 2MA_330@H40 21%
GLU 95@OE1 | 2MA_330@H40 33%
VMB_324@04 | 2MA_331@H60 24%
GLU 95@O0E2 | 2MA_331@H30 17%
GLU 95@OE1 | 2MA_331@H30 16%
ASP_3@0D2 | 2MA_326@H60 8%
ASP_3@0D1 | 2MA_326@H60 5%
ASP_3@0D2 | OMA_327@H20 5%
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Supplementary Figure 3.35. MALDI-TOF profile of the LPS from E. Coli O55
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Supplementary Figure 3.36. MALDI-TOF profiles of the different peaks obtained from the
gel-filtration of the mixture of LPS from E. Coli O55 and CD14.
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Supplementary Figure 3.37. Calibration curve obtained with an standard solution in a
Superdex 200 Increase 10/300 column.
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7.3 Synthesis of well-defined B-glucans using Automated Glycan
Assembly

Synthesis of the branched tetrasaccharide (11)

Analytical data for tetrasaccharide 14:

(ESI-HRMS) m/z 752.3176 [M+Na]* (C2oHssNO2Na requires 774.3002).
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Supplementary Figure 38. RP-HPLC of the tetramer (ELSD trace, Method Al, tr = 13.4
min)
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Supplementary Figure 39. ‘H-NMR of the linear tetrasaccharide (400 MHz, D,0)
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Supplementary Figure 40. *C-NMR of the linear tetrasaccharide (176 MHz, D,0)
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Supplementary Figure 41. *H-*C-HSQC of the linear tetrasaccharide
Synthesis of the branched pentasaccharide (12)
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Supplementary Figure 42. MALDI-MS of the oligosaccharides cleaved from the resin in the
synthesis of the branched pentasaccharide (12)
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Synthesis of the linear octasaccharide (13)
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Supplementary Figure 43. MALDI-MS of the oligosaccharides cleaved from the resin in the
synthesis of the linear octasaccharide (13)
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