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Résumé

À ce jour, les glycosyltransférases (GT) sont une famille essentielle d'enzymes mal
caractérisées à la fois structurellement et mécaniquement, ce qui constitue une lim-
itation majeure dans le domaine des glycosciences. Ces enzymes jouent un rôle cru-
cial dans les organismes vivants en catalysant le transfert stéréo- et régio-spéci�que
d'un sucre donneur activé vers une molécule acceptrice, pour construire des oligosac-
charides complexes à la surface des cellules. La mise au point de nouveaux outils
analytiques est nécessaire pour analyser et caractériser les interactions entre ces en-
zymes et les glycanes, dans une approche à haut débit. Dans ce contexte, l'imagerie
par résonance plasmonique de surface (SPRi) apparait comme une méthodologie
adaptée et polyvalente pour répondre à cette demande de criblage de ligands et de
suivi des interactions biomoléculaires, en temps réel et sans marquage.

Par conséquent, ce projet de recherche multidisciplinaire est organisé en trois axes
principaux : dans un premier temps, nous abordons l'expression hétérologue et la
puri�cation d'une fucosyltransférase de la plante Arabidopsis thaliana (AtFUT1)
qui participe à la dernière étape de la biosynthèse du ligand xyloglucan (XyG). En-
suite, les approches d'immobilisation spéci�ques des résidus glycanes sur surface ont
motivé la conception de stratégies chimiosélectives pour conjuguer les entités XyG à
des échafaudages oligonucléotidiques avec de bons rendements. La polyvalence des
structures ODN conjuguées aux glycanes fournit des informations et propriétés pré-
cieuses pour les étapes de puri�cation et de caractérisation des glycanes, ainsi que
pour leur immobilisation. En�n, le troisième axe est consacré à la conception et à la
construction d'une glyco-puce XyG polyvalente, par une approche d'immobilisation
spéci�que dirigée par l'ADN (DDI). Cette stratégie conduit au développement �nal
d'un outil analytique original basé sur la puissante technique SPRi, qui permet la
visualisation et la caractérisation des interactions biomoléculaires en temps réel et
sans marquage.
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Abstract

To date, glycosyltransferases (GTs) are an essential family of enzymes poorly char-
acterized both structurally and mechanistically which is being a major bottleneck
in Glycoscience. They play a crucial role in living organisms catalysing the stereo-
and regiospeci�c transfer of an activated donor sugar to an acceptor moiety to build
up complex oligosaccharides onto the cell surface. New analytical tools are required
to screen enzyme-glycan interactions in high-throughput manner. In this context,
Surface Plasmon Resonance imaging (SPRi) has spread as a versatile methodology
to overcome this glycoscienti�c demand for ligands screening and biomolecular in-
teraction monitoring at real time and without any labels.

Therefore, this multidisciplinary project is organized in three main axes: �rst,
we address the heterologous expression of a fucosyltransferase from the plant Ara-
bidopsis thaliana (AtFUT1) (CAZy family GT37) that participates in the last step
in the biosynthesis of xyloglucan (XyG) ligand. Then, speci�c immobilization ap-
proaches using DNA architectures motivate the design of chemoselective strategies
to conjugate XyG building-blocks to oligonucleotidic sca�olds in good yields. The
versatility of having ODN structures conjugated to glycans provides powerful in-
sights for glycan puri�cation, characterization and also immobilization approaches
on solid support. In this matter, the third axis is dedicated towards the conception
and construction of a versatile XyG glycochip for its speci�c immobilization ap-
proach by DNA-Directed Immobilization (DDI). This strategy is envisioned through
the powerful SPRi technique that allows the simultaneous visualization of binding
events without using any label molecule in real time measurements.
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Thesis Layout

Before starting, I would like to provide a guideline reading that might explain to
the reader on how this manuscript has been organized.

This project dives into the Glycoscience framework moving at the interfaces be-
tween biology, chemistry and physics. The motivation of this multidisciplinary
project is determined by the complexity of each scienti�c domain and therefore, it
requires an equitable treatment throughout this manuscript. Thus, I prepared this
thesis research into six chapters organized as follows:

The �rst chapter will be dedicated to provide a general overview about the world
of carbohydrates, the biological machinery of enzymes responsible on their fabrica-
tion, and one emerging technology to monitor their interactions.

The following three chapters will entail the core of this project and they will
be dedicated to explore the three scienti�c domains aforementioned. Each of these
chapters will be introduced by a scienti�c context about the state-of-the-art, followed
by a proposed strategy and the most relevant results obtained for that purpose. Fi-
nally, they will be closed by a general conclusions.

Then, a �fth chapter will be devoted to a detailed description of the materials and
experimental procedures carried out in this project. Finally, the thesis closes with a
sixth chapter that will provide the general conclusions and some future perspectives.
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1 General Introduction

The world is sweet!! Sugars are considered one of the most abundant
macromolecules found on Earth. They have become to a central family
of molecules playing unique roles in living organisms. From Hermann
E. Fisher, "a new line of study emerged gathering fundamental research
�elds to understand this new language of life: the Glycoscience." This
chapter outlines general information regarding the world of sugars, a piv-
otal family of enzymes that synthesise them called glycosyltransferases
and a powerful biosensing tool that enable their biochemical characteri-
zation.
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1 General Introduction

1.1 The central language of carbohydrates

In the past, there were only three main research areas in biochemistry that have con-
centrated the major attention within the scienti�c community: the nucleic acids, the
proteins and the lipids. Additionally, it existed a family of natural macromolecules
named carbohydrates that are concealed in the anonymity only admittedly as a
useful function to provide energy or mechanic strength. However, because of their
structural complexity and they are not part of the genome, the study of carbohy-
drates has been recently emphasized as a new biological target of communication
language in Nature. The lack of information and the discovery of new structural
and biochemical implications in modulating biomolecular recognition for patholog-
ical process, in�ammation responses or immune system activation have promoted
the origin of a new research discipline called Glycoscience.1�4

1.1.1 The Study of Carbohydrates in Glycoscience

Glycoscience is a scienti�c interdisciplinary area involved in the study of one of the
most abundant biomolecules found on Earth: the carbohydrates. Within this wide
research �eld, it combines a global community of biologists, chemists, biochemists,
microbiologists, engineers, computational scientists and informatics to provide a
deep knowledge towards the better understanding of the biological information and
potential applications behind these interesting macromolecules.3,5

The term carbohydrate has been historically interchanged with sugars just to
de�ne a carbohydrate molecule that exhibit sweetness �avour in taste. Moreover,
this organic molecule has adopted generic names such as glycans (Greek pre�x of
sugar), saccharides or sugars, all of them perfectly validated within the Glycoscience
community.

Carbohydrates belong to a fundamental family of macromolecules that are com-
posed by carbon and hydrogen atoms (literally hydrates of carbon) with the empir-
ical formula (Cn(H2O)n) as the smallest template unit. However, it exists a huge
variety of carbohydrates biomolecules that encompasses the simplest units named
monosaccharides and the combination of each monosaccharide unit to form more
complex structures so called disaccharides (two monosaccharides) or polysaccharides
(more than thirteen monosaccharides).

The large variety of carbohydrates structures resides in their versatility as chem-
ical composition. In the Figure 1.1 a model of trisaccharide is illustrated with a
description of all the chemical information contained within their structure.
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Figure 1.1: Chemical structure of a model of trisaccharide. Chemically, two di�erent func-
tional groups are distinguished: the free alcohol groups (primary and secondary alcohols) and the
aldehyde group, generally in the close form as hemiacetal. The active point of reactivity from the
aldehyde form determines the reducing end of the glycan. On the other hand, the hydroxyl groups
are the oxidized form within the glycan structure, and therefore, they de�ne the non-reducing end.
The reaction of both chemical groups from di�erent glycans yields the coupling of the structures
through a glycosidic bond (in yellow) with a �xed stereochemistry (either α- in blue or β- in red)
and the reactive points of linkage (regiochemistry) within the glycosidic bond (1,4 and 1,6).

The general attachment of monosaccharides is a result from the chemical reac-
tion between the aldehyde form of one monosaccharide unit with an alcohol from
another residue to yield an acetal bond. This linkage is called glycosidic bond and
the chemical process is known as glycosylation.

In this example, the trisaccharide is described by the formation of two glycosidic
bonds (Figure 1.1- in yellow). Each glycosidic linkage at the anomeric carbon can
be di�erentiated by the spatial orientation (stereochemistry) and the reaction po-
sition (regiochemistry) of each sugar molecule linked to the next one. Thus, the
sterochemistry of the glycosidic bond can be de�ned either β-in red (H-axial) or
α-in blue (H-equatorial), and the regiochemistry between the two reactive partners
(hydroxyl group and the potential aldehyde form) both 1,4 ad 1,6 in this trisaccha-
ride.
Similarly to a single strand DNA or RNA architectures wherein the nucleotides are
orientated based on a directionality 5'-end to 3'-end on the ribose sugar (phospho-
diester bonds), or to peptides sequences in which are de�ned an N-terminal residue
and a C-terminal residue (amide bonds), the carbohydrates also exhibit their own
orientation motif described by the reducing terminus region located at the aldehyde
position (easy to be reduced) and the non-reducing terminus from the free alcohols
(Figure 1.1).

The versatility of a single monosaccharide provides access to multiple reactive
points in its linkage with other monomers. That assumption contributes to the
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1 General Introduction

structural complexity of these compounds compared to nucleotides or proteins that
possess only one type of linkage (either phosphodiesters or amide bonds respec-
tively) giving linear polymers orientation. Instead, this inherent chemical feature is
a direct result of �nding a huge variety of glycans that can lead to the formation of
both linear and branched structures with a critical active roles in Nature.

A couple of examples illustrated in the Figure 1.2 demonstrate the versatility in
the 3-D conformation of carbohydrate structures that determine the �nal function-
ality (cellulose vs starch) from the single glucose sugar.

Cellulose

Starch

��� 1,4-linkage
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Figure 1.2: Examples of the variety of glycan structures with completely di�erent functionalities
sharing the same unit molecule of glucose. On the top, it is illustrated a couple of glycan examples
forming a β-1,4-linkage: the cellulose polysaccharide. At the bottom, it is illustrated a couple of
glycan examples forming α-1,4-linkage: the starch polysaccharide.

As we already described, the spacial arrangement is dominated by the stereochem-
istry of glycosidic linkages along with intermolecular hydrophobic and hydrophilic
interactions.

Thus, the cellulose polysaccharide (the most abundant compound in nature) is
a natural product synthesised by plants that is composed by D-glucose molecules
joint through a β-1,4-glucosidic bonds (Figure 1.2-up). This alternating rotation of
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1.1 The central language of carbohydrates

the glucose sugar allows the formation of �ber piles by hydrogen bonds that provide
a robust and insoluble structure that plants utilize as a structural material. On
the other hand, the same glucose arrangement with α-1,4-glucoside linkage (Figure
1.2-down) reveals the family of starch polysaccharide. Instead, because of this stere-
ochemistry of the glycosidic bond at α-position, the starch macromolecules lack on
intermolecular hydrogen bonds which increases the water-solubility that facilitate
their hydrolysis and �nal glucose distribution as an energy source.

Is in this framework wherein the glycoscience is aimed to address the comprehen-
sion within the mechanism of synthesis and degradation of these macromolecules as
well as their structural heterogeneity that is displayed in living organisms. More-
over, the glycoscience framework is also dedicated to explore the biological systems
involved within the glycan interactions. These families are mainly binding proteins
called lectins and enzyme-catalysed named glycosyltransferases which represent a
pivotal biological magnitude towards a better understanding one of the central lan-
guage of life.3

1.1.2 Information behind the glycans. The sweet outcome in the
glycome era

Glycans are ubiquitous in living organisms decorating the cell membrane within
a particular region called glycocalyx (Figure 1.3) most of them conjugated with
proteins (glycoproteins) and lipids (glycolipids). This external shield of glycans
represents a strategic location out of the surface that opens the possibilities to
interact with di�erent biological residues and modulate many biological pathways
including cell signalling and cell-cell interaction, in�ammation, viral and bacteria
host infections or immunity system activation.4,6

In eukaryotic cells, protein modi�cations generally occur after the translation
process in the biosynthetic pathway of proteins where di�erent functional groups are
covalently attached to them. This process is called posttranslational modi�cation
(PTM) and in this case, the glycosylation process (attachment of glycans to form
glycoconjugates) is considered one of the most common and diverse PTM of proteins
or lipids that could explain the great relevance of carbohydrates towards increasing
the biological complexities throughout the genome.4,7

The presence of glycan structures shielding the cell surface renders biological rel-
evance into the glycosylation processes which represent a potential target towards
therapy development.4 To highlight the scope of the biological roles of glycans
within living organisms, a couple of examples are brie�y mentioned below and il-
lustrated in the Figure 1.4.
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Glycoproteins Glycolipids

GlycansCell surface 
glycoconjugates

Cytoplasm
Nucleus

Plasma membrane
Glycocalyx

Figure 1.3: Model of a cell membrane with a dark meshwork of coated carbohydrates forming
the glycocalyx. The zoom image illustrates a cartoon with some of the di�erent glycoconjugates
potentially found decorating the cell surface.

One of the most important milestone for the human immune system was the
discovery of the ABO blood antigens in human cells by Karl Landsteiner awarded
with the Nobel Prize in Physiology or Medicine, 1930. Brie�y, the human red blood
cells were codi�ed by one speci�c glycan sequence decorating the cell surface called
antigen H. The classi�cation of ABO(H) blood types is promoted by further glycosy-
lation of this basal structure encoded by speci�c glycosyltransferases (Figure 1.4-a)
to get four blood types candidates: the O, A, B and AB. Thus, human cells with
O-type means that the antigen H has not been modi�ed by any glycosyltransferase.
The blood type A refers to the glycosylation of the antigen H by adding one N-acetyl-
D-galactosamine sugar with a particular glycosyltransferase ("GT-A"). Then, the
blood type B this antigen is glycosylated by adding a galactose sugar with another
glycosyltransferase ("GT-B"). Finally, the tpye AB presents a mixture of antigen
H glycosylated by both glycosyltransferases ("GT-A" and "GT-B").
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Figure 1.4: Schematic illustration of some relevant examples where the glycosylation process
gain importance nowadays. a) Human type blood cell classi�cation is de�ned by glycosylation of
the antigen H either by GT-A to provide a blood type-A or by GT-B to provide a blood type-B or
both. b) Spike protein model covered by a glycan shield from the SARS-CoV-2 (COVID-19) virus
protein. This glycan shield is used by the virus particles to evade the immune system.

It is important to remark that this process is more complicated and not only
promoted by the ABO system. However, this example stands here to highlight that
small di�erences in only one speci�c sugar, and more precisely in a single chemical
functional group within each transfer sugar, is su�cient to trigger a response of the
immune system to reject the blood. Therefore, understanding the classi�cation of
the ABO blood types was the winning strategy to avoid incompatibilities in blood
transfusions nowadays.
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1 General Introduction

Another example is illustrated in Figure 1.4-b and it can explain the relevance
of this macromolecules in our daily life. In 2019, a global pandemic caused by a
coronavirus (CoV) named COVID-19 has posed in check the human health inducing
an infectious disease in the respiratory system with a massive number of human life
lost. Huge e�orts from all the scienti�c community have been deployed to decode
the virus mechanism towards the development of a proper vaccine and treatments
that returns to normality. Many di�erent research lines have been explored to date
with several approaches. However, we refer for this topic the recent study devel-
oped by Casalino et al.8 wherein they reported the viral structures from COVID-19
decorated with carbohydrates that help evade our immune system response. In par-
ticular, they fully described a molecular dynamic simulations of the glycosylated
SARS-CoV-2 (virus that causes COVID-19) spikes proteins in the viral membrane
as a critical target for vaccine design.

The glycan implication as we have reported in these model examples, either can
serve to control our immune system to avoid a mismatch in blood transfusion or to
act as camou�age by adding a glycan shield for helping viral proteins to be recog-
nized.

The most interesting assertion is that glycan building-blocks are not natural prod-
ucts encoded by the genome contrary to proteins, and it does not exist a template
code. It indicates that the biological information that modulates binding inter-
actions should be retained within the sugar structure itself or behind the glycan
assembly taken place by a machinery of glycosidases and glycosyltransferases at the
level of Golgi apparatus.7 Moreover, the glycosylation pathway is considered as a
dynamic process wherein the nature of the glycan structures are variable and highly
dependant on the environmental conditions, cell-type or organism to be exposed.3

Thus, all these remarkable features encoded inside the large and complex network
of glycan architectures have entailed the beginning of a new era coined glycomics
(analogous to proteomics or genomics) to envision the complete elucidation of the
totally collection of glycans: the glycome.

1.2 The biological machinery to build-up glycans: the

Glycosyltransferase enzymes

Understanding the glycosylation process comprises one of the major challenge in
glycoscience. A myriad of biomolecules such as glycans, proteins or lipids are glyco-
sylated to form glycoconjugates that modulate their �nal function.4 The glycosy-
lation process to build-up complex glycan structures occurs mainly at endoplasmic

12



1.2 The biological machinery to build-up glycans: the Glycosyltransferase enzymes

reticulum and Golgi apparatus and it is controlled by a machinery of enzymes called
glycosyltransferases.7

1.2.1 De�nition and structures

Glycosyltransferases, GTs (EC 2.4.x.y) are a large family of enzymes responsible in
the biosynthesis of glycans in nature. This type of enzymes catalyse the formation of
glycosydic linkages by transferring an activated glycosyl moiety (donor) to an accep-
tor molecules.9,10 The nature of the glycosyl donor residues are mostly nucleoside
phosphate groups, such as uridine diphosphate glucose (UDP-Glc) or Guanosine
diphosphate fucose (GDP-Fuc), that work as a good leaving group to promote the
binding reaction. On the other hand, acceptor substrates are typically other sugars
in the form of mono-di-oligo-polysaccharides but also, other biomolecules such as
proteins or lipids.10 In the Figure 1.5 is depicted the enzymatic transfer reaction
from a generic donor to a di�erent acceptor substrates.
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Figure 1.5: Generic representation of a Leloir glycosyltransferase transfer reaction from the
generic form of sugar donor to the three di�erent acceptor substrates (monosaccharides, proteins
and lipids). Examples of nucleotide phosphate to activate the sugar moiety are depicted as grey
circle (UDP and GDP). The �nal transfer products are illustrated as generic conjugates as disac-
charides, glycoproteins and glycolipids.

Typically, the nucleotide-dependant glycosyltransferases are referred with the
name of Leloir enzymes in reference to Luis F. Leloir (Nobel Prize in Chemistry,
1970), author of one of the most important discovery of sugar nucleotides and their
implication in the biosynthetic pathway of carbohydrates (Figure 1.5).10
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1 General Introduction

The crystal structures and X-ray analysis of these Leloir GTs revealed two pre-
dominant canonical fold-type based on the nucleotide binding domain called GT-A
and GT-B, although a third protein folding GT-C has been described.9�13 The
Figure 1.6 illustrates a ribbon diagram of the two main types of Leloir GTs folding
determined by their catalytic domain.

GT-Aa) GT-Bb)

Figure 1.6: Ribbon diagram of the two predominant types of folding determined for the gly-
cosyltransferase enzyme catalytic domain. a) Model of GT-A fold adopted by the enzyme SpsA
from Bacillus subtilus, Protein Data Bank (pdb) 1qgq. b) Model of GT-B fold observed in a
bacteriophage T4 β-glucosyltransferase, pdb 1jg7. Taken from Lairson et al.10

These two main Leloir GT fold-types fall into the structural similarity of dis-
playing at least one Rossmann-type folding in the catalytic domain.9 This Ross-
mann fold can be de�ned as a α/β/α sandwiches to create the active site typically
found in many Leloir GT enzymes. In particular, the GT-A fold contains a single
Rossmann-like motif that interacts with the nucleotide sugar donor (Figure 1.6-
a). Furthermore, most of the GT-A enzymes have been found to require divalent
cations (generally Mn2+ or Mg2+) coordinated through a common DxD motif (Asp-
any residue-Asp) for activity. On the other hand, the GT-B enzymes display two
Rossmann-like folded domains separated by a large cleft wherein the active site is
located (Figure 1.6-b). Contrary to the GT-A fold, the GT-B enzymes are not
metal-ion-dependent and they do not contain a DxD motif for activity.

Typically, most of GT enzymes exhibit a type-II membrane topology. This spa-
cial arrangement at surface level implies a globular catalytic domain (C-terminal)
localized at the Golgi lumen which is connected by a stem region to a single-cross
transmembrane domain to conclude with a short N-terminal facing the cytosol re-
gion.14�16 The Figure 3.2 exempli�es this model.
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1.2 The biological machinery to build-up glycans: the Glycosyltransferase enzymes

N

C

Active site

Golgi Lumen

Cytosol

Stem region

Transmembranal
domain

Catalytic site

Figure 1.7: Model of a type-II membrane topology typically found for most of GTs. The
catalytic site is located at Golgi lumen which it is connected ith a single transmembrane domain.
Image inspired from Oikawaet al.16

1.2.2 Classi�cation and Reaction Mechanisms

Approximately, around 1-2 % of the gene production are encoded a GTs fami-
lies of any organism. They are organised in the Carbohydrate Active enZyme
Database (CAZy, http://www.cazy.org/Glycosyltransferase.html) along with other
carbohydrate-active enzymes such as glycoside hydrolases or polysaccharide lyases.17

The GTs are classi�ed according to the stereochemical outcomes on the anomeric
carbon of the substrate donor involved in the transfer reaction. Thus, they can
modulate two types of stereochemistry over the new glycosylated product: retain-
ing or inverting con�gurations are depicted in the Figure 1.8.10,18

By analogy with the organic chemistry, the glycosylation reaction can be ob-
served as a nucleophilic attack over the anomeric position of the sugar donor bear-
ing a nucleotide phosphate leaving group. The preservation or modi�cation of the
anomeric con�guration within the �nal product might suggest di�erent catalytic
mechanisms.19
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Figure 1.8: Schematic diagram of the �nal con�guration adopted from the GT transfer reaction.
The retaining GTs preserve the stereochemistry of the glycosidic bond (α to α). The inverting
GTs permute the stereochemistry of the glycosidic bond (α to β). Adapted from Lairson et al. 10

Most of inverting GTs operate through a single-displacement transfer mechanism
via bimolecular nucleophilic substitution (SN2) as shown in the Figure 1.9-a. The
mechanism proceeds when a catalytic base residue (typically Glutamate, Histidine
or Aspartate) activates the acceptor molecule by taking a proton from an hydroxyl
group. It increases the nucleophilicity and promotes the nucleophilic attack over the
anomeric position mediated with the formation of an oxocarbenium ion-like transi-
tion state. This attack is produced from the opposite site of the nucleotide phos-
phate leaving group to displace it yielding a glycosilated product with an inversion
in the anomeric con�guration. However, other inverting GTs are mediated through
a unimolecular nucleophilic substitution (SN1) catalytic mechanism with no base
catalyst participation.20 This is the case of the fucosyltransferase 1 (FUT1) from
plant cell wall in which an oxygen from the GDP-Fucose donor participates in the
deprotonation process to activate the hydroxyl group from the acceptor molecule.
Then, a water molecule mediate the protonation state of the GDP and the acceptor
hydroxyl group (Figure 1.9-b).

On the other hand, the understanding of retaining GTs has been considered a
great challenge and a strong debate.21 However, recent structural studies of the
catalytic mechanism of retaining GTs have validated important insights.22,23 Gen-
erally, this catalytic mechanism of GTs is addressed by two di�erent approaches: a
double-displacement via SN2 or a stepwise front-face mechanism.

The mechanism of double-displacement suggests a �rst stage where one aminoacid
residue (Glu or Asp) participates in a nucleophilic attack over the donor sugar
(anomeric carbon) generating a covalent glycosylated intermediate between the en-
zyme and the donor sugar. This complex shields by steric hindrance the nucleophilic
attack by the acceptor molecule towards the opposite side retaining the �nal glyco-
sidic bond con�guration in the second stage (Figure 1.10-c).
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state. The glycosidic bonds broken and formed are represented in green. Mechanism inspired from
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Regarding the second approach, the stepwise front-face is modulated by the phos-
phate group from the sugar donor modulate in a dual manner. First, this group
deprotonates the incoming hydroxyl group from the acceptor molecule leaving an
oxocarbenium-like transition state within a short-lived period. Then, the attack is
produced from the same side leaving the phosphate group and retaining the �nal
con�guration (Figure 1.10-d).19

Overall, we notice that in all four transfer mechanisms, the hydroxyl group from
the acceptor molecule is activated by deprotonation to increase the nucleophilicity.
Either a basic aminoacid, a phosphate group or a water molecule enhance the nu-
cleophilic attack through an oxocarbenium ion-like transition state.

Even though we have brie�y reviewed the general mechanisms of inverting and
retaining GTs, this study represents a major challenge that proves the necessity of
seeking a better understanding about enzyme-substrate recognition.
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1.3 Bio-analytical tools for the interrogation of

glycoenzymatic interactions

Glycosyltransferases represent a family of enzymes responsible for the glycosyla-
tion process in nature. The genomic and crystallographic analysis along with 3D
modelling can help to describe putative GTs, but functional tools to address glyco-
sylation patterns are yet required. The complexity and diversity of glycan structures
make to these enzymes an attractive landmark to be interrogated as a possible tar-
get molecules that could contribute to decipher the glyco-code.

A variety of screening methodologies have been explored to address GT interac-
tions and activity monitoring including radiolabelling,24 chromatography25 or mass
spectrometry26 among others.27 However, the development of new biophysical and
biochemical methodologies has o�ered a future line of understanding glycan-GT
interactions.28 The main idea of these bio-analytical tools resides in reproducing
the nature distribution of enzymes and glycans interactions by displaying these tar-
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1.3 Bio-analytical tools for the interrogation of glycoenzymatic interactions

get probes on a solid surface to detect biomolecular binding events. In the �eld
of carbohydrates, this concept was de�ned as glyco-array platforms and a detailed
description of this technique is presented in the Chapter 5 on this project.

1.3.1 Biosensors. General Principle and Major Advantages

Within the last decades, the concept of biosensing has congregated a great progress
towards multiple research �elds such as chemistry, biochemistry, biotechnology and
biomedicine among others.29 A biosensor can be de�ned as an analytical device
that utilizes an integrated bioreceptor element for sensing speci�c analytical probes
(Figure 1.11). This bioreceptor element is generally formed by high speci�city
biomolecules (antibodies, enzymes, nucleic acids or small molecule receptors) in-
timately in contact to the transducer and exposed to outside. Owing to the interac-
tion of both components, a transducer converts the biochemical interaction into a
physical signal (electrochemical, optical, heat, piezoelectric, etc) that is ampli�ed,
identi�ed and processable.30

Bioreceptor
element

Probes

Transducer

Antibodies Enzymes Nucleic acidsSynthetic receptors

Electrochemical Optical Piezoelectric

SIGNAL· Amplification
· Identification
· Treatment

Heat

Drug 
discovery

Disease
detection

Environment

Soil Quality

Food Quality

Defense

Water Quality

Screening

BIOSENSOR

Figure 1.11: Model of the biosensor and potential applications. Adapted from Bhalla et al. 31

The widespread use of these versatile devices aims to overcome the major chal-
lenges in biochemical detection methods providing a simple platform for rapid anal-
ysis, reproducibility, under simultaneous monitoring for both quantitative and qual-
itative measurements. The higher selectivity and substrate speci�city of biological
targets have become a frame of reference to explore a wide areas of research towards
drug discovery, disease detection, environmental monitoring, food quality and po-
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1 General Introduction

tentially defence applications among others depicted in the Figure 1.11.31

In the �eld of glycoscience, the design of biosensors has been dedicated towards the
monitoring of glycan-protein interactions wherein glycans or glycoproteins probes
are immobilized on a solid support, namely glyco-arrays.32 Advances in the devel-
opment of miniaturization technologies in combination to high-detection methods
make the carbohydrates micro-arrays technology a leading-edge tools for the simul-
taneous assessment of small sample quantities. Moreover, they can be adapted for
a range of glycans and a�nity proteins.33

1.3.2 Optical Biosensor Technique

Optical biosensors have emerged rapidly as one of the most representative model
of biosensor.34 The principle of this detection method is to monitor changes in the
optical �eld as a consequence of a biorecognition event. As shown in the Figure 1.11,
the bioreceptor integrated with an optical transducer device will provide an optical
response proportionate to the concentration of the analyte recognised. Within this
family of transduction techniques, there is one that has become the most popular:
the surface plasmon resonance (SPR) and the updated version using an imaging
detector named SPR imaging (SPRi). For a detailed description of the physical
phenomena of SPR methodology refers to Homola.35,36

Surface Plasmon Resonance biosensor

SPR biosensor is an optical method that enables the direct analysis of interacting
biomolecules in real-time measurements without labelling.34 The SPR principle uses
the electromagnetic waves generated on a metallic surface (generally gold) when a
polarized-light illuminates the surface (Figure 1.12). The energy coupling between
the incident light and the free electromagnetic waves at speci�c angle (resonance
angle) induces the formation of plasmons at the surface level and as a consequence,
a drop in the total energy (total internal re�ection, TIR). When a binding analyte
interacts with the biological element, a shift in the optical response (re�ectivity)
is triggered proportionate until a certain point to the successive number of bound
molecules on the surface. The SPR transduction is based on the detection of the local
changes in re�ectivity closeness to the gold surface over a few hundred nanometers.37

A new version of SPR, called surface plasmon resonance imaging (SPRi), allows
the detection of a hundreds or thousands samples simultaneously on a single chip
and further analysis thanks to the high resolution charge-couple device (CCD) cam-
era. SPRi represents the forefront of multiplexed analysis in a high-throughput
manner to address binding interaction in real-time.
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Figure 1.12: Principle of a conventional SPR biosensor (left side). The target binding to the
glycan receptor induces a shift of the initial resonance angle θ1 to θ2 in the re�ective curve. The
angle interrogation monitoring provides a real-time measurement about kinetic binding events.
Adapted from Prabowo et al. 38

The approach in the use of SPRi biosensors is mainly due to the great poten-
tial advantages of this technology. Owing to the optical light measurements do not
interfere on the sample solution or the recognition events, the SPRi device can be
adapted to many di�erent sample probes specially suitable for biological analytes
which native states need to be preserved. Furthermore, the direct analysis, label-
free and real-time detection features along with the high speci�city and selectivity of
biological systems make this optical devices so attractive to explore biorecognition
elements such as DNA,39 RNA,40 antibodies,41 proteins, enzymes and other type
of biomolecules like glycans.42 Moreover, its versatility is expanded towards the
solid-gas interface to explore many other applications such as bioelectronics sensors
to detect volatile compounds.43

1.4 Aim of this Thesis

Glycosylation or attachment of glycans is considered one of the most important post-
translational modi�cation developed in living organisms. A large family of enzyme
named glycosyltransferases are intimately responsible for the catalytic assembly and
processing of these glycan structures to build-up more complex glyco-architectures
that contribute to the dynamic information package of the glycome. However, the
lack of biochemical information and characterization of these glycosyltransferases is
actually a major bottleneck in Glycoscience.
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1 General Introduction

Under this premises, my PhD research is involved in a multidisciplinary project
that aims at the elaboration of a versatile glycochip for monitoring glycoenzymatic
interactions. This approach is explored by SPR imaging biosensor technique to
provide a fast, original and easy-adapted screening tool for real-time and label-free
detection assays.

To that end, the design of this glycochip is divided into three main correlated
chapters that tackle three main blocks: the target probe (enzyme), the bioreceptor
molecule (ligand) and the transducer element (technique) based on glycoenzymatic
biosensing detection.

A �rst general introduction is presented in Chapter 1 about the pivotal role of
glycans, the glycosyltransferases as a precise machinery of glycosylation and the
SPRi as a powerful deciphering technique.

The Chapter 2 is dedicated to the expression and puri�cation of a speci�c target
probe. In this study, a fucosyltransferase from Arabidopsis thaliana (AtFUT1) is
used as a model of glycosyltransferase previously described in our group at CER-
MAV laboratory.44,45 The AtFUT1 is expressed active and soluble in insect cells
under heterologous expression and puri�ed by nickel a�nity at milligram scale.

On the other hand, the Chapter 3 focuses on the production and chemical modi�-
cation of the bioreceptor molecule. For this speci�c enzymatic system, the tamarind
xyloglucan (TXyG) is the AtFUT1 ligand. This large polysaccharide is digested into
a set of smaller building-blocks that are chemoselectively modi�ed with an oligonu-
cleotide structure (XyG-DNA) for further immobilization approach. In parallel, a
complementary strand is conjugated using a pyrrole group to address surface im-
mobilization.

Finally, the Chapter 4 prepares the glycochip fabrication by collecting all the part-
ners previously obtained and monitoring the interactions by SPRi assays. Thus, this
chapter describes the implementation of grafting xyloglucan-DNA probes through
speci�c DNA/DNA hybridization named DNA-Directed immobilization (DDI) ap-
proach. Then, the accessibility of XyG probes on the chip are validated using LM24
antibody (Anti-XyG) on the chip. Finally, preliminary assays of AtFUT1 and XyG
interaction is explored on glycochip using SPRi technique.
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2 The AtFUT1: developing a clear-cut

Xyloglucan Fucosyltransferase

Within this chapter, we will explore a model of glycosyltransferase from
Arabidopsis thaliana, AtFUT1, through a scienti�c context. Then, we
will develop an heterologous expression, puri�cation and characteriza-
tion of the AtFUT1 in insect cells adapted for large-scale production.
Finally, a novel GDP-Glo�assay will be performed to determine the en-
zymatic activity of AtFUT1.
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2.1 Scienti�c context

2.1 Scienti�c context

2.1.1 Native Glycosyltransferases Involved in the Xyloglucan
biosynthesis

Thinking about plants, it always comes to mind the name cellulose, one of the most
abundant and studied compound involved the primary cell wall (PCW). However, a
plethora of polysaccharides compounds walk along with the cellulose such as pectins,
xylans or xyloglucan among others,46 building-up a template of cross-linked network
of polymers never found in other living organisms. In particular, the xyloglucan
polysaccharide (XyG) belongs to the family of hemicelluloses (cellulose core-like)
and it is considered as one of the major component in PCW in dicots. The XyG is
responsible for having a strong non-covalent hydrogen bond interactions within the
cellulose micro�brils leading to a noteworthy meaning in regulatory stages involv-
ing growth, elongation and cell wall sti�ness in plants.47 Within the biosynthetic
mechanism of the XyG structure at Golgi apparatus level,16,48,49 many Leloir gly-
cosyltransferases (GTs) have been identi�ed in Arabidopsis Thaliana as we depicted
in the Figure 2.1.50 In several stages, these enzymes are able to build the �nal core
of the xyloglucan through the transfer of sugar moieties from an activated sugar
(nucleotide sugars) such as uracil di-phosphate (UDP) and guanosine di-phospate
(GDP), to the native polymer chain forming a new glycosidic bond.

From a general overview, these glycosyltransferases can be classi�ed based on the
speci�c function in the biosynthetic pathways towards the formation of the �nal
XyG structure in two main lines: the glucosyl backbone template and the side-
chain decorated with branched sugar residues. For the �rst one, the glucan polymer
consists of a sequencing β-1,4-glucose linkages that are synthesized by a cellulose
synthase-like C (CSLC) family-type GT2. It uses UDP-Glucose to form the glyco-
sidic bond and promote the entrance of the backbone into the Golgi apparatus. The
activity of this enzyme was described for the AtCSLC4 in Arabidopsis by Cocuron
et al.51

Additionally, the side-chain modi�cation starts with the α-1,6 addition of a xy-
lose moiety to the glucose backbone in position 1, 2 and 3 by the xylosyltransferase
(XXT) activity.52 This family of enzymes belongs to the GT34 and the enzymatic
activity has been described for XXTs 1-5 in Arabidopsis,53�55 but its mechanism
is yet not well-understood. However, great evidences endorse the cooperative be-
haviour between CSLC and XXTs in the construction of the xyloglucan structure.50

Once the xylose molecules are attached, another GT continues decorating the
XyG core by transferring D-Galactose moieties via UDP-Gal onto the xylose ac-
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Figure 2.1: Schematic representation of the pivotal glycosyltransferases involved the xyloglu-
can (XyG) biosynthetic pathway in the Golgi apparatus of Arabidopsis. The combined action
mechanism of synthase and glycosyltransferase enzymes induces the transportation of nucleotide
sugar inside the Golgi apparatus to form the XyG. Image inspired from M. Pauly and Keegstra,
reference 50.

ceptors forming a β-1,2-galactose linkages. From the initial structure of XyG-type
(XXXG, one-letter code nomenclature56), enzymatic activity assays proved that two
galactose sugars were transferred over di�erent xylose molecules in the XXXG core-
type, and therefore, two di�erent galactosyltransferases (GalTs) participate on this
transfer. MUR3 (Arabidopsis mutants) was the �rst identi�ed GalT to be respon-
sible for the speci�c transfer on the xylose residue in the third position converting
the initial XXXG core into XXLG.

Moreover, the xyloglucan L-side chain galactosyl transferase 2 (XLT2) was iden-
ti�ed as an homologue of MUR3. This GalT regulates the selective transfer of a
galactosyl unit at the second position, modifying the initial XXXG core into XLXG.
Both GalTs belongs to GT47 family57 and its enzymatic activities have been pre-
dicting in Arabidopsis mutants according to the literature.58,59

Finally, the �rst GT of all to be identi�ed in Arabidopsis by Perrin et al.60 in
1999, which entails the last step in the XyG biosynthetic pathway. The speci�c
GT catalyses the transfer of one L-Fucose sugar via GDP-Fuc donor, to the galac-
tose moiety on the XyG core.61 This fucosylation reaction is carried out by the
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2.1 Scienti�c context

fucosyltransferase (FUT1) enzyme forming an α-1,2 fucose linkage to the galactose
side chain residue at the third position, giving a �nal XXFG or XLFG core-type
structures.62

In the following table, we collect all the di�erent families of GTs identi�ed so far
in Arabidopsis and pea from the critical review made by Amos et al.63

Enzyme or

family

Sugar

transfer
Activity

GT

CAZy GT family
Acceptor Activity notes

Homology / redundancy

(Arabidopsis)
References

CSLC D-Glc
β-1,4-Glc

XyG backbone
2

Unknown: endogenous

acceptors or de novo

synthesis in P. Pastoris.

Unknown elongation

size: limited solubility of

β-glucan

oligosaccharides with

chain lengths larger than

DP 6. High MW

polymerization

unknown.

Five-member family.

Activity for CSLC4 only.

Cocuron et al., 2007;

Davis et al., 2010

XXT D-Xyl

α-1,6-Xyl side chain

initiation on XyG backbone

X Side chain

34

XyG backbone

oligosaccharides, DP

4�6.

DP 3 acceptor tested,

no activity detected.

Single addition to

GGGGGG synthesizes

GGXGGG. Less e�cient

second product,

GGXXGG.

DP ≥ 4 acceptor

required for activity. DP

6 acceptor preferred to

DP 5.

Five-member family.

Activity for XXT1, 2, 4,

and 5.

Faik et al., 2002; Cavalier

and Keegstra, 2006;

Vuttipongchaikij et al.,

2012; Culbertson et al.,

2016, 2018; Ruprecht

et al., 2018

MUR3 D-Gal

β-1,2-Gal addition to X

side chain (Xyl residue

transferred by XXT)

L Side chain

47

XG oligosaccharides

extracted from

mur3-de�cient plants

with acceptor sites for

Gal transfer, unknown

size/DP.

Single addition to XXXG

synthesizes XXLG.

One homolog: XLT2.

Activity predicted from

mutant phenotype

Madson et al., 2003

FUT1

MUR2
L-Fuc

α-1,2-Fuc addition to L

side chain (Gal residue

transferred by MUR3)

F side chain

37

XG oligosaccharides

with acceptor sites for

Fuc transfer, DP 4:

XXLG or XLLG.

Single addition to XXLG

synthesizes XXFG.

Single addition to XLLG

synthesizes XLFG.

10-member FUT family.

XG-related activity for

FUT1 only. FUT4 and

FUT6 transfer Fuc to

AGP side chains.

Perrin et al., 1999; Faik

et al., 2000; Vanzin et al.,

2002; Ciceron et al.,

2016; Rocha et al., 2016;

Urbanowicz et al., 2017

Table 2.1: Summary of the main GTs determined by heterologous expression that are involved
in the biosynthesis of the xyloglucan structure. Table taken from Amos et al.63

2.1.2 State of the art: the Xyloglucan fucosyltransferase AtFUT1

As we mentioned in the Table 2.1, there are four main families of GTs that par-
ticipate in the synthesis of the xyloglucan structure. Speci�cally, we will focus our
attention to the Arabidopsis thaliana α-1,2-fucosyltransferase (AtFUT1), a well-
studied GT that gets involved in the last step of the XyG synthesis before being
secreted into the lumen.

In 1999, Perrin et al.60 identi�ed and puri�ed the �rst xyloglucan fucosyltrans-
ferase from pea epicotyls named PsFUT1. The information from the peptide se-
quence served as a reference to clone this gene from Arabidopsis thaliana (AtFUT1)
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and from Pea (PsFUT1). The homologous and heterologous expression of these
genes enable the con�rmation of its enzymatic fucose transfer activity and the XyG-
FUT1 speci�city.52,60,64�66 The breakthrough in the discovery of the A. thaliana
AtFUT1 enzymatic function gave rise to the creation of the GT37 family comprising
a total of 10 di�erent genes among which 3 have a characterized fucosyltransferase
activity that has been proven (FUT1, FUT4 and FUT6).67

FUT1 is localized at the Golgi compartment as a type II membrane topology
(Figure 3.2). It catalyses the regiospeci�c transfer of a L-fucose sugar from the
nucleotide GDP-fucose, known as glycosyl donor, to a D-galactose side-chain on
the XyG body. Moreover, studies in Arabidopsis revealed that the fucose transfer
occurs precisely in a single addition to the �rst galactosyl residue within the XXLG
or XLLG cores of xyloglucan acceptor to yield the α-bond structure in the way of
XXFG or XLFG respectively.60,62,64,66

Additional biochemical characterization studies has been performed for this par-
ticular enzyme. Biochemical assays suggested a size-dependant a�nity behaviour
of the AtFUT1 for its XyG substrate since shorter xyloglucan units might function
as inhibitors for the enzyme.44,64 The analysis of AtFUT1 kinetic parameters have
been addressed on pea (Pisum sativum)64 and in Arabidopsis44 showed in the Table
2.2. These kinetic results revealed a close proximity in the �nal values of KM for
the GDP-fucose donor and XyG acceptor in both systems, di�ering considerably in
the Vmax values.

Faik et al.64

(standard enzymatic assay)

Pisum sativum

Cicerón et al.44

(GDP-Glo assay kit, Promega)

Arabidopsis thaliana

Substrate Km (µM) Vmax (mM/h·µg) Km (µM) Vmax (mM/h·µg)

GDP-Fucose 30 0.15 42 12

Tamarin xyloglucan 0.46 0.2 0.31 9

Table 2.2: Comparative studies of the kinetic parameters determined for AtFUT1 enzyme from
pea and insect cells.

Recent studies have been successfully developed regarding the production and
characterization of FUT1 in Arabidopsis. Cicerón et al.44 in 2016 reassessed the
biochemical condition of FUT1 heterologous expression and puri�cation in a large-
scale production. They cloned, expressed and puri�ed a truncated recombinant
gene of AtFUT1 (the catalytic region lacking 68 aminoacids corresponding to the
transmembrane domain) using a baculovirus expression system in insect cells. This
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strategy provided a high production yield of a soluble and an active form of At-
FUT1 enzyme (4 mg/L of culture). Moreover, the biochemical characterization of
this enzyme by size-exclusion chromatography (SEC) and dynamic light scattering
con�rmed that the truncated form of AtFUT1 exhibits a noncovalent homo-dimer
behaviour (around 150 kDa) involving intramolecular disulphide bonds interactions
between monomers.

A crystal structure has been successfully resolved for the catalytic domain of At-
FUT1 enzyme to determine the activity, speci�city and mechanistic analysis.20,45

It has been classi�ed as a member of the GT-B superfamily characterized by two
canonical Rossmann-type domains (N-terminal and C-terminal) separated by a large
cleft containing the metallo-independent catalytic site.9,10 However, a variant of this
canonical GT-B fold never found in any other fucosyltransferase has been recently
described.45 Brie�y, the AtFUT1 structure was crystallized in complex with the
GDP and XyG monomer (XLLG) at 2.2 Å to tackle the enzyme:donor:acceptor
interactions. The crystal structure of the AtFUT1 enzyme in complex with the
binding donor:acceptor substrates is depicted in the Figure 2.2-a wherein the N-
terminal domain is described in blue, the C-terminal in green and the stem region
in red.

N
NH

O
HO

HO

O
R

OH
O

O

O
NH

O

HO

O O P

O

O
O

P

O

OO

O

HO
OH

N

N
NH

N
NH2

O

OH

HO
OH

H2N

NH2

H
N

H H

O 1 2

3
4

Gal2

Fuc

GDP

1

2

D300

R366

N184

S180H271

a) b)

Figure 2.2: Representation of the monomer FUT1:GDP:XLLG Ternary Complex and mech-
anism. a) Surface representation of AtFUT1 in the complex with XLLG and GDP-fucose. The
N-domain (N-ter) is depicted in blue, the C-domain is in green, the stem region is in red and the
extra C-domain in orange. This latest explains the speci�city of FUT1 enzyme upon the XyG
substrate in terms of stabilization and biding process. (b) FUT1 inverting mechanism via oxocar-
benium ion-like (SN2) transition state. The D300 (aspartate) aminoacid induces a deprotonation
over the galactose molecule from the XyG acceptor to promote the subsequent nucleophilic attack
to the anomeric position of the activated GDP-fucose donor. Images taken and adapted from
Rocha et al. 45.
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However, this crystallography study revealed an extra C-terminal domain de-
scribed in orange located on the opposite site to the stem region. This catalytic
domain of the AtFUT1 enzyme appears to be involved in the pivotal role of stabi-
lization and binding process of the XyG substrate.45

Regarding the mechanism behind the enzymatic catalysis in the fucosylation event
is still ongoing. Following the FUT1 crystal structure analysis reported critical in-
sights in the fucosylation mechanism of the xyloglucan ligand. Within the same
publication, Rocha et al.45 suggested that the fucosylation process leads up to the
formation of an α-1,2-glycosidic linkage through an inverting mechanism assisted
by an aspartate-base group from D300 within the catalytic pocket as it is shown
in the Figure 2.2-b. This anionic aminoacid deprotonates the hydroxyl group in
position 2 of the galactose sugar, increasing the nucleophilicity of the OH group so
that it promotes in a single step a bimolecular nucleophilic substitution (SN2) via
an oxocarbenium ion-like transition state.10,21,45

Overall, the data obtained from this study con�rmed the GT-B folding in this
families of plants GTs but also, it revealed a variant of GT-B fold-type with an
structural organization unique in this family.

A comparative study of FUT1 mechanism was carried out by Urbanowicz et al.20

that consider another type of mechanism (Figure 2.3-a). In this research, they
provided in silico studies by molecular dynamic (MD) that suggest the AtFUT1
transfer mechanism is mediated by a water molecule in the catalytic site. Under
this approach, the water molecule is localized in the middle of the transfer inter-
actions to promote an acid/base catalysis. This joint action both deprotonates the
hydroxyl group of the galactose moiety in position 2 and protonate the phosphate
group (base) within the transition-state (TS) as shown in the Figure 2.3-b. There-
fore, they proposed an unimolecular nucleophilic substitution (SN1-like) mechanism
in which the D366 (Arginine 366) seems to be a key aminoacid of binding and catal-
ysis since it stabilizes the phosphate group to promote the transfer in the TS.

In summary, the AtFUT1 belongs to a family of carbohydrate-active enzymes
involved in the plant cell wall biosynthetic pathway. Nowadays, plant FUTs studies
of activity and fucosylation diversity o�ers a primary insights across many organ-
isms.67 However, identi�cation and characterization of new putative FUTs is yet a
challenge and it would provide a better understanding of the biological role of fuco-
sylation process in plant cell wall polysaccharides with high-market applications in
drug discovery, bioenergy or food.68�70
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2.1.3 Proposed strategy

Glycosyltransferases represents essential pieces of the puzzle in the dynamic frame-
work of plant cell wall polysaccharides. The majority of this type of enzymes have
supposed an important challenge in the �eld, making di�cult the evaluation and
demonstration of enzymatic activities, catalytic mechanisms or structural analysis.
This is mainly due to the poor solubility of these enzymes and the very low amount
and purity that are generally obtained. Herein, we explore the heterologous ex-
pression of a truncated form of AtFUT1 (His∆68-AtFUT1) which correspond to the
catalytic domain of the enzyme. This form of AtFUT1 is expressed active in solution
and in a large-scale production according to the literature.44 To make it possible,
an insect cell line is selected to guarantee post-translational modi�cations (PTM),
proper folding of the �nal FUT1 enzyme conformation and, hopefully active form
of FUT1 in solution. Furthermore, the N-terminal domain of the AtFUT1 sequence
is tagged with six histidine aminoacids for puri�cation purposes.

Therefore, the expression and puri�cation of the AtFUT1 enzyme are documented
and organized in three stages: �rst, within a large-scale production, the recombi-
nant form His∆68-AtFUT1 is expressed in insect cells by an heterologous expression
of using a baculovirus vector system; then, a puri�cation step by Nickel a�nity
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

chromatography. Finally, a novel methodology of monitoring enzymatic activity is
addressed by a GDP-Glo�assay from Promega.

2.2 Heterologous Expression of His∆68-AtFUT1 in insect

cells

Eukaryotic enzymes like FUT1 demands expression systems that enable PTM dur-
ing the biosynthesis of the enzyme. These chemical changes in the enzyme may
drive to the proper folding conformation and therefore, to obtain a suitable enzy-
matic activity.

Insect cell lines are complex systems that o�er the opportunity to guarantee
secretory pathways to enable these PTMs towards the �nal protein synthesis. In
this study, we optimized the recombinant expression of the AtFUT1 enzyme in a
large-scale production using insect expression system. In particular, High-�ve (Hi5,
Invitrogen) insect cell line was chosen to grow and produce the AtFUT1 enzyme
in suspension culture. This type of cell line is originated from the ovarian cells of
the cabbage looper from Trichoplusia ni. They provide high quality properties for
the recombinant expression of proteins within a serum-free medium and �exible to
suspension culture method.

2.2.1 High-Five Cell Line Culture under Production-loop Process

The cell line production started with the adaptation of the Hi5 cells to a suspension
culture under sterile conditions in a laminar hood. These cells were cultivated using
10 mL of a serum-free Ex-cell 405 culture medium at pH 6.2 with a cell density
around 0.8 millions of cell (MC) per mL having a cell mortality over 15%. The
culture medium was supplemented with the antibiotic gentamicin that inhibits bac-
terial protein synthesis. Typically, the Hi5 cells were cultivated at 22 ◦C and mixed
with an orbital shaker at 130 rpm to oxygenate the solution and reduce the forma-
tion of aggregates.

Considering that cell growing is exponential in time, the initial cell density was
diluted by adding fresh culture medium in a fresh-sterile �ask. The capacity of the
�ask containing the cells need to be large enough for adequate aeration with around
1/4 to 1/3 of the total �ask volume.

This process was systematically controlled to avoid the overexpression of the cells
up to the suitable cell density (3 MC/mL) and the formation of aggregates that could
reduce the cell viability. Therefore, when the cell density was around 1-2 MC/mL
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2.2 AtFUT1 heterologous expression

the cell culture was split by supplying fresh Ex-cell 405 medium to provide enough
nutrients for the proper growth.

Starting from 10 mL of culture volume, the insect cells were grown until 1.2 L of
culture medium with an optimal cell density around 2 MC/mL prior infection.
In the Table 2.3 below, the �rst cell production was registered before the infection
step. The suspension cells counting was measured with a Neubauer chamber or
hemocytometer using Trypan blue stain under microscope at 100x magni�cation.
The cell viability was calculated as the average living cells divided by the total
number of cells. All the cells that were stained by Trypan blue were considered as
dead cells; and the rest non-stained cells were de�ned as living cells.

CELL LINE PRODUCTION

Day Vol.cells (mL)
Vol. fresh

medium (mL)

Cell density

(MC/mL)

Cell

viability (%)

1 1 9 0.8 84

3 10 10 0.5 93

6 20 30 2.3 91

9 50 50 1.9 93

13 100 200 1.4 94

14 300 200 1.1 92

15 500 200 1.5 93

16 700 500 3.0 93

Table 2.3: Cell line production estimation of the High-�ve insect cells in a period of 16 days
determined by hemocytometer prior Baculovirus infection.

We observed in the �rst cell line of production that the viability obtained were up
to 90 %. The addition of fresh culture media was adjusted to maintain a minimum
dilution factor of 2 to keep the cell line of production within the proper cell density.
Although few cell aggregates were formed within the culture medium, the Hi5 cells
were grown healthy and robust in time using Ex-cell 405 culture medium.

Throughout three non-stop weeks, we produced the �rst bulk of insect cells with
a density around 3.0 MC/mL in a 1.2 L of culture medium. In order to keep the
cell line in a continuous production-loop, a volume of 50 mL of culture medium was
taken at the end of each cell growth production and re-cultivated with fresh culture
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

medium. Overall, four di�erent stocks of 0.60, 0.95, 1.1 and 1.20 L of insect cells
culture were obtained to express the AtFUT1 in solution.

2.2.2 Baculovirus infection of High-�ve cell line culture

As we mentioned at the beginning of the chapter, the AtFUT1 enzyme expres-
sion was promoted by the infection of the High-�ve cells cultivated earlier using a
Baculovirus expression vector system. This type of virus was produced and opti-
mized within our laboratory (CERMAV) to induce the speci�c production of the
AtFUT1 enzyme. In particular, a truncated form of the enzyme in which 68 amino
acid residues were removed from the N-terminus of the protein sequence (catalytic
domain) along with the addition of six histidine amino acids for puri�cation pur-
poses. Previous research have successfully demonstrated the production of a soluble
and active FUT1 structure using this truncated form maintaining its catalytic site.44

The Figure 2.4 illustrates schematically and brie�y, the general process of prepar-
ing the recombinant virus containing the genetic expression of our protein AtFUT1.

Baculovirus (baculogold)

DNA

Transfer vector

plasmid

Truncated DNA sequence

His    ‐AtFUT1�68

Clone

DNA‐Template

Recombinant

His    ‐AtFUT1

virus

Co‐transfection

Insect cells �68

Amplification

PCR

High‐five

cells infection

Purification

Figure 2.4: General diagram for the construction of the recombinant baculovirus bearing the
truncated His∆68-AtFUT1 DNA sequence.

To begin the production, the modi�ed-DNA sequence encoding the His∆68-AtFUT1
needs to be cloned into a circular DNA plasmid called transfer vector. This recom-
binant vector is co-transfected with the linear baculovirus DNA (Baculogold) and
ampli�ed afterwards by PCR (Polymerase Chain Reaction) in insect cells to build-
up the virus particles after titration. The value for the titre stock was estimated at
2.7 x 108 pfu/mL. This parameter determine the number of virus particles able to
infect a host cell forming plaque units per millilitre.

Therefore, 1.2 litres of the Hi5 cell line previously produced with a density around
3 MC/mL was incubated in presence of this recombinant baculovirus containing the
gen-of-interest inside an incubator at 27 ◦C under orbital shaker for 7 days. The
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2.2 AtFUT1 heterologous expression

ratio of virus particles per cells, also known as multiplicity of infection (MOI),
was estimated to be optimal between 2 and 5. This parameter determined the
volume of virus required to infect the insect cells according to the cell density and
culture volume. The data in the table below showed the infection parameters for
the di�erent cell cultures produced resulting in maximum production of AtFUT1.

High-�ve

production

Vol.culture

(L)

Cell density

(MC/mL)

MOI

(virus/cell)

Vol. virus

(mL)

1 1,2 3,0 2 26,7

2 1,1 2,0 5 40,7

3 0,9 1,0 3 10,6

4 0,6 1,2 2,5 6,7

Table 2.4: Data collection of the infection parameters used for the expression of AtFUT1 within
the production of High-�ve cell lines

With the conditions described in the table, we managed to get a percentage of cell
viability below 15-20 % between three days and a week of infection. These values
concluded that High-�ve cells were successfully infected by baculovirus system and,
therefore, we expected to �nd presence of AtFUT1 enzyme soluble in the culture
medium.

2.2.3 Immunodetection of AtFUT1 enzyme production

As a proof-of-control of the baculovirus infection and consequently, the favourably
production of AtFUT1 enzyme, a preliminary immunodetection tests were carried
out using a Nickel resin beads and Western blot immunoassay. The assays consisted
in taking 1 mL of each production media at 0 and 7 days of infection. Since the
enzyme was rigorously modi�ed with a tail of six histidine in its protein sequence,
these aminoacids served as a footprint for trapping and detecting the AtFUT1 en-
zyme. In this context, a sample from the infected culture was placed in contact
with nickel beads resin at pH 6.8. The imidazole rings from the histidine bind to
the nickel ions forming an organometallic complex able to catch the protein onto
the agarose resin. Subsequently, and after several steps of washing, an elution step
was carried out using a bu�er solution containing imidazole at 500 mM. The higher
concentration of imidazole within the elution bu�er competes with the histidine tag
for the binding site of the nickel-agarose resin and releases the protein from the com-
plex. Finally, the elution fraction was analysed by electrophoresis (SDS-Page) at
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

10% acrylamide under denaturing conditions of β-mercaptoethanol (β-ME). The re-
sulting gel was transferred onto a nitrocellulose membrane showed in the Figure 2.5.

2, 5, 6, 9 : After 7 days of infection

L : Ladder

ref. Fut1 : FUT1 reference

1, 3, 4, 7 : Before infection

8 : After 4 days of infection

LANES

Production 4

ref.
Fut1 7 8 9L

75

50

kDa

6375

50

Production 2 and 3

3 4 5 6 ref.
Fut1L

kDa

63
75

50

Production 1

L 1 ref.
Fut12

kDa

63

Figure 2.5: Western-blot immunoassays obtained as a proof-of-control for the infection and
production of the His∆68-AtFUT1 enzyme (MW: 63kDa, red arrow). Reference size of protein in
between 75 kDa and 50 kDa from the ladder (L).

The Western-blot revealed the presence of AtFUT1 enzyme (MW: 63 kDa) within
the four culture media indicated by the red arrow. A reference of FUT1 was placed
in all productions to con�rm and monitor the expected fraction of the AtFUT1
enzyme along with a size-reference ladder (lane L) expressed in kilodaltons (kDa).
The lanes number 1, 3, 4 and 7 corresponded to the native culture before the infec-
tion with baculovirus. On the other hand, the lanes number 2, 5, 6 and 9 gave clear
information about the presence of AtFUT1 enzyme with seven days of infection for
all set of productions in comparison with the AtFUT1 reference. We included in
the production 4, a lane number 8 that revealed the presence of AtFUT1 only after
four days of infection. Overall, we successfully accomplished the expression of the
truncated His∆68-AtFUT1 enzyme in solution by the baculovirus infection over a set
of cell production after seven days. Finally, we preserved all the media containing
the enzyme at -80 ◦C ready for further puri�cation.

2.3 Puri�cation of AtFUT1 through Nickel column

chromatography

A�nity chromatography was selected as an e�cient method to selectively separate
the soluble histidine-tag AtFUT1 enzyme from the rest of the matrix. In particular,
chelating puri�cation chromatography using nickel metal (IMAC) was applied and
optimised for large-scale of production in suspension.
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2.3 Puri�cation of AtFUT1 through Nickel column chromatography

The AtFUT1 was puri�ed under native conditions, which means that the en-
zyme required to preserve both the tertiary and quaternary structure throughout
the whole process of puri�cation. There are many external variables to be con-
sidered that are able to interfere in the 3D structure of the enzyme. The pH, the
temperature, the ionic strength or even the culture media are crucial parameters to
be carefully considered.
Based on preliminary assays performed by a previous Ph.D. student (Felix Cicerón),
the strategy for the AtFUT1 puri�cation relied on optimizing the pH and temper-
ature of the culture media. This approach demonstrated that pH values of the
Ex-cell 405 culture media greater than 7.1 led to the formation of some precipitated
(generally salts) after two hours at 4 ◦C which clogged the chromatography tubing.
Furthermore, the HEPES bu�er at pH 8.0 was probed to be suitable and robust
to adjust the pH of the culture media containing the enzyme. On the other hand,
the temperature e�ect might also accelerate the precipitation process within the
medium. As a result, the culture media was adjusted at pH 6.8 and preserved at
4 ◦C during the injection through the nickel column. Implications of these results
concluded a relevant role of both the pH and temperature for the IMAC puri�cation
of the soluble AtFUT1 enzyme in Ex-cell 405 culture.

2.3.1 Preparation of Ex-cell 405 Culture Media containing the
AtFUT1 enzyme

Prior to start the puri�cation process, the culture media containing the AtFUT1
enzyme has to be properly conditioned. Thus, three lines of bu�ers were prepared
to optimise the isolation process of the enzyme from the Ex-cell 405 culture media.
One line of bu�er was dedicated to accommodate the enzyme to the suitable binding
conditions at pH 7. The remaining two bu�er lines were prepared and �tted on the
NGC system to perform the enzyme puri�cation from the a�nity column. The
chemical composition of the di�erent bu�ers is described in the Table 2.5.

Composition Adjust Wash Elution

NaCl - 500 mM 500 mM

HEPES 1 M 25 mM 25 mM

Imidazole - - 500 mM

pH 8.0 7.0 7.0

Bu�er pH �tting A B

Table 2.5: Chemical composition of running bu�ers for the NGC puri�cation platform and the
pH adjustment of the culture media.
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

From our production-loop of insect cells growth media and the positive infection
with baculovirus expression system, we managed to express a truncated form of fu-
cosyltransferase enzyme in suspension (�gure 2.5). All the culture media containing
the enzyme with an initial pH of 6.1 were preserved at -80 ◦C before puri�cation. In
a �rst stage, the sample medium was slowly thawed to 4 ◦C to prevent the formation
of precipitate within the medium, although a white cloudy solution were observed
inside afterwards. Therefore, the culture medium was centrifuged under 13000xg
at 4 ◦C to remove the solid particles and recover the supernatant. We analysed
the white precipitate by SDS-Page under denature conditions of β-ME to check the
presence of AtFUT1 (Figure 2.6).

L

75

50

kDa

L : Ladder
    M : Culture medium

LANES

M P

    P : Precipitate

Figure 2.6: SDS-PAGE analysis of white precipitates within the culture medium before IMAC
puri�cation step. The lane L (Ladder) is de�ned in kDa. The lane M (culture media) contains a
very subtle fraction of AtFUT1 indicated with the red arrow. The lane P (precipitate) with no
presence of AtFUT1 enzyme.

Within the SDS-Page gel, the lane L (ladder) was used to de�ne the size-reference
in kDa. The analysis of the culture medium without puri�cation (lane M) revealed
very subtle the presence of AtFUT1 enzyme indicated by a red arrow. Furthermore,
the lane P clearly proved that the Histidine-tagged AtFUT1 enzyme remained in
solution compared to the culture media in lane M. Therefore, the presence of white
precipitates was mainly caused by mineral salts from the Hi5 culture medium with
no protein containing.
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2.3 Puri�cation of AtFUT1 through Nickel column chromatography

After �ltration of the culture media, a solution of HEPES 1M at pH 8.0 (Table
2.5) was used to carefully increase the initial pH from 6.1 to 6.8 in order to enhance
a suitable binding of 6xHis-tagged residues to the nickel column. Finally, the su-
pernatant was �ltered again through 0.2 µm and degassed prior injection into the
column.

2.3.2 Monitoring the FUT1 puri�cation using NGC a�nity
chromatography

At this point, the culture medium was under optimal conditions to be puri�ed
through the nickel a�nity column. An NGC�chromatography system was em-
ployed to automate and monitor by UV (280 nm) the puri�cation of the His-tagged
AtFUT1 enzyme.

This stage of the puri�cation stands on the nickel-histidine a�nity interaction
that occurs inside the column. The AtFUT1 enzyme was selectively functional-
ized at the N-terminal with a sequence of six histidine tags. The functional group
imidazole of these aminoacids can bind to the nickel ions immobilized on the ni-
trilotriacetic acid (NTA) resin even at low concentrations. To that end, a 1 mL
nickel column HisTrap�and both washing bu�er (A) and elution bu�er (B) were
connected to the NGC system.

Overall, a global NGC curve pro�le of the entire puri�cation process was depicted
in the Figure 2.7 and described in the following sections.
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Figure 2.7: Standard pro�le of the NGC chromatography system involved in the puri�cation of
a truncated form of AtFUT1 enzyme. Both UV absorbance at 280 nm (green line) and percentage
of bu�er B (red line) are simultaneously monitored. Four stages are distinguished within the
puri�cation protocol using the NGC system: Column equilibrium, medium loading, column wash
and enzyme elution.
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

In our case, the whole puri�cation process of AtFUT1 was monitored by UV
absorbance �xing the wavelength at 280 nm with a �ow rate of 1 mL/min and a
temperature of 4 ◦C according to the literature.44 Further SDS-gel 10 % acrylamide
analysis were performed to verify the puri�cation process.

Column Equilibration and Sample Loading containing the AtFUT1 enzyme in
solution

Within the �rst stage, the column was equilibrated by pumping the bu�er A at
1 mL/min to maintain the standard condition of pH and salts inside the column
(Figure 2.7-column equilibration). Then, a total volume of 650 mL of the stock
production 1 was injected at 4 ◦C through the nickel column overnight with a �ow
rate of 0.5 mL/min (Figure 2.7-sample loading). Typically, this process led to a
drastically increased in the absorbance to the saturation since all the non-tagged
proteins presented in the medium exhibited a weaker interaction with the nickel
and therefore, were released with the �ow out of the column. Only the histidine-tag
from the AtFUT1 enzyme can display stronger binding interaction with the nickel
to be trapped inside the column.

Column wash prior enzyme elution

In reality, any host protein we can �nd inside a culture medium could have accessible
histidine residues able to bind with the nickel or maybe bind under non-speci�c
manner. These interactions are generally weaker than the polyhistidine tags and
can be easily washed away (Figure 2.7-column wash). Consequently, the nickel
column was washed by injecting bu�er A until the absorbance measure reached
roughly the zero-base and remained stable for around 10 minutes. That means
we removed non-speci�c proteins and we established a suitable background for the
AtFUT1 elution step.

AtFUT1 enzyme Elution in Gradient Mode of Bu�er B

This step could be considered the most relevant of all since it determines the quality
of the puri�cation. Generally, a disrupted agent was injected into the column to
modify the binding conditions between the histidine-tag from the protein and nickel
resin. This disrupted agent could be a pH variation (generally acidic conditions)
that changes the pKa of the histidine residue and breaks the interactions within the
nickel complex. A major drawback is the pH-sensitivity of the enzyme that could
disrupt the native conformation under acidic conditions.

Alternatively, a commonly disrupted agent used in the elution stage is the im-
idazole substrate. This molecule shares the chemical structure residue from the
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2.3 Puri�cation of AtFUT1 through Nickel column chromatography

histidine group inducing a competition reaction for coordination site of the nickel.
In our case, the AtFUT1 enzyme was eluted using bu�er B containing 500 mM of
imidazole (Table 2.5).
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Figure 2.8: Puri�cation under native conditions of his-tag AtFUT1 from 650 mL of culture
medium Ex-cell 405 (Production 1) in 1 mL nickel column HisTrap�excel (GE) a) NGC puri�cation
monitoring. Both UV absorbance at 280 nm (line green) and percentage of imidazole (line black)
readout simultaneously. Three peaks are obtained based on the percentage of imidazole: 5%
(25 mM, elution 1), 10% (50 mM, elution 2), 38% (190 mM, elution 3) (b) Electrophoresis gels at
10 % acrylamide of the three di�erent elution stages from the AtFUT1 puri�cation. The expected
AtFUT1 size is de�ned in red (63 kDa) to localized the protein from the eluates (E). A size ladder
(L) is also added as a reference. The medium (M) was incorporated to monitor the protein fractions
eluates from the column. Elution 1 and 2 provide the AtFUT1 mixed with other proteins (E1 and
E2). Elution 3 provides pure AtFUT1 enzyme from the elutes E3.

The elution process was carried out by increasing the concentration of imidazole
(in percentage) from lower to higher percentages of bu�er B in a gradient mode
(Figure 2.7-enzyme elution). Thus, the Figure 2.8 showed three percentage of bu�er
B carried out to elute the AtFUT1 enzyme: the �rst one was established from 0 to
5 % (25 mM), the second one from 5 to 10 % (50 mM) and the last one from 10 to
38 % (190 mM) of imidazole (bu�er B).
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Within the �rst elution stage at 5 % of imidazole (25 mM) depicted in the Figure
2.8-elution 1, we observed an increase of the absorbance meaning that some pro-
tein were released from the column. The analysis of the SDS-Page showed eluates
(E1) with a mixture of di�erent proteins wherein the AtFUT1 band was presented
in comparison with the reference. The detachment of the AtFUT1 might be at-
tributed to the less accessibility of the polyhistidine tag or a reduced number of
histidine residues in their interaction with the nickel. Therefore, the binding e�ect
was weaker enough to be washed away from the column even at lower concentration
of bu�er B.

Once the system reached the equilibrium and proteins no longer released the col-
umn, we proceeded with the injection of 10 % of imidazole (50 mM) through the
column (Figure 2.8-elution 2). At this concentration of imidazole, the binding inter-
action of the proteins with the nickel should be higher to be stuck inside the column.
However, the absorbance gently raised up to 200 UA and decreased in the same way
to the background. The SDS gel analysis for the elution 2 concluded that most
of the protein detected belonged to the AtFUT1enzyme compared to the positive
control (FUT1). Similarly, we observed the presence of the enzyme within the gel
since the binding interactions did not occur with the full number histidine (in this
case six), and thus, this higher concentration of imidazole washed the enzyme away
from the column.

Finally, the elution 3 was carried out at 38 % of imidazole (190 mM) wherein the
maximum of the curve was observed. Based on the SDS-Page analysis, we obtained
the AtFUT1 protein really pure showing an unique band in the eluates (E3).

Overall, both the elution 2 and 3 were selected as a candidate to be concentrated
for further biochemical characterization of AtFUT1. Furthermore, it con�rmed that
the puri�cation process of AtFUT1 by nickel a�nity chromatography was success-
fully addressed.

2.3.3 FUT1 concentration and preservation

Considering the last elution step, we collected the eluates 2 and 3 which produced
around 16 mL of total sample volume. This total volume need to be reduced and at
the same time, re-puri�ed in order to remove the entire concentration of imidazole.
There are several methods in biochemistry to concentrate proteins such as precipi-
tation or salting out, dialysis or even chromatography. We tackled this step using a
Vivaspin 30 centrifugal concentrator technique with a membrane cut-o� from 90 to
150 kDa since the AtFUT1 was expressed in solution as a dimer with a molecular
weight of around 150 kDa. The diluted AtFUT1 enzyme was loaded into the tube
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on top of the membrane and the centrifuge e�ect induced the separation of both
the solvent and smaller proteins and molecules that pass through the membrane,
leaving retained those proteins with higher molecular weight (see Experimental con-
ditions). This process was repeated eight times to ensure that the imidazole is no
loger present in the mixture. The concentrator solution was composed by NaCl
150 mM and HEPES 25 mM at pH 7.0 to replace the elution bu�er containing im-
idazole and higher salts concentration.

Finally, we managed to obtain 400 µL �nal volume of pure AtFUT1 splitted in
eight Eppendorf tubes with 50 µL each containing around 3 mg/mL monitored by
Nanodrop 2000 Spectrophotometer (Thermo Scienti�c). As we noticed in the SDS-
gel for the elution 2 and 3, only the AtFUT1 was identi�ed as a highest protein in
the mixture. Therefore, we expected to �nd our AtFUT1 relatively pure. All the
stock solutions of AtFUT1 were preserved at -20◦C for further experiments.

2.4 Enzymatic Activity Evaluation of AtFUT1 enzyme by

GDP-Glo�Assay

A soluble form of His∆68-AtFUT1 enzyme was successfully expressed and puri�ed.
In order to verify the enzymatic activity of our enzyme, we explore a novel biolu-
minescence assay using a GDP-Glo�kit from Promega. This assay was adapted for
a rapid activity detection and kinetic evaluation of AtFUT1 enzyme.

The principle of GDP-Glo�assay lies on the biochemical detection of the GDP
nucleotide released as an enzymatic side-product after the glycosylation event. This
GDP is enzymatically transformed by the combination of GDP detection reagent
and a luciferase enzyme (Ultra-Glo�Recombinant luciferase) in one-step-addition
into ATP to generate bioluminescence light. Based on the Figure 2.9, this indirect
assay is able to detect the photon emission which is proportional to the GDP re-
leased that correlates with the enzymatic transfer from the AtFUT1 enzyme.

In a �rst stage, to estimate the amount of GDP that is produced during the trans-
fer reaction, a bioluminescence detection assay from GDP substrate was performed.
This allowed the determination of the linearity and sensitivity of the GDP-Glo assay
by creating a GDP standard curve in a range of GDP solutions from 0 to 10µM (Fig-
ure 2.10-a). Each point represents the mean value of a triplicate bioluminescence
readout plotted against the initial concentration of GDP. The linearity response of
this GDP standard curve con�rms the system stability and the important propor-
tionality of the bioluminescence readout at low concentration of GDP. Therefore,
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this equation can be used to extrapolate the luminescence readout to get the GDP
concentration produced by the AtFUT1 enzyme in the kinetic assay.

FucoseGalactose

XyloseGlucose

n n

AtFUT1

GDP-
+ GDP

GDP Detection
reagent

ATP
Luciferase reaction

LIGHT

Figure 2.9: Bioluminiscence assay based on the GDP-GloTM principle for monitoring glyco-
syltransferase kinetic activity.

Furthermore, a control reagent of the GDP-Glo assay was performed in order to
demonstrate the relevance of each partner involved in the transfer reaction to be
occurred. Thus, �ve conditions were depicted in the Figure 2.10-b. Based on the bar
chart, it was signi�cantly distinguished the luminescence response in the condition
number 5 in which all partners were worked together to promote the transfer activity.
However, this was not the case for the rest of the conditions wherein at least one of
the partners was missed.
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Figure 2.10: Evaluation of the linearity and sensitivity within the GDP-Glo assay. a) GDP
standard curve obtained by plotted a mean value from triplicate measurements of bioluminescence
response (AU) against the GDP range concentration. b) Experimental conditions to con�rm both
the sensitivity and transfer activity by detecting the luminescence of GDP.
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2.4 Enzymatic Activity Evaluation of AtFUT1 enzyme by GDP-Glo�Assay

Finally, a kinetic curve was obtained following the recommended conditions from
the supplier. Typically, the estimation of the set values were in the range of 0.2
to 10 times the Michaellis constant. Furthermore, the enzyme concentration was
optimized to get speed values around the linear region from the Michaellis curve
(half of Vmax). The data were carried out by triplicate with a plotting curve of the
luminescence mean value. For this assay, a concentration of enzyme (150 ng/mL)
with 3 mg/mL of xyloglucan ligand and GDP-Fuc concentrations from 62 to 2000
µM was evaluated (Figure 2.11).
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Figure 2.11: Michaelis-Menten curve obtained from the GDP-Glo assay by plotting the reaction
speed against the concentration of GDP-Fucose. The values Vmax and KM were obtained from the
direct from the curve.

The following describes a Michaellis kinetic curve from the GDP-Fucose values.
The data �tting provides an estimated values of Vmax and KM; 1.42 µM/s·µg and
124.84 µM respectively.

Although our values for the GDP-Fucose molecule di�ers from the literature
(Vmax: 3.3 µM/s·µg and KM: 42 µM),44 they helps us to con�rm an active en-
zyme transfer activity.
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2 The AtFUT1: developing a clear-cut Xyloglucan Fucosyltransferase

2.5 Conclusions

To summarize, in this chapter we focused on the production of an α-1,2- fucosyl-
transferase 1 as a model of glycosyltransferase enzyme from Arabidopsis thaliana.
This speci�c glycosyltransferase plays an important role in the biosynthetic path-
way of the xyloglucan polymer, and therefore, a major understanding of GT:sugar
speci�city would reduce the gap in the study of these special family of enzymes.

In the �rst part of the chapter, we produced and grew an eukaryotic system of
High-�ve�insect cell in suspension suitable for the expression of complex enzymes
like FUT1. This step was optimized using a production-loop of culture media for
a large-scale of production (around 1.2 L) according to the literature.44 Then, we
managed to infect the cells with a recombinant baculovirus expression system, con-
taining a truncated form of AtFUT1 with the lack of 68 aminoacids in the gene
sequence (catalytic domain), and a tag-sequence of six histidine. The heterologous
expression by using baculovirus system o�ered an easy way to express our AtFUT1
enzyme under native conditions and soluble in a large-scale of production. The eval-
uation of each cell culture infection by nickel a�nity resin followed by SDS-Page
and western-blot detection concluded that the AtFUT1 enzyme was successfully
produced within the culture media. Finally, we addressed the AtFUT1 puri�cation
step from the culture media using nickel a�nity chromatography. In accordance
with the NGC�chromatogram and the SDS-Page results, we successfully managed
to isolate and quantify the AtFUT1 enzyme at milligram scale for further experi-
ments.

Lastly, we demonstrated the positive transfer activity of AtFUT1 using an indirect
bioluminescence assays named GDP-Glo�from Promega. This technique o�ered an
alternative detection platform to addressed the kinetic parameters (KM and Vmax)
involved in a glycosyltransferase transfer activity.

Likewise and in concordance with the literature,44 implications of the results
presented here may facilitate improvements in the development of new compatible
methodologies in the biochemical expression and characterization of these challeng-
ing group of enzymes.
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3 Towards the Chemical Construction

of Xyloglucan-DNA conjugates

In this chapter we will explore the construction of carbohydrate-DNA
conjugates (COCs) as a powerful and versatile architecture for detection,
characterization and immobilization approaches. We will particularize
towards the study of the xyloglucan polysaccharide (XyG) as the opti-
mal ligand for the α-1,2-fucosyltransferase (AtFUT1) interaction. We
will describe the optimization process to obtain a set of building-blocks
of XyG for further conjugation over DNA sca�olds using chemoselective
reactions commonly used in organic chemistry. Likewise, we will explore
the impact of the DNA structure over a suitable detection and charac-
terization of xyloglucan-DNA conjugates (XyNAC) as a "labelling" com-
pound. Finally, the further immobilization approach on solid support
will motivate the chemical construction of complementary DNA archi-
tectures.
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3.1 Scienti�c context

3.1 Scienti�c context

Since the early 1970s, oligonucleotides (ODN) have been used for the development
of DNA-based architectures with numerous applications such as diagnostic tools,71

aptamers,72 catalysis73 or DNA biochips74 among others. Great e�orts have been
addressed to investigate the synthetic procedures by conjugating oligonucleotides
with several important target molecules like proteins, carbohydrates, peptides, lipids
or �uorescent derivatives.75 However, in this context, carbohydrates-oligonucleotide
conjugates (COCs) are probably one of the most well studied pattern due to the
major participation of glycans in regulating biological processes such as cell-cell
recognition, immune defence or signal transduction.2,76,77

One example observed in Nature falls to the carbohydrate recognition by speci�c
sugar-binding proteins or lectins. This family of proteins is present decorating the
cell surface as membrane receptors to selectively identify carbohydrates from dif-
ferent glycoproteins. The binding interaction triggers a cascade of response leading
to the cellular uptake of this glycoproteins through endocytosis as defence mech-
anism system.78 Interestingly, this natural process occurs in a multivalent man-
ner. This means the formation of sugars glycoclusters to enhance and increase the
protein-binding a�nity in comparison to the single-monosaccharide binding, typi-
cally weaker in a�nity (mM range).

The attractive goal in preparing COCs architectures relies on taking advantage
of the ODN-based hybridization properties. This con�guration provides rigidity,
robustness and solid structures in order to facilitate the carbohydrate recognition,
accessibility and spatial rearrangement. Some examples of glycocluster ODN archi-
tectures are shown in the Figure 3.1.79�82
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Figure 3.1: General approach of di�erent COCs sca�olds. a) COC formed by concatenation
of dsDNA sca�old.82 b) COC using parallel G-quadruplex sca�olds couple with sugars at 5'-end
and 3'-end.80 c) RAFT Glycocluster formed around a cyclic peptide template79

The design of COCs aims to overcome some di�culties in terms of pharmacoki-
netic and pharmacodynamic properties of bare-ODNs. However, the strategy behind
the construction of these architectures is not a simple task because of the intrinsic
nature of both biomolecules which are not entirely suitable to be conjugated.

From a general point of view, the COC sca�olds can be classi�ed according to the
spatial location of the carbohydrate molecule over the ODN strand. As it is depicted
in the Figure 3.2 three types of carbohydrate-oligonucleotide ligations are opened
to be functionalized: the 3'-end (a), the 5'-end (b) or located inside the ODN strand.

Typically, the 5'-end and 3'-end are the most common positions to be conjugated
due to a better accessibility and less steric hindrance towards hybridization process.
In the Figure 3.2a,b both positions are highlighted by a blue arrow. Nevertheless, it
exits other points of reactivity at the inner part of the ODN strand (Figure 3.2-c).
One is on the deoxyribose sugar or sugar phosphate and the other one is located on
the nucleobases, both highlighted as a red arrow within the Figure 3.2. Speci�cally,
the deoxyribose sugar only exhibits a unique reactivity point at the position 2' to
be incorporated an external glycan. Alternatively, the nucleobase can o�er another
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3.1 Scienti�c context

panel of reactivity determined by the nucleobase of study. Thus, the pyrimidine
bases (A-G) can react at position 5 and the purine bases at position 7. This is
critical to be considered since the glycan position plays a noteworthy role in the
�nal property of the COCs.83

O

3'

O

O

5'

3'

3'

5'

5'

a)

b)

c)

O

O

O

N

NH

O

O

R

O

5 N

N

N H N

HN

O

2

O

O
R

O
RR

2' 2'

7

3'

5'

3'

5'

Purine bases
(A, G)

Pyrimidine bases
(T, C)

COCs construction. 
Reactivity points

T : Thymine  C : Cytosine A : Adenine G : Guanine   
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3.1.1 Chemoselective reactions towards the COCs synthesis

The advent and study of regio- and chemoselective reactions have entailed a great
improvement towards the construction of new glycomimetic structures. These reac-
tions have become a versatile conjugation strategy to obtain �nal products in high
yields that otherwise, would imply multiple reaction steps. Two main examples are
the oxime chemistry and the classical Huisgen 1,3-dipolar cycloaddition reaction.

Oxime Ligation

The oximation reaction belongs to the chemoselective reactions group in which an
aminooxy group (formNH2−OR) reacts with a carbonyl function (either ketone or
aldehyde) to form an oxime ether linkage. As we depicted in the Figure 3.3, this
reaction is just a particular example of an imine formation but with an adjacent
heteroatom oxygen in α position to the nitrogen atom.
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However, these type of ligations are fairly common in the world of glycoscience
(Figure 3.3).84 Sugar molecules, as we reviewed in the Introduction, are special
compounds that exhibit multiple functional groups with di�erent points of reac-
tions. This is more highlighted at the anomeric position where a masked open-form
exposes a free aldehyde susceptible of being modi�ed by these model of reactions.

Both reactions are in equilibrium under aqueous solutions and consequently, un-
dergo with hydrolysis to revert at the initial state. Interestingly, the oxygen in alpha
position induces the higher stability from hydrolysis of the oxime ligation compare
to its imine analogue.85 This phenomena stems from what is called α-e�ect and
it can be explained by electronic e�ects through relative stability in the canonical
resonance structures described in the Figure 3.4.
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Figure 3.4: Representation of the α-e�ect in the hydrolytical stabilization of oxime ligation.

Chemically, this stabilizing e�ect is promoted by the charge-delocalization of the
unshared electron pairs from the oxygen towards the nitrogen in conjugation through
the double-bond. Thus, the resulting resonance form II exhibits a higher electron
density within the sp2 molecular orbital of the carbon atom which induces an elec-
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3.1 Scienti�c context

tronic hindrance towards nucleophilic attack by water. Moreover, the acid-catalyzed
hydrolysis is being considerably reduced due to the negative inductive e�ect (-I) of
the oxygen atom in alpha position which decreases the basic capacity of the sp2

nitrogen atom.84,86

Regarding the oxime bond formation, the oximation reaction can be catalyzed
under acidic conditions (Figure 3.5-a) based on the important mechanistic studies
by Jenks et al.87,88 Typically, this reaction undergoes by acidic protonation of
the carbonyl group that facilitates the nucleophilic attack by the aminooxy group.
The proton transfer drives the formation of a tetrahedral hemiaminal intermediate.
Next, the protonation of the hydroxyl group promotes the release of a water molecule
and �nal yielding of the oxime product after deprotonation step. However, the pH
parameter could determine the production of the �nal product since pH values below
3 would reduce considerable the �nal rate of the reaction. This is mainly because
at lower pH the aminooxy group can be derived in two inactive protonated forms
in equilibrium.89 For that reason, the optimal pH values are in the range of 3 to 7
being the deprotonation step, the rate-limiting reaction.90
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Figure 3.5: Catalytic cycle for the formation of oxime products. a) Oxime reaction via acid
catalysis b) Oxime reaction via aniline as a nucleophilic catalyst.

However, the use of e�cient catalysts opens the access to another reaction con-
ditions that boost strongly the versatility of this type of reaction. With this idea,
Jencks et al. were the �rst on proposing the use of aniline as a monofunctional
catalyst for the semicarbazone formation with 3.5 fold rate.91 They suggested a
mechanism presented in the Figure 3.5-b, where the aniline exhibits a nucleophilic
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

attack over the carbonyl function �rst, to generate an aromatic imine, that acts as a
new active reagent for the aminooxy nucleophile addition. The intermediate evolves
by releasing the catalyst to yield the �nal oxime product. In this context, several
groups have been made a great e�ort to test many di�erent analogues of aniline
catalysts or combinations to enhance the oxime reaction.92�94,132

Copper-free click chemistry conjugation

Click chemistry describes a concept conceived by Prof. K. Barry Sharpless and
coworkers in 2001 that covers a group of reactions ideally de�ned by a stringent
set of criteria: click reactions should be generated stereospeci�c byproducts with
high yields and easily removed by non-chromatographic methods. In particular,
both byproducts and solvents should be ino�ensive and water-based scope respec-
tively.95 Overall, the main concept for Sharpless was to form carbon-heteroatom
bonds with high robustness under physiological conditions towards the application
to both small-scale and large-scale of production.

Based on their chemical transformation, four main set of reactions are involved
in the above criteria:

* Cycloadditions of unsaturated species such as Diels-Alder reactions or the
Huisgen 1,3-dipolar cycloaddition reaction with alkynes.

* Nucleophilic substitution via SN2 based on ring-opening reactions in epoxides
or aziridines

* Non-aldol type carbonyl chemistry via hydrazone and oxime chemistry seen
in the last section

* Addition C-C multiple bonds, in particular epoxidation, aziridination or di-
hydroxylation

An example of click chemistry "par excellence" is the copper-(I)-catalysed Huis-
gen 1,3-dipolar cycloaddition using azide-alkynes reagents. This reaction is generally
known as Copper-catalysed Azide-Alkyne Cycloaddition or CuAAC. Historically, this
1,3-dipolar cycloaddition was �rstly described by Huisgen in 1963 (Figure 3.6).96

However, this reaction required high temperatures to obtain reasonable yields gen-
erally with a mixture of 1,4 and 1,5 regioisomers. With this idea, Sharpless and
coworkers optimized the scope of this reaction by introducing copper (I) salts that
promote a catalytic cycle to yield regioselective 1,4 triazoles hydrolytically and ther-
mically stable (Figure 3.6).97 However, the mechanism of the copper catalyst in the
1,3-dipolar cycloaddition is still an object of attention, being the most up-to-date
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accepted study, the key bridging di-nuclear copper (I,II) µ-alkenylidene intermedi-
ate proposed by Worrel et al..98
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Figure 3.6: Representation of the remarkable 1,3-dipolar cycloaddition �rstly discovered by
Huisgen96 and further optimization with Cu(I) salts as a catalyst by Sharpless.97

Even though the CuAAC has been fully employed as a versatile, chemoselective
and robust chemical tool, this chemistry exhibits some limitations in bioconjuga-
tion through biological environs due to the toxicity of the copper catalyst. There-
fore, an alternative copper-catalyzed approach of click chemistry has been reported
by Bertozzi and coworkers via copper-free click reaction.99 This model of click
reaction has been extensively developed in her laboratory towards the design of
bioorthogonal reactions in biological systems.100 Known as strain-promoted azide-
alkyne cycloaddition or SPAAC, this biocompatible click chemistry relies on highly
strained cycloalkynes (ring strain) as a driving force to trigger the cycloaddition
with rising applications in labelling approaches such as lipids,101 nucleotides83 and
carbohydrates.102 This spontaneus catalyst-free reaction depicted in the Figure 3.7
generally occurs between cyclooctynes (the minimal cycloalkyne stable in solution)
and azide groups by Huisgen dipolar cycloaddition due to the lower distortion en-
ergy of the cyclooctyne in the transition state to form the �nal sp2 angle compared
to terminal alkynes from 160◦ and 180◦ respectively.103
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A great diversity of cyclooctyne derivatives have been synthesized and optimized
in the past decades based on reaction kinetic, hydrophilicity and size. Thus, we can
�nd cyclooctyne structures such as di�uorinated cyclooctynes104,105 (DIFO), bicy-
clononyne106 (BCN), dibenzocyclooctyne107 (DIBO), dimethoxy-azacyclooctyne108

(DIMAC), dibenzo-aza-cyclooctyne109 (DIBAC, also named as ADIBO110 or aza-
DBCO111), among others.112
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Figure 3.8: Overview of some chemical structures of cyclooctynes synthesized towards the
copper-free click chemistry in living systems. DIFO - DIFO2 (di�uorinated cyclooctynes104,105),
BCN (bicyclononyne106), DIBO - DIBAC (dibenzocyclooctynes107,111).

Thanks to its versatility, these chemical strategies are employed for COCs syn-
thesis both in solution and on solid support.
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3.1.2 Common approaches to build-up COCs

According to this spatial distribution of the glyco-moiety, two main streamlines
of research have been developed by several groups: on solid support and in solu-
tion phase synthesis.113�115 Herein, we will summarise the most relevant synthetic
techniques used so far.

Synthesis of COCs on Solid Support

The principle of this synthetic strategy resides in the addition of modi�ed car-
bohydrate moieties to the ODN strand using an automated solid-phase synthesis.
Commonly on this approach, the sugar is not commercially available and it requires
synthetic steps to protect the hydroxyl groups and localize the reactivity on the
carbon atom to be anchored. On this regard, the main goal is to seek a the proper
linker with a suitable chemical group in order to interact selectively either with the
ODN structure or with the solid-phase.

Generally, the most accepted strategy relies on the incorporation of the glycan
structures at the 5'-end through phosphoramite chemistry. This synthetic process
takes the advantage of using the automated ODN synthesizer to conjugate glycan-
phosphoramidite derivatives after the ODN elongation. An example is described by
Akhtar et al.116 They synthesized a mannose-phosphoramidite compound which has
to be conjugated onto the 5'-end ODN sequence at the anomeric position. On the
other hand, the conjugation can be established at the 3'-end position of the ODN
by carbohydrates functionalized solid support bearing a DMT (4,4'-dimethoxytrityl)
protecting group. The �rst example was reported by Adinol� et al. where they used
a succinyl linker to attach DMT-glucose derivative to the solid-phase.117

Applications on this type of linkage is found in the comparative study devel-
oped by D'Onofrio et al. in which they incorporated three di�erent carbohydrates
(glucose, sucrose and mannose) through the two conjugation strategies seen before
(3' and 5'-end) to build-up quadruplex structures.80 Some of these conjugates are
quite relevant in biomedicine as antiviral against the HIV-I (human immunode�-
ciency virus). This study con�rmed that 3'-glycoconjugates is more stable in the
quadruplex and speci�cally, the mannose sugar exhibited higher levels of antiviral
activity.

Some other clever strategies have been reported in the way of creating COCs.
In those cases, the nucleoside-base residue can be directly functionalized by a car-
bohydrate moiety and added to the ODN using the automated solid-phase DNA
synthesis. As we illustrate in the Figure 3.9, the individual base is bearing the
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carbohydrate molecule and the pentose is protected by DMT in the 5'-end and
activated with phosphoramidite group at the 3'-end.
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Figure 3.9: Example of glycosylated phosphoramidites monomers used for the oligonucleotide
synthesis.118,119

In particular on solid-support synthesis, the carbohydrate can be exposed without
any modi�cation and re-used throughout multiple cycles to increase the �nal yield.
However, it should be resistant enough to the �nal cleavage step. Within the oxi-
mation conjugation, the aminooxy group is highly selective to react with carbonyl
groups, mainly aldehydes, to produce an oxime ligation. Karskela et al developed
this chemistry by incorporating into the ODN sequence (via phosphoramidite ap-
proach), an activated linker bearing aminooxy groups. Then, the free-aldehyde
from a modi�ed hyaluronic disaccharide yielded the �nal oxime ligation through the
anomeric position.120

On the other hand, the CuAAC has been broadly developed in bioconjugation.
This chemoselective reaction consists in the 1,3-dipolar cycloaddition between an
azide and alkyne group catalysed by Cu(I) to yield 1,2,3-triazoles.95 This reaction
has gained special importance in the COCs synthesis where the azide-alkyne groups
is localized either at the sugar moiety or at the ODN strand separately. However,
the preference is to functionalize the sugar molecule with azide group and the alkyne
group with the ODN. Otherwise, the presence of phosphoramidite and azido groups
can be quenched by the Staudinger reaction.121

This strategy was reported by Bouillon et al where they anchored a propagyl
amine (alkyne group) onto the phosphonate group from ON backbone by amidative
oxidation with CCl4 and then, the azidosugar was couple via CuAAC click chemistry
boosted by microwave radiation.122
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Synthesis of COCs in solution phase

Contrary to the solid support strategy, the solution chemistry approach tackles the
synthesis and puri�cation of COCs sca�olds where both substrates are synthesized
separately. Accordingly, this post-synthesis conjugation must be achieved under
compatible reaction conditions for both partners to avoid solubility problems or
lack of selectivity that may lead to obtain low coupling yields. Therefore, it is
particularly useful for this strategy once again, tackling the COCs synthesis by us-
ing regio- and chemoselective reactions like oxime and CuAAC seen before, that
are water-friendly in bioconjugation reactions. Several types of reactions can lead
stable COCs products such as disul�de formation by oxidative coupling of thiol
molecules,123 or imines and hydrazones which similarly to the oxime ligation, react
with carbonyl groups (commonly aldehydes) via amino and hydrazide groups with-
out using protecting groups.124 However, the use of oxime ligation or CuAAC click
is by far, the most extensible strategy to conjugate carbohydrates to ON strands,
as we can see in the Figure 3.1c.125 Specially it is interesting to remark the possible
combinations that can be established between these reactions. For instance, Morvan
and coworkers reported a clever bis-conjugation of ON by the sequential combina-
tion of oxime ligation and CuAAC where the ON was functionalized with an akyne
group at the 5'-end and an aldehyde group at the 3'-end. This strategy allowed the
incorporation of carbohydrate moieties in both ends of the ON sequence.126
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

3.2 Proposed strategy

This chapter is dedicated towards the preparation of COCs as a versatile architecture
for detection, puri�cation and immobilization approaches for biosensing purposes
(Chapter 5). In particular, a complex polysaccharide from plant cell wall named
Tamarin Xyloglucan is selected as a probe ligand of the α-1,2-fucosyltransferase
(AtFUT1) to monitor protein-glycan interactions. However, the larger size of this
molecule (MW: 550 kDa) limits its possibility of being properly handled and char-
acterized. Thus, this substrate is enzymatically digested to obtain a set of building-
blocks each of which, are conjugated with an single-strand ODN-1 sca�old. From
now, this COCs will be speci�ed as Xyloglucan Nucleic Acid Conjugate (XyNAC).
On the other hand, the surface immobilization approach that will be developed in
this project suggests the construction of a complementary ODN-2 sca�old modi�ed
by a pyrrole molecule for grafting purposes (Chapter 5). Likewise, this ODN con-
jugate will be named Pyrrole Nucleic Acid Conjugate (PyNAC). A global vision of
the main components is depicted in the Figure 3.10 to have a major comprehension
and visualization.
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Figure 3.10: Model of the main components from the XyNAC and PyNAC architectures.
The XyNAC is formed by the XyG substrate connected to a ssODN-1 through a bifunctional
linker at the 5'-end strategy adapted to the synthesis of DNA architectures for DDI of xyloglucan
building-blocks on biochips.

On the top, the XyNAC is formed by the XyG ligand (building-blocks) connected
through a speci�c bifunctional linker to the ssODN-1 sequence at the 5'-end. On
the other hand, the PyNAC architecture is composed by a ssODN-2 sequence con-
jugated to a pyrrole molecule at the 5'-end separated by a thymine spacer (T10).
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3.2 Proposed strategy

Both ssODN-1 and ssODN-2 are complementary sequences to each other to enable
the speci�c interaction by Watson-Crick hybridization process.

The synthetic strategy to construct both ssODN conjugates requires di�erent ap-
proaches depending on the molecule to be conjugated. The overall approach of
chemical synthesis and characterization is depicted in the Scheme 3.11.

Regarding the XyNAC architecture (Scheme 3.11-a), this conjugate demands spe-
ci�c chemical reactions to connect the XyG substrate to a ODN sequence. The strat-
egy proposed uses an linear heterobifunctional linker molecule containing two di�er-
ent chemoselective groups at both sides: an aminooxy functional group (H2N−O)
and an azide group. This synthetic approach is chemically developed through a
stepwise oximation reaction followed by a copper-free Huisgen cycloaddition reac-
tion. For this last synthetic step, the ssODN-1 is modi�ed at the 5'-end with a
dibenzocyclooctyne amine (DBCO) commercially available.

Likewise, the synthetic approach for the construction of PyNAC (Scheme 3.11-b)
is based on the nucleophilic substitution via SN2 of the ssODN-2 over an activated
pyrrole. In this strategy, the ssODN-2 is modi�ed with an amine group at the 5'-end
(commercially available) and the pyrrole is modi�ed by the nitrogen atom with a
carbon chain bearing an N-hydroxysuccinimide group (NHS) previously synthesized
in our laboratory.

Finally, we propose the study of two relevant techniques highly employed in the
�eld of oligonucleotides: the DNA electrophoresis gel and the melting temperature.
The purpose is to evaluate as quality control the ssODN conjugates by DNA elec-
trophoresis, and the e�ect of the sugar residue over the hybridization process by
measuring the melting temperature.
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XYLOGLUCAN LINKER ODN 1

SERIE 1 SERIE 2

XYLOGLUCAN:N

SEQUENCE cA SEQUENCE cB

3

Oximation reaction

Copper-free Huisgen cycloaddition

XyNAC

MALDI-Tof MS

H- NMR
1

LC-ESI-MS

RP HPLC

Aldehyde

Aminooxy/azide

DBCO

Xyloglucan Nucleic Acid Conjugate, XyNAC

ODN 2

SEQUENCE A SEQUENCE BNH2

MALDI-Tof MS

DNA 
electrophoresis

NHS-pyrrole

PyNAC

a)

b) Pyrrole Nucleic Acid Conjugate, PyNAC

SEC

NanoDrop
UV detection

RP HPLC DNA 
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Figure 3.11: General overview of the proposed strategy towards the construction and character-
ization of XyNAC and PyNAC architectures. a) Synthetic route to obtain, purify and characterize
the XyNAC product via stepwise procedure using an heterobifunctional linker (aminooxy/azide).
The xyloglucan is functionalized by oximation reaction to a�ord the xyloglucan-azide derivative.
The subsequent reaction with a DBCO-modi�ed ssODN-1 via copper-free Huisgen cycloaddition
yield the desire XyNAC product. b) Chemical strategy to obtain, purify and characterize the
PyNAC product. An amino-modi�ed ssODN-2 sequence is directly conjugated with an activated
pyrrole molecule in the form of NHS-ester to yield the PyNAC product.
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3.3 Main characters of XyNAC and PyNAC architectures

3.3 Main Characters involved in the Construction of

XyNAC and PyNAC architectures

3.3.1 Understanding the AtFUT1 ligand: the Xyloglucan

The xyloglucan is a branched cellulose derivative from the family of hemicellulose
heteropolysaccharides found in higher plants. It comprises an heterogeneous diver-
sity in length and side chain throughout the primary cell wall.127 Herein, we study
the xyloglucan polysaccharide extracted from the Tamarind seeds as a potential
ligand of the fucosyltransferase AtFUT1. The chemical structure is illustrated in
the Figure 3.12-a,b.
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Figure 3.12: Model of the xyloglucan structure. a) Chemical representation of the monomeric
unit of XyG showing the glucose molecules (β-1,4-backbone) with side chains made of xylose (α-
1,6) and galactose (β-1,2). b) Scheme of xyloglucan linkages depicted by pictorial representation
of the di�erent sugars in Glycobiology.

The xyloglucan structure is formed by a cellulose-like backbone composed by four
glucose units linked by β-(1,4)-D-glucan bonds. Then, it is regularly substituted by
xylopyranosyl sugars linked through an α-(1,6) linkages in three out of four glucose
main-chain. Hereafter, the xyloglucan sca�old is already established and further
substitutions lead to de�ne di�erent side chains structures and consequently, di�er-
ent plant tissues and species.127 In the case of xyloglucan obtained from Tamarind
seeds, the xylosyl residues are functionalized in position 2 with galactose molecules
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

by a β-(1,2) linkage. Nevertheless, this xyloglucan composition does not present fu-
cose in the structure, making to this ligand suitable to rationalize the fucose transfer
by the AtFUT1 enzyme.

The molecular weight of the entire xyloglucan molecule is around 579 kDa in wa-
ter at room temperature. Chemically, this heteropolysaccharide exhibits a neutral
chemical behaviour under standard conditions and low viscosity.69 Furthermore, it
is a molecule soluble in water but it could form aggregates specially when the poly-
merization degree (PD) is signi�cantly larger. Moreover, the xyloglucan is stable
under mild conditions of temperature and acids and bases mainly due to its high
substitution degree.69

3.3.2 Choice of the linker

In our main idea of creating COCs architectures, it is always necessary to study
how is it chemically possible to connect both biomolecules together. The strategy
therefore, was focused on seeking a bifunctional linker able to functionalize the
XyG building-blocks and the oligonucleotide sca�old selectively in solution. For
this reason, we guided our synthetic approach towards the stepwise chemoselective
reactions via oxime (XyG) and copper-free conjugation (cODN-1).
Altogether, we found that the aminooxy-triethylenglycol-azide was a nice organic
molecule to establish robust connections between the two partners in solution under
mild conditions. The chemical structure of the spacer is depicted in the Figure 3.13.

O
O

O
O

N3
H N2

Aminooxy 
group

Triethylen glycol
backbone

Azide
group

Figure 3.13: Chemical structure of the bifunctional linker. This organic molecule was selected
having an aminooxy group (blue) and an azide group (green) separated by a triethylenglycol chain
(red).

This organic compound was formed by a triethylenglycol (TEG, in red) backbone
to provides �exibility and hydrophilicity to the �nal molecule. Besides, this bi-
functional linker displayed two highly selective and compatible chemical groups at
both ends: the aminooxy group (in blue) and the azide group (in green). These
dual functions suitable to partake in the chemoselective reactions with the XyG
structures and the modi�ed cODN without any chemical modi�cation on those
starting molecules.
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3.3 Main characters of XyNAC and PyNAC architectures

3.3.3 Chemical composition of cODN-1 sequences

The construction of XyNAC architectures required the participation of an ODN
sca�old that facilitated their puri�cation and characterization but also, envisioned
the DNA-direct immobilization approach (DDI) of XyG compounds on solid sup-
port (Chapter 4).

To this purpose, we proposed two complementary ssODN sequences (cA and cB)
presented in the Figure 3.14. The chemical composition of both cODN structures
was de�ned by the incorporation of a dibenzocyclooctyne amine (DBCO) at the
5'-end. This speci�c functional group was envisioned towards the chemoselective
conjugation by SPAAC reaction with the free-azide group presented within the
linker structure, previously described. These DBCO-oligonucleotide sequences of
24 base pairs were commercially available from Eurogentec.
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Figure 3.14: Representation of the chemical structure of cODN-1 sequences (24 base pairs)
used to prepare XyNAC architectures in solution. a) cODN-1 structure for the sequence A b)
cODN-1 structure for the sequence A Second model of ssDNA architecture 1B
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

The goal of having two di�erent ODN strands repose upon the possibility of
generating two families of XyNAC probes to enable the selective immobilization
onto a solid surface for further monitoring interactions.

3.3.4 Chemical composition of ODN-2 sequences

Motivated by the surface immobilization approach based on DNA structures, the
ODN-2 structures were prepared for surface grafting and speci�c immobilization
binding. Thus, the construction of the ODN-2 structures required the presence of
an external pyrrole moiety within the 5'-end (PyNAC). Therefore, this ODN-2 scaf-
fold was speci�cally modi�ed at the 5'-end with a nucleophile group (amine group)
for further coupling reaction. Furthermore, at the 3'-end, the DNA strand was com-
posed by a ten consecutive thymidine chain (T10 ) to provide a critical separation
between the surface and the hybridization region (Figure 3.15).
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Figure 3.15: Models of commercial amine-DNA architectures sequences used for the NHS-
modi�cation. (a) Sequence 2A of the amine-DNA architecture II with a molecular weight of
10631.0 g/mol. (b) Sequence 2B of the amine-DNA architecture II with a molecular weight of
10560.0 g/mol.
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To enable a selective hybridization process, the ODN-2 architecture presented
two complementary sequences (A and B) over the cODN-1 twin sequences (cA and
cB) previously de�ned (Figure 3.15-a,b). Likewise, the amino-based ssODN-2 were
formed by 34 base pairs for hybridization purposes and they were commercially
available from Eurogentec.

3.4 Preparation of XyNAC architectures

3.4.1 Elaboration of the xyloglucan starting materials

The Tamarind xyloglucan polysaccharide, among other chemical features, represents
a molecule with a molecular weight around 579 kDa. The larger size and complex
structure of this polysaccharide make it certainly a di�cult molecule to chemically
handle. Thus, we have developed an enzymatic reaction in order to cleave the whole
Tamarind xyloglucan polymer into a range of di�erent cores (Scheme 3.1).

Tamarind Xyloglucan
CORE 1 (n:1)

Glc - Xyl
4 3

Endocellulase cleavage

Scheme 3.1: Enzymatic degradation of Tamarin xyloglucan polymer by an endo-cellulase 1,4-
β-D-glucanase to obtain a set of di�erent polymerization degrees.

As it is shown in the Scheme 3.1, to prepare a set of di�erent xyloglucan cores,
the Tamarind xyloglucan polymer was �rstly, enzymatically digested at pH 5 by
an endo-cellulase 1,4-β-D-glucanase (1.2 U/µL) from Aspergillus niger under 0.05%
of sodium azide to preserve the enzyme integrity from bacterial degradation. This
type of enzyme particularly hydrolysed the β-1,4-glycosidic bonds of the xyloglucan
structure established between the fourth and the �fth glucose main-chain molecules
in the polymer from the reducing end. Therefore, the reaction mixture was op-
timized to obtain larger cores of XyG by controlling both the enzyme exposure
time and quantity over the reaction mixture. Finally, to quench the reaction, the
temperature was increased up to 80◦C to denature the protein.
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

XyG building-blocks puri�cation by Size-Exclusion Chromatography

The enzymatic digestion of the xyloglucan yielded a mixture of several substrates
with a large variety of sizes. The size-exclusion chromatography (SEC) technique
also known as gel permeation chromatography, was presented as the candidate tech-
nique to purify the XyG fragments. The SEC tackled the separation of the macro-
molecular components in a mixture based on molecular size through a column of a
packed gel �ltration resin. In our case, three chromatography columns of Superdex
S30 distributed in serie were used. The resin or stationary phase was composed
by porous beads with small channels inside where smaller molecules pass through
this channels whilst larger molecules �ow around the beads and leave the column
�rst. Later, those molecules were detected by refractive index which separate the
fractions by molecular weight.

The SEC puri�cation process was performed in two digestion reactions of XyG
polysaccharide involving two di�erent enzyme conditions (enzyme concentration
and exposure time) to obtain a range of XyG sizes. The �rst reaction condition
(serie 1) was carried out using 2.4 U of the endo-cellulase enzyme for 20 minutes.
According to the SEC chromatogram, it showed a pro�le with much more quantity of
smaller molecules than larger molecules. Therefore, an optimization step in a second
reaction condition (serie 2) was accomplished under 0.6 U of endo-cellulase enzyme
for 5 minutes of exposure before quenching, showing a better peaks distribution in
the SEC chromatogram. These results are presented in Figure 3.17 where the larger
molecules were eluted from the column at shorter retention times.
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Figure 3.17: Chromatogram of the two di�erent enzymatic conditions series 1 and 2. (a) Serie
1: Tamarind xyloglucan hydrolysis with 2.4 U of endo-glucanase enzyme for 20 minutes. (b) Serie
2: Tamarind xyloglucan hydrolysis with 0.6 U of endo-glucanase enzyme for 5 minutes.
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As we expected, series 1 and 2 revealed SEC chromatograms with remarkable vari-
ation in the peaks distribution and intensity. On average, the serie 1 showed more
presence of smaller molecules compared to the serie 2 due to the higher quantity
of enzyme and larger reaction time.Moreover, the presence of the starting material
(S.M.) which correspond to the �rst peak of the chromatogram was observed for
the serie 1 of XyG digestion. On the other side, the peaks of the serie 2 were rather
similar in terms of intensity, meaning that we managed to quench the reaction on
time to get more quantity of the largest one. However, those peaks were relatively
overlapped in comparison with the serie 1, making harder the discrimination of the
sample tubes. Nevertheless, on average we can conclude that the degree of simi-
larity between the peaks distribution and, in the end, the puri�cation process was
successfully obtained by SEC. Regardless of the peaks distribution were detected in
the chromatogram, the system only collected the samples in tubes starting at 300
minutes and the peaks before that time were discarded.

Each peak of the SEC labelled in the Figure 3.17 was collected right in the in�ec-
tion point and lyophilized. It yielded a white cellulose-like appearance solid com-
pound at milligram scale, ready for mass characterization. All of them served as
a starting materials for further functionalization with oligonucleotide biomolecules
via DDI approach.

XyG building-blocks characterization by MALDI-Tof Mass Spectrometry
analysis

During the enzymatic hydrolysis of the XyG, we managed to fragment this substrate
in a set of XyG building-blocks and to puri�ed them by SEC. The mass spectrome-
try is our major identi�cation technique to characterize those glycostructures with
high accuracy. In particular, Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight mass spectrometry or MALDI-Tof MS was used to determine qualitatively
the structural identity of the di�erent XyG cores isolated through SEC. We evalu-
ated the serie 2 of XyG hydrolysis separately by MALDI-Tof MS technique using
2,5-dihydroxybenzoic acid (DHB) as a crystallization matrix in positive mode.

Based on the Figure 3.18, multiple signals were obtained for each fraction from
the SEC analysis. Each peak corresponds to a �xed XyG core (glucose and xylose)
along with a variable number of galactose molecules (X). As an example, in the
Figure 3.18-a we observed the mass distribution of the three species that belongs to
the core 1 of XyG unit formed by 4Glc and 3Xyl; and X number of Gal molecules
(X: 0 to 2) to de�ne the �nal compound. This XyG mass distribution was found for
the rest of compound from the serie 2 (Figure 3.18-b to f). Interestingly, we noticed
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that all the samples exhibited a Gaussian pro�le based on the number of galactose
molecules within their structures that suggests a random distribution of Gal based
on the size of the XyG fragment.
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Figure 3.18: MALDI-Tof MS analysis of XyG substrates using DHB matrix in positive mode
obtained for the serie 2 from the SEC puri�cation. a) XyG 1 core 4Glc, 3Xyl and XGal (X:0 to
2). b) XyG 2 cores 8Glc, 6Xyl and XGal (X:1 to 4) c) XyG 3 cores 12Glc, 9Xyl and XGal (X:1 to
6) d) XyG 4 cores 16Glc, 12Xyl and XGal (X:3 to 8) e) XyG 5 cores 20Glc, 15Xyl and XGal (X:4
to 10). f) XyG 6 cores 24Glc, 18Xyl and XGal (X:4 to 10).

Considering our previous results, we managed to prepare multiple building-blocks
of XyG from an optimized enzymatic hydrolysis of Tamarind XyG using an endo-
glucanase (as shown in the Scheme 3.1). The SEC technique along with the MALDI-
Tof MS analysis con�rmed the pure isolation of XyG building-blocks that will serve
as starting materials for the COCs synthesis.
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3.4 Preparation of XyNAC architectures

3.4.2 Synthetic Procedure for XyNAC architectures by
Chemoselective Reactions

The design and synthesis of glycoconjugates have become an important line of
research for the study of carbohydrates interactions within their native environ-
ment.129,130 In this context, the chemoselective reactions have promoted a powerful
synthetic tool for the glyco-scientist due to the high selectivity and speci�city in
reactions with biomolecules in vivo and in vitro, and their capacity of being stable
under physiological conditions.131
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Figure 3.19: Model of the synthetic approach to form XyNAC architectures through chemos-
elective reactions via oxime ligation on the XyG building-blocks followed by copper-free click
chemistry on the 5'-end of the ssODN-1 (DBCO).

Based on the functional group within the linker structure depicted in the Figure
3.13, we �rstly describe the oximation reaction between the amoniooxy group in the
spacer and the XyG anomeric position; and �nally, we address the direct coupling
between the azide group from the spacer and the aza-DBCO group localized at
the 5'-end of the DNA via copper-free cycloaddition strategy or strain-promoted
Azide-Alkyne cycloaddition (SPAAC).

Oxime reaction

In our synthetic approach, we used the XyG building-blocks to construct new
XyNAC architectures via oxime ligation from the aminooxylated linker (Figure
3.19).

The Figure 3.20 depicts that the free anomeric position from the glucose molecule
in the XyG is in fact an hemiacetal group (close form) in equilibrium with the alde-
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

hyde group (open form) in the carbohydrate chemistry so called mutarotation. This
equilibrium is generally displaced towards the close form of the sugar structure, lower
in energy. However, a minimal fraction of this aldehyde is susceptible to be attacked
with the α-nucleophile group from the spacer to yield our �nal XyG-oxime product
as a mixture of Z/E stereoisomers.

All the oxime reactions of the di�erent XyG structures were carried out in large
excess of the aminooxylated linker (5 equivalents) via aniline nucleophilic catalysis at
pH 4.5 of sodium acetate (NaOAc) bu�er.132 Since the aniline requires the presence
of an aldehyde in the reaction mixture (see Figure 3.5-b), it was necessary to restore
the equilibrium in the sugar to the open form by increasing the temperature up to
40 ◦C. It ensured an increase of the �nal yield and facilitated the solubility of the
aniline in aqueous media. Finally, something to highlight was the avidity of the
aminooxy group to carbonyl functions. That made this reaction quite sensitive
to exogenous carbonyl sources that may inactivate this reagent for the oximation
reaction.
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(MW = 1000-8000 Da)

OH

Figure 3.20: Mutarotation phenomena and synthesis of the XyG-oxime conjugates via aniline
catalysis.

The oxime reaction course was monitored by MALDI-Tof MS with DHB matrix
in positive mode. We presented in the following Figure 3.21, an example model
of the MALDI-Tof MS pro�le for the oxime functionalization of the XyG 2 cores
previously puri�ed. All data collected in the ANNEXE Chapter 5.

The Figure 3.21 showed a comparative analysis between the starting material for
the XyG building-block with 2 cores (orange line) and the �nal product obtained
through oxime ligation (blue line). The MALDI-Tof MS analysis of the XyG 2 cores
starting material showed four di�erent m/z peaks regarding the number of galac-
tose molecules on each XyG building-blocks. These XyG compounds with X=1, 2,
3 and 4 galactoses were considered as active reagents for the oxime ligation. After
the oximation reaction, the mixture was desalted and puri�ed using PD MiniTrap
G-10 (cut-o� of 700 Da) to remove the excess of the linker.
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Figure 3.21: MALDI-Tof MS analysis for the oxime reaction involving the XyG 2 cores (X
from 1 to 4 galactoses). The orange line represents the XyG 2 cores starting material. The blue
line represents the XyG 2 cores oxime product after 48 hours.

The blue line displays the MALDI-Tof MS analysis for the oximation reaction
overlapped with the starting material. The oxime products were located at the m/z
2488.0 (X=1), 2648.9 (X=2) and 2811.0 (X=3) and 2973.6 (X=4) as the major
components in the reaction mixture. They were found in the MS spectrum as the
linker di�erence (m/z around theoretical value 216.3) between the starting material
and the �nal product. We observed however, the presence of the starting material
meaning that the reaction was not fully completed. Nevertheless, we could conclude
that the oxime reaction was successfully obtained as the main reaction product and
it will be used without further puri�cation.

The oxime substrate exhibits two steroisomers Z and E due to the presence of a
double bond as it is depicted in the Figure 3.22. This unsaturated structure can be
easily localized by 1H-NMR because of the ring-chain tautomeric form within the
α and β pyranose. Those protons are distinctive as doublets around 7 ppm as it is
shown in the Figure 3.23.
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These results obtained by 1H-NMR along with the MALDI-Tof MS analysis
brought to an end the successfully formation of the oxime ligation products. These
data allowed to detect the the m/z value and the oxime double-bond formation,
which the E -oxime substrate is the most abundant steroisomer product.
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3.4 Preparation of XyNAC architectures

Copper-free Click chemistry

Our synthetic strategy encompassed the copper-free click reaction between the set
of XyG:linker complexes previously functionalized, and the DBCO-based cODN-1
sca�olds according to the Scheme 3.3. The XyG building-blocks with a number of
cores from 1 to 3, were conjugated with the cODN-1 using the complementary A
sequence (cA). Likewise, the XyG building-blocks with 3 to 6 cores were function-
alized with the cODN-1 using the complementary B sequence (cB).
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H2O, 40ºC
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O
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O
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OH
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cODN-1

O
5'

cODN-1

XyG:linker XyNAC architectures

Scheme 3.3: Synthesis of XyNAC architectures via SPAAC reaction under aqueous solution at
40ºC overnight.

This reaction comes to an end with the formation of covalent 1,2,3-triazole cycle
that is quite stable in solution, �xing the entire structure in a robust and well-
de�ned XyNAC architecture.

In the Figure 3.25, we summarized an example of reverse phase HPLC puri�ca-
tion and UV detection corresponding to the XyNAC architecture from several XyG
core-sizes.

The example of RP HPLC puri�cation of the XyNAC architectures (4-6 cores)
taken from the reaction crude (Figure 3.25-c) revealed a single intense peak of ab-
sorbance at 260 nm with a retention time around 30 minutes. This large signal
came along with several peaks lower in intensity at 35 minutes and a single peak at
28 minutes. They may be related to the secondary cycloaddition reaction between
the free-linker molecule and DBCO-cODN starting material. Here, we observed a
gradual separation of the XyNAC architectures according to their size. Thus, larger
oligosaccharides bearing more hydroxyl groups were eluted from the column with
shorter retention times.
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Figure 3.25: RP HPLC puri�cation and UV detection of XyNAC architectures from several
core-sizes a) RP HPLC of the starting material DBCO-cODN-1 (cB) monitored at 260 nm with
a gradient TEAA/ACN (0-22%) in 40 minutes. b) UV-visible absorbance of the starting mate-
rials DBCO-cODN-1 (cA and cB) showing at 260 nm (ODN absorbance) and 310 nm (DBCO
absorbance) a �ngerprint for the SPAAC reaction detection. c) RP HPLC puri�cation of the set
of XyNAC architectures (4-6 cores) monitored at 260 nm with a gradient TEAA/ACN (0-22%) in
45 minutes. d) UV-visible absorbance of the XyNAC products (2-6 cores) showing the absence of
the DBCO signal at 310 nm.

In this line of analysis, we noticed that these three peaks exhibited broader peaks
in comparison with those of the starting material shown in the Figure 3.25-a. The
reason is that the nature of each XyG polysaccharides exhibits di�erent number of
galactose molecules per core. The absence of the signal from the starting material
within the �nal chromatogram suggests a fully completed reaction. On the other
hand, the absence of the DBCO absorbance at 310 nm (Figure 3.25-d) compared
to the UV detection of the DBCO-cODN starting material (Figure 3.25-b) suggests
that the SPAAC reaction took place. Finally, a quantitative analysis was performed
by the UV-visible measurements. On average, these UV-visible results displayed a
total yield for every compound of around 60%.
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3.4 Preparation of XyNAC architectures

Then, a qualitative identi�cation of three XyNAC architectures (from 4 to 6
cores) were carried out through Liquid Chromatography-ElectroSpray Ionization-
Mass Spectrometry (LC-ESI-MS) as shown in the Figure 3.26. The spectra reveal a
graphical display of the relative abundance of the �nal products obtained after RP
HPLC puri�cation step. Here, each peak is de�ned based on its relative abundance.
Red peaks refer to the most abundant compound (labelled as A), then the green and
purple ones (B and C), and �nally the less abundant ones hold the yellow-brownish
colour (D). Finally, the chemical composition of each XyNAC analysed substrate is
detailed by referring the number of sugar molecule forming the �nal product. All
mass analysis are collected in the ANNEXE Chapter 5.
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Figure 3.26: LC-ESI-MS de-convoluted spectra of the RP HPLC puri�cation samples described
in the Figure 3.25. a) LC-ESI-MS chromatogram of the XyG 4 cores functionalized via SPAAC.b)
LC-ESI-MS spectrum of the XyG 5 cores functionalized via SPAAC. c) LC-ESI-MS spectrum of
the XyG 6 cores functionalized via SPAAC.
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3 Towards the Chemical Construction of Xyloglucan-DNA conjugates

Regarding the mass analysis, four predominant peaks are observed for each XyNAC
substrate which correspond to the main core (glucose and xylose) plus a variable
number of galactose molecules (X). A comparative analysis with theoretical values
helps to the assignment of the number of galactose distributed within the core-size.
The theoretical and measured mass values from the XyNAC products shown in the
Figure 3.26 are detailed in the Table 3.1. This is also con�rmed by the mass di�er-
ence of 162 units between the peaks.

XyNAC products

Substrate Theoretical mass Measure mass

N=4

X=4 13000 13002

X=5 13162 13164

X=6 13324 13325

X=7 13486 13488

N=5

X=6 14368 14369

X=7 14530 14532

X=8 14692 14695

X=9 14854 14857

N=6

X=8 15737 15738

X=9 15899 15901

X=10 16061 16062

X=11 16223 16226

Table 3.1: ESI-MS assignment found for XyNAC reaction products. The N describes the
number of monomeric units (cores) and the X de�nes the number of galactose molecules within
each particular N structure

Overall, we came in to conclusion that the �nal detection, puri�cation and quan-
ti�cation of the reaction sequence yield a pure DNA architectures at micromolar
scale bearing a set of XG cores with di�erent number of galactose molecules.

3.5 Preparation of PyNAC architectures

Moving towards the other part of the synthesis, we address the preparation of the
PyNAC architecture that will enable the hybridization and consequent anchoring of
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3.5 Preparation of PyNAC architectures

XyNAC probes on the biosensor surface. To make it possible, the SyMMES/CREAB
laboratory have designed a clever patterning strategy to immobilize di�erent probes
on metallic surfaces, usually gold. The goal of our research team lies in the use of
pyrrole molecules to create a uniform �lms by applying a potential di�erence that
trigger a pyrrole polymerization process on the gold surface.133 In the Figure 3.27,
we detail the chemical structure of the PyNAC architecture to be synthesised.

N

ssODN-2 Pyrrole

3' 5'

n

Thymine10T

AT CG

PyNAC

Figure 3.27: Model of the PyNAC architecture composed by a ssODN-2 sequence bearing a
pyrrole group at the 5'-end separated by a thymine sequence (T10).

3.5.1 Synthesis of PyNAC via NHS-amide coupling

Within our synthetic strategy of preparing PyNAC, an activated pyrrole compound
was required to functionalize the ssODN-2. In this context, we explored the chem-
ical coupling of the 5'-amino ssODN structure to the pyrrole moiety through the
N -hydroxysuccinimide (NHS) activated group. This classical organic compound has
been commonly employed to promote the formation of esters or amides (NHS-ester
coupling) from activated carboxylic acids. Typically, this type of chemistry on car-
bonyl groups shows an increase in the reactivity over the Csp2 towards nucleophilic
substitution by SN2 mechanism.

Therefore, the pyrrole-NHS compound was synthesized by our research group
through the Steglich esteri�cation reaction. Then, this substrate is mixed in large
excess with the 5'-amino ssODN under aqueous basic conditions (pH 9.3) of pota-
sium carbonate bu�er at room temperature overnight as shown in the Scheme 3.4.
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Scheme 3.4: Synthesis of PyNAC using NHS-ester activation via nucleophilic substitution by
SN2 mechanism

The NHS-amide coupling procedure begins with the nucleophilic attack by the
free electron pairs of amine group over the Csp2 of the activated ester (better elec-
trophile) as depicted in the Scheme 3.5. This substitution step goes from the initial
trigonal starting material towards a trigonal product, through the formation of
an unstable tetrahedral intermediate. The latter was easily expelled as negatively
charged leaving group.
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Scheme 3.5: Model of the short reaction mechanism via NHS-activating group (leaving group)
through a unstable tetrahedral intermediate.

After the addition of the amine starting material, the tetrahedral intermediate was
mediated by the base of the medium (in our case the carbonate ion) that removes
the proton to give an unstable intermediate. Then, this intermediate undergoes by
an elimination step losing the NHS negatively charged as a potassium salts.

At this pH condition, the amine group remained deprotonated, enabling the at-
tack of the free electron pairs over the activated ester. However, the capability of
the NHS group makes this type of coupling highly sensitive to the hydrolysis under
basic conditions at pH above 10 to form the carboxylic anion salts.
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Similarly to the XyNAC, the PyNAC architectures were puri�ed and character-
ized by RP HPLC C18 column and MALDI-Tof MS analysis as it is shown in the
Figure 3.28.

The RP HPLC of the crude reaction mixture from the PyNAC labelling molecule
is depicted in the Figure 3.28-a. The results displayed three peaks that at �rst sight
we could easily identi�ed. The �rst peak was attributed to the DMSO compound
present in the pyrrole-NHS starting material (Figure 3.28-a). Then, the second peak
at 25.380 minutes was assigned to the non-reactive amine-ssODN-2 remained in the
reaction mixture. And lastly, the peak 3 was attributed to the PyNAC compound
with a retention time of 33.726 minutes. This third peak was isolated and char-
acterized by MALDI-Tof MS in negative mode with HPA matrix (Figure 3.28-b).
The mass analysis revealed the coupling product PyNAC architecture (calc.[M+Na]
10833.1) found in a single peak of 10832.6 corresponding to the M+Na compound.
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Figure 3.28: RP HPLC analysis and MALDI-Tof MS characterization for the construction of
the PyNAC architecture. a) RP HPLC C18 in TEAA 10 mM/ACN (0-18%) at 1mL/min in 40
minutes. b) MALDI-Tof MS analysis with HPA matrix in negative mode.

The PyNAC compounds were �nally quanti�ed via UV detection at 260 nm to
a�ord an 80% of the total yield at micromolar range.

3.6 Quality Control of DNA-based Architectures

In this section, we conclude the evaluation of XyNAC and PyNAC hybrid archi-
tectures by developing two classical methodologies in the ODN biochemistry �eld:
the DNA electrophoresis gel and the melting temperature. These techniques entail
a nice complement to our understanding of the ODN glycoconjugates in terms of
quality control and duplex stability.
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3.6.1 DNA Electrophoresis Gel of single-strand ODN conjugates

DNA biomolecules o�er a versatile architecture to track and detect conjugates fo-
cused on the oligonucleotide fragment by UV absorbance. Similarly to proteins,
this polyanionic biomolecules can be separated and analysed by electrophoresis gel
even if some external molecules are attached onto it. The application of an electric
�eld enables the migration of the ODN structures through a gel matrix according
to their size.

In our case, we developed a DNA electrophoresis gel as a valuable methodology to
visualize the quality of both XyNAC and PyNAC architectures using �uorescence
detection. A �rst DNA electrophoresis assay was addressed using ssODN sequences
(10 pmoles) both commercial and synthesised treated under denature conditions. A
mixture of bromophenol blue (BPB) / Xylene cyanol (XC) was used as a marker
control.

1Marker 2 3 4 5 6 7 8 9 10 11 12

A B cBcA Single-strand ODN conjugates

Lane 1 -  X: amine

Lane 2 -  X: Fluorescein

Lane 3 -  X: Pyrrole

Lane 4 -  X: amine

Lane 5 -  X: Fluorescein

Lane 6 -  X: Pyrrole

Lane 7 -  X: OH (free)

Lane 8 -  X: DBCO

Lane 9 -  X: XyG (1 core)

Lane 10 -  X: OH (free)

Lane 11 -  X: DBCO

Lane 12 -  X: XyG (1 to 5 cores)
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5'3'
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XC
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2C
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4C
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cODN-1
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ODN-2 cODN-1
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Figure 3.29: DNA electrophoresis gel of the single-strand DNA probes. Both DNA-II sequences
(A and B) and complementary DNA-I sequences (cA and cB) were evaluated. The X represents
the functional group coupled at the 5' end of each oligonucleotide. The gel was prepared in
polyacrylamide gel at 20% and revealed with SYBR-Gold incubation for UV detection.

Based on the Figure 3.29, ODN-2 architectures were injected on the left side of
the gel and cODN-1 on the right side of the gel. The X described the functional
groups coupled at the 5'-end of each oligonucleotide structure.

82



3.6 Quality Control of DNA-based Architectures

Regarding ODN-2 (A and B sequences, lanes 1 to 8), the oligonucleotides showed
relatively pure sequences with a unique and major band presence. A subtle bands
were revealed in lanes 1 and 4 commercial aminated oligomers below the main band
which correspond to the nucleotide bases (n-1 base) from the synthetic process of
production. Lanes 2 and 3 (A sequence) and the lanes 5 and 6 (B sequences) rep-
resent synthetic products puri�ed by RP HPLC and therefore, they were perfectly
de�ned as a single band as well.

Within the other part of the gel, the cODN-1 (cA and cB sequences, lanes 7 to
12) showed di�erences between sequences cA (lanes 7 to 9) and cB (lanes 10 to 12).
We noticed that both starting materials (X: OH and DBCO) from the sequence
cA exhibited bands of impurities of n-1 ODN sequences from the commercial syn-
thetic process. Therefore, it explained the delicate presence of XyG core 1 in lane
9 with the sequence cA. However, the same starting materials from the sequence
cB showed an intense pure band in both lane 10 and 11 yielding a clear ladder of
XyNAC architectures (1 to 5 cores) in lane 12.

We extended our DNA electrophoresis gel analysis of the XyNAC probes using
di�erent sizes of XyG polysaccharide. Thus, the Figure 3.30 illustrates the XyNAC
(cB sequences) along with their corresponding starting materials.

The cODN-1 structure with the sequence cB and bearing di�erent moieties (X)
was evaluated within a single electrophoresis gel. The gel analysis (Figure 3.30)
revealed a clean migration for all the samples injected with a sequential distribution
of XyG probes by molecular size from 3 cores to 6 cores respectively (lanes 3 to
7, XyG reference in lane L). Furthermore, the XyG-DNA conjugates with 3, 4 and
5 cores (lanes 3 to 6) as well as the XyG ladder showed a particular band at low
molecular weight. The identi�cation of these bands might suggest some impurities
from the copper-free cycloaddition (SPAAC) or partially hydrolization of the oxime
ligation.
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Single-strand ODN conjugates
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Lane 1 – X: OH
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Lane 3 – X: XyG 3 cores
Lane 4 – X: XyG 4 cores (serie1)
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Lane 6 – X: XyG 5 cores
Lane L – Ladder of XyG (1 to 5cores)
Lane 7 – X: XyG 6 cores
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Figure 3.30: DNA electrophoresis gel of single-strand XyNAC with the sequence cB. The X
represents the functional group coupled at the 5' end of each complementary oligonucleotide (cB).
The gel was prepared in polyacrylamide gel at 20% and revealed with SYBR-Gold incubation for
UV detection.

3.6.2 Melting Temperature Determination of the duplex
XyNAC/PyNAC

The word "DNA" has always been related to the perfect double-strand association
of an oligonucleotide pair molecule. This selective match between DNA strands is
known as DNA hybridization or Watson-Crick interaction and it is reversible with
the temperature. However, the nature of the nucleic acid components to hybridize
can determine the strength or weakness of the DNA duplex. Thus, guanosine-
cytosine purine pairs (3 hydrogen bonds) contributes to much higher stabilization
than adenosine-thymine pyrimidine pairs (2 hydrogen bonds) (Figure 3.10-Watson-
Crick hybridization).

This parameter is determined by the melting temperature (Tm) and it refers to
the temperature at which half of the DNA has been denature from the duplex DNA
(dsDNA) to ssDNA. The temperature e�ect induces the transition between two
states with di�erent physical properties: dsDNA structures (low absorbance) and
ssDNA structures (higher absorbance). Therefore, the Tm can be obtained by mon-
itoring the UV absorbance at 260 nm while the temperature of the sample solution
increases (Figure 3.31). At speci�c temperature, the slope of the curve is maximum
(point of in�exion), and the 50% of the dsDNA is transformed into two ssDNA. Is
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in this point where the �rst derivative δAbs/δT provides the critical parameter of
DNA melting temperature. Typically, this process is called DNA annealing and it
is repeated in multiples cycles of temperatures to obtain a mean value.
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Figure 3.31: Model of a melting temperature and �rst derivative curves for a duplex DNA.
a) Melting temperature curve. The Tm is de�ned at the in�exion point (maximum slope) of the
Absorbance (260 nm) temperature curve where half of the dsDNA is separated into ssDNA. b)
First derivative curve. The Tm is obtained by plotting the �rst derivative at the maximum of the
curve.

The Tm parameter is unique for each oligonucleotide pairing and it mainly de-
pends on the nucleotide composition, the length of the DNA and external conditions
such as concentration, ionic strength or metal ions. However, within the evaluation
of DNA melting temperature with conjugates, the residue attached to the DNA
sca�old might interfere in the stabilization or disruption during the annealing pro-
cess.

In our case, the XyG molecule represents a large branched oligosaccharide that
can easily alter negatively to the hybridization process, mainly by steric hindrance.
Thus, for this study, we evaluated the DNA melting temperature of two XyNAC ar-
chitectures with di�erent sizes of XyG molecule (3 and 4 cores) to verify the sugar
e�ect over the DNA hybridization. On the other hand, the amine-based ODN-1
was selected as hybridized molecule. Furthermore, the Tm value for the starting
materials cODN-1 (OH / DBCO) was obtained in parallel as a reference values.
Additionally, a theoretical value was predicted by the OligoEvaluator from Sigma
Aldrich which considered the ODN sequence, the percentage of CG and the length.
The DNA melting curves were depicted in the Figure 3.32 and Tm values were de-
scribed in the Table 3.2.
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Figure 3.32: Melting temperature and �rst derivative curves for the XyGNAC 3 and 4 cores.
The Tm values were obtained in 4 cycles (increase/decrease) within a range of temperatures from
20 ºC to 80 ºC (1ºC/min). First derivative was calculated from the XyNAC melting temperature
curve.

Sample Tm (◦C)

Theoretical (B sequence) 78.0

ODN-2/cODN-1 (OH) 76.1

ODN-2/cODN-1 (DBCO) 78.0

ODN-2/cODN-1 (XyG 3 cores) 76.1

ODN-2/cODN-1 (XyG 4 cores) 76.5

Table 3.2: Comparative DNA melting temperatures obtained for the duplex ODN-2/cODN-1
and theoretical from OligoEvaluator (Sigma Aldrich).

Based on the Figure 3.32, both XyNAC structures exhibited DNA melting tem-
perature curves fairly similar. At �rst sight, both species described a Tm in the
range of 75-80◦C upon the �rst derivative curves. The data from the Table 3.2 con-
�rmed very subtle variations in Tm values for both XyNAC substrates (0.0 ◦C, 3
cores and 0.5 ◦C, 4 cores) compared to the cODN sca�old without functional group
(OH). Therefore, the nature of the XyG fragment did not contribute to destabilize
the hybridization process.
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On the other hand, the cODN-1 (DBCO) revealed a variation of temperature
two points higher in comparison to the rest of the molecules (78.0 ◦C). However,
this di�erence of temperature was relatively small and it was comparable to the
theoretical value (78.0). Therefore, we might not conclude that the DBCO group
contributed positively to the stabilization of the duplex form.

Regarding the evidence from this study, the �ndings concluded that the XyG
residue represents a inert molecule for the hybridization event.

3.7 Conclusion

In this chapter we aimed at the construction of two pairing ODN-based conjugates
as a versatile and useful architectures for detection, puri�cation, characterization
and further immobilization. These two ODN biomolecules were chemically modi�ed
in order to obtain both xyloglucan (XyNAC) and pyrrole (PyNAC) conjugates mo-
tivated to address the surface immobilization of oligosaccharides for protein binding
detection.

Considering the XyNAC architecture, we focused on the development of COCs
in solution. The XyNAC hybrid compound was composed by a set of xyloglucan
polysaccharide building-blocks, a speci�c linker and the oligonucleotide sca�old.

The Tamarin xyloglucan polysaccharide was successfully digested and puri�ed by
SEC to obtain a range of smaller XyG core sizes. Then, the XyG:ODN conjugation
was carried out using an heterobifunctional linker containing both an aminooxy and
an azide groups within a triethylenglycol backbone. We chose these particular func-
tional groups to face two stepwise chemoselective synthetic processes that reduce the
number of synthetic steps and attain better yields. Therefore, we developed �rst the
oximation ligation between the free aminooxy group from the linker and the masked
aldehyde group (open-form) in the anomeric position from the non-protected XyG.
This reaction was catalysed by aniline under mild condition of sodium acetate bu�er
(pH 4.3), puri�ed by SEC and characterized by MALDI-Tof MS analysis. Addition-
ally, a 1H-NMR assay was performed to localize the speci�c Z/E -estereoisomers
from the oxime ligation product. Finally, the free azide group from the XyG-linker
intermediate was linked to a DBCO-modi�ed ODN structure (commercially avail-
abel) under aqueous conditions to yield the �nal XyNAC via SPAAC reaction. This
�nal product was successfully puri�ed, characterized and quanti�ed by RP HPLC,
LC-ESI-MS and UV detection (260 nm and 310 nm) respectively, for further anal-
ysis.
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Likewise, the PyNAC architecture was composed by an ODN sca�old conjugated
with a pyrrole moiety. To prepare this architecture, we developed a classical syn-
thetic strategy to functionalize an amine-based ODN sca�old (commercially avail-
able) with a pyrrole moiety through an activated pyrrole-NHS previously synthesized
in our laboratory. The PyNAC product was successfully puri�ed and quanti�ed by
RP HPLC and UV detection respectively, for further analysis.

Lastly, both XyNAC and PyNAC architectures were explored by classical bio-
chemical methods of DNA analysis: the DNA electrophoresis and DNA melting
temperature. These techniques were used to evaluate the target ODN conjugates
as a quality control prior use for further assays.

Regarding the DNA electrophoresis gel, a polyacrylamide gel was used to address
the migration of both ODN architectures. Thus, we provided a migration panel of
ODN starting materials and ODN products to visualize the quality of each sam-
ple solution using the ODN sca�old as a labelling biomolecule. This study showed
clean DNA gels wherein most of the samples were considerably pure, even though
some ODN starting materials appeared to be impure from the beginning. Further-
more, we provided a classical and useful technique to visualize in one gel, a screen
of non-modi�ed glycan structures, typically inert molecules, well-distributed by size.

On the hand, the DNA annealing process was addressed by monitoring the melting
temperature (Tm). This parameter was analysed in order to evaluate the in�uence
of the xyloglucan fragment containing the ODN conjugates. Thus, the amine-based
ODN-2 was used as an hybridized ODN template and Tm values were assessed
for XyNAC conjugates (3 and 4 cores) along with ODN starting materials (OH and
DBCO). These �ndings suggested that in general, the xyloglucan compound present
in the ODN conjugate (both 3 and 4 cores) did not modi�ed the DNA annealing
process with Tm variations around 0.5 to 2 ◦C.

Overall, we provided a useful chemical strategy to conjugate oligosacccharides
with high molecular weight to ODN sca�olds in good yields under aqueous condi-
tions. Furthermore, the versatility of having ODN structures conjugated to glycans
will encourage the idea of creating panels of glycoconjugates with huge advantages
in detection, puri�cation, characterization, quanti�cation, visualization and also im-
mobilization approaches.
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4 Towards a Xyloglucan-based

Glycochip Array for deciphering

Protein-Xyloglucan interactions

using SPRi

In this chapter, we will address the conception of Xyloglucan glycochip
based on XyNAC and PyNAC architectures to decipher protein-XyG in-
teractions. The elaboration of this glycochip will be envisioned by DNA
hybridization via DDI approach. This process will be achieved in solu-
tion by DNA-electrophoresis gel and on chip by SPRi technique. Then,
the XyG-based glycochip will be validated using LM24 antibody to prove
the accessibility, orientation and integrity of XyG probes by SPRi. Fi-
nally, the glycochip will be tackled in a preliminary assay towards the
XyG binding recognition upon the AtFUT1 enzyme, prior enzymatic ac-
tivity test by MALDI-ToF MS analysis.
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4.1 Scienti�c context

4.1 Scienti�c context

Identifying protein-carbohydrate interactions is a crucial stage to rationalize the
mechanism of many biochemical events and to decipher the information encoded
within the carbohydrate complexes (glycocode). The development of versatile biosen-
sors has become an emerging �eld to investigate biomolecular interactions within
the glycoscience domain.134

In this chapter, we revisit the concept of biosensing techniques committed to
the bio-recognition of glycan structures to decipher biochemical interactions using
surface plasmon resonance (SPR). In the Figure 4.1 below, we translate the di�er-
ent elements from the general biosensor technique into a glycan biosensing model
adapted to SPR detection.

BIORECOGNITION
ELEMENT

SAMPLES

TRANSDUCER

Antibodies Enzymes Nucleic acidsSynthetic receptors

Electrochemical Optical Piezoelectric

SIGNAL

Optical Detector
Prism

GLYCOARRAY
SPR-BIOSENSOR
(GlycoChip)

Gold surface

Glycan receptor

Tarjet protein

Heat

Sensorgrams
&

Chip images (SPRi)

GENERAL BIOSENSOR

OUTPUT

BIOSENSOR

ELEMENTS

DetectorSource of light

Figure 4.1: Transformation from a general biosensor to a model of glycoarray biosensor com-
patible for SPR or SPRi detection methods. The biosensor elements are derived as follows: the
generic samples are particularise to tarjet proteins; the biorecognition elements are speci�cally
immobilised glycan receptors; the solid support is a gold-based layer adapted to the transducer by
optical detection; and the �nal signal is transformed in a measurable sensorgram.

The model of glycochip particularises the template of a general biosensor into
speci�c elements for the glycan detection by SPR. The sample analytes are gen-
erally glycan-binding proteins that interact with glycans bioreceptors immobilised
on a solid support (gold-based for SPR). Overall interactions are transduced in an
optical response to provide an output signal in the form of sensorgrams and chip
images on SPRi in particular.

In this scienti�c context, we will brie�y introduce the glycoarray technology and
its implication in glycoscience. We will also explore the di�erent chemical meth-
ods linked to the glycans immobilization strategies on solid support (Domain of
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Biorecognition elements). Then, we will describe some of the most common tech-
niques used to detect binding interactions on solid support, classi�ed in labelling
and label-free detection methods (Domain of transducer). We will emphasise the
detection approach towards the SPRi methodology. Finally, we will address com-
plementary techniques in solution that have been deployed in this chapter as a
supporting techniques for experimental validation.

4.1.1 Introduction of the Glycoarray Methodology

Glycoarray technology emerged as a one of the major breakthrough for glycoscience
research since 2002 with the advent in the glycomics demand.28,135�137 This power-
ful tool aims at displaying de�ned glycan architectures on a solid support to decode
the biological mechanisms while interacting with other biomolecules including pro-
teins, antibodies or more complex organisms such as bacteria and viruses. (Figure
4.2).32

GLYCOARRAYS

Figure 4.2: Principle of glycan array displaying multiple glycans probes on a single surface.
The versatility of this technique opens the scope towards various applications such as screening
proteins and antibodies or microorganisms like bacteria and virus particles. A general example of
glycan structures is depicted. Adapted from Puvirajesinghe et al. 32

For glycoscience, the glycoarray platform achieves the simultaneous exploration
of protein interactions with a set of glycosyltated structures. Furthermore, this
technique allows the detection of binding interactions using small amounts of sam-
ples (glycans and proteins) in the range of pmoles.138 Finally, displaying multiple
glycan structures on the same support facilitates a fast screening method in parallel
within a single analytical experiment.32
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Glycoarray platforms have become a convincing tool in glycobiology to create
libraries of glycans and to explore the biochemical recognition and synthesis through
glycoenzymatic interactions.139 This platform also serves as an essential networking
between biology, chemistry, biotechnology and medicine with �nal applications in
cell biology, enzyme speci�city and kinetics, organic chemistry, sensor studies or
plant biochemistry.33,140,141

4.1.2 Chemical Methods for Glycan Immobilization. Biorecognition
Element

Displaying glycosylated structures on a solid support introduces important ap-
proaches for the construction of glycoarrays. In order to address better accessibility
and spacial rearrangement of the glycan probes, di�erent strategies of immobiliza-
tion have been explored. We classify the glycan immobilization on solid surfaces in
two categories: direct and indirect immobilization.

Direct Immobilization of Glycans on surfaces

Direct functionalization approaches involve a physico-chemical interaction between
the biorecognition element and the solid surface. The initial choice of solid supports
has to be addressed based on the type of chemistry to be developed as well as the
transducer.32 Typically, gold-based supports are commonly employed for biomolec-
ular recognition providing a broad compatibility with multiple detection techniques
such as MALDI-Tof MS, SPR or Quartz Crystal Microbalance (QCM).142�144

- Electropolymerization of pyrrole

Among the direct functionalization of surfaces, an immobilization method using
polymeric species based on polypyrrole molecules is described.145 The technique is
called electropolymerization of pyrrole and it is typically applied for the physical
attachment of binding probes towards biosensing purposes, although applications
for cell batteries are also reported.146 The principle of this technique consists in the
direct electrochemically co-polymerisation of pyrrole molecule with the biorecog-
nition molecule containing a pyrrole moiety on its structure (Figure 4.3-a). Some
examples of the versatility of this immobilization technique can be found in the lit-
erature. We can mention the immobilisation of oligonucleotides to construct DNA
biochips,145,147,148 proteins149 to assess protein-ligand interactions and carbohy-
drates for bacteria detection.150

Mechanistically, Schweiger et al.151 describes the pyrrole polymerization reaction
through the formation of oxidised radical cations after applying a potential di�er-
ence (Figure 4.3-b). These reactive intermediates rapidly bind together to form
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dimeric structures after proton elimination. Successive oxidations increase the size
of the polymer to yield an insoluble mesh of pyrrole attached on the gold surface
integrating the bioelement of interest.
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Figure 4.3: Principle for the electropolymerization of pyrrole. a) Pyrrole co-polymerization
for the direct surface attachment of bio-recognition elements, X (X:oligosaccharides, antibod-
ies/proteins, oligonucleotides). b) Mechanism of pyrrole electropolymerization by electrochemi-
cal oxidation of pyrrole moieties to yield an insoluble polymer (n: even number). c) Example of
methodology of electropolymerization compatible for SPRi biosensor.145

Precisely on SPRi optical detection technique (Figure 4.3-c), the immobilisa-
tion methodology can be addressed by using a two-electrode set up, named elec-
trospotting, developed at CREAB laboratory: one inside a pipette tip containing
the pyrrole solution (anode) and the other connected to the metallic surface to be
functionalized (cathode). The electric pulse triggers the polymerization reaction in
few milliseconds.149

Overall, this technique has been shown as an example of a direct functionalization
where the pyrrole polymer is directly attached on the material. Furthermore, this
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methodology o�ers the versatility of grafting glycan structures chemo-selectively
modi�ed with pyrrole moieties.152

- Self-assembled monolayers, SAMs

Following the functionalization on gold surfaces, the self-assembled monolayers
(SAMs) are one of the most studied systems specially for thiol compounds. SAMs
are de�ned as the spontaneous rearrangement of organic thiolated molecules yield-
ing crystalline and semi-crystalline structures.153

Typically on gold surfaces, the thiol groups interact by chemisorption with the
metallic surface (Figure 4.4).154 Gold acts as a weak Lewis acid (electron-pair ac-
ceptor) with the lone electron-pair from thiolated compounds (weak Lewis-base)
generally substituted by long chains of hybrocarbons or polyethylen glycol. The 2D
structures are formed by the spacial crystallization of the lateral chain through inter-
molecular stabilization interactions such as van der Waals and hydrogen bonds.155

The combination of the two binding events under speci�c conditions, is the driving
force of the SAMs arrangement.

S S SS S

Intermolecular interactions

(Van der Waals, Hydrogen bonds) Chemisorption

(weak Lewis acid-base pair)

Gold

a)

b)

I II III

Figure 4.4: Principle of the direct attachment of thiol probes forming SAMs on gold surface. a)
Chemical interactions forming the SAMs: intermolecular and Chemisorption. b) Examples of thiol
immobilization applied for grafting biomolecules through oligonucleotides (I), cysteines groups (II)
and carbohydrates (III).156�158
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Nevertheless, this direct immobilization can be representative approach for other
set of biomolecules containing a thiol groups (Figure 4.4-b). Thus, thiol-modi�ed
probes have been used to address arrays platforms for oligonucleotide immobiliza-
tion156 (Figure 4.4-b,I), attachment of proteins through cysteine residues genetically
introduced157 (Figure 4.4-b,II) and carbohydrates using thiol linkers (glycan-modify
SAMs) at the anomeric position (Figure 4.4-b,III).158

- Other strategies for glycan arrays

Although we have covered examples of direct immobilization methods using gold
surfaces, it exits other methodologies to construct glycan arrays. In some ap-
proaches, the free glycan is passively settled and adsorbed spontaneously on speci�c
surfaces (Figure 4.5). These glycoarrays were developed on supports made of ni-
trocellulose wherein the glycan structure is immobilised by noncovalent interactions
(adsorption) on the surface.136 However, the e�ectiveness of the attachment is
highly dependant on the contact area with the surface limiting the access of this
approach to larger polysaccharides.

Polysaccharides

Nitrocellulose-coated surface

NH NH

Neoglycolipids

a)

b)

Figure 4.5: Principle of a direct immobilization approach of glycans onto nitrocellulose support.
a) Direct attachment of polysaccharides.136 b) Direct attachment of neoglycolipids.159 Image
inspired from Park et al.33

Likewise, the immobilization of glycans onto nitrocellulose can also be addressed
by neoglycolipids (glycan structures conjugated to lipids).159,160 The neoglycolip
is chemically prepared by reacting the oligosaccharide with an amino-conjugated
lipid forming the imine (Shi� base) that is further reduced by reductive amination.
The immobilization onto the nitrocellulose platform is produced by hydrophobic
ligations (van der Waals) between the lipidic part and the nitrocellulose component
(Figure 4.5).
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Indirect Immobilization of Glycans on surfaces

Within the indirect functionalization approaches, the immobilization is produced
through a complementary pairing groups localized between the biorecognition ele-
ment and the surface, indicated by an orange dash circle in the Figure 4.6.

In glycoarrays, the immobilization method requires a multi-step process in which
both, the surface and the glycan targets are activated by chemical or biochemical
complementary groups (X and Y elements). This process is orientated towards the
selective coupling interactions to enhance the conjugation process. It exists many
di�erent strategies that have been extensively reviewed and published for glycan
arrays.33,161�163 Herein, we tackle the covalent and bioa�nity-based immobilization
approaches shown in the Figure 4.6 taken from Song et al.163
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Figure 4.6: Immobilization approaches for glycoarrays. Some chemical pairing-groups (X and
Y) are depicted. On the top, the functional groups to derivate the glycan structure are depicted
(Y). At the bottom, the activated groups on the surface complementary to the glycan derivative
(X). Square taken from Song et al.163
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- Covalent immobilization

These types of chemical interactions are mainly based on covalent attachment
with functional groups usually employed in organic chemistry (Figure 4.6,Y-X).
Typically, the target glycans are chemically modi�ed with functional groups (Y)
according to the chemical reaction to be developed on the surface. The pairing-
group selection for the surface activation (X) promotes the immobilization of the
glycan structure by coupling reactions. We can mention the NHS-activated ester
immobilization with relatively robustness and reliability forming an stable amide
coupling,163 the cycloaddition reactions (Diels-Alder and 1,3-azide alkyne cycloaddi-
tions) yielding stable cyclic compounds (sometimes an active catalyst is required),164

and the chemoselective ligation via hydrazide among others.

Likewise, the thiol chemistry has been extensively used to immobilize glycans by
indirect methodology via SAMs formation on gold. The hydrocarbon or polyethyleng-
lycol can be substituted with some chemical groups at the end to enhance the re-
activity out of the monolayer. In 2002, Houseman & Mrksich developed a glycan
immobilization approach promoted by Diels-Alder reaction via SAMs structures.28

By displaying SAMs containing a benzophenone group, the glycan probes were pre-
pared with a cyclopentadiene moiety to yield the Diels-Alder reaction products on
gold surface.

- Bioa�nity-based immobilization

This approach consists on the use of pairing biomolecules with site-speci�c a�nity
to immobilize glycans on solid support (Figure 4.6). Some examples of this strat-
egy include the strong interaction biotin-streptavidin and DNA/DNA hybridization.
Typically, one of the pair biomolecule is coating the surface (streptavidin, single-
strand DNA) and the other pair compound (biotin, complementary DNA) is conju-
gated to a glycan structure.165�167 This interaction is covalent and highly speci�c
being therefore, harder to recover the �nal product from the surface.

DNA hybridization is envisioned in this project as a potential approach for glycan
immobilization and further surface regeneration and recovery of the �nal product.
This original strategy constitutes an indirect glycan attachment through bioa�nity
interactions using DNA sca�olds. This approach is known as DNA-Directed Immo-
bilization or DDI where, the term "Directed" refers to "Guide" the immobilization
event.

In the Figure 4.7 it is depicted the schematic illustration of DDI approach. A
single-stranded DNA oligomer is displayed onto the surface (yellow dash rectangle)
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by di�erent direct functionalization methods (e.g. pyrrole electropolymerization
or thiol-oligonucleotides via SAMs already described). Then, a complementary se-
quence of single-stranded DNA oligomer (grey dash rectangle) conjugated to the gly-
can element (biorecognition element, spheres) is immobilized on the surface forming
duplex-DNA architectures (blue dash square).

Current Opinion in Chemical Biology

Watson-Crick 
hybridization

Biorecognition
element

complementary 
single-strand DNA

single-strand DNA
(anchored)

Figure 4.7: Principle representation of DNA-Directed immobilization. The biorecognition
elements are depicted as di�erent colour spheres. The grey dash rectangle represents the comple-
mentary single-strand DNA bearing the biorecognition element. In yellow dash rectangle indicates
the single-strand DNA structures anchored on the surface. The blue dash rectangles show the
selective Watson-Crick hybridization process. Image taken from Meyer et al.168

This type of immobilization strategy provides robust and stable hybridised struc-
tures with high substrate selectivity and speci�city (selective DNA hybridization).
Therefore, it allows the attachment of multiple glycan samples (multiplexed method)
in a de�ned pattern by choosing di�erent DNA sequences to be conjugated with each
sugar. Furthermore, the noncovalent nature of the hybridization coupling (hydro-
gen bonds) o�ers a great advantage towards reversible processes on solid support
compared to the covalent linkages. Thus, it saves time in the surface preparation
process having successive hybridization steps in a single assay.169,170

The applicability of this technique can be used for glycans structures,167,170 pro-
teins171,172 and peptides114 among others.168 The framework of DDI approach can
be dedicated towards the glycome research, biomedical diagnosis or cell biology do-
mains.168 Finally, this approach is perfectly compatible with multiple detection
methods such as �uorescence,167 SPRi41 or MALDI-Tof MS analysis.173
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4.1.3 Detection Methods on Glycoarrays platform. Transducer
Element

In glycan microarrays, the biochemical interaction is intimately joined to the signal
response collected by the transducer. Glycosylation reactions will always derive into
chemical changes at surface level. Therefore, the great scope is to detect and monitor
such changes using powerful analytical techniques. A classi�cation of microarray
detection techniques will be brie�y explore within two categories: label-demanded
and the label-free methods. In the Figure 4.8, a general overview of the main idea
of each detection approaches is illustrated.

Label-Demanded Label-FreeGlycoarray

a) b)

Label

Glycan-binding protein

Figure 4.8: Principle of the di�erent approaches to detect binding interactions on glycoarrays.
a) Analytical techniques needing a label for indirect binding read-out. b) Label-free techniques for
direct binding read-out. Adapted from Grayet al.140

Within the label-demanded approach (Figure 4.8-a), the samples are depicted
as glycan-binding proteins bearing a labelled molecule in the structure. In this
method, the binding process is indirectly detected thanks to the tag molecule by
�uorescence scanner (�uorophore) or radioactivity (radioactive atoms) at the end
of the interaction (endpoint). This procedure provides information about binding
yes/no, although it is limiting to the access of kinetic constants. On the other
hand, transducing techniques o�er alternative approaches to evaluate binding event
directly on the surface without using any label compound in real-time measure-
ments, giving access to the kinetic of the reaction. (Figure 4.8-b).

Finally, the election of the solid surface dictates the de�nition of the detection
technique to be explored. Rather than covering an extensive review on each ana-
lytical technique,140 a brief overview of the most relevant ones will be addressed.
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Detection Methods needing a label compounds

This group includes a set of analytical techniques that incorporate a label element
for the biomolecular interaction readout. These detection method are classi�ed by
�uorescence or radioactivity techniques, although electrochemical methods are also
involved within this group.174

- Fluorescence detection method

The most common approach for glycan array detection is the �uorescence method
broadly considered as a reference technique for biochemical test. This methodology
uses labelled molecules generally called �uorophores, which are organic molecules
(dyes) or proteins with the property of emitting radiative photons through �uores-
cence emission. Generally, the labelled molecule is anchored on the a�nity protein
to monitor binding events or to control surface densities using labelled lectins.167

An example of GT �uorescence monitoring was published by Park & Shin in
2007.175 They present a model of glycoarray for the assessment of a glycosyla-
tion process from a β-1,4-Galactosyltransferase using RCA 120 (Ricinus Communis
Agglutinin 120 ) �uorescence lectin (Figure 4.9).

Figure 4.9: Diagram for the construction of carbohydrate microarrays to assay glycosyltrans-
ferases (β-1,4-Galactosyltransferase) with a label lectin by �uorescence detection. Image taken
from Park et al.175

Within this experiment, a collection of twenty glycan structures, some of them
with a galactose fragment (α/β-Gal, α/β-Glc, β-Lac, α/β-GlcNAc etc) were chemos-
electively immobilized via hydrazide conjugation over epoxide-coated glass slides.
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Then, the carbohydrate microarrays were incubated with the β-1,4- Galactosyl-
transferase in the presence of UDP-Galactose donor. Finally, the glycosylation level
was evaluated by Cy3-tag RCA 120 lectin using �uorescence detection. The �uo-
rescence pattern results concluded that both α- and β-GlcNAc were transferred a
galactose molecule to form the corresponding α/β-LacNAc by the enzyme. This
approach allows the detection of carbohydrate arrays with smaller quantities of ac-
ceptor substrates (picomoles) to assess GT activities. Furthermore, it provides a
useful platform to explore new applications of enzymatic modi�cations with a large
range of glycan probes.

Typically, �uorescence methods require an initial step dedicated to the chemical
labelling of the target molecule or protein before each analysis that sometimes is
di�cult to apply. Moreover, the �uorophore itself is quite sensitive to light and
relatively easy to be quenched or inactivated. Besides, the solid surface might pro-
duce an attenuation of the �uorescence background signal. However, the �uorescent
detection represent a highly sensitive, cheaper and safer methodologies to monitor
and quantify enzymatic modi�cations in glycoarrays platforms.

- Radioactivity detection method

Similar approaches use radioactive atoms as labelling species to detect and mon-
itor glyco-enzymatic interactions. In this context, Shipp et al.141 developed a
plant cell wall glycoarray to study enzymatic activities of our model of fucosyl-
transferase (AtFUT1) involved in the xyloglucan biosynthesis. To that purpose, the
tamarind xyloglucan ligand (XyG) trimer and cello-oligosaccharide forms (cello-
heptaose) were functionalised with poly-D-lysine (PDL) via reductive amination
and immobilised through photoactivatable aryldiazirine group over a glass slide.
The enzymatic transfer reaction on the immobilize ligands was detected by incor-
porating radiolabelled GDP-[14C]Fucose donor via phosphoimager scanner.

The great advantage of radioactive labelling methods relies on the capability of
tracking enzymatic transformations with high sensitivity. That makes this analytical
technique an e�ective way of screening glycan probes at low enzyme and substrate
concentrations. However, the main drawback of this approach is the implicit hazard
of working with radioactive substrates, which causes this technique to be replaced
in many research laboratories by other non-invasive approaches. Moreover, this
methodology is highly dependant on the commercial availability of radioactive nu-
cleotide donors for glycosyltransferases, or other synthetic approach to label binding
proteins such as lectins or antibodies, with the open access to get false positive and
negative results.
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Label-free Detection Methods

Labelling techniques have demonstrated to be quite sensitive at low concentration
of label molecules (picomoles) and are still today reference techniques in biology.
However, labelless detection methods have emerged to o�er robust alternatives to
explore binding interactions under native conformations (both proteins and glycans)
on glycoarray platforms. Some examples of label-free techniques are typically iden-
ti�ed with real-time QCM and SPR, or endpoint MALDI-ToF MS on solid phase
with detection limits from nano- to femtomoles.176 A great advantage of label-free
methods rely on their great applicability over substrates di�cult to labelled such as
carbohydrates.140

- Quartz Crystal Microbalance, QCM

This label-free biosensor is a sensitive device able to measure minimal local
changes in mass involved within a protein-glycan interactions from nano- to the
microscale in real-time.177 The signal transduction is gravimetric and achieved by
a piezoelectric material (a type of material that generates electricity in response to
mechanical stress) made of quartz crystals oscillating at a de�ned frequency (Fig-
ure 4.10 left side). This parameter is controlled by an electric current throughout
metallic electrodes (typically gold) where the bioreceptor elements are immobilised.
As a consequence of the biomolecular recognition, the mass onto the electrode sur-
face changes, resulting in a negative linear-dependant variation of the initial-state
oscillation frequency (Figure 4.10 right side).37 Therefore, monitoring the varia-
tion in the resonance frequency can provide useful information in real-time about
protein-ligand speci�city and kinetic studies.178
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Figure 4.10: Representation a quartz crystal microbalance (QCM). The quartz crystal is
attached onto metallic surface (typically gold) connected to a pair of electrodes (left). Sensorgram
of the frequency variation (Hz) in the case of interaction on the sensor surface (red line). As a
reference, no variation is detected in running bu�er (blue line). Adapted from Liu et al.37

103



4 Xyloglucan Glycochip for Protein Interactions on SPRi

One interesting example for QCM was developed by Nishino et al.179 In their
study, they monitored the catalytic cleavage of an immobilised amylopectin sub-
strate by a phosphorilase-b enzyme through QCM method. Furthermore, all the
kinetic parameters were obtained by �tting the changes in frequency and mass
against the time courses.

Currently, QCM assays are limited to miniaturization and not adapted for multi-
plexed assays in high throughput manner. Moreover, numerous side e�ects can be
additionally measured to mass coupled with the solvent (water) or mass transport
limitations, making the analysis harder.180

- Endpoint Mass spectrometry, MS

Similarly, mass spectrometry (MS) is a versatile and routinely technique that
determines the mass of a sample mixture immobilized on electrically conducting
surfaces with low detection limits (femtomoles).140

In glycoarrays where the glycan probes are immobilised on surfaces, the mass
detection requires a chemical cleavage prior the proper analysis, which sometimes
is not feasible. However, MALDI-Tof MS analysis represents an interrogation ap-
proach that enables the mass detection of the immobilization probes directly on
conducting surfaces. Typically for protein-glycan interaction, gold surfaces are one
of the most popular platforms for MALDI-Tof MS detection.140 In this line, Ban et
al. developed a label-free analytical assay to screen and identify new putative gly-
cosyltransferase activities analysed by MS.181 the Figure 4.11 illustrates the general
strategy used by the authors for the array platform committed to the identi�cation
of new GTs.

The design of this screening approach combined the immobilization of glycan
probes via SAM on gold with the MALDI-Tof MS analysis (named SAMDI). The
glycan acceptors were coupled with the monolayers via alkanethiol reagents or thiol-
functionalized glycans. Thanks to this methodology, around 60.000 individual reac-
tions (GT, donor, acceptor) were evaluated by SAMDI assays giving 44 glycosylation
products that �nally yielded 4 new validated GTs.
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- Surface Plasmon Resonance imaging, SPRi

Closing the most relevant label-free techniques, the surface plasmon resonance
imaging or SPRi has emerged as a representative optical method with extensive
applications in the �eld of biosensors.34,180,182

As we described in the Chapter 1, SPR is an optical method that enables the
direct analysis of interacting biomolecules in real-time measurements without la-
belling.34 The new updated version with an image processing (SPR imaging) allows
the high throughput screening (HTS) analysis of multiple label-free samples visual-
izing the whole biochip in real-time via a CCD camera (Figure 4.13).

The physical concept of SPRi represents the electromagnetic oscillations of the
free-electrons density wave throughout the gold metal. The idea of surface plas-
mons refers the propagation of evanescent waves (EWs) along the interface of the

105



4 Xyloglucan Glycochip for Protein Interactions on SPRi

gold, showing the maximum intensity at this point and decaying exponentially as it
penetrate the media. The resonance phenomenon occurs at the surface level when
the energy of the photons from the incident light matches the energy of the surface
plasmons. This process, also called Surface Plasmon Polaritons (SPP), occurs at
a certain angle of the incident light (SPR angle) under Total Internal Re�ection
(TIR) moment in which, the intensity of the re�ected light is attenuated, drawing
the plasmonic curve (Figure 4.12-a,b). The detection and readout is carried out at
�xed angle of incident and the re�ected light is collected by a CCD camera. This
optical tool obtains an image or picture of the entire surface, enabling simultaneous
multiplexed array analysis.
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Figure 4.12: Principle of SPR phenomena. a) Speci�c condition for the formation of a Total
Internal Re�ection (TIR). b) Representation of the resonance e�ect forming the Surface Plasmon
Polaritons (SPP) under TIR angle.

The most popular approach to produce the optical excitation of surface plasmons
is the use of prisms to guide the incident light towards the gold layer. The optical
con�guration is displayed according to the Kretschmann geometry where the thin
metal surface is localized on top of the glass prism in contact with two dielectric
media with di�erent refractive index (Figure 4.13). This con�guration allows the
generation of evanescence waves penetrating through the gold layer and the align-
ment with the surface plasmons at the SPR angle of the incident light.36 Hence,
the SPRi technology is able to detect simultaneously any physico-chemical event at
few nanometres of the metal surface that alters the initial parameters of the light,
proportionate to the mass changes.

SPR imaging system depicted in the Figure 4.13 works with intensity modulation
(re�ectivity-based SPRi) in which the re�ectivity of a polarised incident light is
measured at a single angle and wavelength. Two types of monochromatic incident
light source are used to promote and optimise the SPRi conditions: the p-polarised
(TM) and the s-polarised (TE). The p-polarised light permits the SPRi measure-
ments generating the plasmon resonance event, and the s-polarised light is used as
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a reference signal to minimise the background and artefacts.183
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Figure 4.13: General scheme of the Surface Plasmon Resonance imaging (SPRi) technology
under Kretschmann con�guration. This optical device provides the visualization of each biomolec-
ular interaction in a single experiment. The binding recognition is monitored in real time and
without labelling. Initial re�ectivity curve vs angle of incidence (plasmon curve) of bioreceptors is
depicted in red (1) to identify the best working angle (θ) at maximum slope. Monitoring the shift
in the re�ectivity when a binding process occur (2) allows the direct visualization of the positive
bioreceptor elements on the chip by the CCD camera and therefore, the kinetic curve of the binding
event.

In order to transform these physico-chemical and optical responses into readable
information, the CCD camera along with SPRi software detect and record all the
minimal variations in the re�ected intensity within the whole biochip. In SPRi, the
output signals are collected simultaneously in the form of digital contrast image and
sensorgram curves during the experiment, as shown in the Figure 4.13. In a typical
assay, the changes in re�ectivity signal are proportional to the mass attached on the
surface. Looking closer to the sensorgram curve, quantitative and qualitative bio-
chemical parameters can be obtained. Ideally, the analysis of the SPRi sensorgram
provides a better understanding about the physico-chemical binding (either yes or
no), the a�nity or enzyme kinetic parameters (kon and ko�) as well as equilibrium
binding constants (KA and KD).

In the �eld of carbohydrates, the SPRi technique represents an optimal method
highly compatible for glycoarray analysis. It provides a perfect design for the mul-
tiplexed interrogation and screening of protein-glycan recognition in real-time.42 In
this context, Fais et al. demonstrated the use of SPRi technique to address an array

107



4 Xyloglucan Glycochip for Protein Interactions on SPRi

of plant lectins to identify potential inhibitors of ricin toxin.184 In another study, de
Boer et al. constructed a microarrays containing N -glycans and glycolipids isolated
from the pathogen S. mansoni. Then, SPR-based assays determined the pro�les of
serum antibodies as a potential markers for diagnosis screening purposes.185

- Combination of label-free detection methods

The use of gold surfaces on SPR and SPRi studies can open the window to exploit
this assay with complementaries techniques as MALDI-Tof MS analysis.143,176,186

This approach was addressed by Zhi et al. which combine these two analytical
techniques to extend the development of gold glycoarrays. It successfully exploit
dual binding/mass information towards a better understanding protein-glycan in-
teractions without any labels or cleavage.

Likewise, Remy-Martin et al. developed a new robust method of detection that
couple a home-made SPRi chips and MALDI-Tof MS called "SUPRA-MS".176 This
strategy was envisioned as a proof-of-concept validation of SUPRA-MS for prog-
nosis towards a potential marker of human breast cancer and tuberculosis (Figure
4.14).
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functionalization and array building. Left: SPRi detection of LAG3 protein in real-time. Right:
MALDI-Tof MS analysis of the de�ned peptide distribution from the LAG3 proteins. Taken and
adapted from Remy-Martin et al.176
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In this study, the authors demonstrated the capacity of SUPRA-MS immuno-
array to detect and characterize a speci�c LAG3 protein associated to the human
breast cancer at femtomole scale. Brie�y, the gold chip surface was functionalized
by SAM and chemically activated with Sulfo-NHS /EDC. Then, the antigen (α-
LAG3, positive control) and rat serum albumin (α-RSA, negative control) were
spotted prior passivation with RSA blocking agent (Figure 4.14-top). The injection
of human plasma containing the LAG3 antibody was monitored by SPRi in real-time
(Figure 4.14-left side). Finally, the enzymatic digestion and matrix homogeneity
for MALDI-Tof MS measurements allowed the characterization of a de�ned peptide
distribution associated to the LAG3 protein (Figure 4.14-right side). Both analytical
techniques were performed within the same biochip.

4.1.4 Analytical Techniques to Monitor Glycan Interactions in solution

Within this group of analytical methods for in-solution assays, we can �nd pow-
erful technologies to characterise and monitor enzyme-glycan interactions such as
Saturation-Transfer Di�erence NMR (STD-NMR),187,188 Isothermal Titration Calorime-
try (ITC)189 or gel electrophoresis190 among others.

Isothermal Titration Calorimetry

Isothermal titration calorimetry or ITC is considered one of the most modern and
routinary label-free analytical technique widely used for studying biomolecular in-
teractions in real-time. The main principle of this technique resides in measuring the
heat exchange either by absorption (endothermic) or release (exothermic) involved
in native reactions under isothermic conditions. In a single experiment, ITC o�ers
valuable information about the a�nity, thermodynamic, kinetic and stoichiometry
interrogations associated to binding interactions in solution.189,191 A general de-
scription of the ITC principle is depicted in the Figure 4.15.

The ITC setup (Figure 4.15a) is composed of two cells, one of which contains
water and works as a reference cell and the other represents the sample cell con-
taining usually, the enzyme solution of interest. Insulated by an adiabatic chamber,
both cells are connected to a heat system isothermally controlled. This system is
formed by two heaters (the reference and the feedback) and a thermocouple sensor
to monitor the di�erences in temperature between cells. Finally, a stirred-injection
syringe containing the ligand analyte is inserted and adjusted into the sample cell
to trigger the titration process.

In the Figure 4.15-b, �xed volumes of ligand are injected multiple times until
the enzyme gets saturated reducing the heat di�erence signal (Raw data). Finally,
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the thermogram analysis in Figure 4.15c (heat of each injection versus molar ratio)
provides crucial information about thermodynamic parameters (enthalpy (δH ), en-
tropy (δS ) and free energy (δG)), equilibrium constant (KD) and stoichiometry (n)
speci�c of each particular enzyme.
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Figure 4.15: General principle of Isothermal Titration Calorimetry (ITC) technique. a) An
adiabatic chamber where the titration process is taken place. b) An exothermic reaction releases
heat after ligand injection giving ITC raw data. c) Integration of each peak is plotted against
molar ratio.

Kinetic information is also a pivotal parameter to understand the intrinsic be-
haviour of biological samples during binding interactions.189,191,192 It can provide
useful information about the molar enthalpy of the reaction (δH app) from the heat
change (Q) and the number of moles of the product (n). Then, the reaction rate
(δP/δt) is proportional to the heat �ow (δQ/δt) under the equation X. As reaction
rates are under steady-state conditions, the Michaellis-Menten plot provides the ki-
netic parameters kcat and KM.

Most of the relevant applications of ITC methodology are focused on the study
of the enzyme-ligand recognition and catalysis/inhibition for drug discovery.193,194

However, ITC assays have been well established towards many other biomolecules
such as DNA-ligand interaction, Protein-metal ion complex formation or thermody-
namic studies of monomer-dimer equilibrium among others, illustrated in the recent
review from Margarita Menéndez.189

In glycoscience, the ITC contributes positively to enhance the comprehension of
some classical family of proteins interacting with glycans such as glycan-binding
proteins (lectins), degradation enzymes (glycosylhydrolases) or synthetic enzymes
(glycosyltransferases), being the lectins the most popular family of proteins studied
by ITC.195,196
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Reynolds et al.197 designed a multivalent gold glycocluster to improve the a�nity
binding for PA-IL lectin from Pseudomonas aeruginosa. This multivalent sca�old
was displayed on gold nanoparticles and the lectin interaction was thermodynami-
cally and kinetically described by ITC and SPR along with hemagglutination inhibi-
tion (HIA). The �nal results drop important insights in the use of gold-glycocluster
nanoparticules to boost the binding a�nity up to 3000-fold compared with mono-
valent distribution.

Likewise, the versatility of the ITC has been described to characterize molecu-
lar mechanism involved in enzyme-ligand complexes. Gooley et al.198 described
the joint action of ITC and NMR applied to monitor the di�erences in the kinetic
behaviour of two forms of carbohydrate-binding modules (β1 and β2) from the
AMP-kinase protein.

Finally, Sindhuwinata et al.199 performed a thermodynamic screening of multi-
ple substrates binding to a galactosyltransferase from human blood group B. All
binding interactions were described using ITC experiments supplemented by SPR
analysis and STD-NMR titration experiments revealing a binding process governed
by mutual allosteric control.

Electrophoresis Gel for DNA probes

Commonly in biochemistry laboratories, electrophoresis allows the direct identi�ca-
tion, quanti�cation, and puri�cation of many di�erent macromolecules (DNA, RNA
or proteins) in solution according to their mass and charge. The principle of this
technique consists on applying an electric voltage that will serve as a driven-force to
separate a mixture of biomolecules through a polymeric gel. The migration process
will be determined by the nature of the sample (charge, conformation or size), the
electrophoresis gel (chemical composition or porosity) and the temperature.

The electrophoresis gel is composed by a polymeric-based compound chemically
synthesised in situ before the separation process (Figure 4.16a). The most widely
used are the polyacrylamide-based gel (PAGE) for separating proteins and DNA
fragments, and the agarose-based gel suitable for larger size of DNA fragments.
Electrodes are displayed at both sides of the gel to promote the sample mobility ex-
clusively by molecular size. For DNA architectures, the gel is stained by �uorescent
compounds commercially available (SYBRTM-gold, SYBRTM-green). It interacts
with the single/double-stranded DNA conformation by inserting between the nu-
cleic acids and emitting �uorescence after irradiation (Figure 4.16b).
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Figure 4.16: General procedure of DNA gel electrophoresis. a) Electrophoresis apparatus ded-
icated to the DNA separation over a polymeric-based gel. b) Example of DNA sample distribution
after stain bath revelation.

The applicability of this technique is essential for routinise progression in biology
and biochemistry research. In the �eld glycoscience, the COCs have been extensively
studied thanks to the versatility of these architectures in glycoarrays platforms.200

However, the study of these COCs sca�olds and further interactions with proteins
are not typically monitored by DNA electrophoresis. Nevertheless, it can be found
in the literature some examples of using DNA electrophoresis to control the produc-
tion of COCs in solution.

Ikedaet al.190 probed the stability of oligonucleotides bearing a functional car-
bohydrate moiety at the 3'-end against enzymatic degradation. The COCs were
synthesised by a novel solid phase method to conjugate a galactose fragment at the
3'-end and a �uorescence-tag at the 5'-end. They developed a polyacrylamide gel
electrophoresis followed by �uorescence scanning to monitor their stability in serum
bu�er.

In another interesting study, Matsui et al.201 developed a novel trigonal COCs
emulating the 3-dimensional sca�old of concanavalin A (ConA) for e�cient multiva-
lent interaction to lectins. Three DNA structures were enzymatically modi�ed with
maltose and lactose sugars at the 3'-end and then, hybridised to form the �nal trig-
onal architecture. Con�rmation of each DNA building-block combination with and
without the sugar fragment was monitored by polyacrylamide gel electrophoresis.
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4.2 Proposed strategy

Within the last two chapters, we explored both the biochemistry and chemistry
domains towards the production and puri�cation of a model of glycosyltransferase.
For this study, we chose the fucosyltransferase (AtFUT1) and its XyG ligand enzy-
matically hydrolysed in a set of building-blocks well-characterized. Furthermore, we
chemoselectively modi�ed the XyG ligands via reducing end with two complemen-
tary DNA sequences (I-A and I-B) at the 5'-terminal. Likewise, a pyrrole residue
was chemically added to the sibling-strand DNA sequences (II-A and II-B) at 5'ter-
minal for grafting purposes.

In this chapter, we aim for the conception, validation and study of a versatile
biochip for the monitoring of interactions between XyG probes and proteins in real-
time using SPRi assays (Figure 4.17). Complementary techniques in solution such as
DNA electrophoresis gel or MALDI-Tof MS will support and validate the technique
for future assays with other biological probes.
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Figure 4.17: General scheme of the conception of XyG-based DNA glycochip for SPRi analysis.
The attachment of XyG building-blocks is addressed by DNA-Directed Immobilization (DDI) ap-
proach. The glycochip is validated for biomolecular binding recognition with potential application
towards glycosyltransferase speci�city and activity measurements.
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Thus, this original approach will be tackled in three stages:

Stage 1 This stage will describe the conception of a XyG-based DNA glycochip for
monitoring protein-glycan interactions. The original DDI approach for the
presentation of XyG-based DNA glycochip compatible with SPRimaging char-
acterization will be described. DNA-electrophoresis gel technique will support
the quality and the hybridization e�ciency of the XyG-DNA probes in solu-
tion.

Stage 2 Within the second stage, our XyG-based glycochip will be validated by SPRi
bioassays. The accessibility and integrity of the grafted XyG probes will be
addressed using a rat monoclonal antibody (anti-XyG, LM24).

Stage 3 Finally, we will address the implementation of our glycochip platform towards
the biorecognition of glycosyltransferases by SPRi. For this study, our model
of plant fucosyltransferase (AtFUT1) will be evaluated against di�erent sizes
of XyG probes. In a �rst part, the FUT1 enzyme activity will be monitored
by MALDI-Tof MS in solution prior the SPRi assays. Finally, kinetic ITC
experiments will be explored with FUT1 enzyme against XyG polymer.

4.3 Conception of Xyloglucan-based Glycochip for

Protein-Glycan Interactions. Stage 1

In this section, we tackled the original DDI approach to achieve a site-selective
immobilization of XyG oligomers on gold surface for SPRi glycochip. DNA elec-
trophoresis gel studies have been developed to address the formation of the duplex-
DNA structures in solution. Finally, XyNAC probes were presented by DDI strategy
and characterized by SPRi in real time.

4.3.1 DNA Electrophoresis Gel of duplex PyNAC and XyNAC
architectures

We explored the selective hybridization process in solution of the XyNAC glyco-
conjugates prior evaluation on SPRi biosensor. The DNA electrophoresis gel was
presented as a suitable technique enabling the visualization of duplex conformation
of ODN samples in a single gel. With the advantage of having the XyG structures
conjugated to ODN building-blocks, we were able to use the DNA as a "labelled"
biomolecule to monitor the gel migration of the di�erent XyNAC conjugates.

The speci�c hybridization process was addressed by DNA electrophoresis gel using
di�erent complementary XyNAC architectures (cB) over the same PyNAC architec-
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ture(B) under native conditions. A mixture of bromophenol blue (BPB) / Xylene
cyanol (XC) was used as a marker control.
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Figure 4.18: DNA electrophoresis gel of duplex XyNAC (cB) and PyNAC (B) architectures.
The X represents the functional group coupled at the 5' end of each complementary oligonucleotide
(cB). The gel was prepared in polyacrylamide gel at 20% and revealed with SYBR-Gold incubation
for UV detection.

Duplex formation of XyNAC from 3 to 6 cores were evaluated by DNA gel elec-
trophoresis (Figure 4.18). The electrophoresis gel analysis successfully revealed a
selective hybridization event of the ODN conjugates (B-cB) having the XC/BPB
markers as a references. Similarly to the single-strand ODN conjugates, we observed
a remarkable size-distribution of ODN duplexes eminently determined by the size
of XyG building-blocks.

To conclude this analysis, we demonstrated the feasibility of this routinely tech-
nique to monitor synthetic XyNAC with high sensitivity. Furthermore, we suc-
cessfully addressed the selectivity and viability in the hybridization process from
complex structures of XyNAC forming stable duplex architectures. These results
con�rmed the a�nity interaction in solution between the complementary XyNAC
probes that will be used to achieve the DDI approach on chip.
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Overall, we emphasised the remarkable versatility in the use of tagged-ODN
biomolecules as a labelling archetypes for monitoring glycoconjugates using a simple
DNA electrophoresis gel.

4.3.2 XyNAC glycochip using DDI and characterization by SPR
imaging

Previous works developed in our team over SPRi experiments have reported the
speci�c immobilization of DNA probes using the DDI approach for monitoring bio-
logical interactions41,148 or detecting damaged ODN duplexes.169

The reversibility in the DNA hybridization process envisions the goal of "catch-
and-release" to address XyG glycochips construction (Figure 4.19) and further de-
hybridization using restriction enzymes41 or denaturing agents such as NaOH.169
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Figure 4.19: Conception of XyNAC glycochip construction via DDI approach. Step 1.- Selec-
tive hybridization of complementary ODN sequences (cA and cB). Step 2.- XyNAC architectures
and unmodi�ed cODN hybridization (cA and cB).

Two di�erent PyNAC probes with the sequence A and B were directly immo-
bilized on the gold surface by pyrrole electrocopolymerization in a de�ned spot
pattern. A �rst step was dedicated to address the accessibility and the quality of
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the ODN spots by injecting unmodi�ed complementary ODN sequences (cA and
cB). Then, a second step was committed to evaluate the speci�c immobilization of
XyNAC architectures on the chip for the purpose of protein recognition.

The hybridization strategy was monitored by the injection of 500 nM for each
cODN-1 (cA and cB sequences) at room temperature with a �ow rate of 50 µL.min-1.
Running bu�er at 10 mM HEPES with 150 mM of NaCl and 0.005% Tween 20 at
pH 7,4.Furthermore, to prevent non-speci�c adsorption interactions, the gold sur-
face was blocked with 1 % of Bovine-Serum Albumin (BSA) at the beginning of
each experiment.

Oligonucleotides with non complementary ODN probes to the injected ODN probe
served as a negative control. The reversibility of ODN duplexes allowed the regen-
eration of the glycochips by injecting denaturing agents after each SPRi analysis.

Selective hybridization using unmodi�ed ODN structures. Step 1

The attachment of unmodi�ed cODN-1 architectures on SPRi chip was explored by
DDI strategy. The SPRi signals are illustrated in the Figure 4.20.

Based on the sensorgrams, both SPRi signals exhibited selective hybridization
with the injected complementary sequence. In the �rst sensorgram (top), the injec-
tion of the sequence cA showed an increase in the SPRi signal over time with the
pairing strand yielding an immobilized A-cA duplex on the chip. Furthermore, the
presence of free ssODN (B) on the spot did not produce any cross-interaction with
the ODN sequence cA injected.

Likewise, within the sensorgram at the bottom we observed a similar SPRi re-
sponse with the grafted ODN-2 (B) sequences on the chip. The hybridization process
of the cODN-1 structures (cB) showed a clear speci�city for those pairing ODN-2
(B) spots on the chip. The injection of the cODN-1 (cB) sequence did not mod-
ify the SPRi response of the ssODN-2 (A) which remained dehybridized on the chip.

Overall, these �ndings con�rmed and validated the accessibility of the grafted
PyNAC architectures on gold surface towards the glycochip fabrication via DDI.
Then, the SPRi results proved the selective hybridization with no cross-interactions
detected. Therefore, this immobilization strategy can be tackled for the next assays
with XyNAC architectures.
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Figure 4.20: SPRi sensorgram curves for the selective immobilization of unmodi�ed cODN
sequences (cA and cB) at 500 nM by DDI approach. Running bu�er at 10 mM HEPES with
150 mM of NaCl and 0.005% Tween 20 at pH 7,4. a) Hybridization sensorgram of A-cA duplex
formation on chip. b) Hybridization sensorgram of B-cB duplex formation on chip.

Selective hybridization using XyNAc architectures. Step 2

The attachment of XyNAC architectures on SPRi chip was explored by DDI strat-
egy. The experiment was developed by monitoring the SPRi signal after the injection
of XyNAC architectures under the same experimental conditions. The non comple-
mentary ODN sequences served as a negative control.

First, the smaller XyG building-blocks were immobilized on the chip via DDI.
The Figure 4.21 illustrates the sensorgrams of the XyNAC architectures containing
1 to 3 cores.

Similarly to the unmodi�ed cODN-1, the three sensorgrams exhibited a speci�c
hybridization with the complementary ODN sequences (cA). As a result, the bind-
ing response from the XyNAC probes showed a well-di�erentiated increase in the
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SPRi curve until saturation forming the glycoconjugate A-cA duplex on the chip.
The negative control ODN-2 probes remained as a single strand B on the chip.
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Figure 4.21: Speci�c immobilization of XyNAC architectures (XyG 1 to 3 cores) containing
the cA-ODN sequence at almost saturation via DDI approach monitored by SPRi. Running bu�er
at 10 mM HEPES with 150 mM of NaCl and 0.005% Tween 20 at pH 7,4. a) Hybridization
sensorgram of A-cA (XyG 1 core) duplex formation on chip. b) Hybridization sensorgram of A-cA
(XyG 2 cores) duplex formation on chip. c) Hybridization sensorgram of A-cA (XyG 3 cores,
300nM) duplex formation on chip.

Likewise, the Figure 4.22 the SPRi analysis of the immobilization process for the
larger XyG structures (from 3 to 5) with the opposite sequence.
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Larger XyNAC probes bearing the sequence cB were monitored by SPRi biosen-
sor. The hybridization process of each sample injection provided selective and de-
�ned variation in the re�ectivity signal on SPRi.

Knowing the selective hybridization of the XyNAC architectures, we explored the
conception of the DDI approach over a stepwise injection of two XyNAC probes.
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4.3 Conception of Xyloglucan Glycochip

The e�ciency and selectivity of DNA/DNA interactions were monitored by SPRi
in real-time (Figure 4.23-a). The hybridization process was developed on a biochip
containing 18 spots of ODN probes organized in a de�ned pattern (Figure 4.23-
b). In this study, we immobilized the XyNAC architectures bearing 3 and 4 cores
successively within the same experimental conditions.
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Figure 4.23: Real-time observation of the selective immobilization of XyNAC architectures (3
and 4 cores) via DDI approach monitored by SPRi. a) Sensorgrams obtained with the injections
of XyNAC architecture with 3 cores (blue signal) and subsequent injection of XyNAC architecture
with 4 cores (red signal). b) Schematic representation of the experimental glycochip composed
by PyNAC architectures containing A sequences (blue), B sequences (red) and pyrrole (green)
distributed in a de�ned pattern of 18 total spots. The SPRi di�erential images of the XyG
glycochip after the injection of XyNAC 3 cores (cA) and 4 cores (cB) at 500 nM.

Regarding the sensorgram in the Figure 4.23-a, each complementary XyNAC
architecture injected into the biosensor gave signi�cant SPR responses with the re-
spective ODN strands attached on the surface. The SPRi signals were detected with
well-de�ned curves under a high signal-to-noise ratio.

Simultaneously, all the interacting spots were recorded by the CCD camera dur-
ing the binding interaction in real time. The complementary hybridization of each
spot were illuminated in response to the pairing hybridization at the sensor surface.
In comparison with the spot reference image before injection, a selective immobi-
lization pattern was captured for both XyNAC architectures interactions.

Overall, we have demonstrated a selective and speci�c DDI approach to anchor
plant cell wall polysaccharide probes for the glycochip fabrication according to the
literature.147,148,169 Furthermore, the SPRi technique allowed the characterization
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of the ODN hybridization process at the sensor surface in real-time. Therefore, this
immobilization strategy provided the presentation of two di�erent XyNAC archi-
tectures in a resolvable pattern for further multiplexed binding assays. Finally, the
noncovalent but stable interaction of ODN duplexes allowed the regeneration and
therefore, reuse of the biochip for further glycan-ODN hybridizations.

4.4 On Chip Validation of Grafted Xyloglucan Probes.

Stage 2

The immobilization of XyNAC architectures was a pivotal step in the fabrication of
XyG glycochip through DDI strategy. In this stage, a validation assay of the XyG's
ability to interact (accessibility, orientation and integrity) was addressed using an
antibody speci�c of XyG structure. We used for this experiment was the mono-
clonal anti-Xyloglucan LM24 (Rat Ig2a) and it was commercially available from
PlantProbes, UK. The LM24 binds preferentially to the XLLG motif of xyloglucan
structure according to the supplier speci�cation.
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Figure 4.24: Sequential injections of LM24 dilutions (1/500; 1/100; 1/10) upon XyG probes
(2 and 3) detected on SPRi.

A �rst assay was developed to estimate the optimal concentrations of the LM24
for SPRi monitoring. To that end, three di�erent LM24 dilutions (1/500, 1/100 and
1/10) were injected successively and monitored by SPRi onto XyG structures with
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two di�erent building-blocks (2 and 3). The sensorgram is depicted in the Figure
4.24.

Results from the Figure 4.24 showed a sensorgram with gradual increase in re�ec-
tivity percentage on the XyG spots while the LM24 concentration increased. The
most diluted injection (1/500) produced a too small signal. Considering the positive
interaction of both 1/100 and 1/10 AB dilutions, we decided to use the higher AB
dilution (1/100) to validate the accessibility of XyG probes on the glycochip.

For this experiment, two SPRi assays were developed to explore the binding recog-
nition of LM24 antibody upon XyG building-blocks displayed on the surface (Figure
4.25). Unmodi�ed ODN probes were used as a negative control for both SPRi assays.
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Figure 4.25: Validation of XyG probes accessibility on the glycochip by LM24 antibody (1/100
dilution) monitored by SPRi in real-time. a) Sensorgram of the selective LM24 recognition upon
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recognition upon XyNAC 3 cores (positive control) versus unmodi�ed cODN (negative control).
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In the �rst assay (Figure 4.25-a), XyNAC architectures (2 cores) was anchored on
the surface via DDI previously described. The sensorgram showed that the LM24
antibody recognized the XyG 2 probes with high speci�city (blue curve) in com-
parison with the unmodi�ed ODN probes. On the other hand, the second assay
(Figure 4.25-b) was evaluated changing the ODN sequences and the XyG sample.
In this case, XyG 3 cores and unmodi�ed ODN were used instead. Similarly, the
sensorgram revealed a speci�c binding recognition of the LM24 antibody upon the
anchored XyG probes (red curve).

From our evaluations, we can conclude that the LM24 exhibited speci�c inter-
actions with the XyG probes and no binding event on unmodi�ed ODN pairing
was observed. Furthermore, the LM24 proved the accessibility, orientation and in-
tegrity of XyG 2,3 oligosaccharides on the chip with no mismatch interactions with
the negative control. Therefore, this assay conclude the operational viability of the
glycochip for further interactions with XyG binding proteins.

4.5 Xyloglucan Glycochip Applications towards FUT1

Enzyme Interaction Recognition. Stage 3

This last section aims at the implementation of XyG-based glycochips for the di-
rect monitoring on SPRi assays of a plant cell wall fucosyltransferase (FUT1) under
native conditions of the enzyme. Complementary analytical techniques in solution
such as MALDI-Tof MS analysis were carried out for a better comprehension of
FUT1 binding recognition.

Within a �rst part of this section was dedicated to prove the activity of FUT1 on
XyG enzymatic activity in solution using GDP-Fuc as acceptor molecule. For this
study, MALDI-Tof MS analysis and ITC assays were employed prior the SPRi anal-
ysis. Finally, the FUT1-XyG binding recognition was interrogated against anchored
XyG probes by SPRi analysis in real-time.

Activity detection of FUT1 enyzme by MALDI-TOF MS

Prior SPRi assays, the FUT1 enzyme was evaluated against the XyG 3 cores as
a proof of activity by MALDI-Tof MS. Based on the literature20 the FUT1 en-
zyme can only transfer 1 fucose molecule per core. Considering that XyG probes
harbour an oligonucleotide structure, the corresponding XyNAC architecture was
therefore tested against the enzyme. The single-strand ODN fragment is a polyan-
ionic biomolecule with high molecular weight that somehow, could be a sensitive
molecule for the enzyme by forming electrostatic interactions or exhibiting some
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steric hindrance that alter the �nal transfer activity. Therefore, both XyG 3 cores
and the XyNAC architecture were used as an acceptors molecules for the AtFUT1
enzyme. To monitor the fucosylation reaction, a mass analysis of two samples was
evaluated after 2 and 24 hours of reaction.

The Figure 4.26 below illustrates the enzymatic reaction monitored by MALDI-
Tof MS where three mass spectra were displayed over time within the same range
of mass for comparative purpose.
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Figure 4.26: MALDI-Tof MS analysis of fucosylation transfer activity after 1 hour, 2 hours
and overnight from AtFUT1 enzyme to XyG ligand. a) MALDI-Tof MS spectrum of XyG 3 cores
ligand. b) MALDI-Tof MS spectrum of XyNAC architecture (3 cores).

Firstly, the fucosylation reaction over the XyG 3 cores was evaluated to serve as
a positive activity control. In the Figure 4.26-a, the starting material (t0) exhibited
three main peaks well de�ned at m/z 3798.6, 3961.1 and 4123.1. After 2 hours of
reaction (blue spectrum), new peaks appeared separated around 146 g/mol indicat-
ing a mono-fucosylation of the XyG ligand. Those peaks are shifted from the initial
ones within an interval of 16 mass units. Finally, the MALDI-Tof spectrum during
an overnight reaction (red spectrum) showed a reduction of the initial peaks and
a successive progression in the fucose transfer yielding a XyG ligand harbouring 2
and 3 fucose per initial peak. Therefore, the mass analysis con�rmed that: 1) the
XyG 3 cores was a suitable acceptor molecule to explore binding interactions and
2) the positive control of the FUT1 activity over XyG acceptor.

A second enzymatic assay was performed in order to address the activity of FUT1
over XyG acceptor (3 cores) bearing the oligonucleotide structure. In the Figure
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4.26-b, two main peaks were identi�ed within the initial XyNAC architectures at
12117.4 m.u and 12278.4 m.u. Within the �rst two hours of reaction (blue spec-
trum), the mass of the XyNAC architecture was shifted 146 mass units indicating a
mono-fucosylation of the starting peaks. The overnight enzymatic reaction provided
a di-fucosylated and tri-fucosylated conjugates of the XyG acceptor domain. Over-
all, the accessibility of the enzyme upon the XyG domain was not a�ected when it
is conjugated with an ODN sca�old.

Overall, the MALDI-Tof MS allowed the evaluation of the FUT1-XyG enzymatic
transfer reaction as a positive proof of activity. Both XyG and XyNAC architecture
with 3 cores were con�rmed as a suitable acceptor molecules towards the biomolecu-
lar recognition by SPRi. The XyG containing 3 cores can only be observed 3 fucose
maximum to saturate the XyG acceptor, which con�rmed our �ndings as referred
previously. Finally, although only the XyG 3 cores was explored in this section,
similar results were experimentally con�rmed for the XyG 4 and 6 cores.

Preliminary test of FUT1-Xyloglucan recognition on glycochip monitored by
SPRi

MALDI-Tof MS analysis demonstrated the transfer activity of the FUT1 over dif-
ferent XyG acceptors. The implementation of the XyG glycochip was evaluated
for the study of the interactions between XyG and FUT1. The binding recognition
was characterized by SPRi assays under native conditions of the enzyme in real time.

The XyG glycochip was elaborated by the immobilization of XyNAC acceptor
molecules using the validated DDI approach. For this assay, di�erent sizes of
XyNAC probes (3 and 4 cores) were simultaneously presented for FUT1 binding
recognition. Pyrrole spots were de�ned as a negative control. The Figure 4.27 illus-
trates the SPRi sensorgram of the FUT1 interaction with the grafted XyG probes
at 500 mM concentration.

The sensorgram in the Figure 4.27 showed an increase in the SPRi signal after
injecting the enzyme. Both XyG probes exhibited a positive interaction with almost
the same initial tendency in the association with the FUT1 enzyme. On the other
hand, pyrrole spots exhibited less interaction with the FUT1 injection compared to
the other spots containing a XyG fragment. However, the reproducibility of this
assay need to be improved by presenting a set of di�erent sizes of XyNAC archi-
tectures and other negative control (celloheptaose, maltodextrine) to address the
binding interaction of the FUT1 by SPRi.
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Figure 4.27: SPRi sensorgram of anchored XyG 3 and 4 cores for AtFUT1 fucosyltransferase
enzyme recognition (500 nM).

The �nal strategy aimed to monitor glycan binding interactions by SPRi and anal-
yse the modi�ed product after dehybridization. A single experiment was attempted
to do by monitoring the fucosylation transfer reaction. The glycochip was prepared
by immobilizing a XyNAC architectures (acceptor) and, the subsequent unmodi�ed
ODN to de�ne a negative fucosylation control. The FUT1 enzyme was mixed with
the GDP-Fucose donor forming an enzyme-donor complex prior injection. Finally,
to con�rm the enzymatic transfer event on the glycochip, a dehybridization step was
tried thanks to the noncovalent interaction of the ODN using a solution of NaOH
100 mM.

These SPRi results (data not shown) concluded that the FUT1 interacts un-
speci�cally with the free ODN on the chip. However, the sample was unclear and
di�cult to de�ned the �nal fucosylated product. Nevertheless, these results encour-
ages to optimized this dehybridization stage for further modi�cation probes and
having more product to be released to improve the mass detection. Since we only
performed this experiment once, these results need to be reproduced and optimized
multiple times using both, di�erent probes and SPRi conditions to be more precise
in the conclusions.

4.6 Conclusion

In the general process of understanding the biochemical functions of putative gly-
cosyltransferase enzymes, the conception of glycoarray has emerged as a powerful
alternative to cross the threshold in glycoscience.
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The �rst stage was dedicated to the elaboration of XyG glycochip using a DDI
approach characterized by SPRi assays.
Prior surface immobilization of XyNAC architectures, a quality control of the

ODN probes as well as DNA/DNA hybridization process were successfully detected
in solution by DNA electrophoresis gel. Then, the selectivity and speci�city of the
DDI approach were con�rmed by SPRi assays in both single injections and stepwise
injections. Furthermore, the CCD camera allowed the visualization in real-time
assays of the site-selective immobilization of XyG probes at the sensor surface. In
summary, DDI approach is consolidated as an original strategy to elaborate XyG
glycochips in a resolvable pattern displayed on biochips compatible with SPRi tech-
nique for multiplexed binding assays.

A second stage was performed in order to characterize the glycochip. The LM24
antibody exhibited speci�c interactions with the XyG probes and no binding event
on unmodi�ed ODN pairing was observed. Furthermore, it proved the accessibility,
orientation and integrity of XyG probes on the chip that conclude the operational
viability for XyG binding proteins.

In the last stage, the XyG glycochip was adapted towards the FUT1 enzyme
recognition by SPRi analysis. Prior on chip recognition, FUT1 activity test mon-
itoring was evaluated using MALDI-Tof MS analysis. This technique allowed the
mass detection of the fucosylated product over time from the XyG and the XyNAC
architectures incubated with the FUT1 enzyme at 30◦C. The results concluded with
an active FUT1 enzyme over a set of XyG and XyNAC probes (data shown for the
XyG 3cores).

Then, a very preliminary assay XyG glycochip was performed as a �rst approach
in the FUT1 binding assessment. Although a FUT1 binding response was detected
by SPRi, it has yet to be reproducible by presenting di�erent probes and negative
control in order to explore kinetic interactions.

Finally, the AtFUT1 enzyme has been studied in terms of binding recognition and
transfer activity. We have explored the enzyme activity in solution and over time
through MALDI-Tof MS analysis. These results have been tested with the XyG
ligand and XyNAC architectures as a active molecules on the chip. All results in
mass from the MALDI-Tof MS analyses exhibited a positive transfer activity from
the AtFUT1 over both substrates indicating that the presence of ODN on the XyG
conjugate did not alter the binding recognition of the XyG ligand.
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5 Experimental procedures

This chapter describes the experimental procedures for the preparation,
puri�cation and characterization of the starting material which build the
glycochip. It also details the heterologous expression and puri�cation of
the active and soluble AtFUT1 enzyme in insect cells. Then, the chemi-
cal synthesis of XyG-based ODN architectures is described. Finally, the
SPRi set-up and working conditions are also detailed for the conception
of glycochips towards protein-XyG interactions.
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5.1 General Protocol for the Production of an Active and Soluble AtFUT1 enzyme

5.1 General Protocol for the Production of an Active

and Soluble AtFUT1 enzyme

Unless otherwise stated, all chemicals were purchased from commercial sources and
used without further puri�cation. Preparation of biological samples and culture
media were developed in aqueous solution using H2O milliQ grade. Counting cells
were followed using an haemocytometer (Brand?) and a microscope Olympus CK40
(x100). Nickel-sepharose resin (cOmplete�) was purchased from Sigma and nickel
a�nity column (HisTrap�Excel) was purchased from GE Healthcare. Puri�cation
step was carried out using NGC�chromatography system from BioRad. SDS-PAGE
was performed with the BioRad electrophoresis kit. UV quanti�cation was carried
out by NanoDrop�2000 spectrophotometer (Thermo Scienti�c) at indicated wave-
length. Activity test was developed with a GDP-Glo�kit supplied by Promega. Mi-
croplate Luminometer GloMax®from Promega was used for the bioluminescence
assay. TECAN spectrophotometer was recorded for bioluminescence readout.

5.1.1 Heterologous expression of His∆68-AtFUT1 in insect cells

A truncated form of the plant cell wall enzyme fucosyltransferase 1 from Arabidopsis
thaliana was expressed and puri�ed, motivated by previous studies in our group
of this particular enzyme.44 The �nal gene sequence conformed the soluble and
catalytic region of the enzyme structure missing 68 aminoacids residues from the
N-terminus and providing an extra 6x Histidine tag to produce His∆68-AtFUT1
structure.

Preparation of EX-CELL 405 culture medium

A stock solution of 1 L of culture medium serum-free EX-CELL 405 was prepared by
mixing 42.71 g/L of dry powder media and 0.35 g/L of NaHCO3 until fully solution.
The pH was adjusted to 6.2-6.4 with 1 N KOH or 1 N HCl solutions. Finally, the
culture medium was left under stirring for 1 hour, �ltered through 0.22 µm of sterile
�lter and �nally, stored at 4◦C prior use.

Production-loop of Insect Cells Culture in suspension

An insect cell line from Trichoplusia ni (High-Five�; Invitrogen) was thawed from
liquid nitrogen to room temperature on a water bath at 35◦C. Then, the cells were
transferred to 10 mL of serum-free EX-CELL 405, equilibrated for 40 minutes and
centrifuged at 500xG for 5 minutes. Finally, they were resuspended with another 10
mL of serum-free EX-CELL 405 supplied with 50 µg/mL of gentamicin in a 100 mL
autoclaved Erlenmeyer at 22◦C under shacking at 135 rpm with a �nal cell density
of 0.5 millions of cells/mL (MC/mL). The cells were grown and split with fresh
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culture medium for three weeks to get a �nal density estimation around 2 MC/mL
in a 1,5 L of culture medium.

Estimation of the Cell Size from suspension cells

Cells were counted using a glass haemocytometer with a cover slip previously clean
with ethanol at 70% under a microscope (x100). 50 µL fraction of cell suspension
was taken and diluted in 40 µL of PBS and 10 µL of trypan blue in an Eppendorf
tube. The cell suspension was mixed gently and placed on top of the glass by �lling
the gap underneath the cover slip by capillary action. The number of cells viability
per millilitre was measured taking the average of living cells per grid multiply by 2,
to correct the initial dilution factor 1:2, and multiply by 104.

Recombinant expression of His∆68-AtFUT1 with Baculovirus in suspension

A volume of 1.5 L containing the cells in suspension with around 2 MC/mL was
harvested in presence of Baculovirus particles (PharMingen) containing the gen-of-
interest. They were incubated for 4 days at 28◦C under shaking at 110 rpm. On
average, the counting on the number of living cells might be reduced below 20%.
The multiplicity of infection factor was estimated between 2.5-5. The supernatant
baculovirus-infected cells was transferred and centrifuged at 13000xG in a 1 L cen-
trifuged bottles (Nalgene) for 30 minutes to remove the cell pellets and collect the
AtFUT1 protein soluble within the culture medium. Finally, the medium was �l-
tered through 0.22 µm �lter and stored at -80◦C for further puri�cation.

Detection of His∆68-AtFUT1 by Nickel beads resin after Baculovirus infection

To assess the production of the His∆68-AtFUT1 protein after baculovirus infection,
a Nickel-sepharose resin (GE Healthcare) solution was used. A small metal a�nity
puri�cation was carried out in solution taking 50 µL of Nickel beads resuspended in
a 2 mL Eppendorf tube. The beads were washed three times with 500 µL of water
to remove the ethanol within the stock solution. Subsequently, 1 mL of culture
medium (supernatant) was mixed with the beads and stirred for 2 hours at 4◦C.
Next, the sample was centrifuged at 6000 rpm for 1 minutes to pull the supernatant
out. The Nickel-His∆68-AtFUT1 complex within the resin was rinsed twice �rst,
with 1 mL of equilibrium bu�er (NaCl 500 mM, HEPES 25 mM, pH 7.4) to adjust
the beads to the new bu�er solution; secondly, with 1 mL of washing bu�er (NaCl
500 mM, HEPES 25 mM, imidazole 10 mM, pH 7.4) to remove non-speci�c binding
protein interaction; and ultimately, with 35 µL of elution bu�er (NaCl 500 mM,
HEPES 25 mM, imidazole 500 mM) to rinse the protein from the nickel beads.
Then, the resin was treated with 15 µL of denaturation bu�er (50 mM of Tris-HCl,
pH 6.8, glycerol 20 %, SDS 3 %, β-mercaptoethanol 2% and bromophenol blue
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5.1 General Protocol for the Production of an Active and Soluble AtFUT1 enzyme

0.01%), heated at 95◦C for 5 minutes and centrifuged at 6000 rpm for 2 minutes.
Finally, the solution was loaded on 12% of acrylamide gel for SDS-PAGE separation
and immobilized onto a nitrocellulose membrane for the Western-blot identi�cation
using the anti-Xpress antibody.

5.1.2 Puri�cation by Immobilized Metal A�nity Chromatography,
IMAC

The culture medium (around 1 L) containing the soluble fraction of His∆68-AtFUT1
protein was gently thawed in the fridge from -80◦C to 4◦C for 24 hours. The pH
was adjusted to 6.8 with equilibrium bu�er (NaCl 500 mM, HEPES 25 mM, pH
7.0), �ltered through 0.22 µm and degassed. The puri�cation process was carried
out with 1 mL nickel HisTrapTM Excel chromatography column and monitored the
protein signal by NGC chromatography system from Bio-Rad at 280 nm. The nickel
column was joined to the NGC system, pre-equilibrated with water and then, with
equilibrium bu�er using at least 5 times the volume of the column with a �ow rate
of 1 mL/mL before the sample injection. Then, all the supernatant was injected
through the column with a �ow rate of 0.5 mL/min overnight at 4◦C and washed
with equilibrium bu�er afterwards. To recover selectively the protein attached to
the nickel column, three di�erent gradients of elution were performed with a �ow
rate of 0.5 mL/min using a mixture of equilibrium bu�er and elution bu�er (NaCl
500 mM, HEPES 25mM, imidazole 500 mM, pH 7.0) and keeping, both the running
bu�ers (equilibrium and elution) and the nickel column at 4◦C. The �rst gradient of
elution was established between 0% to 5% of elution bu�er (imidazole 25 mM) for
10 minutes to remove non-binding proteins. The second gradient of elution between
5% to 10% of elution bu�er (imidazole 50 mM) for 10 minutes to detach proteins
with low binding a�nity to the nickel; and �nally, a gradient of elution between
10% to 38% of elution bu�er (imidazole 190 mM) for 5 minutes to elute the His∆68-
AtFUT1 protein pure. All the elution steps were collected in 2 mL fractions and
traced by SDS-PAGE 10% acrylamide. The fractions from the last step of elution
(16 mL total volume) were identi�ed as pure His∆68-AtFUT1.

Concentration and Quanti�cation of His∆68-AtFUT1

All the fractions containing His∆68-AtFUT1 protein were concentrated using Vi-
vaspin concentrators from Sartorius (MWCO 30.000) at 5000xG for 15 min at 4◦C
to reduce the �nal volume to 2 mL. Then, this 2 mL of sample were concentrated
and washed 8 times with a stabilization bu�er (NaCl 150 mM, HEPES 25 mM,
pH 7.0) at 5000xG for 30 minutes at 4◦C to obtain around 500 µL of pure His∆68-
AtFUT1 protein. The concentration of FUT1 (MW 150 kDa) was measured by
UV detection at 280 nm using a with a extinction coe�cient of 89000 M−1· cm−1
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yielded 1.82 mg/mL of FUT1 pure. The enzyme was stored at -20◦C for further
experiments.

5.1.3 Activity Monitoring of AtFUT1 by Bioluminescence

These measurements were carried out with a prototype commercial test of GDP-Glo
(Promega) under the recommended conditions gave by the supplier. In particular,
ultra pure GDP-Fuc was employed from the mother solution which is kept under
-20C. All experiments were developed using the bu�er solution (HEPES/KOH 10
mM, MnCl2 and MgCl2 5 mM, pH 7.4) in 25µL, in 96 plates (LUMITRAC 200,
Greiner). The kinetic parameters were measured with 6 ng of AtFuT1 (150ng/mL)
and concentrations from 62 to 2000 µM for GDP-Fuc and 3 mg/mL for XyG. After
30 min of incubation at room temperature, the reactions were stopped by adding
25µL of "GDP detection reagent" (reagent which contains the GDP-Glo enzyme and
the luciferase). The luminescence readout was measured after 1 hour of incubation
at room temperature with the Microplate Luminometer setup (Glomax Promega).

5.2 Preparation and Characterization of ODN-based

XyNAC and PyNAC Architectures

Unless otherwise stated, all chemicals were purchased from commercial sources and
used without further puri�cation. Preparation of chemical and biological assays were
developed in aqueous solution using H2O milliQ grade. Solvents for puri�cation
were purchased in HPLC grade. Oligonucleotide substrates were purchased from
Eurogentec. Size-exclusion chromatography (SEC) was carried out using Superdex
S30 (3x columns serie) equipped with a digital refractometer IOTA 3 detector for
XyG puri�cation. De-salting and clean-up were performed by Sephadex prepacked
gravity columns (PD MiniTrap G-10, GE Healthcare). NMR spectra were recorded
on a Bruker AVANCE 400 MHz spectrometer in the solvent indicated. Agilent
Technology RP HPLC was run with C18 column (250 mm x 4.6 mm x 5 µm) us-
ing TEAA 10 mM in a gradient of CH3CN (0% to 22%) in 40 minutes at 40◦C.
Flow rate of 1 mL/min, UV detection using diode array at 260 and 310 nm. Mass
spectroscopy analysis was addressed by MALDI-Tof MS (Bruker MicroFlex�) using
a laser wavelength (Azote λ 337 nm) upon samples co-crystallized within an indi-
cated matrix (2,5-dihydroxybenzoic acid, DHB matrix for oligosaccharide probes;
3-hydroxypicolinic acid, HPA for DNA and DNA conjugate probes). ESI mass spec-
tra (ELECTROSPRAY source) were recorded on an Agilent Technology RP HPLC
(C18 column 150 x 2 mm x 3 µm) using TEAA 10 mM in a gradient of CH3CN (0%
to 25%) in 40 minutes at 40◦C. Flow rate of 0.1 mL/min, UV detection using diode
at 260 nm. UV quanti�cation was carried out by NanoDrop�spectrophotometer
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(Denovix DS-11) at indicated wavelength. DNA electrophoresis gel preparation us-
ing polyacrylamide gel electrophoresis, PAGE (Sigma-Aldrich) and revelation using
DNA intercalating agent SyBR gold (ThermoFisher Scienti�c) under gel documen-
tation system (GelDoc XR+ BIORAD). Melting temperature of DNA duplex was
determined by UV/Visible monitoring at 260 nm using Agilent Cary 100.

5.2.1 XyNAC. Chemical Elaboration Procedure

O 3'5'
LINKER

A C G T

Xyloglucan ssODN-1

n

Figure 5.1: Chemical structure of the Architecture I formed by the xyloglucan oligosaccharide, a
single-strand ODN sca�old and an organic molecule in between connected to both building-blocks.
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The Tamarin Xyloglucan polymer (250 mg, 575 kDa) was dissolved in 25 mL of
warm water containing 5 mL of sodium azide 0.05% under strong stirring. The so-
lution was adjusted with AcOH 4 N at pH 5.6 and then, 0.5 µL of an endo-cellulase
(Megazyme, endo-1,4-β-glucananse) was added to digest the stirred solution of xy-
loglucan substrate for 5 minutes. Finally, the enzymatic reaction was quenched at
80 ◦C for 10 minutes, �ltrated over 0.22 µm �lter and lyophilized. For the puri�ca-
tion by SEC Superdex S30, the dry sample was re-dissolved in 10 mL of deionized
water, �ltered through 0.22 µm �lter and injected onto the column with a �ow
rate of 1.2 mL/min using 0.1 M of ammonium carbonate as mobile phase. The
di�erent building-blocks were monitored by refractive index according to their size
and collected in fractions of 4 mL. All peaks of interest were and characterized by
MALDI-Tof MS (DHB matrix) in positive mode and lyophilized to yield the �nal
xyloglucan products (N:1-6, X:variable) organized in the Table 5.2-Annexe.

Functionalization of xyloglucan building-blocks by Oxime ligation

N

MW (g/mol): 234.23
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Xyloglucan
(simplified form)

A solution of 1 mL mixture containing a xyloglucan building-block (0.1 µmol-
1 µmol, 1 Eq) previously described, the aminooxy-triethylenglycol-azide (0.5 µmol-
5 µmol, 5 Eq) and aniline (100 µL, 1 mM) in sodium acetate bu�er (100 mM, pH
4.3) was stirred in the dark at 50◦C for 48 hours. The reaction mixture was concen-
trated under reduced reassure and then, clean up and de-salted on Sephadex G-10
eluting with deionized water to yield the �nal aminooxylated products identi�ed by
MALDI-Tof MS (DHB matrix, positive mode) analysis (Table 5.3-Annexe). The
�nal products were used without further puri�cation.

Conjugation of xyloglucan-azide with ODN sca�old by copper-free click
chemistry cycloaddition, SPAAC

Within an aqueous solution containing the xyloglucan-azide compound, a 5'-end
modi�ed single-strand DBCO-ODN sample solution (2 nmol, 1 Eq) was added and
stirred in 100 µL of �nal volume in the dark at 40◦C overnight. The reaction
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mixture was puri�ed by RP HPLC UV monitoring at 260 nm and 310 nm; and the
�nal product was identi�ed by ESI-MS analysis. Finally, the XyNAC products were
quanti�ed by UV detection NanoDrop (260 nm) to a�ord quantitative yields. Mass
analysis described on the Table 5.4-Annexe.

5.2.2 PyNAC. Chemical Elaboration Procedure

N

ssODN-2 Pyrrole

3' 5'

n

Thymine10  SPACERT

AT CG

Figure 5.2: Chemical structure of the Architecture II formed by a single-strand ODN sca�old
and a pyrrole organic molecule localized in the 5'-end separated by 10 thymine sequence as a
spacer.

Synthesis of PyNAC architectures via NHS activated ester
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A solution of free-amine single-strand ODN (Eurogentec) (5 nmoles, 1 Eq) in
potassium carbonate bu�er (100 mM, pH 9.3) was added with pyrrole-NHS (250 nmoles,
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50 Eq) solution. The reaction mixture was stirred at room temperature overnight
and characterized by MALDI-Tof MS using HPA in negative mode (Table5.5-Annexe).
The reaction mixture was puri�ed by RP HPLC UV monitoring at 260 nm and the
�nal PyNAC product was quanti�ed by UV detection at 260 nm NanoDrop to a�ord
quantitative yields.

5.3 Interaction Evaluations in solution

5.3.1 General Procedure for DNA-electrophoresis gel Detection of
ODN-based substrates and ODN/ODN duplexes

The presence of ODN conjugates within architectures I and II was qualitatively
addressed both in the form of single-strand ODN for quality control, and in the
duplex form to evaluate the base pair complementarity. Sample solutions were
prepared using an assay bu�er (HEPES 10 mM, NaCl 150 mM, MgCl2 5 mM, pH
7.5) and loaded in 15% PAGE at room temperature. The migration was performed
at 5 Watts using 40% solution of sucrose mixed with Xylene Cyanol (XC) and
BromoPhenol Blue (BPB) as a dye references. Each solution contained around
8µL of the ODN-based sample and 2µL of the dye reference solution. Likewise,
commercial ODN structures were also evaluated.

Quality control of single-strand ODN

Typically, 10 pmoles of ssODN substrate were prepared in an Eppendorf tube con-
taining 20% solution of urea (7M) as denature agent. Then, the ssODN sample
solution was heated at 95 ◦C for 5 minutes with further temperature stabilization
prior sample loading. Finally, the dye reference were added to the sample solution,
vortex and loaded into the gel. To reveal the samples, the gel was incubated in a
diluted solution (1/10000) of SYBR Gold DNA intercalating agent for 5 minutes
and characterized by GelDoc �uorescence detection.

Hybridization control ODN/ODN duplexes

Within an Eppendorf tube, 10 pmoles of the single-strand ODN-1 sca�old were
incubated with 10 pmoles of PyNAC substrate with the complementary ODN-2
sca�old. Then, the sample mixture was heated at 90 ◦C for 5 minutes and settled
down back to room temperature afterwards (Annealing process). Both the dye
reference and 1 µL of the DNA intercalating agent (SYBR Gold) were added to the
sample mixture, vortex and loaded into the gel. Finally, the gel was characterized
by GelDoc �uorescence detection.
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5.3.2 Melting temperature determination of Architectures I and II
duplex formation

Within a 1 mL quartz cuvette (1 cm path length), 10 pmoles of the ODN-1 scaf-
fold were incubated in assay bu�er with 10 pmoles of PyNAC substrate with the
complementary ODN-2 sca�old in a total volume of 100 µL. Melting pro�les were
obtained in annealing cycles from 20 ◦C to 85 ◦C (4x cycles) at a ramp rate of
1 ◦C /min and monitored by UV/Visible spectrophotometer detection at 260 nm
(Agilent Cary 100). The �rst derivatives of the melting curves provided all the TM

o

values for each sample mixture.

5.3.3 Activity of AtFUT1 toward XyG and XyNAC substrates
determined by MALDI-Tof MS analysis

The AtFUT1 enzyme (2 pmoles) was mixed with a solution containing the Xyloglu-
can substrate (50 pmoles, 1 Eq) in ammonium citrate bu�er (100 mM, pH 7.4)
and the activated donor GDP-Fuc (750 pmoles, 15 Eq) was added to the reaction
mixture. The enzymatic reaction was incubated at 30◦C under stirring overnight.
Samples were taken after 1 hour, 2 hours and overnight; and de-salted by 10µL
Zip-Tip C18 micropipette. Finally, mass analysis of the AtFUT1 transfer activity
was performed by MALDI-Tof MS in DHB (Xyloglucan building-blocks) and HPA
(XyNAC) matrices.

5.4 Conception of DNA-based Glycochip by DDI using

SPR Imaging Methodology

5.4.1 SPRi Materials

Chemical reagents and reactants

Unless otherwise stated, all chemicals were purchased from commercial sources (gen-
erally Sigma-Aldrich) and used without further puri�cation. Preparation of SPRi
bu�ers were developed in distilled water milliQ grade and �ltered through 0.22 µm
�lters (Millipore). All bu�ers were stored at -20 ◦C and thawed at 4 ◦C prior to
use.

- Spotting bu�er: PBS 50 mM, NaCl 50 mM, 10% glycerol at pH 6.8;

- SPRi running bu�er composition: HEPES 10 mM, NaCl 150 mM and
Tween20 0.005% (v/v) at pH 7.4;

- Regeneration bu�er: aqueous solution of NaOH 100 mM;
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- Blocking bu�er: solution of BSA (1%) in running bu�er;

All the sample probes were dried out at the indicated concentration and re-dissolved
in the SPRi running bu�er to minimize signal mismatch, prior injection.

Probes and targets biomolecules

The conception of glycochip elaboration involved the DNA-Directed Immobiliza-
tion and further biomolecular detection. This procedure required a set of probes
and targets biomolecules described below. These samples were quanti�ed by UV
absorbance (NanoDrop 2000c) before SPRi experiments.

DDI approach was addressed using the ODN pairing sequences described in the
Table 5.1 from the ODN-1 (commercial and XyNAC) the complementary ODN-2
(PyNAC) substrates previously synthesised.

DNA-Directed Immobilization. Probes sequences

Commercial and XyNAC

cODN-1 probes

cA (3'-5'): CTG-GCC-ATA-CGC-TGG-ACC-ATA-CGC

cB (3'-5'): ACG-CTA-GCG-TCG-CCA-TTG-GAC-TGG

PyNAC compl.

ODN-2 targets

A (5'-3'): GAC-CGG-TAT-GCG-ACC-TGG-TAT-GCG

B (5'-3'): TGC-GAT-CGC-AGC-GGT-AAC-CTG-ACC

Table 5.1: ODN pairing sequences from XyNAC and PyNAC substrates used for the selective
hybridization process on SPRi glycochip

For the biomolecular recognition of the anchored xyloglucan probes, both the
antibody LM24 (PlantProbes) and the puri�ed AtFUT1 enzyme were used as xy-
loglucan binding protein.

5.4.2 SPRi Instrumentation Method Design

The customizable SPR imaging equipment from our laboratory was comprised of
four central components: the SPRi optical system (GenOptics, Horiba Scienti�c),
a laboratory air oven (Memmert oven), a �uidic units and �nally, a PC monitoring
as shown in Figure 5.3.
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Figure 5.3: General diagram of the SPR imaging experimental design. It encompasses �ve
main components separated in SPRi system inside the laboratory air oven (Memmert Oven), a
sample injector, a syringe pump and a PC SPRi monitoring detection.

The SPRi detection system was composed by a SPRi-Biochip�prism coated with
a bare 50 nm thick gold surface (HORIBA Scienti�c-GenOptics, France) suitable
for DNA immobilization (DDI), an optical setup and a biomolecular detection sys-
tem. Our glycochip was de�ned based on the classical Kretschmann-type optical
con�guration (Figure5.3) placed inside a laboratory air oven at 25 ◦C. Furthermore,
a polariser was con�gured in the plane-polarized position to collimate the light at
635 nm passing through some lens and mirrors to illuminate the entire glycochip.
All binding information at surface level was collected in real-time by CCD camera
that enables a mapping process at de�ned region wherein a speci�c recognition oc-
curs. Finally, a PC monitoring software (LabView) transformed the SPR images
into a kinetic binding curves (sensorgrams) expressed as re�ectivity changes (%)
versus time (minutes) as described in the literature.145,202

Uni�ed with the SPRi optical system, a cuvette was �xed on top of the gold prism
as a closed reactor with a simple inlet and outlet tubes. The sample injector was
de�ned to have two di�erent positions whether to load the sample into the injection
loop (100µL) or to inject the sample from the loop towards the glycochip. Within a
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non-stop and steady �ow rate of 50 µL/min, the running bu�er was degassed before
reaching the sample injector and circulated along the system with laminar �ow via
automated syringe pump (Cavro Scienti�c Instruments, USA). A central carousel
served as a mechanism of joining together all the components.

The connection between components was carried out using a biocompatible poly
ether ether ketone or, commercially known PEEK tubing with 0.03 mm of diameter.

5.4.3 Preparation of the Glycochip prior SPRi assays

Plasma Treatment of the Glycochip

Two days before use, the gold layer was treated by a plasma source as a powerful
technique to clean and achieve a quality coating process. In physics, this treatment
is called Sputtering, in which energized atoms hits the target surface and eliminates
the contaminants o� of the surface into the vacuum system. The energetic atoms
used in sputter cleaning are created in a plasma state. The most commonly atom
that is used in this process is an argon gas source since it is quite inert during the
treatment of the surface. A general process of the plasma treatment is depicted in
the Figure 5.4.

Chamber containing SPR prism Gold surface cleaning

Gold surface

Ionized Oxygen particules

Ionized Argon particules

Gold particules

Contaminant particules

Sputter system

Oxygen Argon

Figure 5.4: Physical procedure of gold surface cleaning via plasma ionization or sputtering. On
the left, the sputter system dedicated to plasma treatment (Diener electronic). The gold prism are
introduced inside the reactor chamber to be exposed to plasma ionization (Image in the middle).
In particular, a mixture of oxygen and argon particles are ionized to both clean and activate the
surface (Scheme on the right).

In our sputter system, Femto plasma cleaner from Diener electronics (Figure5.4left),
the target biochip was introduced inside the reactor chamber and exposed under
lower-vacuum system pump. Then, a source of oxidized plasma was leaked into the
vacuum chamber composed by a mixture of Argon gas at 25% and oxygen gas at
75% for 3 minutes, controlled by two manometric valves. When the mixture of gases

142



5.4 Conception of DNA-based Glycochip by DDI using SPR Imaging Methodology

were in the chamber, a negative electrical voltage was applied to the chamber (40 W)
which strip an electron from the gas atoms (now ionized) that have enough speed to
physically knock o� individual atoms from the gold prism. This process formed the
classical and beautiful plasma auras around the metallic surfaces observed in the
Figure 5.4 in the centre. Nevertheless, the exposure time to ionized atoms not only
clean the surface from unwanted particles, but also might produces the detachment
of gold particles from the surface (Figure5.4 right). Therefore, after the plasma
cleaning, the contact surface is highly activated for chemical functionalization.

Spotting of PyNAC substrates by Pyrrole Electrocopolymerization

From stock solutions, the PyNAC conjugates (2 µM) and free pyrrole solution (1 M)
were mixed at speci�c probe density ratio (PyNAC:Pyrrole - 1:20.000) to get 500 nM
of PyNAC per spot in spotting bu�er according to the literature.145 Finally, a so-
lution of pyrrole (15 mM) was prepared as a spot reference. Overall, the gold prism
presented simultaneously two ODN conjugates (sequence A and B) displayed within
a de�ne pattern.

Following the radical reaction in the Figure 5.5a, the electrochemical pyrrole poly-
merization was induced by supplying an electric pulse of 2 Volts for 100 ms leading
to the formation of free-radicals cations on the monomeric pyrrole structures within
the pyrrole solution.151 The actual set-up is depicted in the Figure 5.5b.

The anode was directly in contact with the gold layer (working electrode) and
the cathode was connected to a platinum wire (counter-electrode) inserted into a
modi�ed micropipette's tip containing the mixture of two solutions (PyNAC and
free-pyrrole).149 Then, these circuit was connected to a potentiostat and the mi-
cropipette was �tted in an automatic robotic arm to set precisely the position of
each spot solution on the X and Y axis. According to the zoom-scale in the Figure
5.5c, to de�ne the Z axis, the micropipette was manually placed so that the droplet
was in contact with the gold surface allowing the formation of the polypyrrole �lm.
Once the �rst spot has been formed, an automatic setup was con�gured to draw
an array pro�le or map with all the probes to be spotted as it was depicted in the
Figure 5.5d. Finally, the coated biochip was rinsed with deionized water (milliQ
grade) and stored in the dark at 4 ◦C for 24 hours prior SPRi assays.
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Figure 5.5: Chemical Immobilization of PyNAC architectures on gold surface. (a) Electro-
chemical Polymerization Reaction of PyNAC structures for gold immobilization. (b) Actual Ex-
perimental set-up of the electrocopolymerization of PyNAC architectures. (c) Scheme depicting
the pyrrole electropolymerization solution at zoom-scale within the micropipette tip �xing the
z-axis. (d) Actual SPRi-Biochip with PyNAC probes spotted onto the gold surface.

Finding the best operating angle

The angular scanning of the gold prism coated with the PyNAC substrates was
monitored by the CCD camera which registered several images of each spot at
di�erent incident angles. The software provided an SPRi curve of each probe coated
the surface showing the SPR-dip at the resonance angle (Figure5.6-a). Then, the
de�nition of the working angle Φw is manually �xed close to the maximum slope
(sensitive area for all spots) where the minimum variation of the resonance angle
(δφ) produces a maximum di�erence of re�ectance intensity (δR). At this angle,
the CCD camera reconstructs an entire visual image of the di�erent probes (Region
of interest, ROI) grafted onto the gold layer (Figure5.6-b). This image serves as a
reference for addressing further biomolecular interactions via 2D-di�erential images
response in the gold sensor.

5.4.4 SPRi protocol for the Glycochip Construction by DDI

The speci�c immobilization process of cODN-1 (commercial and XyNAC) over the
grafted ODN-2 target sequences was monitored in real-time by SPRi assays. Prior
ODN immobilization, a solution of blocking bu�er was injected to minimize nonspe-
ci�c interactions. Then, a �rst step of hybridization was carried out using a solution
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Figure 5.6: Real plasmon curve (part a) and glycochip image (part b) obtained from PyNAC
probes prior a SPRi monitoring. This procedure helps to de�ne the working angle and the region
of interests wherein the SPRi monitor re�ectivity values.

of commercial cODN-1 (1µM) in SPRi running bu�er. Non complementary ODN
sequence was con�gured as a negative control. After validation on the chip, a so-
lution of XyNAC (0.5µM) was injected to con�rm the speci�c immobilization of
xyloglucan conjugates on the biochip. Finally, the DNA/DNA binding interactions
were denatured using the regenerating bu�er to remove the cODN-1 probes and
re-use the biochip after each analysis.

5.4.5 SPRi Detection of anchored Xyloglucan probes. LM24
Antibody and AtFUT1 enzyme

Similar procedure was performed for the biomolecular recognition in terms of �ow
rate (50µL/min) and temperature (25 ◦C). Within a �rst stage, 500 nM solutions
of both cODN-1 substrates (unmodi�ed and XyNAC) were speci�cally immobilized
by DDI previously described. The unmodi�ed cODN-1 substrate was de�ned as a
negative binding control. Then, a solution containing an antibody LM24 (1/100)
was injected through the SPRi system to validate the glycochip by monitoring the
accessibility of XyNAC conjugates on the surface. Finally, a regenerating bu�er was
injected to recover the initial con�guration for further analysis.

Likewise, this experimental approach was reproduced to determine the binding
recognition of the AtFUT1 enzyme. Thus, a stepwise hybridization process of
XyNAC substrates (500 nM) were injected and successfully immobilized on the
chip. Then, a solution of AtFUT1 enzyme (400 nM) in running bu�er was injected
on the chip and monitored the re�ectivity variations by SPRi.
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All SPRi data analysis was treated with Origin 9. Each duplicated spot species
was �rstly organized and the values were averaged out and plotted. Then, a subtrac-
tion of the reference signal to the other signals was developed. Finally, a correction
to the zero-baseline was performed to visualize the SPRi curves at the same level
enabling comparative studies.
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5.5 ANNEXE. TABLE OF MASS ANALYSIS

5.5.1 Xyloglucan building-blocks Mass Analysis

Substrate calc found Substrate calc found

N=1 N=4

X=3 4681,7 4679,8

X=0 (M+Na) 1085,3 1083,7 X=4 4843,8 4842,7

X=1 (M+Na) 1247,4 1246,4 X=5 5005,9 5005,1

X=2 (M+Na) 1409,4 1409,2 X=6 5167,9 5167,1

X=7 5329,9 5329,1

X=8 5492,0 5490,8

N=2 N=5

X=5 6050,3 6049,5

X=1 2268,7 2270,1 X=6 6212,3 6211,1

X=2 2430,7 2431,1 X=7 6374,4 6373,1

X=3 2592,8 2593,1 X=8 6536,5 6535,1

X=4 2754,8 2756,6 X=9 6698,5 6697,1

X=10 6860,8 6859,4

N=3 N=6

X=6 7256,7 7254,2

X=2 3475,3 3474,8 X=7 7418,8 7418,2

X=3 3637,4 3637,1 X=8 7580,8 7581,5

X=4 3799,4 3799,0 X=9 7742,8 7743,6

X=5 3961,5 3961,2 X=10 7904,9 7904,6

X=6 4123,5 4123,1 X=11 8067,0 8064,5

X=12 8229,1 8223,3

Table 5.2: MALDI-Tof MS [M+H]+ assignment found for the xyloglucan building-blocks. The
N describes the number of monomeric units (cores) and the X de�nes the number of galactose
molecules within each N structure.
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5.5.2 Oxime ligation

Substrate calc found Substrate calc found

N=1 N=4

X=0 (M+Na) 1301,3 1301,7 X=4 5059,8 5060,8

X=1 (M+Na) 1463,5 1464,2 X=5 5221,9 5222,4

X=2 (M+Na) 1625,6 1626,9 X=6 5383,9 5383,5

X=7 5545,9 5544,4

X=8 5708,0 5703,8

N=2 N=5

X=1 2484,7 2488,0 X=6 6428,3 6428,8

X=2 2446,7 2648,9 X=7 6590,4 6588,1

X=3 2808,8 2811,0 X=8 6752,5 6751,0

X=4 2970,8 2973,6 X=9 6914,5 6916,3

X=10 7076,8 7077,4

N=3 N=6

X=2 3691,3 3691,4 X=8 7796,8 7801,3

X=3 3853,4 3851,9 X=9 7958,8 7960,8

X=4 4015,4 4012,8 X=10 8120,9 8118,8

X=5 4177,5 4174,7 X=11 8283,0 8276,6

Table 5.3: MALDI-Tof MS [M+H]+ assignment found for the xyloglucan-azide reaction prod-
ucts. The N describes the number of monomeric units (cores) and the X de�nes the number of
galactose molecules within each N structure.
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5.5.3 Strain-Promote Azide Alkyne Cycloaddition, SPAAC

XyNAC (ODN-1)

cA sequence cB sequence

Substrate calc. mass found mass Substrate calc. mass found mass

N=3

X=5 12117 12117

X=6 12280 12282

N=1 N=4

X=1 9309 9309 X=4 13000 13002

N=2 X=5 13162 13164

X=3 10677 10677 X=6 13324 13326

X=4 10840 10841 X=7 13486 13488

N=3 N=5

X=3 11722 11724 X=6 14368 14369

X=4 11884 11886 X=7 14530 14532

X=5 12046 12046 X=8 14692 14695

X=9 14854 14857

N=6

X=8 15737 15738

X=9 15899 15901

X=10 16061 16063

X=11 16223 16227

Table 5.4: ESI-MS assignment found for XyNAC reaction products. The N describes the
number of monomeric units (cores) and the X de�nes the number of galactose molecules within
each particular N structure
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5.5.4 PyNAC mass analysis

PyNAC (ODN-2)

A sequence B sequence

calc.mass found mass [a] calc.mass found mass [b]

10833.12 10832.61 10739.13 10738.93

Table 5.5: MALDI-Tof MS assignment of PyNAC architectures products crystallized with HPA
matrix after desalting by NAP-10. [a]∼Calculated exact mass for [M-H]-. [b]∼Calculated exact
mass for [M-H]-
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Figure 5.7: MALDI-Tof MS analysis of the XyG oxime product from 1 to 6 cores functionalized
by the linker aminooxy-TEG-azide.
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6.1 Final conclusions

This multidisciplinary PhD research project was involved in the Glycoscience frame-
work to address the lack of biochemical information related to the glycosyltrans-
ferase enzymes (GT). This family of glycan active enzymes is intimately responsible
for the biological glycosylation process in nature that contributes to the higher
glycome complexity. Therefore, decoding enzyme-glycan binding interactions is of
uttermost importance and priority in the Glycoscience, but yet to be a bottleneck.

To explore the role of this pivotal family of enzymes, we have driven this research
project towards the design of an original approach for the elaboration of a versa-
tile glycochip suitable for SPRi biosensor monitoring. The design of the glycochip
was promoted by the selective immobilization strategy through selective DNA/DNA
hybridization named DNA-Directed immobilization (DDI). Therefore, chemical ap-
proaches were established in order to conjugate the glycan probes with an oligonu-
cleotide architecture forming carbohydrate-oligonucleotide conjugates (COCs). Fi-
nally, SPRi was chosen as a powerful optical detection technique to address real-time
measurements of GT-glycan interactions under native conditions.

In particular, we have been studied throughout this manuscript as a model sys-
tem of GT, a plant cell wall fucosyltransferase enzyme from Arabidopsis thaliana
AtFUT1 involved in the last step of the biosynthetic pathway of the XyG hemicel-
lulose ligand. This speci�c enzyme catalyses the biochemical transfer of a fucose
residue from GDP-β-L-fucose donor to a galactose side-chain acceptor in the XyG
to a�ord an α-1,2-fucosylated linkage.

6.1.1 Chapter 2. Active Expression of a Soluble AtFUT1 enzyme

A common challenge for the expression of this type of enzymes is to assess the e�-
ciency of production and promote the biological folding and activity. We pursued in
the Chapter 2 our �rst approach focused on the heterologous expression of an active
and soluble form of AtFUT1 adapted for a large-scale of cell culture media (Exc-
405). Therefore, a baculovirus-insect cell (High Five�cells) expression system was
used for the suitable production in suspension of a truncated His-tagged AtFUT1
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form to guarantee a proper enzyme folding. This truncated form corresponded to a
recombinant AtFUT1 wherein the �rst 68 aminoacids residues from the N-terminal
were deleted to exhibit enzymatic activity. The �nal production of the soluble form
of AtFUT1 was successfully con�rmed by SDS-PAGE and Western blot detection
after preliminary capture assays using nickel beads resin.

Our second approach was dedicated to the puri�cation process through IMAC. In
particular, the large volume of Exc-405 culture media containing AtFUT1 enzyme in
solution was puri�ed using the HisTrap�Excel nickel chromatography column from
GE Healthcare. As this method relies on the chelating complex formation between
the nickel metal and the histidine sequence, the pH of the culture medium played
an important role for a well-formed binding process. Therefore, the Exc-405 media
was adjusted with a pH up to 7.1 in order to avoid salt precipitation. Furthermore,
the temperature of the culture medium can be determining for the protein stabil-
ity during the puri�cation process, specially for large loading volumes of culture.
Thus, the temperature remained at 4◦C throughout the entire process of AtFUT1
puri�cation. Under our current procedure, the AtFUT1 enzyme was recovered after
three-steps non-isocratic gradient of imidazole elution (5%, 10% and 38%) for 10
minutes each, and concentrated through membrane under centrifugation.

Finally, we have demonstrated the enzymatic activity of the pure AtFUT1 enzyme
using a new bioluminiscent assay from Promega adapted for Leloir-GTs kinetic anal-
ysis. For our enzyme of interest, the GDP-Fucose donor was used as an activated
nucleotide sugar. This GDP-Glo�kit relies on the in situ transformation of GDP
released after the transfer reaction into ATP nucleotide that is further detected
and quanti�ed using a luciferase/luciferin reaction by UV. Therefore, the indirect
monitoring analysis of the light measured was proportional to the fucosylation reac-
tion produced by the AtFUT1 which validate the enzymatic activity. Furthermore,
this bioluminescent platform was used to determine the kinetic parameters of the
enzyme based on the proportionality between the light readout and the reaction
rate (δGDP/δt) at di�erent concentration of the nucleotide donor. Overall, this
technique o�ers a universal bioluminescent assay to measure most of the Leloir-GTs
transfer activity or GT inhibition screening at low concentration of enzyme.

6.1.2 Chapter 3. Chemical Preparation of Architectures I and II
towards the Glycochip Construction

After producing an active and soluble AtFUT1 enzyme, we focused our e�orts to
the initial preparation of the main partners involved in the XyG-based glycochip
fabrication. In this sense, the Chapter 3 pursued the creation of starting materials
containing complementary ODN structures highly motivated towards the original
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glycochip elaboration via DDI strategy. For that purpose, this chapter entailed
chemical approaches to prepare a pairing architectures bearing complementaries
ODN sca�olds (ODN-1 and ODN-2):

− Architecture I. Comprise the chemical conjugation of XyG building-blocks
and ODN-1 sca�old to form COCs.

− Architecture II. Comprise an ODN-2 sca�old chemically modi�ed by a pyr-
role functional group for further grafting purposes.

The �rst approach encompassed a synthetic design committed to the development
of COCs to de�ne the XyNAC architecture. Thus, a set of XyG building-blocks was
obtained after an enzymatic digestion process optimized for the XyG polymer using
an endo-cellulase (β-1,4-D-glucanase). As a result, XyG products from 1 to 6 cores
were successfully puri�ed by SEC and characterized by MALDI-Tof MS. Then, the
chemical ligation of XyG and ODN compounds was carried out in two chemoselec-
tive reactions steps through a speci�c linker in between bearing dual functionali-
ties to form the hybrid products. On the one side, an aminooxy group promoted
the formation of the oxime ligation via reducing-end from the XyG building-block.
This reaction yielded a XyG-linker compound puri�ed by SEC and characterized
by MALDI-Tof MS. The other side of the linker was de�ned by an azide group to
facilitate the SPAAC reaction with a cyclooctyne-ODN derivative. The presence of
the ODN sca�old allowed the proper puri�cation and UV monitoring of the XyNAC
compounds by RP HPLC with further characterization by LC-MS. Regarding the
PyNAC architecture, a pyrrole group was successfully added to an ODN sca�old
via activated ester coupling. Likewise, this architecture was puri�ed by RP HPLC
monitoring the UV absorbance readout through the ODN structure and character-
ized by MALDI-Tof MS.

Finally, the ODN entity from both architectures allowed the gel monitoring via
DNA electrophoresis as a quality control prior hybridization. As a result, RP HPLC
eluted conjugates were con�rmed as pure compounds. Nevertheless, some commer-
cial starting materials were not entirely pure and could have alter the �nal reaction
yield. Besides, evaluation of the melting temperature (Tm

◦) in solution determined
a typical hybridization process with no interference from the XyG side.

Based on our results, the conjugation of complex plant oligosaccharides onto ODN
sca�olds through chemoselective reactions can o�er a potential access to the forma-
tion of similar glycoconjugates with di�erent oligosaccharide. Furthermore, we have
demonstrated the huge contribution of having an oligonucleotide structure in con-
jugation to the polysaccharide. This staggering biomolecule modi�es the chemical
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properties of the glycoconjugate compound enabling the UV detection to enhance
the puri�cation and quanti�cation step that otherwise would entail di�culties.

6.1.3 Chapter 4. XyG-based glycochip by DDI approach using SPRi

All partners previously obtained come together in this Chapter 4 towards the con-
struction of a XyG-based ODN glycochip and further AtFUT1 preliminary results
monitored by SPRi. Therefore, the architecture II was directly immobilized on the
gold surface via electrocopolymerization of pyrrole structure in a de�ned pattern
prior glycochip validation.

In our �rst approach then, the COCs were selectively hybridized on-chip upon
the immobilized complementary ODN structure by the DDI approach. The selec-
tive hybridization was con�rmed and monitored by SPRi assays in real-time and
without any label. This �ndings were consistent with DNA electrophoresis gel as-
says developed in solution. Furthermore, an optical biorecognition assay by SPRi
using LM24 antibody validated the characterization and the ability to interact of
XyG probes on the glycochip. Although only two di�erent ODN sequences were
studied, these results con�rmed the simultaneous analysis of immobilized glycans
on the biochip.

Finally, an activity test of AtFUT1 over time were performed against the XyG
building-blocks and COCs prior SPRi detection. MALDI-Tof MS �ndings revealed
a fucosylation transfer upon both substrates in solution and con�rmed an active At-
FUT1 enzyme for XyG binding recognition. We performed some very preliminary
SPRi assay for the study of the interactions between the immobilized XyG probes
and AtFUT1 enzyme. Although the glycosyltransferase exhibited a SPRi binding
response with the XyG probes, the interaction was maybe non speci�c and further
experiences need to be reproduced and optimized to tackle this conclusion.

Once again, we have to highlight the pivotal role of the ODN as a driving force in
the selective immobilization of glycan structures on solid support (gold in our case).
Moreover, the noncovalent interactions between ODN strands allow the reversibility
of the hybridization to recover the interacting product as well as the subsequent
reuse of the glycochip.

6.2 Future Perspectives

This ambitious project can be scoped at various future perspectives depending on
the scienti�c demand and be adapted to di�erent biorecognition probes. However,

156



6.2 Future Perspectives

our PhD approach envisions in a long term strategy, the standardization of a poten-
tial high-throughput screening tool for Glycoscience to characterize novel putative
GTs, detect transferase activities or identify new GT glycan acceptors in real-time
monitoring by SPRi methodology. The compatibility of our glycochip for SPRi as-
says can contribute in the interrogation of di�erent carbohydrate probes (modi�ed
and nonmodi�ed glycans) to investigate biochemical processes such as glycan biosyn-
thesis, recognition or competence interactions in real time with no need of labelling
step. This glycochip might be also combined and compatible with a MALDI-Tof
MS analysis directly on the chip after the SPRi measurements.

Some achievements have been developed in di�erent scienti�c domains to con-
tribute positively in the conception of SPRi glycoarray. Thus, in the biological
domain, our procedure, motivated from Ciceron et al.,44 for the expression and pu-
ri�cation of the AtFUT1 enzyme could also be adapted for the production of new
GTs under heterologous expression. Moreover, the enzymatic digestion that we op-
timized for the XyG polymer might serve as a reference in further treatments of
analogue structures (cellulose, pectin, xylan, arabinoxylan etc) towards the study
of physico-chemical properties or glycan binding interaction monitoring.

Then, within the chemistry domain we provided a versatile approach for the
chemoselective conjugation, puri�cation and characterization of plant oligosaccha-
rides bearing an ODN structure. Our original idea was to proceed a bottom-up
approach and steer this concept towards the construction of any COCs combination
for the attachment of these glycoconjugates by DDI approach.

Finally, within the physics domain we validated the conception of DDI approach
for the construction of glycochips by SPRi assays. This powerful strategy might
o�er a potential scope for the multiplexed array by displaying a diverse combina-
tion of COCs simultaneously on the chip simply by modifying the ODN sequences.
Therefore, the consistent DNA glycoarray can be an attractive approach for the
high-throughput screening of new GT binding events by SPRi detection.

In particular for our project, a very preliminary interaction assay was performed
with the AtFUT1 enzyme with no conclusive results. Therefore, the future per-
spectives in this matter might be orientated to the optimization of critical param-
eters such as AtFUT1 concentration, �ow rate, detection limit or mass transport
e�ect. Furthermore, this project pursues the direct monitoring of enzymatic trans-
fer activity of AtFUT1 enzymes in SPRi experiments. Either in complex with the
GDP-fucose donor or in a stepwise addition, the AtFUT1 transfer reaction will be
detected in real-time directly on the glycochip via fucose-binding lectin (Ralstonia
solanacearum, RSL). The versatility of the DNA/DNA hybridization will allow the
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cleavage of the noncovalent interaction (either selective with restriction enzymes or
nonselective with denature compounds) for further analysis by mass spectrometry.

The extension of our glycochip design can also be exploited as a powerful screen-
ing tool for the identi�cation of Leloir-GTs or glycosidases enzymes inhibitors with
potential applications from pathogen binding to cancer and drug discovery, similarly
to other scienti�c research.203�206 Likewise, this study might be extended to the in-
terrogation of other important glycan-binding proteins like lectins. This family of
proteins plays also a central role in the glycan recognition and biochemical identi�-
cation to steer a bit further toward a better understanding of the glyco-code mystery.

Complementary techniques can also be accepted in the evaluation of GTs activity.
The ITC is a nice example to be explored using the di�erent sizes of XyG already
obtained in this thesis project. Also, this technique can be exploitable in terms
of kinetic evaluation approaches to provide full comprehension about the enzyme
activity parameters.

Reproducing the statement of Emil Fisher lecture (Nobel Prize in Chemistry,
1902) and one of the pioneer scientist in the world of carbohydrates said207 ...

Herman Emil Fischer

" ... the chemical enigma of Life will not be solved 
until organic chemistry has mastered another, 

even more difficult subject, the proteins,
 in the same way as it has mastered the 

carbohydrates."

Herman E. Fisher

Nobel Prize 1902

The ironic point is that he never knew that nowadays carbohydrates have become
one of the central piece of the Life's puzzle to be deciphered.

Hopefully, my research work through this doctoral manuscript involved in a mul-
tidisciplinary domain at the interfaces between biology, chemistry and physics will
favourably contribute and encourage further studies that help to the comprehension
of this fascinating world of sugars.
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