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FOREWORD

This work was supervised by Dr Anne Harduin-Lepers
Within the Structural and Functional Glycobiology Unit (UGSF),
Mixed Research Unit (UMR) 8576 - National Center for Scientific Research (CNRS),

Located at the University of Lille in France and currently headed by Pr Yann Guérardel.

This thesis benefited from several financial supports from a grant from the French Ministry of
Higher Education and Research (MESR), co-funding from the Hauts-de-France region. The work
resulting from this thesis has been published in international scientific journals and presented as

oral communications and posters during scientific meetings.

AVANT-PROPOS

Ce travail a été encadré par le Dr Anne Harduin-Lepers
Au sein de 1'Unité de Glycobiologie Structurale et Fonctionnelle (UGSF),
Unité Mixte de Recherche (UMR) 8576 - Centre National de Recherche Scientifique (CNRS),

Basée a I’'Université de Lille en France et actuellement dirigée par le Pr Yann Guérardel.

Cette thése a bénéficié de plusieurs soutiens financiers provenant d'une allocation du Ministére de
I’Enseignement Supérieur et de la Recherche (MESR), d'un co-financement de la région des
Hauts-de-France. Les travaux résultant de cette thése ont été publiés dans des journaux
scientifiques internationaux et présentés sous forme de communications orales et posters au cours

d’éveénements scientifiques.
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SUMMARY

In contrast to humans that generate only a single type of polymer consisting of a2,8-linked N-
acetylneuraminic acid polyNeuSAc, fishes are able to generate a wide range of different polysialic
acids varying according to teleosts order (Salmoniformes, Cypriniformes, ...). While two human
poly-a-2,8-sialyltransferases ST8Sia II and ST8Sia IV are responsible for polyNeu5Ac synthesis
onto a limited number of glycoproteins, the fish biosynthetic machinery leading to the polySia
biodiversity is currently not known. Indeed, phylogenetic studies of the o2,8-sialyltransferases
ST8Sia revealed a particular distribution of fish polysialyltransferases compared to their human
homologs. Three polysialyltransferase genes st8sia4, st8sia2-rl and st8sia2-r2 were identified in the

salmonids genome that could be involved in the biosynthesis of these polySia.

During my PhD, I engineered soluble and tagged polysialyltransferases from the salmonid
Coregonus maraena by molecular cloning and produced these recombinant enzymes in the cell
culture medium of transiently transfected mammalian cells. In parallel, I have chemo-
enzymatically synthetized CMP-Neu5Ac, CMP-Neu5Gc and CMP-Kdn activating the three main
sialic acids reported in vertebrates (i.e. NeuSAc, Neu5Gc and Kdn) to use them as natural donor
substrates in sialylation reactions. I have also prepared various acceptor substrates as well as a
functionalized sialic acid donor with a small alkyne group (i.e. CMP-SiaNAl) which allow
bioorthogonal click-chemistry approaches. Using these specific biosynthetic tools and the recently
developed MicroPlate Sialyltransferase Assay (MPSA), 1 optimized polysialylation assay
conditions (temperature, pH, time-course) and compared enzymatic activities of the fish and
human enzymes. Notably, I achieved the biochemical characterization of the fish ST8Sia IV on
MPSA, demonstrated its preferential activity onto known acceptor substrates for the human
polysialyltransferases like NRP-2 and DNAse I and on other acceptors like PSGP, orosomucoid,
BSM and ALCAM. Notably using ALCAM on MPSA, I determined kinetic parameters for the

human and coregone ST8Sia IV showing differences of affinities towards CMP-SiaNAl.



Then, I carried out polysialylation reactions with CMP-Neu5Ac, CMP-Neu5Gc and CMP-
Kdn in cell-free and cell-based assays and structural analyses of polysialylated products using the
anti-polySia monoclonal antibody 735 (mAb735) and endoneuraminidase-N (endoN). I could
demonstrate unique substrate specificities of the fish enzyme compared to its human homologue.
I showed that C. maraena ST8Sia 1V is of particular interest to modify glycoproteins with notable
differences in substrates recognition to generate in vitro and cell surface polymers made up of

Neu5Ac, Neu5Ge and Kdn.

In an effort to understand how this polysialylation pathway is regulated in vertebrates,
influence of autopolysialylation was studied. As reported for mammalian polysialyltransferases, I
have also shown that autopolysialylation is possible for the fish ST8Sia IV but is not essential for

its catalytic activity.

Finally, modeling of the 3D structure of polysialyltransferases using AlphaFold was initiated
and has revealed disordered loops and specific amino-acid changes in conserved sialylmotifs, PBR
and PSTD motifs. These structural differences between human and salmonid polysialyltransferases
might be involved in potential dimeric interactions, flexibility of the catalytic domain and could

explain the enzymatic specificities of salmonid polysialyltransferases.

These studies shed light on structure-function of vertebrate polyST and paved the way for the
synthesis of innovative polySia-based materials which will be combined to antimicrobial

biomolecules for the development of novel bioactive surfaces in the future.

Keywords : Polysialylation, polySia, sialyltransferases, ST8Sia, CAZy GT-29, recombinant
proteins, polysialylated glycoproteins, enzymatic specificities, vertebrate evolution, click-

chemistry, mAb735, endoN, glycobiology.



RESUME

Contrairement aux humains qui ne générent qu'un seul type de polymere constitué d'acides N-
acétylneuraminiques liés en a2,8, les poissons sont capables de générer une large gamme d'acides
polysialiques variant selon l'ordre des téléostéens (Salmoniformes, Cypriniformes, ...). Alors que
deux poly-a-2,8-sialyltransférases humaines ST8Sia II et ST8Sia IV sont responsables de la
synthése de polyNeu5Ac sur un nombre limité de glycoprotéines, la machinerie de biosynthese des
poissons conduisant 4 la biodiversité de polySia n'est actuellement pas connue. En effet, des études
phylogénétiques des ST8Sia ont révélé une distribution particuliere des génes de polyST de poisson
par rapport a ceux humains. Trois genes de polyST st8sia4, st8sia2-rl et st8sia2-r2 ont été identifiés

dans le génome des salmonidés et pourraient étre impliqués dans la biosynthese de ces polySia.

Au cours de mon doctorat, j'ai congu des polyST solubles et étiquetées du salmonidé Coregonus
maraena par clonage moléculaire et j'ai produit ces enzymes recombinantes dans le milieu de culture
de cellules de mammifeéres transitoirement transfectées. En paralléle, j'ai synthétisé chimio-
enzymatiquement du CMP-Neu5Ac, CMP-Neu5Gc et CMP-Kdn, a partir des trois principaux
acides sialiques rapportés chez les vertébrés (i.e. Neu5Ac, Neu5Gec et Kdn), pour les utiliser comme
substrats donneurs naturels dans les réactions de sialylation. J'ai également préparé divers substrats
accepteurs ainsi qu'un donneur d'acide sialique fonctionnalisé avec un alcyne (i.e. CMP-SiaNAI)
pour des approches bioorthogonales de chimie-clic. En utilisant ces outils de biosyntheése
spécifiques et le test MPSA récemment développé, j'ai optimisé les conditions des essais de
polysialylation (température, pH, durée) et comparé les activités des enzymes de poisson et
humaines. J'ai notamment réalisé la caractérisation biochimique de ST8Sia IV de poisson en
MPSA, démontré son activité préférentielle sur des substrats accepteurs connus pour les polySTs
humaines (NRP-2 et DN Ase I) et sur d'autres accepteurs (PSGP, orosomucoide, BSM et ALCAM).
Notamment en utilisant ' ALCAM en MPSA, j'ai déterminé les paramétres cinétiques des ST8Sia

IV humaine et de corégone et montré leurs différences d'affinités envers le CMP-SiaNAl.



Ensuite, j'ai effectué des réactions de polysialylation avec du CMP-Neu5Ac, CMP-Neu5Gc et
CMP-Kdn dans des essais in vitro et cellulaires suivis d’analyses structurales de produits polysialylés
en utilisant l'anticorps monoclonal anti-polySia 735 et I'endoneuraminidase-N. J'ai pu démontrer
des spécificités de substrat uniques de I'enzyme de poisson par rapport a son homologue humaine.
J'ai montré que C.maraena ST8Sia IV présente un intérét particulier pour modifier les
glycoprotéines avec des différences notables dans la reconnaissance des substrats pour générer des

polymeres in vitro et de surface cellulaire composés de NeuSAc, Neu5Gc et Kdn.

Afin de comprendre comment cette voie de polysialylation est régulée chez les vertébrés,
l'influence de l'autopolysialylation a été étudiée. Comme rapporté pour les polyST de mammiferes,
j'ai également montré que l'autopolysialylation est possible pour ST8Sia IV de poisson mais n'est

pas essentielle a son activité catalytique.

Enfin, la modélisation de structure 3D de polyST a été initiée a I'aide d'AlphaFold et a révélé
des boucles désordonnées et changements d'acides aminés dans les sialylmotifs conservés et les
motifs PBR et PSTD. Ces differences de structure entre polyST humaines et de poisson pourraient
étre impliquées dans des interactions dimériques potentielles, une flexibilit¢ du domaine
catalytique et pourraient expliquer les spécificités enzymatiques des polyST de poisson.

Ces études ont mis en lumiére la structure-fonction des polyST de vertébrés et ouvrent la voie a la
synthése de matériaux innovants polysialylés qui seront combinés a des biomolécules

antimicrobiennes pour le développement de nouvelles surfaces bioactives a l'avenir.

Mots-clés : Polysialylation, polySia, sialyltransférases, ST8Sia, CAZy GT-29, protéines
recombinantes, glycoprotéines polysialylées, spécificités enzymatiques, évolution des vertébrés,

chimie-click, mAb735, endoN, glycobiologie.



PREAMBLE

All life on Earth is composed by four types of macromolecules which are nucleic acids,
lipids, proteins and carbohydrates. Also known as sugars or glycans, carbohydrates are the most
abundant biological molecules on Earth, the main components of our diet and energy sources, and
are essential building blocks present in every single cell in prokaryote and eukaryote organisms.
Glycoscience, the science of carbohydrates, was considered as a lagging science until the 2000’s
due to the extraordinary complexity and diversity of existing glycans and a lack of tools and
informations dedicated to their studies.

Although still difficult to study, glycoscience is now recognised worldwide as an emerging
area since these two last decades with many governments, scientific societies and researchers which
contribute to the spread and increase of glycoscience knowledge worldwide. Thanks to this
scientific breakthrough, more and more scientific literature strengthen the idea that glycans are not
only « sugars » as sucrose but could be considered as very complex macromolecules with a great
structural diversity due to their conformation, anomery, linkage, size and chain lengths, physico-
chemical properties, heterogeneity and their association to proteins, lipids or nucleic acids.

Glycans of glycoconjugates are key elements involved in many physio-pathological
processes as modulation of cell-cell communication, helping sperm to recognize eggs during
fertilization and host-pathogens interactions and for other striking examples such as ABO blood
groups and glycan-based biomarkers, heparin polysaccharide in medicine, considered as a new
hallmark of cancer when disregulated, in genetic diseases such as Congenital Disorders of
Glycosylation (CDGs) or pathologies like in diabetes. Even R&D glycobiotechnology companies
increased their glycomics markets to meet the social challenges as examples of the increasing use
of cellulose in plants and hyaluronic acid, which is a glycosaminoglycan, and their bioindustry and
biopharmaceutical applications in textile and in cosmetic, human milk oligosaccharides (HMO)
with prebiotic properties or production of glycoengineered proteins and development of glycan-

based vaccines, glycomimetics and antibodies with high specificites and enhanced properties.



These many challenges and perspectives encouraged me to achieved my thesis in health
and biology, biochemistry and in glycoscience discipline. My scientific doctoral thesis work was
done in our french monothematic unit focus on glycosciences, the UGSF lab (UMR 8576), to gain
insights into structure/function relationships of glycans. Especially, within the “regulation of
terminal glycosylation team”, our research topics are based on the fundamental mechanisms
controlling terminal glycosylation in light of evolution in order to better understand its
functional importance in Metazoa. We study terminal glycosyltransferases (GTs), the enzymes
responsible for glycosylation, using integrative approaches with genomics and functional genomics
and combining them with biochemical and cellular tools to have a better understanding of how
changes in expression and function of GTs during evolution have influenced the diversification of
animal species and the development of human diseases.

This thesis manuscript is divided into four chapters: a bibliographic introduction including
references on glycosylation, sialic acids and sialylated structures, their biological roles and
diversity. Then, I focused more precisely on polysialic acids (polySia), their diversity and
importance in biology and I continued highlighting the enzymes responsible for sialylation : the
sialyltransferases. After describing more particularly a2,8-polysialyltransferases, I concluded this
first part indicating the different tools currently used to study sialyltransferases and
sialoglycoconjugates which led me to established my thesis objectives.

The second chapter is dedicated to the results obtained during my three years-thesis.
Starting from the identification of a particular distribution of polysialyltransferase genes and
polysialylation status in salmonid species in comparison to human, my thesis work was to clone,
produce and characterize these sialyltransferases, in order to define their enzymatic activities and
distinct specificities and to study polysialylated products formed with the use of own-produced
enzymes, modified sugars donors and acceptors.

Then in the penultimate part, I discussed the results obtained, the contribution and
perspectives of this work in the glycoscience field. The last part of this manuscript is dedicated to

the technical strategies and materials used for the results obtained during my thesis.



At a personal level, this thesis gave me a lot on different aspects. I started to study terminal
glycosylation out of curiosity and interest on sialyltransferases in terms of enzymatic activity and
evolution since my Master. I realized the opportunity to use various approaches ranging from cell
biology, molecular biology, biochemistry, chemistry and bioinformatic strategies, adapting
molecular tools and organizing my ideas to answer biological and fundamental questions. I had
the possibility to participate and present my research work in many international congresses, to
travel and meet fascinating researchers actively involved in progress for glycosciences. I've done
internship in our collaborator lab in Germany, I was involved in other scientific projects in the
group as described in my results part and I've done teaching and supervision of students with
passion and enthusiasm to conclude finally that this experience was a great human adventure with

a social connection and scientific emulation.
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BIBLIOGRAPHIC INTRODUCTION

I. GLYCOSYLATION AND GLYCANS

A. MONOSACCHARIDES

Monosaccharides are the simplest basic units assembled to form carbohydrates. These essential
building blocks are present in every single cell in prokaryotes and eukaryotes and represent the
most abundant class of biological molecules on Earth. With a general molecular formula of
C.(H20),, monosaccharides exist in a linear and cyclic forms in solution and have a D or L
configuration determined by the absolute configuration of the asymmetric carbon atom in C-4 for
pentoses and C-5 for hexoses, where n = 5 or 6 respectively (Fig. 1A). However, the most common
monosaccharides found in Vertebrates, with the exception of L-Fucose, have D configuration as
for D-Glucose, D-Mannose, D-Galactose and sialic acids. They adopt a pyranose or furanose cyclic

form, both o and 8 anomers depending on C-1 epimerization (Fig. 1B).

A 1 B C
CHO
H—2—OH
HO—31—H .
OH
H—4—OH
5
H———1—0H . -
a-pyranose form B-pyranose form Filled Circle for Hexose
6 Blue for Glucose
CH,0OH

Figure 1: Various representations of Glucose, the most abundant monosaccharide on Earth. Represented
according (A) Fischer projection in linear form where D configuration is established in C-5 (red), (B) Chair
conformation of Haworth projection with a- and B-pyranose cyclic forms of the monosaccharide depending
on the C-1 epimerization (red) in solution. Ring is fill with blue color according to (C) SNFG nomenclature

and filled circle representation for hexose adopted by the glycoscientists community (Varki ez al., 2015a).

Following the rise of glycosciences in the beginning of this century, a Symbol Nomenclature
for Glycans (SNFG) was adopted definitely adopted by the community in 2015 and regularly

updated (available at: https://www.ncbi.nlm.nih.gov/glycans/snfg.html) to standardize and

simplify the drawing glycan structures using symbol as described for the Glucose (Fig. 1C). These


https://www.ncbi.nlm.nih.gov/glycans/snfg.html

symbols differ according to shapes as filled circle, square, triangle or diamond for hexose,
hexosamine, deoxyhexose or 3-deoxy-nonulosonic acids respectively and according to colors as
blue for Glucose, green for Mannose, yellow for Galactose, red for Fucose and/or Sialic acids

family for the most common monosaccharides found in Vertebrates.
B. GLYCANS, AND GLYCOCONJUGATES

Associated to each other by glycosidic linkages, monosaccharides constitute complex
macromolecules with a great structural diversity due to their conformation, anomery, linkage, size
and chain lengths (di-, oligo- and poly-saccharide if their residues numbers are 2, between 2 and 20
or more than 20 respectively), physico-chemical properties, heterogeneity at different level
(molecular, cellular, organisms) and either free or associated to form glycoconjugates with proteins
or lipids. Indeed, glycoconjugates are composed of a glycan part, with the monosaccharides
building blocks, associated either with a lipid to form glycolipids, with an asparagine (Asn), a
serine/threonine (Ser/Thr) or a tryptophane (Trp) of a protein to form N-glycosylproteins, O-
glycosylproteins or C-mannosylated proteins or even ribonucleic acids (RNA) to form the recently
discovered glycoRNAs (Flynn ez al., 2021).

Essential for life, glycosylation is the enzymatic process by which a carbohydrate is covalently
attached to a functional group of another molecule to form a glycoconjugate. Glycosylation is
considered as the most complex co- and post-translational modification of proteins (>50% of all
eukaryotic proteins) through the large number of key actors involved in all enzymatic steps. In
parallel to amino acids, proteins and lipids, carbohydrates and glycosylation contribute to explain
the enormous dynamic biological complexities of diverse organisms. One of the most striking
examples is that the surface of any cell is decorated with a coat of glycoconjugates called glycocalyx
and that there is no life without glycosylation (Varki et al., 2011).

Glycoconjugates are extremely important for cellular life as supporting the molecular dialogue
between cells (Varki, 2017). Involved in several crucial processes of cell mechanisms, glycosylation
affects key protein functions, including folding, stability, solubility and immunogenicity. Likewise,

glycans of glycoconjugates are also key elements involved in many physio-pathological



processes such as modulation of cell-cell communications, helping sperm to recognize eggs during
fertilization, in host-pathogens interactions (Varki and Lowe, 2009). Glycosylation is considered
as an evolutive mechanism which generate new structures without alteration of genetic
information. The great diversity of glycoconjugates found in vertebrates results from a great
complexity in the organization, composition and nature of the glycan structures formed. Notably,
through their great potential for structural diversity, membrane surface glycans allow cells to escape
pathogens. The Red Queen concept adapted by Pr A. Varki (Varki, 2011) illustrates their
importance in host-pathogen interactions: during evolution, the host cell modifies its glycan
epitopes (glycotopes) to escape a pathogen while the pathogen constantly adapts its glycome to
recognize the host cell. Moreover, these glycotopes are recognized in most chronic and infectious
diseases by receptors on the surface of bacteria, viruses and cells of the immune system (Nizet and

Esko, 2009).

II. BIOSYNTHESIS OF GLYCOCONJUGATES

During their biosynthesis, glycoconjugates undergo a cascade of processes, where a multitude
of enzymes, cofactors and donor substrates are involved in various cell compartments essential to
their functions in cells. Particularly, N-glycosylation, described below, is crucial for the good
structural conformation and function of N-glycosylproteins in cells (Figure 2).

This part of chapter will describe the glycosylation precursors and transporters required to
initiate glycosylation pathways and will focus on the three major glycosylations that I was
interested in my thesis: N-glycosylation, “mucin-type” O-glycosylation and gangliosides, a specific
glycosylation which occurs on lipids (Figure 2). Nevertheless, many other glycosylations exist
(Schjoldager et al., 2020) such C-mannosylation, GPI-anchored proteins or 10 other types of O-
glycosylation like O-GlcNAcylation mainly associated with emerging mechanism in cancer (El
Yazidi-Belkoura and Lefebvre, 2022) or other glycosylation processes involved in polysaccharides

chains synthesis with hyaluronan, glycosaminoglycans and also proteoglycans.
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Figure 2: Simplified representation of the glycosylnucleotides and the three types of glycosylation
developped below. N-, O-glycosylation on proteins and glycosylation on lipids are represented through their
different processes of initiation, elongation and maturation occuring in the various cell compartments. To be
noted in vertebrates, sialic acids are mainly activated in the nucleus by the CMP-Sialic acid Synthase (CSS)
to form CMP-Sia. ER : endoplasmic reticulum ; TGN : Trans-Golgi Network ; Cer : Ceramide ; PPi :
inorganic pyrophosphate ; Dol-P LLO : Dolichol-Phosphate Lipid-Linked Oligosaccharide.

A. NUCLEOTID SUGAR DONORS

To be associated on glycoconjugates, monosaccharide precursors have to be imported from
intracellular or external sugar sources (Freeze and Elbein, 2009), recognized and transported to
different compartments with specific transporters for their activation and transfer (See Chapter III-
B for Sialic acid transporters description). Most organisms can metabolize their own
monosaccharides from diet or from recycling after a glycan degradation in the lysosomes. The main
glycosyl-nucleotides for vertebrates are UDP-a-D-GIcNAc, UDP-a-D-Glc, GDP-a-D-Man, UDP-
a-D-Gal, UDP-a-D-GalNAc, GDP-B-L-Fuc and CMP-B-D-Neu5Ac (Fig. 2). All glycosyl-
nucleotides are activated in the cytosol except for CMP-Sialic acid (CMP-Sia) which is activated
in the nucleus by the CMP-Sialic acid synthase (CSS) (Figure 2). Furthermore, only sialic acid is
associated with a nucleotide monophosphate among all the monosaccharides in vertebrates

(Miinster-Kiihnel et al., 2004). After activation, nucleotid sugar donors are recognized by specific



glycosyltransferases located in the ER and in the different compartments of the Golgi apparatus to

catalyze the transfer of their monosaccharide onto the nascent glycoconjugate.

B. BIOSYNTHESIS OF N-GLYCOSYLPROTEINS

N-glycosylation occurs on a majority of glycoproteins with a common core structure Manal-
6(Manal-3)Manf1-4GIcNAcB1-4GIcNAcB1-Asn. This structure could be completed up to 5
antennae leading to three types of N-glycans: oligomannose type only composed of Man residues,
complex type constituted with Galf1-3/4GlcNAcf1-R lactosamine type 1/2 motif and hybrid
which is a mix of both.

Initiated in the Endoplasmic Reticulum (ER) with dolichol phosphate (Dol-P) coming from
farnesyl-pyrophosphate (FPP) of the mevalonate pathway, the synthesis of N-glycan core involves
a succession of specific glycosyltransferases, the enzymes of glycosylation. Oriented firstly to the
cytosolic side until MansGlcNAc,-P-P-Dol structure (Table 1A), the synthesis of Lipid Linked-
Oligosaccharide (LLO) continues after translocation into the ER lumen with a myriad of
glycosyltransferases which uses Dol-P-Mannose and Dol-P-Glucose as donor substrates to

synthesize the Glc;ManyGlcNAc,-P-P-Dol structures, named LLO (Table 1B).

Table 1: Reticular initiation for the N-glycans biosynthesis. Following successive actions of
glycosyltransferases onto Dol-P (A), LLO was generated (B) and its transfer catalyzed by the
oligosaccharyltransferase (OST) onto an amino acid sequence. Then, ER quality control system (C) is
checkpoint and lead to the transport towards Golgi apparatus if the glycoprotein is well-folded (D).
Nomenclature for glycosyltransferase name is used according to the Human Gene Organization (HUGO)
(Eyre et al., 2006).

Substrate donor Glycosyltransferase name Structure formed

A. ER membrane with cytoplasmic orientation

DOLK Dol-P
GleNAc-1-P DPAGT! GlcNAc-P-P-Dol
UDP-GIcNAc ALGI13/ALGl4 GlcNACc,P-P-Dol
ALGI1 Man;GlcNACc,P-P-Dol
GDP-Man ALG2 Man,GlcNACc,P-P-Dol
ALGI11 Man;GlcNAc,P-P-Dol

B. Translocation with lumen orientation in ER membran




ALG3 MangGlcNACc,P-P-Dol

Dol.P-M ALG9 Man,;GlcNAc,P-P-Dol
oF-Van ALG12 MansGIlcNAc,P-P-Dol
ALG9 ManyGlcNAc,P-P-Dol
ALG6 GlciManyGlIcNAc,P-P-Dol
Dol-P-Glc ALGS Glc;ManyGlecNAc,P-P-Dol
ALGI10 Glc:MangGlcNAc,P-P-Dol (LLO)
Glycosylation enzymes Structure formed
C. ER membrane with lumen orientation
OST complex GlcsManoGIlcNAc-Asn
MOGS and GANAB/PRKCSH GlciManyGIcNACc,-Asn
GANAB/PRKCSH ManyGIcNACc-Asn
Checkpoint with CANX/CALR
MAN1BI1 MangGlcNACc-Asn

D. Transport towards Golgi apparatus through ER-to-Golgi secretion pathway

Uncorrect folding of glycoprotein is supported by the ER quality control system with the
soluble UDP-Glucose:glycoprotein glucosyltransferase (UGGT), Glucosidase II with its two
subunits GANAB and PRKCSH and the calnexin/calreticulin (CANX/CALR) cycles (Table 1C).
Misfolded glycoproteins have their glycan part firstly degraded by MAN1B1 and successive actions
of EDEM1/2/3 and are translocated onto cytoplasm which lead to their poly-ubiquitinylation and
proteasome degradation through the ERAD complex (Parodi et al., 2014).

If there is correct folding, ER Alpha 1,2-Mannosidase (MAN1B1) removes a Man residue and
the glycoprotein follows the ER-to-Golgi secretion pathway to be maturated in the Golgi apparatus.
Leaving ER compartment by anterograde traffic, glycoproteins are transported through vesicles
formed by COP II coat to the Golgi apparatus (Table 1D). Then, they are maturated by sequential
enzymatic actions of glycosidases and glycosyltransferases in the different cis-/median-/trans-golgi
compartments (Table 2A,B,C). Moreover, the cisternal organization of the Golgi apparatus is
probably the main factor ensuring the sequential enzymatic process, particularly with Conserv
Oligomeric Golgi complex (COG) (Reynders ez al., 2011) to form hybrid and complex types N-

glycans with terminal monosaccharides as sialic acids or fucose (Fig. 2).



Table 2: Golgi maturation of N-glycans. N-glycosylproteins are matured in the Golgi apparatus through
successive actions of glycoside hydrolysases and glycosyltransferases in the three different (A) cis-, (B)

median- and (C) trans-Golgi compartments. HUGO nomenclature is used for enzymes name.

Substrate .
Glycosylation enzymes Structure formed
donor
A. Cis-Golgi compartment
- MANI1A1/A2/C1 MansGIlcNAc-Asn
UDP-GIcNAc MGATI1 GIcNAc;MansGlcNAc;-Asn
B. Median-Golgi compartment
- MAN2A1 GlcNAc;Man;GIlcNAc,-Asn
MGAT?2 GlcNAc;Man;GIlcNAc,-Asn
UDP-GIcNAc MGAT4A/B GlcNAcsMan;GlcNAc-Asn
MGATS GlcNAcsMan;GlcNAc,-Asn
GDP-Fuc FUTS GIcNAc:Man;(Fuc;)GlcNAc-Asn
C. Trans-Golgi compartment
UDP-Gal Galactosyltransferases Gal,GlcNAc,GalsGlcNAcsMan;
UDP-GIcNAc  N-acetyl-glucosaminyltransferases (Fuci)GIcNACc:-Asn
: : Neu5Ac:Gal,GIcNAc,Galy
MP- Iyl fe
¢ Sia Stalyltransferases GlcNAcsMans(Fuci))GIcNAc;-Asn
GDP-Fuc Fucosyltransferases NeuSAco;Gal,GleNAc,Gal,(Fuc,)

GlcNAcsMans(Fuc))GIcNAc;-Asn

In summary, N-glycosylation leading to well-folded N-glycosylproteins is a pathway extremely
complex and dependent of cell compartments, transporters and all these glycosylation enzymes
and their enzymatic activity, availability of donor and acceptor substrates and all the other actors
like cofactors involved in the glycosylation machinery.

C. BIOSYNTHESIS OF MUCIN TYPE O-GLYCANS

In contrast to N-glycosylation which is initiated in the ER with Dol-P and LLO transfer onto
nascent protein, mucin type O-glycosylation, the most known and studied O-glycosylation, is
intiated onto the Ser/Thr of a protein by addition of GalNAc. Firstly, the GalNAc residue is
transferred from UDP-GalNAc in the cis-Golgi compartment by enzymatic catalysis of a large
homologous  Polypeptide-N-Acetylgalactosaminyltransferases = (GALNT, also named
ppGalNACT) (Bennett et al., 2012) generating the so-called Tn-antigen (Table 3A). This core

structure serves as acceptor substrates for glycosyltransferases to synthesize core-1 (T-antigen) or
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core-3 with CIGALT1 or B3GNT®6 respectively (Bennett ez al., 2012), two major forms that could
be extended in core-2 or core-4 mucin types as described below in Table 3A. Tn-antigen could be
also extended in one of the minor core structures such as core-5, -6, -7 and -8 in the cis-Golgi.
Afterwards, core-1 O-glycosylproteins are directed to median-Golgi to undergo elongation with
various N-acetylglucosaminyltransferases and Galactosyltransferases like BAGNT in GT31 CAZy
family (Petit ez al., 2021), BAGALT and B6GNT (Table 3B). Finally, these Tn-antigen and different
core structures go in the trans-Golgi compartment for sialic acids and/or fucose additions through
sialyltransferases and fucosyltransferases activities (Table 3C), particularly sialyl T-antigen (sT) and

sialyl Tn-antigen (sTn) as described in part I1I-E.

Table 3: Biosynthesis of mucin type O-glycans in the Golgi. Major core mucin types are represented in
the cis-golgi compartment (A). Elongation and termination of mucin type O-glycans take place in the (B)

median- and (C) trans-Golgi compartment respectively. HUGO nomenclature is used for enzymes name.

Substrate Glycosyl Mucin

Structure formed
donor transferase type

A. Cis-Golgi compartment

UDP-GalNAc GALNT Tn GalNAc-Ser/Thr

UDP-Gal C1GALT1 Core-1 Galp1-3GalNAc-Ser/Thr
UDP-GIcNAc GCNT1 Core-2 GalB1-3(GlcNAcB1-6)GalNAc-Ser/ Thr
UDP-GIcNAc B3GNT6 Core-3 GIcNAcB1-3GalNAc-Ser/ Thr
UDP-GIcNAc GCNT3 Core-4 GIcNACcB1-3(GIcNAcB1-6)GalNAc-Ser/ Thr

B. Median-Golgi compartment

UDP-GIcNAc ~ B3GNT2 GIcNAcB1-3Galpl-3GalNAc-Ser/Thr
UDP-Gal B4GALT Galp1-4GIcNAcp1-3Galp1-3GalNAc-Ser/ Thr
UDP-GIcNAc  B6GNT GIcNACcB1-3(GIcNAcp1-6)GalBl-3GalNAc-Ser/Thr
UDP-Gal BAGALT  Galpl-4GIcNAcB1-3(GIcNAcB1-6)Galp1-3GalNAc-Ser/Thr

C. Trans-Golgi compartment

Neu5Aca2-6GalNAc-Ser/Thr
Sialyl Neu5Aca2-3Galp1-3GalNAc-Ser/Thr

CMP-Sia
transferases Neu5Aca2-3/6GalB1-4GIlcNAcB1-3(GlcNAcB1-6)Galf1-
3GalNAc-Ser/Thr
GDP-Fuc Fucosyl Neu5Aca2-3/6Galf31-4(Fuc al-3/4)GIcNAcB1-3(GlcNAcB1-

transferases 6)GalB1-3GalNAc-Ser/Thr




D. BIOSYNTHESIS OF GANGLIOSIDES

Glycosphingolipids (GSL) are a specific type of glycoconjugates made of a lipid part (ceramide
(Cer)) resulting from its de novo synthesis in the cytosolic side of ER, and a glycan part associated
to ceramide in the Golgi through glycosyltransferases activity. Gangliosides are acidic GSL mainly
expressed in the brain during development and overexpressed in different diseases such as

neurodegenerative diseases and cancers.
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Figure 3: Ganglioside biosynthesis with the specific glycosyltransferases involved in each enzymatic
reactions. To be noted, various sialyltransferases ST3Gal II, ST3Gal V, ST8Sia I and ST8Sia V are involved
in the transfer of sialic acids with various specificity onto structures in the four 0-, a-, b- and c-series.

Tllustrated from Cavdarli ez al., 2019a.



To initiate their biosynthesis, Cer is transported to the Golgi apparatus, recognized by UDP-
Glucose Ceramide Glucosyltransferase (UGCG) which catalyze the transfer of Glc residue from
UDP-GIlc to generate GlcCer, then translocated to the Golgi lumen and converted in LacCer by
B4AGALT6 enzyme. At this point, LacCer represents a metabolic crossroads for the biosynthesis of
various gangliosides by subsequent actions of glycosyltransferases, as ST6GalNAc III/IV/V/VI
involved in the biosynthesis of a-series gangliosides or especially the three sialyltransferases
ST3Gal V, ST8Sia I and ST8Sia V involved in the synthesis of all ganglioside precursors for a-, b-,

c- series as described in Figure 3.

III. SIALIC ACIDS AND SIALYLATED GLYCOCONJUGATES

Among all monosaccharides, sialic acids (Sia) were the favorite molecules I worked with and
studied during my thesis. This part will describe their discovery, incredible structural diversity and
biosynthesis in Eukaryota.

A. SIALIC ACIDS DISCOVERY AND STRUCTURAL DIVERSITY IN VERTEBRATES

Sia were firstly discovered by Klenk and Blix in rat salivary mucin and on gangliosides in the
1940’s and described by Gottschalk resulting from the chemical condensation between pyruvic acid
and N-acetyl hexosamine. Also named neuraminic acids, Sia belong to a 9-carbon backbone
monosaccharides family derived from 5-amino-3,5-dideoxy-D-glycerol-D-galacto-non-2-ulosonic
acid (Neu) and are the most frequent terminal residues of glycans carried by glycoconjugates.
Located at this terminal position and negatively charged on its carboxylate Cl-group at
physiological pH, Sia play a fundamental role in all biological processes (Schauer and Kamerling,
2018).

Described for a long time in various animal species (Warren, 1963) and in Bacteria, Archea
and Eukaryota (Lewis et al., 2009), Sia occur ubiquitously in nature with the exception of plants
(Tiralongo et al., 2013). Over 50 different Sia are reported in nature (Angata and Varki, 2002)
characterized by a high structural and functional diversity. Among them, N-acetylneuraminic acid

(Neu5Ac), N-glycolylneuraminic acid (Neu5Gc) and 2-keto-3-deoxy-nonulosonic acid (Kdn) (Fig.
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4) are the 3 major Sia found in vertebrates except in humans, which show only residues of Neu5Ac

(Schnaar et al., 2014).

Figure 4: Three major forms of sialic acids in vertebrates. (A) NeuSAc. (B) Neu5Gc. (C) Kdn.

As mentioned above, Sia residues include an ionized carboxylate group at Cl-position, a keto
group at C2-position often involved in linkage after its transfer catalyzed by a glycosyltransferase
and a glycerol non-flexible side chain (Schauer and Kamerling, 1997) oriented in equatorial
position from C6 to C9 (Fig. 4). Morever, Sia residues can undergo various modifications such as
acetylation, phosphorylation, methylation, sulfation and lactylation occuring on hydroxyl group
at C4, C7, C8 and/or C9 positions (Fig. 5) (Sato et al., 1993; Kitazume et al., 1996 ; Schauer and
Kamerling, 1997). Particularly, the Sialyl-O-Acetyltransferase CASD1 has been recently
highlighted for O-Acetylation of GD2 ganglioside in breast cancer cells (Cavdarli ez al., 2021). Even
lactonization is described as fine reaction to prevent Sia recognitions and cleavage by sialidases
(Cheng et al., 2004).

Interestingly, humans are not able to synthesize Neu5Gc because of inactivation of the CMAH
gene about 2.8 million years ago (Irie et al., 1998 ; Chou et al., 1998 ; Varki, 2009) that is present in
most vertebrates as cytosolic form to convert Neu5Ac into Neu5Gc (Shaw and Schauer, 1988).

The loss of CMAH could be explained by host-pathogen interactions hypothesized by Varki in
the beginning of the century. Although in rat and mouse, two species models commonly used in
laboratory, showed an inverse sialic acid ratio with 95% Neu5Ac and 5% Neu5Gc in rats and 11%
Neu5Ac and 89% Neu5Gc in mice liver glycoproteins due to cytosolic activity of CMAH in mice
(Lepers ez al., 1990). In this sense, a large glycomics study in several tissues of the zebrafish Danio

rerio underlined the sialic acid biodiversity in several tissues, notably with high levels of Kdn in the
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intestines and of Neu5Gc in the ovaries (Yamakawa et al., 2018). Likewise, mixed diSia structures
composed with Neu5Ac and or Neu5Gc linked with an «o2,8-linkage were found on zebrafish

enbryos (Chang et al., 2009).
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Figure 5: Complexity and diversity of sialylation on glycoconjugates. Graphical parallel from forest to
leaves and flowers is done to summarize all the diverse structures that could be sialylated depending on the
nature of glycoconjugates, glycans part, monosaccharides and linkages and finally, the nature and
modifications occurring on Sia residues. Acetylation on hydroxyl groups on C-4 or C-9 of Sia (red) are

highlighted in red. SNFG nomenclature is adopted for representation. Inspired by Cohen and Varki, 2010.
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In response to inflammation caused by a pathogen, the salmonid Salvelinus alpinus displayed an
increase of Neu5Gc levels in intestinal mucins (Venkatakrishnan et al., 2019). Atlantic salmon O-
glycans appear also heavily sialylated with Neu5Ac, Neu5Gc and Kdn detected in skin mucins (Jin
et al., 2015). To be noted, mono- and di-sialylated N-glycans are described as signature motifs in
salmonid sera (Aoki et al, 2021) and Neu5Gc is reported on glycophorin in red blood cells
membranes of the carp Cyprinus carpio and of two perciformes Seriola quinqueradiata and Pagrus
major (Aoki et al., 2014). These sialo-oligosaccharide structures have bacteriostatic activity towards
two pathogens found in aquaculture, Vibrio anguillarum and Edwardsiella tarda (Xu and Zhang,
2013), through interactions with their flagella (Aoki, 2022). Moreover, the quantity and nature of
sialic acid polymers chains (polySia) in fish serum are much more important than in mammals
(Zlatina et al., 2018) and their presence on fish eggs suggests a protective role against pathogens
infection (Sato ez al. 1993).

In summary, this huge structural complexity and wide variety of sialic acids reported at
different levels (Fig. 5) depending on the tissues and species considered, although dynamic, could
explain complex biological molecular interactions. This area of investigation tend to be more and
more explored by the scientific community.

B. SIALIC ACIDS BIOSYNTHESIS PATHWAY

Many complex pathways are involved in glycosylation machinery with series of enzymatic
reactions to lead in Sia formation and sialylated molecules. Summarized in Figure 6, two pathways
lead to cytosolic Neu5Ac in eukaryotic cells (Petit et al., 2018).

From glucose incorporation, glycolysis and hexosamine pathway, UDP-GIcNAc can be used
as an activated sugar donor substrate by the UDP-GIcNAc 2-epimerase/ManNAc kinase (GNE)
to convert it in the epimeric N-Acetylmannosamine (ManNAc). GNE is a cytosolic bifunctional
enzyme, which act as a master regulator of Sia synthesis (Hinderlich et al., 2015) with its kinase
activity responsible to phosphorylate ManNAc into ManNAc-6-P. Then, this pathway involves

two enzymes: firstly, Neu5Ac 9-phosphate synthase (NANS) to condense phopshoenolpyruvate
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(PEP) and ManNAc to form N-acetylneuraminic acid 9-phosphate (Neu5Ac-9-P). This molecule
is used by N-acylneuraminate-9-phosphatase (NANP) leading to cytosolic Neu5Ac (Fig. 6, part 2).

In parallel, free Sia can be recycle from degraded sialoglycoconjugates present at the cell surface
or in the lysosome after cleavages by neuraminidases NEU1 and NEU4 (Monti ez al., 2010) and
return to the cytosol by a specific sialin exporter SLC17A5 (Fig. 6, part 1). Indeed, SLC17A5
alterations are associated with pathological accumulation of lysosomal Sia storage called Sialic
Acid Storage Disorders (SASD) (Strehle, 2003) including Salla disease which is an infantile sialic
acid storage disease (Pertti Aula et al., 1979).

Interestingly, acetylated analogs of ManNAc and Sia can be incorporated in cell through
passive diffusion and are deacetylated by esterases to enter in the sialic acid biosynthesis pathway
(Moons et al., 2019) whereas in bacteria, a specific sialic acid transporter NanT is described
embedded in the inner membrane of Escherichia coli to facilitate Sia incorporation (Martinez et al.,
1995). Furthermore, it has been shown that Neu5Gc could be incorporated into human cells
through endocytosis and lysosomal sialic acid transporter (Bardor et al., 2005) which raise many
questions about its potential conversion to CMP-Neu5Gc in the nucleus, its transport, recognition
and use by human sialyltransferases in the Golgi apparatus.

In the nucleus, Sias are activated with Cytidine Tri Phosphate (CTP) and its magnesium ion
cofactor, a reaction catalyzed by CMP-sialic acid synthetase (CMAS, also known as CSS) leading
to the formation of activated glycosylnucleotide CMP-NeuS5Ac. To be noted, deficiencies in Sia
biosynthesis could lead to pathologies like sialuria with inhibition of GNE by CMP-Neu5Ac or
sialidose which is an accumulation of sialoglycoconjugates with deficiencies of neuraminidases.
During its transit to Golgi apparatus, CMP-Sia have an allosteric negative feedback to GNE (Chen
et al., 2016) to modulate cytosolic Sia quantities.

Afterwards, CMP-Sia are translocated across the membranes of the Golgi apparatus by
SLC35A1, an antiporter that exchanges CMP-Sia for CMP. This mechanism was firstly mentioned
studying UDP-Gal and CMP-Sia transport and wondering “how nucleotide sugars gain access to
the transferases” (Fleischer, 1983). To study the role of SLC35A1, different systems were selected

such as Saccharomyces cerevisiae, deficient for sialylation and CMP-Sialic acid transporter
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(Berninsone et al., 1997) and CHO-Lec2 and 6B2 mutant cells, deficients for CMP-Sia transporter

(Eckhardt et al., 1996). Complementation of these systems with the cloning of murine SLC35A1

led to effective and specific transport of CMP-Sia into yeast Golgi-enriched vesicles on one hand

and to the detection of a2,3-sialylated and polysialylated glycoproteins in CHO mutant cells on the

other hand. Furthermore, it was shown that CMP-Neu5Gc could penetrate Golgi vesicles isolated

from mouse liver and transfer of Neu5Gc onto endogenous acceptors, suggesting that CMP-

Neu5Gce could be transported by mouse SLC35A1 (Lepers et al., 1989). The identification of

sialylation defects due to SLC35A1 inactivation in a young patient with high pathologies like severe

hemorrhages, thrombocytopenia, respiratory distress syndrome and opportunistic infections led to

SLC35A1 deficiency as type II CDG (Martinez-Duncker et al., 2005).
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Figure 6: Sialic acid metabolism pathway in eukaryotic cells. Cytosolic Neu5Ac is coming from exogenous

uptake (blue background) or from hexosamine pathway and the resulting UDP-GIcNAc molecule (green

background). Then, Sia is activated in CMP-Sia in the nucleus by CMAS and transferred by various STs

onto an acceptor in the Golgi apparatus. HUGO nomenclature is used for enzymes and transporters.
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In the Golgi lumen, sialyltransferases (developed in Chapter V) use CMP-Sia as donor substrate
and catalyze their transfer onto acceptor glycoconjugate (Fig. 6, part 3). Finally, Sias associated to
glycoconjugates are secreted, recycled or degraded by a cytosolic pyruvate lyase which cleaves Sias
into pyruvate and ManNAc available for new Sia biosynthesis. Although complex, the Sia
biosynthetic pathway has a common eukaryotic ancestral origin and was totally lost or partially
maintained during eurakyotes evolution as proposed by phylogenetic studies (Petit ef al., 2018).

C. SIALYLATED GLYCOCONJUGATES IN PHYSIOLOGY

As illustrated in figure 5, sialylation is one of the terminal steps of glycosylation with
fucosylation and N-acetylgalactosaminylation, which results in association of sialic acid residues
to other monosaccharides such as galactose (Gal) or N-acetylgalactosamine (GalNAc) via a2,3 or
a2,6 bonds or to other a2,8 sialic acid residues (Fig. 5).

The terminal sialic acids of sialylated glycoconjugates carry negative charges and these
particular physicochemical properties give sialoglycoconjugates a fundamental role in biological
processes such as embryonic development and immunity (Abeln ez al., 2018). Particularly due to
their hydrophilic and negative charges, sialic acids could be modulators of hydration status of high
sialylated glycoproteins like mucins in aim to lubrification and protection of epithelia surfaces
(Baos et al., 2012). Interestingly, dynamical changes of sialic acids and sialoglycoproteins occur in
gametes and during fertilization (Feng et al., 2016). It has to be noted that sulfated sialoepitopes
present at the sperm surface glycans are a necessary condition in the process of sperm cell
maturation and the establishment of interaction between sperm and egg cells (Fliniaux ez al., 2022)
and that sulfation of Sia is ubiquitous and essential for vertebrate development (Ertunc et al., 2022).

The extraordinary biodiversity of sialoglycoconjugates described in vertebrates contributes to
the functioning and maintenance of the cell by allowing it to interact with its environment.
Especially in fish, a wide variety of sialoglycoconjugates composed of different sialic acids are
found (Fig. 4) and on fertilized eggs, these sialoglycoconjugates form a particularly effective

protective barrier against environmental factors and pathogens (Kitazume et al., 1994).
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D. SIALYLATED GLYCOCONJUGATES IN PATHOLOGICAL STATES

Sialoglycoconjugates also play a key role in many disease processes. In most cancers,
sialylation levels increase and during tumor progression, cancer cells direct their metabolism
towards increased synthesis of sialic acids and control sialylation of glycoproteins involved in
metastatic processes (Almaraz et al., 2012 ; Goni et al., 2021). For example, sialyl-Lewis A (sLe?)
(Table 4) is a sialylated antigenic determinant expressed in the colorectal cancer that acquires tumor
marker properties. Notably in the pancreas, CA19-9 is a diagnostic marker of sLe* used for the
monitoring and progression of pancreatic cancer. These tumour-associated carbohydrate antigens
(TACA) such as sialyl-Lewis X (sLe*) in colon cancer or sLe? (Table 4) also help in early diagnosis,
prognosis and monitoring in various cancers (Vajaria et al., 2016 ; Martinez-Duncker et al., 2011).
Moreover, GD3 ganglioside is oftenly O-acetylated on its Sia residues when overexpressed in
cancer (Cavdarli et al., 2020).

Singularly in type 2 diabetes, patients display an increase of highly branched N-glycans with
a2,6-linked sialic acids (Rudman et al., 2019). The fundamental role of sialoglycoconjugates
appears clearly in a set of rare and hereditary pathologies with recessive autosomal transmission
called CDG (Péanne et al., 2018). CDG affect the proper development of the nervous system, as
the example mentioned previously of SLC35A1-CDG where a deficiency of the Golgi transporter
of Sia leads to a defect in sialylation of glycoconjugates. Sialuria and sialidose are also CDG with
deficiencies of GNE inhibition and lysosomal neuraminidases respectively that lead to severe
mental and motor retardation for patients (Strehle, 2003). Likewise, mutations of specific
sialyltransferase ST3Gal V, named ST3GALS5-CDG, lead to high pathology at patient from failure
to thrive, severe hearing, visual, motor, and cognitive impairment and respiratory chain
dysfunction (Indellicato et al., 2019).

Otherwise during microbial infections, many bacteria and viruses recognize sialic acids present
on host cell glycoconjugates. For example, Helicobacter pylori expresses adhesins which recognize
the sialic acids linked in a2,3 of the oligosaccharide chains on the surface of gastric epithelial cells

(Hirmo ez al., 1996) to infect the gastric mucosa or the influenza virus Influenza possesses surface
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haemagglutinins that bind specifically to a2,6-linked sialic acid residues on the surface of host cells
of the respiratory tract in humans (Couceiro et al., 1993). It has been described that 9-O-Acetylation
of Sia is directly used as primary receptor determinant by Influenza virus C for attachment to cell
surface receptors (Rogers et al., 1986). In host-pathogen interactions, sialic acids present at cell
surface of pathogen such as bacteria (E. coli K1, N. meningitis B and C) are remarkably described to
confer a protective barrier and immune escape. Modulation of interaction can therefore have huge
effects on zoonotic transmission and virulence of many viruses. Studies focusing on human
coronavirus have demonstrated that sialylation is extremely important for interaction between
spike (S) glycoprotein and its ACE receptor found at cell surface (Zhao ez al., 2020). S glycoprotein
shows 9-O-acetylated Sia that allows binding mainly to sLe*, confirmed by site-directed
mutagenesis and in vivo assays (Tortorici et al., 2019).

E. SIALYLATED EPITOPES : BIOMARKERS AND RECOGNITIONS

These last two decades, glycan-based biomarkers gain more and more importance due to the
glycoconjugates essential role for cell functions and interactions. As mentioned for pancreatic
cancer with CA19-9, sialylated markers could serve as diagnostic glycosignature and biomarkers.
Aberrant sialylation is often correlated as a hallmark of cancer with progression, metastasis and
linked with disease progression status but also more generally in human diseases. In inflammation
and immunity, a great diversity of terminal sialoepitopes have important dynamic role to modulate
the response. These sialylated motifs such as Lewis and sialyl Lewis antigens, Tn and sialyl-Tn
antigens mediate the interactions between haematopoietic cells and their progenitors in the bone
marrow and are involved in in regulating leukocyte trafficking (Reily ez al., 2019).

Siglecs and selectins are carbohydrate-binding proteins (CBP) known to regulate cell-cell
adhesion or cell-protein interaction with a specific glycanic epitope recognition. In humans, Siglecs
are a family of 16 members of sialic acid-binding lectins present on immune cell surface that
regulate immune responses and cell homing through their interactions (Reily et al., 2019). Sia
quantities are modulated with siglecs which are considered as regulators of inflammation (Schnaar,

2016). Selectins have high affinity for sugar moieties and are markedly described in immune
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response. E- and P-selectins are known to iniate inflammation by cell-cell interaction with sLe*,
siglecs have regulatory effect against inflammation. Notably, Siglec-1 (sialoadhesin, CD169)
expressed on activated monocytes and macrophages is involved in the clearance of a2-3 sialylated
human pathogens. Many siglecs are described to have an altered profile of expression in immune
cells in HIV individuals. Siglec-7 and -9 are biomarkers for dysfunctionnal NK cells and Siglec-2
(CD22) and -6 for B cells interactions with their a2-6 sialylated ligands (Colomb ez al., 2019).
Modifications like 6-O-sulfation on sLe* has direct impact for Siglec-8 recognition and will be
usefull to design Siglec-8-targeted agonists in allergic and inflammatory diseases (Propster et al.,
2016). Interestingly, Siglec-11 could selectively bind polySia and decrease pro-inflammatory
activation on microglia cells and macrophages in spleen, intestine and liver tissues (Angata et al.,
2002b ; Wang and Neumann, 2010) and ## vivo on mice (Karlstetter e al., 2017). Siglecs bind to
sialic acid through charges interaction between their conserved arginin residues in immunoglobulin
domain with negative carboxyl group of Sia (Hartnell et al., 2001) and their diversity could be
explained by evolution mechanism against pathogen infection (Macauley et al., 2014).
Sialoepitopes are signatures which serve as glycosylation-based biomarkers in lots of
pathologies including cancer (Mereiter et al., 2016) and neurodegenerative diseases like Alzheimer
(Haukedal and Freude, 2021). Glycosylation changes and TACA are often observed in cancer cells
and are considered as oncofoetal antigens similar to those observed in early development. These
alterations are described as an increase of sialyl Lewis structures and sialylTn (sTn) antigen in O-
glycans of MUC]1 which promotes tumor growth and metastatic spread (Harduin-Lepers et al.,
2012). Sialyl-Lewis A (sLe?) or sialyl-Lewis X (sLe*), the E-selectin ligand glycans, are extensively
expressed on numerous types of cancer cell surface, including colorectal, pancreatic, gastric, breast,
prostate and lung cancer and is described to increase metastatis through extravasation (Saiki ez al.,
1996). sT and sTn antigens are detected in cancer patient serum and serve as glycan-based
biomarkers, notably sTn which alter adherence due to sialylation of O-glycans in cancer. All these

sialoepitopes are listed in the table below.
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Table 4: Representation of different sialylated epitopes structures reported as biomarkers in pathologies and diseases. The graphical representation is based on

accepted SNFG conventions for the nomenclature of glycans and monosaccharides (Varki et al., 2015a). SCLC and NSCLC : small and non-small cell lung carcinoma.

SNFG REPRESENTATION OF

EPITOPE GLYCAN CLASS PATHOLOGIES LITTERATURE
GLYCAN STRUCTURE
. . Gastrointestinal tumors
Sialyl Lewis A a4 Tang eral., 2016
R O-glycans Often elevated in cancer patient serum )
(CA19-9, sLe?) ) ) Ferreira et al., 2019
a3 B3 B3 (pancreatic, gastric, colorectal)
Sd?* on N-glycans, major Cad on ] Dall’Olio et al., 2014
a3 Downregulated in colon cancer
Sd*/Cad R core-1 and core-3 O-glycans and _ ) Groux-Degroote et
o (in balance with sLe*)
B4 glycolipids (GM2) al., 2021
Mereiter et al., 2016
Carcinoembryonic antigen (CEA) Trinchera et al., 2017
. . sLe* present on N-glycans, GSL, ) )
Sialyl Lewis X a3 Ol MUCT MUCLE Breast, gastric and colorectal cancer Ferreira et al., 2019
-glycans, on , i )
(sLeY) R CA125 antigen in MUC16 tandem repeat Karlsson and
a3 B4 B3 in ovary . .
Autoimmune Sjogren’s syndrome Thomsson, 2009
Felderetal., 2014
Lieral, 2001
Aberrant core-fucosylation on a- ) )
AFP-L3 Hepatocellular carcinoma Rojas et al., 2018

feetal protein (AFP) N-glycans

Zhou et al., 2021
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Disialyl Lewis A a4
O-glycans Colon cancer Tsuchida et al., 2003
(Di-sLe®) a3 a6
Sialyl Tn “D Sialylation on Tn antigen on O- Bladder cancer ; nephropathy Sewell et al., 2006
a6

(CD175s, sTn)

glycans, on MUC1

Breast cancer ; pancreatic adenocarcinoma

Munkley, 2016

Sialyl-T Thomsen-

QOLORr

R
R
a6
R
B3

Sialylation on TF antigen on O-

Prostate, ovarian, lung, breast (serum)

Taylor-

Papadimitriou et al.,

Friedenreich (sT) 3753 glycans, on MUC1 cancer ; pancreatic adenocarcinoma 1999
a
Patil et al., 2015
Disialyl T ._()C{?ﬁ R O-glycans Human pancreatic cells Tsang et al., 2022
a3 B3
a3
VIM-2 (CDé65s) ’O_._O_; R O-glycans Human leukemia cells Robinson et al., 1994
a3 B3 B3 B3
g 9Aco_1
a
as c Cavdarli et al., 20192
er Melanoma, neuroblastoma, acute )
GD3, GD2 B4 B4 Cavdarli et al., 2019b
GSL lymphobastic leukemia, breast cancer,

+ O-acetylation

9Ac0 )
a8 i
a3
Cer
B4

glioma, SCLC, osteosarcoma

Cavdarli et al., 2020
Daniotti et al., 2013
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GM2

-

Cer

GSL

Overexpressed in Tay-Sachs disease

Daniotti et al., 2016

Melanoma
B4 p4
a3 Drivsholm et al.,
Fucosyl GM1 Cer GSL SCLC 1994

a2 B3 p4 p4

6-/6’-sulfosialyl
LacNAc

O
im
A

o3 B4

’
E%m
A

a3 p4

N-glycans on PSGL-1
(P—Selectin glycoprotein ligand
D

Inflammatory dendritic cells

Schakel et al., 2002
Hofer et al., 2019

Neu5Gc

:

N-/0O-glycans

Oncofoetal human colonic, melanoma,

retinoblastoma and breast cancer cells

Samraj et al., 2014

Polysialic acid

chains (PolySia)

n
a8 a8 a8 a3/6

R

N-/0O-glycoproteins and some

glycolipids

Mental disorders and brain diseases
NSCLC metastasis and lung cancer
aggressiveness, gliomas
Nephroblastoma and neuroblastoma

Autoimmune disease scleroderma

Schnaar et al., 2014
Thiesler et al., 2022
Elkashef er al., 2016
Villanueva-Cabello
etal, 2022
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IV. POLYSIALIC ACID (POLYSIA): STRUCTURE AND BIOLOGICAL ROLES

A. STRUCTURE OF POLYSIA

Firstly isolated and described as colominic acid on . coli K-235 bacteria capsules by Goebel
and Barry in 1957, polySia refers to association of monomers of sialic acids in polymers ranging
from 8 to 400 Sia residues (Sato and Kitajima, 2013). PolySia are considered as a modification of
glycoproteins that occurs mainly on N-glycans and sometimes on O-glycans to form polymeric
anionic chains. Their biosynthesis and regulation are ensured by enzymes named
polysialyltransferases and will be developed further in Chapter VI. These polymers adopt a
dynamic conformation which could be helicoidal and/or linear depending on their type of linkage:
in a2,8-linkage in vertebrates and even «2,9 in bacteria (Sato and Kitajima, 2013). Moreover,
conformational studies by NMR demonstrated that 8 Sia residues are required for polySia
helicoidal structures recognized by an anti-polySia antibody (Michon et al., 1987; Nagae et al.,
2013). The structural diversity of polySia illustrated in figure 7 is based on their degree of
polymerization (DP) that can reach 400 residues, the type of glycosidic bonds established, the
nature of the sialic acids (Neu5Ac, Neu5Gec, Kdn) and their possible modifications like
methylation, acetylation, sulfation or lactonization (Sato and Kitajima, 2021).

A Components of Sia Basic structure B Intersialyl linkage

Neu5Ac ¢ Neu5Gc ¢ Kdn ¢ a2,8- 2,9-
L nh o hn | eee eee
"’r’g*ﬁ T Hukﬁﬁ - 7
- a2,4- 02,8/9-
Sia ¢ Substitution m ‘““
Acetyl Sulfonyl Lactyl Methyl Lactone
H,CC- HO,S- CH,CH(OH)G- H,C- OO\ 02,5-Ogiycayr
3 g 3 3 3 3 (‘; ?Hz ‘
C Degree of polymerization (DP)

oligo “’Tﬂ poly | J_ L

1 2 3 -
(asialo) [mnlnﬂ] T!il |||ri]

Figure 7: Diversity in oligo-/polySia chains at different levels. According to the nature of Sia (A), the
intersialyl-linkage established (B), the size (DP) (C) and potential modification (acetylation, methylation,
sulfation, lactylation or lactonization), oligoSia and polySia are extremely diverse in free polysaccharides
chains or associated on glycolipids and glycoproteins.

Inspired from Sato and Kitajima, 2021
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Table 5: List of glycoproteins described to be polysialylated in the nature. Adapted from Teintenier-Lelévre thesis, 2006 ; Sato, 2013 ; Boyancé thesis, 2021.

Name Expression profile Glycan Glycosylation sites Enzymes References
Nervous system, and immune cells Curreli et al., 2007
. . . ) Galuska et al., 2010a
Neural Cell Adhesion (NK, NKT, LT CD4*, neutrophils, N- Asn**® and Asn*®in  ST8Sia Il and
Colley et al., 2014
Molecule (NCAM) monocytes cells, progenitor glycans Ig5 domain ST8Sia IV
o Schnaar et al., 2014
hematopoietic cells) Villanueva-Cabello et al., 2022
Voltage-gated sodium Electric eel electroplax membranes ) ) ) James and Agnew, 1989
channel a-subunit and rat brain ' ' ‘ Zuber et al., 1992
CD-36 scavenger ) . O-
Human, and murine milk ? ? Yabe et al., 2003
receptor glycans
Specific 17 aa Curreli et al., 2007
Mature dendritic cells, microglia, O- sequences between ) Rollenhagen et al., 2013
Neuropilin-2 (NRP-2) ) ST8Sia IV
murine macrophages glycans MAM and FV/VIII Stamatos et al., 2014
domains Werneburg et al., 2016
Synaptic Cell Adhesion NG-2 glial cells, oligodendrocyte N- ' ) Galuska eral., 2010a
Asn''¢in Igl ST8Sia II
Molecule 1 (SynCAM 1) precursor cells glycans Rollenhagen ez al., 2012
C-C chemokine . N-/ O- )
Mature dendritic cells ? ST8Sia IV Kiermaier et al., 2016
receptor-7 (CCR-7) glycans
E-selectin ligand-1 Microglia and human THP-1 )
? ? ST8Sia IV Werneburg et al., 2016

(ESL-1)

macrophages
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Almost ubiquist in different cell N Asn®. Asn?® Miihlenhoff et al., 1996b
- sn®’, Asn )
ST8Sia II Close and Colley, 1998

ST8Sia I1 types during development and
glycans (Asn?%)
Close et al., 2001

adult (described next paragraph)

Almost ubiquist in different cell Miihlenhoff et al., 1996a

ST8Sia IV types during development and N Asn™ ST8Sia IV Close and Colley, 1998
adult (described next paragraph) glycans Close et al., 2000
Inoue and Iwasaki, 1978
Iwasaki and Inoue, 1985
Oviduct mucin of various salmonid Kitajima er al., 1986
Hyosophorins on cortical alveoli of Inoue eral., 1988
PSGP and hyosophorins salmonid eggs glyc;lns ? ? Kitajima e al., 1988
Ovarian fluids of salmonids Sato et al., 1993
Sato, 2012

Sea urchins
Kitazume et al., 1994

Miyata et al., 2006
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B. POLYSIALYLATION: ACCEPTORS AND BIOLOGICAL ROLES

In the biosphere, polySia is distributed in many organisms like bacteria, vertebrates,
echinoderms such as sea urchins (Kitazume et al., 1994 ; Miyata et al., 2004 ; Miyata et al., 2006).
i.  PolySia in bacteria
Among their membrane polysaccharides, bacteria as E. coli and N. meningitidis display long
polySia chains, named colominic acid, with DP = 100-200 of Neu5Ac residues a2,8- and/or a2,9-
linked between them (Sato and Kitajima, 2013). These polyNeu5Ac chains are essential for
pathogenesis and virulence, allowing bacteria to evade the immune response of the mammalian

host which recognizes it as “self” (Colley et al., 2014 ; Villanueva-Cabello ef al., 2022).

ii.  PolySia in human and vertebrates

Firstly identified in rat brain (Finne er al., 1983), polyNeu5Ac found on the neural Cell
Adhesion Molecule (NCAM, also named CD56) has been intensively studied in the mammalian
central nervous system (CNS) where it plays an essential role during brain development with
neuronal plasticity due to its repulsive properties (Schnaar ez al., 2014). Indeed, the three isoforms
of NCAM of 120, 140 and 180 kDa could carry polySia on Asn*’ and Asn*’® in their Ig5 domain
(Kleene and Schachner, 2004) (Table 5).

Due to its length and negative charges, polySia is surrounded by a large hydration shell which
increases the hydrodynamic volume of its protein carriers. This leads to steric hindrance and
modify protein function (Colley ez al., 2014). In contrast, PolySia-NCAM displays DP about 26 to
35 Sia residues (Galuska et al., 2006 ; Mori et al., 2017 ; Mori et al., 2020) whereas higher DP are
reported on bacteria and eukaryotic cells surface (Nakata and Troy, 2005) highlighting a large
polySia heterogeneity. Polysialylation of NCAM limits homophilic cis- and trans- interactions on
the same cell or between two cells, which prevent NCAM dimerization (Storms and Rutishauser
1998 ; Mori et al, 2017). Through anti-adhesive properties due to steric encombrement
(Rutishauser, 2008), polySia-NCAM promotes neurons migration and neuronal plasticity (Angata

et al., 2007) (Fig. 8A). Indeed, NCAM" transgenic mice showed a decrease of 96.5% of brain
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polySia expression in comparison to WT mice, confirming that NCAM is the major polySia
acceptor in brain (Galuska et al., 2010a).

In the immune system, polySias associated with neuropilin-2 (NRP-2) (Curreli et al., 2007) and
the chemokine receptor CCR-7 (Kiermaier ez al., 2016) (Table 5) are believed to play a role in the
migration of dendritic cells. NCAM is also expressed on immune cells as monocytes, neutrophils
and NK cells (Drake ef al., 2008 ; Moebius et al., 2007; Stamatos et al., 2014). Recently, polySias
have drawn attention due to their attractive properties since these negatively charged polymers can
bind and modulate the function of neurotransmitters and factors such as brain-derived neurotrophic
factor (BDNF), dopamine and fibroblast growth factor (FGF2) in the CNS (Ono et al., 2012 ; Hane
et al., 2015 ; Sato and Hane, 2018) and to protect these factors from proteolytic cleavages (Sato and
Kitajima, 2021). Moreover, this attractive effect of polySia was also described during inflammation
where neutrophils can generate Neutrophil Extracellular Traps (NETs) to capture pathogens
(Galuska et al., 2017c ; Zlatina and Galuska, 2019). These NETs are composed of antimicrobial
peptides (AMPs) and histones toxic for pathogenic agents (Papayannopoulos, 2018) or which could
enhance infectivity in case of SARS-CoV-2 (Hong et al., 2022). NETs produced in excess become
cytotoxic for the cells (Chen et al., 2014). To be noted, nanoparticles with polySia inhibit the release
of NETs (Bornhoftt er al., 2019) and colominic acid could inhibit histones cytotoxicity in vitro
interacting mainly with H2A and H2B (Galuska ez al., 2017¢), suggesting importance of DP and
charge of polySia for interactions.

PolySia glycoconjugates could be conveyed on cell surface through an unknown Ca?-
dependent mecanism (Werneburg et al., 2016 ; Thiesler et al., 2021) and could be released in the
extracellular medium through proteolysis and/or neuraminidase cleavages (Sumida et al., 2015).
PolyNeu5Ac chains released in the blood stream have a protective role of endogenous cells in vivo
against histone-mediated cytotoxicity (Zlatina ez al., 2018) (Fig. 8B). In lung, soluble polysialylated
NCAM has cytoprotective function binding nucleosomes and reducing NET cytotoxicity (Ulm et
al., 2013). PolySia could also bind lactoferrin and prevent excessive NETosis (Kiihnle e al., 2019a)

through its lactoferricin domain, without loss of lactoferrin antimicrobial activity (Kiihnle ef al.,
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2019b). Endoneuraminidase-N (endoN) treatment to remove polySia from cells lead to a drastic
decrease of protection against histone cytotoxicity, confirming polySia role in the NETosis process

(Ulm et al., 2013).

NETosis
- * oreo Neutrophll
Polysialyl Blndlng to
NCAM polySia
DNA + hlstones

Figure 8: Repulsive and attractive properties of polySia. (A) In the nervous system, polysialylated NCAM
promotes neuronal migration and plasticity through its repulsive mechanism. Inspired by Sato and Kitajima,
2021. (B) In the immune system, polySia could interact with charged biomolecules to modify their function,

as the example of excessive histones cytotoxicity during NETosis process. Inspired by Galuska ef al., 2017b.

PolySia are mainly reported in organogenesis, cell growth, brain development and neuronal
plasticity in the CNS and notably decrease around 70% 17 days after birth (Schnaar et al., 2014).
Interestingly, removal of polySia is correlated with a decrease of 25% in the distance between cells
(Mindler et al., 2021) while there is a huge heterogeneity of polySia chains length on cell surface
(Drake et al., 2008 ; Nakata and Troy, 2005).

Polysialic acid chains are also described in different organs such as in heart where they are
involved in myocardium formation and neural innervation area (Delgado et al., 2021). They are
also described in testicles playing a role in cytodifferenciation and spermatogenesis regulation at
adulthood and in placenta for cytotrophoblaste migration and adhesive interactions. They could
be involved in the nutrient intake to the fetus during pregnancy (Hachem et al., 2021 ; Galuska et
al., 2017a). NCAM positive cells like heart, dermal and smooth muscular cells, lung, liver, kidney,
digestive and testis tissues present polysialylation (Galuska et al., 2017a).

A few other polySia-career glycoproteins are reported in the literature (see Table 5). For
example, E-selectin ligand-1 (ESL-1) and NRP-2 are polysialylated on their O-glycans on
macrophages (Werneburg et al., 2016) and Synaptic Cell Adhesion Molecule 1 (SynCAM-1) is
polysialylated on its N-glycans on polydendrocytes (Rollenhagen, 2012). Essential for migration of

dendritic cells, CCL-21 binds polySia with its C-terminal tail and could then interact with CCR-7
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(Rey-Gallardo et al., 2010 ; Kiermaier et al., 2016). CD36 scavenger receptor from milk glycoprotein
(Yabe et al., 2003), a-subnit of the voltage Na*-sensitive channel in rat brain (Zuber ez al., 1992) and
enzymes themselves, the two polysialyltransferases ST8Sia II and ST8Sia IV, can be polysialylated
(Close and Colley, 1998). Indeed, there are not a lot of natural carriers identified for polySia (Table
5) and until now, only polyNeu5Ac is described in human (Janas and Janas, 2011 ; Davies and
Varki, 2015), whereas more complex polySia are found in other vertebrate species, such as polyKdn

in rat (Ziak et al., 1996 ; Ziak et al., 1999) and other polySia in fishes.

iti.  PolySia in fishes

The nature, distribution and quantity of these polySia are very diverse and play extremely
important roles depending on the fish species considered. Interestingly, the quantity and nature of
polySia chains found in fish serum are more important and varied than in human serum (Zlatina
et al., 2018). As reported in rat brain, polySia on a-subnit of the voltage Na*-sensitive channel is
also described in fish teleost like eel Electrophorus electricus (Fig. 9) (James and Agnew, 1989).

Inoue and Iwasaki have discovered 200 kDa glycoproteins, named hyosophorins, located in
cortical alveoli of rainbow trout eggs (Iwasaki and Inoue, 1985). Salmonid fish eggs hyosophorins,
also reported as polysialylated glycoproteins (PSGPs), are O-glycans with more than fifty percent
of Sia by weight found on tandem repeats of a tridecapeptide. PSGPs display polySia chains on
their O-glycans implicated in sperm acrosomal reaction and preventing polyspermy during
fertilization (Taguchi et al., 1994 ; Fliniaux et al., 2022).

Four species of salmonids: Oncorhiynchus mykiss (rainbow trout) (Fig. 9), Oncorhynchus nerka
adonis (Jokanee), Oncorhiynchus masou ishikawai (yamane) and Salmo gairdneri have diverse polySia
and PSGP structures described (Kitajima ez al., 1986 ; Inoue et al., 1988 ; Kitajima et al., 1988 ; Sato
et al., 1993). In the rainbow trout Oncorhiynchus mykiss, polySia chains are described with Neu5Gec,
whereas in other salmonid species, a mixture of polyNeu5Gc, polyNeuSAc and Kdn-rich

glycoproteins have been described (Sato ez al., 1993). Kdn residues are mainly described as capped
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at the non-reducing end of oligo-, polySia chains (Nadano ez al., 1986) although polySia containing
many Kdn residues have been found in ovarian fluid (Sato ez al., 1993).

Other salmonids like Salvelinus leucomaenis pluvius (Japanese common char) and Salvelinus
namaycush (lake trout) are described with specific polySia structures containing exclusively
(Neu5Gc-a2,8-Neu5Gce), repetitions or with alternations of (Neu5Ge-a2,8-Neu5Gc), and
(Neu5Ac-a2,8-NeuSAc), with an average of 6 Sia residues but variability between 2 and 24 residues
by chains. Modifications are also reported on PSGP of unfertilized eggs of Oncorhiynchus nerka
adonis with O-acetylations on C-4, -7 and -9 positions of Neu5Gc and -9 position of Kdn (Sato,
2013) suggesting an important role during oogenesis (Iwasaki et al., 1990). These polySias linked
in a2,6 to the inner GalNAc residue of O-glycans on PSGP provide and a protective effect against
pathogens in the reproductive system (Kitazume et al., 1994) and are described to be resistant to
bacterial exosialidases required for infection (Iwasaki ez al., 1984). Indeed, these polySia, associated
on egg cells membranes could prevent from aquaculture pathogens infections such as oomycetes,
saprolegnia, parasitica, fungi. In echinoderms, sea urchins display also complex polySia chains
with a2,5, a2,8 and a2,9-linked Sia and reported modifications like sulfation and hydroxylation
(Miyata et al., 2006).

This incredible polySia diversity observed in the various bony fish orders raises the question of
the biosynthetic enzyme diversity and specificity. Previous phylogenetic studies conducted in the
team indicated that functional diversity could result from distinct evolutionary genetic events: in
the case of Salmonidae, the gain or loss of polysialyltransferase genes (Venuto et al., 2020) and in
the case of sea urchins, several duplication in tandem leading to a large multicopy family of

polysialyltransferases with many variations associated (Harduin-Lepers et al., 2008).
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Figure 9: Phylogenetic tree highlighting the different teleost fish orders from vertebrates evolution. Whole genome duplication rounds R1 and R2 (WGD-R1 and
WGD-R2), teleost-specific and salmonid-specific genome duplications rounds (TGD and SaGD) are represented to scale of millions of years ago (MY A). Agnatha and
sarcopterygii are reported to anchor the phylogenetic tree after WGDR-1 and WGDR-2.

Inspired by Volff, 2014 and Venuto thesis, 2021.
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C. POLYSIA EXPRESSION DYSREGULATED IN PATHOLOGY

PolySia expression are altered in mental disorders such as schizophrenia, depression, bipolar
and epilepsy in parallel to variations and single nucleotide polymorphisms (SNPs) on the polySia-
carrier or on the enzyme genes (Schnaar et al., 2014 ; Thiesler er al., 2022). PolySia are often
described as oncodevelopmental antigens reexpressed in cancer with a role in tumour metastasis
and immunosurveillance escape (Jarahian et al., 2021 ; Thiesler et al., 2022). As described in table
5, polySia is detected in different cancers such as neuroblastomas with a DP of 55 Sia residues
(Livingston et al., 1988 ; Hildebrandt ez al., 1998), colorectal cancers, small and non-small cell lung
carcinoma (SCLC and NSCLC) (Komminoth ez al., 1991 ; Michalides et al., 1994), Wilm’s tumor
(Zuber et Roth, 1990), glioma (Suzuki et al., 2005), breast cancer (Soukhtehzari ef al., 2022) and are
correlated with increase of metastasis (Elkashef et al., 2016), decrease of immune responses and
bad prognosis (Tanaka et al., 2001 ; Seidenfaden et al., 2003 ; Elkashef et al., 2016). Interestingly,
polySia sera levels are different between male and female and are elevated in the serum of systemic
sclerosis patient (Tajik ez al., 2020 ; Villanueva-Cabello er al., 2022), suggesting a sex-dependant

role in the balance for immune response.

D. BIOTECHNOLOGICAL AND BIOTHERAPEUTICAL USE OF POLYSIA

PolySia have physico-chemical properties like water solubility, hydrophilicity, low viscosity,
good biocompatibility and degradation iz vivo which are really interesting for the development of
biotechnological and biotherapeutical applications.

Many companies and groups of research are interested in polySia properties. First examples
reported chemical polysialylation using colominic acid leading to successful drug delivery system
with low immunogenicity (Gregoriadis et al., 1993; Fernandes and Gregoriadis, 2001; Gregoriadis
et al., 2005). For invasive meningitis, candidate polysialylated vaccine was developed, optimized
and tested in humans with modifications as propionylation and phenylacetylation to increase
immune response against N. meningitidis group B (Krug et al., 2012). PolySia derivatives on micelles

were also developed for improvement of dug delivery systems (Zhang et al., 2014). Another study
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showed efficiency in the production of antibodies against N. meningitidis group C coupling a2-9-
oligoSia to glycolipids (Liao et al., 2016).

Classical ways for glycoproteins production in bacteria and eukaryotic cells lead to facilitated
productions, relatively stable, biodegradable and non-immunogenic glycoproteins. However, these
glycoproteins have low hydrophilicity and low pharmacokinetics characteristics. Thus, polySia-
based strategies were also investigated to modifiy characteristic and modulate pharmacokinetics of
glycoconjugates. Chemical modification with Poly Ethylene Glycol (PEG) coupling (i.e.
PEGylation), lead to better solubility, hydrophilicity, stability and half-life of proteins extended
(Constantinou et al., 2010). Nevertheless, PEGylation has limited uses as it may alter function of
protein, increases the risk of side effects and toxicity in case of high dosages and long-term
therapies, can be immunogenic and is expensive to produce (Bukowski et al., 2002 ; Caliceti and
Veronese, 2003 ; Jevsevar et al. 2010).

In comparison, enhanced strategy with chemical coupling by reductive amination or enzymatic
addition of polySia improves glycoconjugates properties without alterations of functions
(Gregoriadis et al., 2005) and have to be developed for personalized therapeutics (Chen, 2014).
Notably biotechnological companies as Xenetic Biosciences developed polyXen project, human
preclinical and clinical studies to change the apparent hydrodynamic radius, improve stability, half-
life and reducing clairance in vivo for pharmacological action of biomolecules such as
Erythropoietin (EPO) for anemia, DNAse I for cystic fibrosis and Factor VIII (FVIII) for
haemophilia treatments (Zhang et al., 2010 ; Meng et al., 2019 ; Vorobiev et al., 2013). Unlike PEG,
polySia has the advantage to be biodegradable and metabolized in Sia units before its rapid
excretion in the urine (Bader and Wardwell, 2014).

Neurodegenerative diseases such as Alzheimer, multiple sclerosis or age-related macular
degeneration are often associated with an inflammatory origin, notably with proinflammatory
cytokines, complement activation and exacerbated immune response. These last years, project
named “PolySia avDP20” is based on the use of polySia with an average degree of polymerization

of 20 Sia residues to prevent in vitro complement activation through anti-inflammatory effect
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mediated by Siglec-11 interaction (Shahraz et al., 2015 ; Shahraz et al., 2022) and in vivo reducing
disease symptoms of multiple sclerosis mouse model (Karlstetter et al., 2017 ; Langmann and
Fauser, 2017 ; Liao et al., 2021). In CNS damage, polySia biomaterials developed and tested on
mice shown a better axonal growth on damaged area, suggesting polySia efficiency in this context
(Masand ez al., 2012). In other regenerative process after corticospinal injury, ST8Sia IV expression
in mouse model allowed the recruitment of progenitor cells for axonal growth on the damaged area
(E1 Maarouf et al., 2006). PolySia could be use also to counteract NET associated cytotoxicity
during inflammation (Fig. 10). Using colominic acid, iz vitro and in cellulo experiments shown an

inhibition of NETs cytotoxicity (Zlatina et al., 2018).
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Figure 10: PolySia nanoparticles accumulated have a protective role againt histone cytotoxicity released
during NETosis. PolySia beads are able to bind and accumulate at histones/DNA-fibers via their polySia
chains. Protective role of histones and polySia chains which form a complex.

Illustration from Galuska ez al., 2017c

Bacteria membrane, which are mainly composed of acidic phospholipids (PL) on their two
sheets, are more sensitive to a targeted-release of histones coupled to polySia. Targeting bacteria
after infection could cause less side effects and damages to human cells, which display neutral PL
in extra / acidic PL in intra, and could be also investigated.

PolySia is described to be reexpressed or overexpressed in tissues during cancer progression
and could serve as biomarkers for bad prognosis progression of cancer. In cancer therapy
development, Creative Biolabs company has designed polysialylated derivatives glycoconjugate
vaccines to overcome immune tolerance to polySia and facilitate the immune targeting of tumor
cells. The chemically modified Sia precursor Man-NPr was used for biochemical engineering of

cell surface with N-propyl polysialylation. Profacgen company has developed a highly selective
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platform with nanomolar affinity to target polySia structures and positive cancerous cells and test
drugs candidate for cancer therapy. In cancer therapies, two polySia-based strategies were
developed recently using endoN coupled to oncolytic viruses to target and kill in vitro and in vivo
polySia* cancer cells (Martin et al., 2018) or using an anti-polySia antibody coupled to a cytotoxic
molecule which show an efficient targeting of polySia* cells and decrease of their survival (Cox et
al., 2019). Through their StimuXen project, Lipoxen company developed a technology to protect
leukocytes in chemotherapy patients. They demonstrated in pre-clinical trials that polysialylation
on Granulocyte colony-stimulating factor (G-CSF) improved pharmacokinetics and
pharmacodynamics of the factor in the bone marrow to produce more leukocytes and preserve the
whole-body ability to fight infection. In summary, PolySia have many biotechnological and
biotherapeutical interests and tend to be more and more explored, understood and controlled for
development of new personalized strategies.

The major challenge that remains to be investigated is on an enzymatic point of view : how the
machinery of glycosylation and particularly of sialylation is able to produce such a diversity of
sialylated glycoconjugates and how these enzymes could regulate protein-carbohydrate

interactions, initation of sialylation and even elogation for polysialylation chains biosynthesis ?

V. SIALYLTRANSFERASES AND THEIR FUNCTIONAL BIODIVERSITY

The incredible biodiversity of glycoconjugates requires an equivalent diversity of biosynthetic
enzymes known as glycosyltransferases. Among them, sialyltransferases (STs) (EC.2.4.3.x) are the
last sequentially acting and inverting enzymes (Harduin-Lepers, 2010 ; Harduin-Lepers, 2023 ;
Harduin-Lepers et al., 2001 ; Harduin-Lepers et al, 2005) involved in sialylation reaction,
biosynthesis and bioregulation of sialylated glycoconjugates. STs catalyze the transfer of Sia onto
matured glycans in the trans-Golgi compartment and trans-Golgi Network of cells. More precisely,
STs are two substrates Leloir-type metal-independent enzymes that catalyze the stereo- and regio-
specific transfer of sialic acid from the activated sugar donor Cytidine-MonoPhosphate-3-Sialic

acid (CMP-B-Sia) to a large variety of glycolipid or glycoprotein acceptor substrates. The functional
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organization of these enzymes in the Golgi apparatus is not completely understood yet and
represents a current limitation to the study of one specific ST substrate specificity.

Indeed, there are 20 human STs described and grouped according to their activity and their
modular nature in the family of glycosyltransferases GT29 in the Carbohydrate-Active enZYmes
(CAZy) database proposed by Dr B. Henrissat and collaborators which lists all the enzymes
involved in carbohydrate metabolism (Coutinho and Henrissat, 1999 ; Cantarel e al. 2009,

Lombard er al., 2013 ; Drula et al., 2022).
A. GENE ORGANIZATION AND REGULATION OF ST GENES EXPRESSION

Reported in the table 6, the twenty STs genes identified in the human genome (Harduin-Lepers,
2010 ; Harduin-Lepers, 2013 ; Harduin-Lepers ez al., 2001 ; Harduin-Lepers et al., 2005) are grouped
in four families: ST3GAL, ST6GAL, ST6GALNAC and ST8SIA (Harduin-Lepers, 2010). STs
genes are polyexonic and widely dispersed in the genome on several chromosomes (Table 6).
Distribution of exon/intron boundaries and exons sizes of ST genes is similar delineating groups
of genes belonging to the same subfamily and family likely originating from a common ancestor
(Harduin-Lepers, 2010 ; Harduin-Lepers ez al., 2001 ; Harduin-Lepers, 2023). Indeed, this gene
architecture specific of each family is conserved in all vertebrates STs and is a parameter for
identification of STs in vertebrate genomes (Harduin-Lepers et al., 2005 ; Chang et al., 2019). STs
are mainly regulated at the transcriptional level by transcription factors such as Sp1, USF, NF-kB
for ST3GALI and ST3GALS genes (Taniguchi et al., 2001 ; Kim et al., 2001 ; Higai et al., 2006), or
HNF-1, DBP, Sp1, Oct-1 for ST6GALI gene (Svensson et al., 1992 ; Xu et al., 2003 ; Aasheim et al.,
1993 ; Wang et al., 1993 ; Aas-Eng et al., 1995 ; Lo and Lau, 1996), NF-kB for ST8SIA1 gene
(Bobowski et al., 2013) or Sp1 for ST8SIA2 and ST8S1A4 (Yoshida et al., 1996), although numerous
other transcription factors could interfere with STs expression as described by GeneHancer

Regulatory Element database (https://www.genecards.org/Guide/GeneCard#enhancers).

The expression of STs gene is highly regulated in a spatio-temporal manner (Kitagawa and
Paulson, 1994a) and regulation takes place at different transcriptional and post-transcriptional

levels, according to cell and tissue-type. They can be ubiquitously expressed or expressed
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specifically during organogenesis or at specific developmental stages, under physiological and/or
pathological states. Several isoforms of these enzymes may be expressed as a result of alternative
exonic splicing events, use of mutiple promoters and transcription factors. The most studied
example is ST6GALI gene which drives the expression of in several mRNA isoforms observed in
different tissues (Taniguchi et al., 2000). At least four main promoters are known for human
ST6GALI gene expression designated as P1, P2, P3 and P4 (Dall’Olio et al., 2004 ; Dorsett et al.,
2021) where all are tissue-specific and physiopathological-dependent.

Epigenetic mechanisms can also regulate STs expression and is altered in pathologies.
Particulary, DNA methylation of the ST6GALI gene (Dorsett et al, 2021) is reported
hypomethylated in lung cancer (Vojta et al., 2016) or hypermetylated in glioblastoma (Kroes and
Moskal, 2016) and bladder cancer (Antony et al., 2014). MiRNAs, non-coding nucleic acids
transcript also called microRNAs, regulate gene and mRINA expression of STs. In cancers, overall
strategies are developed such as high-throughput fluorescence assay for miRNA interaction
(miRFluR) with ST6GALI and ST6GAL2 genes and subdivided miRNAs in downregulators and

upregulators (Jame-Chenarboo et al., 2022).

Table 6: The 20 human sialyltransferase genes. HGNC : Hugo Gene Community Nomenclature. Chr :
Chromosome, region and position of genes ; Exons : number of exons.

Inspired from Szabo thesis, 2017 and Vallejo-Ruiz thesis, 2001

Gene name Other names Chr (Gene ID) HGNC Exons

ST3GAL family

ST3GALI1 SIAT4A, ST30, STATFL 8q24.22 (6482) 10862 13

ST3GAL2 SIAT4B 16922.1 (6483) 10863 7

ST3GAL3 SIAT6, ST3N 1p34.1 (6487) 10866 26

SIAT4, SIAT4C, CGS23,
ST3GAL4 11924.2 (6484) 10864 19
FLJ11867, NANTA3, STZ

ST3GALS SIAT9, GM3 synthase 2p11.2 (8869) 10872 17

ST3GAL6 SIATI10 3q12.1 (10402) 18080 16
ST6GAL family

ST6GALI1 SIAT1, CDw75, ST6N 3q27.3 (6480) 10860 9
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ST6GAL2 SIAT2 2q12.3 (84620) 10861 14

ST6GALNAC family
ST6GALNACI1 SIAT7A 17925.1 (55808) 23614 12
ST6GALNAC2 SIAT7, SIAT7B, STHM 17925.1 (10610) 10867 11
ST6GALNAC3 SIAT7C 1p31.1 (256435) 19343 11
ST6GALNAC4 SIAT7D, STIAT3C 9q34.11 (27090) 17846 6
ST6GALNACS SIAT7E, MGC3184 1p31.1 (81849) 19342 5
ST6GALNAC6 SIAT7F 9q34.11 (30815) 23364 10
ST8SIA family
ST8SIA1 SIATS, STAT8A, GD3 synthase 12p12.1 (6489) 10869 5
ST8SIA2 SIATS8B, HsT19690, STX 15926.1 (8128) 10870 7
STSSIA3 SIATSC 18q21.31 (51046) 14269 4
ST8SIA4 SIATSD, PST, PST1 5g21.1 (7903) 10871 6
ST8SIAS SIATSE 18g21.1 (29906) 17827 9
ST8SIA6 SIATS8F 10p12.33 (338596) 23317 12

B. ST GENES EXPRESSION IN PHYSIOPATHOLOGY

i.  Inphysiology

In humans, sialylation occurs in every tissus although sialyltransferases expression aren’t
ubiquist for all. From data collected in all databases and normalized pipeline of The Human Protein
Atlas, STs expression level was quantified in all tissues. The most studied ST3GALI and ST6GALI
genes are ubiquitous and mainly expressed in heart, kidney thyroid and liver for ST3GALI and
highly expressed in liver for ST6GALI whereas other ubiquist enzymes like ST3GALZ2 or STSSIAI
are expressed at lower level. Some specific tissues are the site for higher STs expression such as in
the brain for ST3GALS, ST6GALNACG6, ST8SIA2, ST8SIA3, STSSIA4, ST8SIAS and STESIA6 in the
reproductive system for ST3GAL4, ST3GALS, ST6GALNAC?2 or in the digestive tissue mainly for

ST3GAL3 and STEGALNACI (Zhang et al., 2020).
1. In cancers and diabetes

Sialylation and ST’ protein expression level are often altered in pathological state as in cancers

where hypersialylation is now recognized as a hallmark (Rodrigues and Macauley, 2018 ;
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Hugonnet et al., 2021 ; Munkley, 2022). Aberrant STs expression is closely correlated with cancer
progression, angiogenesis, metastasis and drug resistance. To be noted, most STs reported in tumor
invasiveness of bladder, breast, ovarian, pancreatic cancers and leukemia are ST6Gal I, ST3Gal I,
ST3Gal II, ST3Gal IV, ST6GalNAc I and ST6GalNAc V (Zhang et al., 2020 ; Hugonnet et al.,
2021). Sialylation of the two carbohydrate antigens sLe* and sLe* results from overexpression of
three enzymes involved in their biosynthesis : ST3Gal III, ST3Gal IV and ST3Gal VI. So far,
ST6GAL I is the most overexpressed gene found in cancers and pathologies like colorectal cancer
and metastasis, pediatric leukemia, gastric, breast, prostate, ovarian cancers and metastasis and
type II diabetes (Park and Lee, 2013 ; Swindall et al., 2013 ; Schultz e al., 2013 ; Rudman et al.,
2019 ; Schultz et al., 2016 ; Wei et al., 2016 ; Dorsett et al., 2021 ; Garnham et al., 2019). The two
polysialyltransferases (polySTs) ST8SIA II and ST8SIA IV are overexpressed in cancers like

neuroblastoma, SCLC and associated with metastasis (Falconer ez al., 2012 ; Guo et al., 2020).

iii.  In genetic and mental diseases

Deficiencies of STs expression could lead to CDG with severe pathologies, particularly two
enzymes involved in gangliosides biosynthesis, ST3GAL3 and ST3GALS5. Variants of ST3GALS
genes are described in patients suffering from pathologies like respiratory chain dysfunction and
cognitive impairment (Indellicato ez al., 2019), in salt & pepper syndrome (Boccuto ez al., 2014) as
well as Rett syndrome-like phenotype (Lee et al., 2016) associated with mental disorders, epilepsy,
visual deficiencies, intellectual disability, choreoathetosis and deafness (Gordon-Lipkin et al.,
2018 ; Inamori and Inokuchi, 2022). ST3GALS3 deficiency is correlated with West syndrome
characterized by disorders in neural development and epilepsy (Edvardson ez al., 2013 ; van Diepen
et al., 2018 ; Khamirani et al., 2021). Furthermore, SNPs are reported in polySTs ST8SIA4 and
ST8SIA2 associated to mental disorders like schizophrenia and bipolar disorders (Schnaar ef al.,
2014). Independents studies from Japan, China and Australian cohort has shown that variations
of STESIA2 gene are reported in schizophrenic patients (Arai et al., 2006 ; Tao et al., 2007 ; McAuley
et al., 2012). Interestingly in ST8Sia II sequence, mutation reported in a schizophrenic patient leads

to reduced ST8Sia II activity and the production of shorter polySia chains (Isomura et al., 2011).
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All these data converge towards the fact that STs and aberrant or deficient sialylation represent
great biomarkers (Munkley and Scott, 2019 ; Zhang et al., 2020) and targets for personalized
therapeutics and treatment.

C. PROTEIN ORGANIZATION OF STS

STs adopt a type II topology (Paulson and Colley, 1989) in the Golgi apparatus, i.e. a short
cytoplasmic tail on the N-terminal side about a dozen of amino acids, a single transmembrane
domain (TMD) of about twenty amino acids with specific Leu and Phe hydrophobic residues for
embedded in the Golgi membrane (Patel and Bajali, 2006), followed by a stem region of extremely
variable length then a large catalytic domain of 250 to 300 aa exposed in the lumen of the Golgi
apparatus (Harduin-Lepers, 2013). Some STs like ST6Gal I also exist as soluble forms and have
been reported in colostrum, milk and plasma (Hudgin and Schachter, 1971 ; Paulson et al., 1977 ;
Paulson et Colley, 1989 ; Kaplan et al., 1983) and BACE1 protease could be involved in STs
cleavages as reported for ST6Gal I (Kitazume et al., 2003 ; Kitazume ez al., 2005). Interestingly,
these cleaved extracellular STs remain active for sialylation of exogenous glycoproteins (Sugimoto
et al., 2007) and in the systemic circulation (Lau, 2013). A study using cleaved ST6Gal I shows that
this enzyme remains active to sialylate efficiently targeted cells (Lee et al., 2014).

Although the functional organization of sialyltransferases in intracellular membranes is not
well known, recent studies suggest that these enzymes function in complex with other
glycosyltransferases as described for ST6GAL1 and B4GALT1 cooperation in the Golgi
membranes (Hassinen ez al., 2010 ; Khoder-Agha et al., 2019). In addition, Golgi environment such
as pH, ions and redox homeostasis (Rivinoja et al., 2009 ; Rivinoja et al., 2012) influence the correct
final sialylation status of glycoconjugates (Kellokumpu, 2019).

In addition, STs undergo a series of post-translational modifications (PTM) along their
biosynthesis such as O- and N-glycosylation and disulfide-bond formation. These modifications
influence their subcellular localization (Ma ef al., 1999) and trafficking in the cell (Harduin-Lepers
et al., 2001 ; Jeanneau et al., 2004 ; Martina et al., 1998 ; Bhide et al., 2017a). Indeed, different in

vitro and in cellulo studies demonstrated that these PTM modulate STs folding, stability, dimer
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assembly and could have a significant impact on their enzymatic activity (Trombetta, 2003 ;

Miihlenhoff ez al., 2001 ; Mikolajczyk et al., 2020 ; Harduin-Lepers, 2023). To summarize, all these

studies suggest a direct link between the structure, PTM and function of STs.

Despite relatively low sequence identities between the 20 human STs (Datta and Paulson, 1997

; Paulson and Rademacher, 2009), all STs sequences are characterized by four conserved peptide

motifs known as sialylmotifs (SMs) (Harduin-Lepers, 2010 ; Harduin-Lepers, 2013). Multiple

sequence alignments (MSA) of vertebrate sialyltransferase sequences helped defining these

conserved motifs which are described in all the GT29 sequences (Petit ez al., 2018).

These conserved motifs, namely the sialylmotifs Large (L), Short (S), III, Very Short (VS) are
involved in binding of the ST substrates and catalytic function (Datta, 2009) (Fig. 11a):

- SM L is involved in interaction with donor substrate as proved by mutagenesis (Datta and
Paulson, 1995). Composed by 48-49 aa, this motif has 5 aa strictly conserved during evolution
(Livingston and Paulson, 1993) and conserved cystein involved in intramolecular disulfide
bonds for optimal conformation of STs (Datta et al., 2001 ; Qian et al., 2001 ; Rao et al., 2009).

- SM S is involved in interaction with acceptor substrate as proved by mutagenesis (Datta ez al.,
1998). SM S is composed by 23 aa with Gly and Cys extremely conserved (Datta and Paulson,
1997) and the second cystein involved in intramolecular disulfide bonds with those in SM L.

- SM III is involved in catalytic activity for STs with 4 aa, notably a Tyr and a His conserved
and involved in interaction with phosphate group of donor substrate (Jeanneau et al., 2004).

- SM VSisinvolved in catalytic activity for STs with 4 aa, notably a Glu and a His well conserved
(Geremia et al., 1997 ; Jeanneau et al., 2004) with the His considered as the catalytic base (Rao

et al., 2009).
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Illustration from Harduin-Lepers et al., 2013

Moreover, another level of conserved peptide motifs defines family-motifs of STs and 5 family
motifs a, b, ¢, d, e were described recently (Harduin-Lepers, 2010 ; Patel and Bajali., 2006) (Fig.
11b). These family motifs are likely involved in enzymatic specificity defining each family
ST3GAL, ST6GALNAC, ST6GAL or ST8SIA. In particular, YPE and NPS motifs for ST3GAL
and ST8SIA families respectively are involved in acceptor substrate recognition nearby SM L
(Okajima et al., 1999a ; Fukumoto ef al., 1999; Angata et Fukuda, 2003). Other motifs are are
characteristics of families such as (Y/A)GF(K/G)(Y/A) for ST3GAL, (AN)YG(F/M) for

ST6GAL or (ITL)(F/Y)GFWPF for ST8SIA (Fig. 12). Specificity Determining Positions (SDPs)
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are critical amino acid positions likely involved in functional specificity in each subfamilies as

described for ST3GAL and ST6GAL family (Petit et al., 2015 ; Teppa et al., 2016).
D. MECHANISM ACTION OF SIALYLATION REACTION

Firstly proposed by Horenstein, the mechanism for sialylation reaction is initiated by
recognition of CMP-Neu5Ac by the catalytic domain of the STs (Horenstein and Bruner, 1996).
These inverting enzymes reverse Sia anomery 8 from CMP-Sia to anomery o during transfer onto
the acceptor monosaccharide. Interaction between enzymes, donor and acceptor substrates allow
release of CMP by nucleophile substitution Sx2 to form an oxocarbenium transition-state molecule
(Fig. 12) (Audry et al., 2011 ; Montgomery et al., 2017a). Indeed, sialylmotif III is located in the
binding pocket of STs and particularly its His is involved in different steps with : the deprotonation
of hydroxyl group of the acceptor, the interaction with electrophilic part of charged Sia for
transition-state and the release of CMP from the donor substrate after Sia transfer, as describe for

porcine ST3Gal I in interaction with CMP-Neu5Ac (Rakic et al., 2013).
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Figure 12: Sialylation reaction mechanism. Sialylation is divided in different steps with interactions
between acceptor, donor and catalytic residue of ST's for a Sn2 mechanism and inverting transfer of Sia.

Illustration from Harduin-Lepers, 2023
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E. STS ENZYMATIC SPECIFICITY

STs are oftenly and mistakenly considered as « one enzyme-one linkage » enzymes as
hypothetized by Roseman with the concept that each glycosidic linkage is the product of a single
enzyme (Rini e al., 2009). Nevertheless, STs have to be considered as much more complex and
broader in their enzymatic specificity. Biochemically, the 20 mouse and human STs are the most
studied (Harduin-Lepers, 2008) and little is known about the activities of fish or amphibian
enzymes. On one hand, human enzymes are very specific depending on the linkage they formed
and the nature of the substrate they are sialylating. On the other hand, these enzymes also present
functional redundancy in vitro and display an enzymatic promiscuity revealed by the study of their
evolutionary history (Rohfritsch et al., 2006). Indeed, they are classified according to their
enzymatic specificities towards acceptor substrates, the monosaccharide acceptor and the type of
glycosidic linkage formed:

- ST3GAL enzymes catalyzed the transfer of Sia forming a2-3 linkage onto a Gal.
- ST6GAL enzymes catalyzed the transfer of Sia forming o2-6 linkage onto a Gal (also on

GalNAc despite their name).

- ST6GALNAC enzymes catalyzed the transfer of Sia forming a2-6 linkage onto a GalNAc

(also on GIcNACc despite their name).

- ST8SIA enzymes catalyzed the transfer of Sia forming a2-8 linkage onto a Sia.

The glycosidic linkage with anomery a (Kolter and Sandhoff, 1997) is established between
hydroxyl group, carried by anomeric carbon in C-2 of Sia and those in C-3/6/8/9 of the
monosaccharide acceptor. The second level of enzymatic specificity concerns the acceptor structure
itself where STs could recognize: aglycone moiety of glycoconjugate as for glycolipids, the
underlying glycan and other linked-monosaccharides, or even polypeptide chains as shown for
ST6GalNAc (Samyn-Petit e al., 2000 ; Harduin-Lepers et al., 2000) and for polysialyltransferases
ST8Sia II and ST8Sia IV (Nakata et al., 2006 ; Liao et al., 2020) .

Some STs are highly specific towards their acceptor substrates like ST3Gal V which only

generate Gw;s ganglioside (Table 7). Otherwise, ST3Gal I and ST3Gal II catalyze the transfer of Sia
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residue with the same a2-3 linkage onto the same acceptor terminal Gal residue on GalfB1-
3GalNAc (type 3 disaccharide) and contribute to O-glycans biosynthesis (Kitagawa and Paulson,
1994b ; Kim et al., 1996, Giordanengo et al., 1997). Both enzymes have low in vitro activity on
GalB1-3GIcNAc (type 1 disaccharide) and no in wvitro activity on Galf1-4GIcNAc (type 2
disaccharide) (Kojima et al., 1994). Indeed, ST3Gal I and ST3Gal II displays redundant enzymatic
activities although their gene expression in tissues is different. ST3GALI gene is mainly expressed
in spleen and weakly in brain whereas these ratios are opposite for ST3GALZ2 gene as described in
mouse (Kono et al., 1997).

ST6GALNAC family members show differences in terms of specificity (Table 7): although
ST6GalNAc I have an enzymatic specificity towards Tn antigen to synthesize sTn antigen iz vitro
and in vivo (Ikehara et al., 1999a ; Kurosawa et al., 2000 ; Marcos et al., 2004), ST6GalNAc IT could
also synthesize sTn antigen in vitro but mainly sT antigen in vivo (Kurosawa et al., 1996 ; Samyn-
Petit et al., 2000 ; Kono et al., 2000). ST6GalNAc III and ST6GalNAc IV have an even more
restricted specificity towards a few O-GP and glycolipids to generate Gpiq (Sjoberg et al., 1996; Lee
et al., 1999 ; Harduin-Lepers et al., 2000). In contrast, ST6GalNAc V and ST6GalNAc VI synthesize
di-sLe* on GIcNAC residues from gangliosides (Tsuchida et al., 2003).

ST6Gal (ST6Gal I and ST6Gal II) catalyze the transfer of a Sia in a2,6 bond on a Gal residue
of the LacNAc structure (GalB1-4GIcNAc) (Fig. 13) but also in a2,6 on a GalNAc residue of

LacDiNAc (GalNAcB1-4GIcNAc), in inverse activity ratios (Rohfritsch et al., 2006).
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Figure 13: Representation of sialic acid transfer catalysis NeuSAc (purple) from the activated donor
substrate CMP-Neu5Ac by the human ST6Gal I enzyme onto a LacNAc (GalB1-4GlcNAc) motif of a
glycoprotein.

Adapted from Noel et al., 2018
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These enzymatic specificities can be explained by their molecular evolution from a common
ancestor st6gall/2 which have been duplicated during vertebrate’s evolution in two copies for
acquisition of new functions and specificities (Teppa et al., 2016).

In contrast, some STs have more relaxed donor substrate specificity (Datta, 2009 ; Harduin-
Lepers, 2010), although their donor substrate specificities are less explored (Harduin-Lepers, 2023).
CMP-Neu5Gc, CMP-Neu5,9Ac; (Higa and Paulson, 1985), and CMP-Kdn (Angata et al., 1998b)
could be acceptable donor substrates by some mammalian sialyltransferases (Li and Chen, 2012).

For ST enzymatic activity, a minimal catalytic domain essential for STs activity is reported in
the stem region and the catalytic domain between 70 and 90 aa before SM L for all STs (Vallejo-
Ruiz et al,, 2001 ; Chen and Colley, 2000 ; Donadio ef al., 2003). Truncature in the stem region
impacts STs enzymatic activity. Various deleted forms of the first 28, 35, 42 and 60 aa from N*
ST6Gal I sequence (i.e. A28, A35, A42 and A60ST6Gal I) shows higher efficiency of Sia transfer
towards transferrin, desialylated fetuin and orosomucoid compared to the full length ST6Gal 1
(Legaigneur er al., 2001). In parallel, distinct kinetic parameters were found for two truncated
ST6Gal I with a K, for LacNAc 10-fold increased for A108ST6Gal-I (84 mM) as compared to
A89ST6Gal-1 (8.3 mM) (Luley-Goedl et al., 2016). About ST3Gal I, different constructs like
A25S8T3Gal T and A56ST3Gal I led to efficiently active enzyme whereas A76ST3Gal 1 and
A105ST3Gal I were not active (Vallejo-Ruiz ez al., 2001). These observations highlights that the
stem region, extremely variable in terms of size, could influence enzyme stability, flexibility and
may modulate acceptor recognition and specificity as described for ST6Gal I (Legaigneur et al.,
2001 ; Donadio et al.,, 2003). Furthermore, mutagenesis in SMs and family motifs demonstrate
various effects in ST6Gal I activity using surface plasmon resonance (SPR) (Laroy ez al., 2001) and
for ST3Gal I activity (Jeanneau et al., 2004).

Finally, ST6Gal I could form dimers through its disulfide bound (Ma and Colley, 1996 ; Qian
et al., 2001) which impact its structure stability and its Golgi localization (Fenteany and Colley,
2005). This structural complexity, which may impact donor substrate recognition and enzymatic

specificity, will be discussed in the next part about « 3D structure of ST's ».
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Table 7: Human protein sialyltransferases and their enzymatic specificities. Accession number for database UniProt ; AA quantities. GP : glycosylproteins / GL :

glycolipids. Profile expression from The Human Protein Atlas. Inspired from Teintenier-Leliévre thesis, 2006 and Harduin-Lepers, 2023.

Main expression
Enzyme UniProt ECnb AA Substrates specificity and structure formed References
profile in tissue

ST3GAL family
Liver, kidney,
NeuSAca2-3GalB1-3GalNAc-Ser/Thr / O-GP & GL .
skeletal muscle, Kitagawa and
ST3Gal I Q11201  2.4.32 340 )
o 3P spleen, pancreas, Paulson, 1994a

liver, placenta

Neu5Aca2-3Galp1-3GalNAc- / O-GP & GL

a 3 3 Skeletal muscle,
ST3Gal I Q16842 2434 350 4 - Kim ez al., 1996
o3 4 [ ._Oyj— spleen, heart

NeuSAca2-3Gal 8 -1,3/4-GlcNAc- / N-/O-GP & GL

Skeletal muscle, Kitagawa et

ST3Gal ITI 11203 2436 375 ;
° @ —0*m— spleen Paulson, 1993

Neu5Aca2-3Gal- 3 -1,4-GlcNAc- NeuSAca2-3Gal- 8 - )
Placenta, ovaries,

1,3-GalNAc- / N-/O-GP & GL Kit d
ST3Gal IV Q11206 2432 333 WAL adrenal gland and itagawa an
i Paulson, 1994b
@O m— @02 testicles
Neu5Aca2-3Gal- 8 -1,4-Glc-Cer / GL Gus
ST3GalVv Q9UNP4 2439 418 ) Ubiquitary Ishii et al., 1998
.Et oo_u._ﬁ.‘:
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09Y2 Neu5Aca2-3Gal- 8 1,4-GIcNAc- / N-/O-GP & GL Liver, heart Okajima et al.,
ST3Gal VI Y274  2.4.39 331 X
’“—°OMI— muscle, brain 1999a
ST6GAL family
Neu5Aca2-6Galf31-4GIcNAc- / N-GP . .
ST6Gal I P15907 431 106 Ubiquitary, liver =~ Grundmann et al.,
o ¢0-m— @ mainly 1990
Neu5Aca2-6Galp1-4GIcNAc- / N-GP Takashimaeral.
ST6Gal II Q96JF0 2.4.3.1 529 oAcRebapbiaae I Thyroid gland and 2002
o ’_Dﬁ—._u s ‘ ‘—u ‘O m— Brain Krzewinski-
Recchi et al., 2003
ST6GALNAC family
(NeuS5Aca2-3)o.1(Galp1-3)o.1Neu5Aca2-6 GalNAc-
Digestive tissues : Ikehara et al.,
ST6GalNAcI  QI9NSC7 2.4.33 600 & _ )
] @ colon, intestine 1999a
Ser/Thr O-GP
Galp1-3[Neu5Aca2-6]GalNAc-Ser/Thr / O-GP )
Ubiquitary,
. . ) Samyn-Petit et al.,
ST6GalNAc II QouJ37 2433 374 <5 o mainly retina and
SH @ 5 ) 2000
L @ skin
Neu5Aca2-3Galf1-3[NeuSAca2-6]GalNAc- Brain, thyroid Tsuchida et al.,
ST6GalNAcIIl Q8NDV1 2.4.3.7 305 '
/ O-GP & GL (Gpia) gland and kidney 2005

48



GDa
Neu5Aca2-3Galf31-3[NeuSAca2-6]GalNAc-
O-GP & GL (Gpiw)
Ubiquitary, Harduin-Lepers et
ST6GalNAcIV  Q9H4Fl 2.4.3.7 302 '
3 5 4 . mainly pancreas al., 2000
o 6 O .
GDa
GL (Gpio) & N-/O-GP
Brain, lung, Okajima et al.,
o 3
ST6GalNAcV Q9BVH7 2.4.3.7 336 ‘ 354 . & smooth muscle, 1999b ; Ikehara et
oH@— y
% — o 380 retina al., 1999b
GL (Gpi« & All a-series gangliosides) & N-/O-GP
Ubiquitary, Tsuchida et al.,
o 3 o . .
ST6GalNAc VI  Q969X2 2.4.3.7 333 . g 4 4 5 mainly brain, 2003
o2 e : Senda er al., 2007
Dl o 3 colon, ovary “
ST8SIA family
NeuS5Aca2-8NeuS5Aca2-3Galf1-4Glc-Cer : GL (Gps) . .
Brain, parathyroid  Nara etal.,, 1994
ST8Sia I Q92185 2438 356 o
‘cc B aao 3 4 . gland, lymph node Sasaki et al., 1994
] Brain, feetal Scheidegger et al.,
ST8Sia IT Q92186 2.4.3.8 375 (Neu5Aca2-8).Neu5Aca2-3/6-Gal1- / N-/O-GP _
kidney and heart 1995
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o B o 8 o 8 o 8 Ry X 4

: polySia

Neu5Aca2-8Neu5Aca2-3Galf1-4-GlcNAc-

N-/0-GP & GL )
Brain and feetal
ST8Sia IIT 043173 2438 380 o B G 8o 3 . ) Lee et al., 1998
liver
o B o 8 o Do Gr—fp 3
Ubiquitary,
(Neu5Aca2-8),.Neu5Aca2-3/6Gal-f1- / N-/O-GP )
mainly placenta, Nakayama er al.,
ST8Sia IV Q92187 2438 359 5 B S Blha S S .
- polySia spleen, thymus, 1995
brain
GL (Grs, Goie, Gria, Garv, Gro) Brain, adrenal
ST8Sia V 015466 2438 376 ; 5 . Kim et al., 1997
i ] ol 4 gland
NeuS5Aca2-8NeuSAca2-3(6)-Gal / O-GP & GL . Teintenier-
Breast, brain and
ST8Sia VI P61647 2438 398 Lelievre et al.,

o Bao 3 3 o S a0 3 4

lung

2005
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F. 3D STRUCTURES OF SIALYLTRANSFERASES

1. Bacterial STs

Tertiary structure is essential to understand the molecular basis for donor and acceptor
substrate specificities of STs as well as their catalysis. The first reported STs crystallization was for
bacteria Cst-11 from Campylobacter jejuni belonging to the GT-42 family (Chiu et al., 2004). Cst-II is
a multifunctional «2-3/8-STs, different from their animal counterparts (GT-29) and able to
synthesize various glycosidic linkages. Cst-II adopt a Rossman type for GT-A like conformation,
or variant 2 GT-A fold with an alternated structure in sandwich a/f3/« folds (Mestrom et al., 2019)
(Fig. 14). Crystal structure of Cst-II provides key insights into the sialyl-transfer mechanism with
identification of Hisiss as the catalytic base. Mutation into Ala (i.e. Cst-II-H188A) impairs
enzymatic activity where Cst-II-H188A is not able to catalyze Neu5SAc transfer onto natural
acceptor substrate (Chan ez al., 2009).

A B

N-terminal
cjcstil PorcineST3GAL1
PDB id: 1RO7 PDB id: 2WNB

Figure 14: GT folds with (A) GT-A fold for Cst-II enzyme and (B) GT-A-like fold for porcine ST3Gal I.

Illustration from Grewal et al., 2021

ii.  Mammalian STs
In parallel, eukaryotic GT-29 STs adopt also a GT-A like fold structure (Fig. 14), which differs
from other GT-A fold glycosyltransferases since they do not have a DxD motif and do not require
a divalent cation for their activity (Breton et al., 2005 ; Harrus et al., 2018). Computational and

system biology approaches helped to predict donor specificity of GTs enzymes from diverse species
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and enabled their deep evolutionary classification into 53 families according their structural
features and fold (Taujale et al., 2021). However, the divergent and atypical GT-A families such as
GT-29 and GT-42 sialyltransferase families do not possess the canonical GT-A motifs and don’t
align well with other GT-A families (Taujale ez al., 2020).

The first 3D structure of mammalian STs was solved by X-ray crystallography in 2009 for the
porcine ST3Gal I (Rao et al., 2009) with a catalytic domain organized in alternation of o/ folds
with 12 a-helices (ribbons) and 7 twisted -strands (arrows) and a topology on 7612345 (Fig. 15).
As illustrated on the cartoon figure 17, a correlation between o/ f3 folds and sialylmotifs has been
established. Particularly, SM L (in green, Fig.15B) encompasses 4 a-helices and 4 -strands of
ST3Gal I to forms part of the donor binding site. SM S (in orange, Fig.15B) comprises helix all
and strand (36 close to C3 disulfide bond (Fig. 15A) and is reported to be involved in both acceptor
and donor substrates recognition as shown by site-directed mutagenesis (Datta et al., 1998). SM II1
(in red, Fig. 15B) is located near to the phosphate-binding site and contains His**> which stabilizes
ribose ring of CMP from the donor substrate. Finally, SM VS (in purple, Fig. 15B) is composed by
helix al12 and a loop region containing the catalytic base His*"?, essential for enzymatic activity.
Between SM IIT and SM VS, a segment of 12 residues (305-316) corresponds to the family motif
“d” (Fig. 11) and is described as a disordered “lid” domain (magenta dashed line in Fig. 15) and a

flexible loop that could be involved in the donor binding substrate mode.

a pST3GaH b sayimotra

Sialyl motif VS

.
< =

q y
- )
L' \ N
Lid domain -/ / }'
PAR -y ELY
\ p 4 & v\\
¥ .
Stem region N’ g \V
\’f Sialyl motif L

Lumen
Golgi membrane a0
Cytoplasm @

Figure 15: 3D structure of the catalytic domain of porcine ST3Gal I. (a) N** side is located in the

cytoplasm, transmembrane domain is embed in the Golgi membrane with the helix «0. The stem region
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could be the site of proteolytic cleavage. On C** side, catalytic domain is represented with alternation of 12
a-helices (ribbons) and 7 twisted -strands (arrows). (b) Representation with the 4 SMs L, S, IIT and VS.

Illustration from Rao et al., 2009

Although donor binding site with this flexible loop seems highly conserved in GT-29 as shown
for the docking of CMP-Neu5Ac with ST3Gal I and ST6Gal I (Rao et al., 2009 ; Kuhn et al., 2013),
major variations occur in the acceptor site according the nature of enzymes, nature of its acceptor
substrate (Sia, Gal, GalNAc) and linkage established. For GT-A fold variant 2 structure, catalysis
in STs occurs in a close and active conformation that results from the movement of loops and/or
domains induced from the initial binding of the CMP-Sia (Audry et al., 2011). The flexibility and
positioning of these loops confer substrate specificity and correctly orient the nucleophilic group
(Harduin-Lepers, 2010 ; Harduin-Lepers, 2013 ; Moremen and Haltiwanger, 2019).

Furthemore, crystal structure of rat ST6Gal I analyzed with docking and molecular dynamics
simulations highlights that helix a12 with catalytic His acts as base to deprotonate hydroxyl group
of the terminal Gal residue acceptor for nucleophilic attack on C2 of NeuSAc donor (Meng et al.,
2013). Co-crystallization of human ST6Gal I with CMP (Kuhn ef al., 2013) confirms the Sn2

sialylation mechanisms with inversion of configuration proposed by Horenstein and Bruner.

iii.  Homo- and heterodimerization of mammalian ST

To be noted, human ST6Gal I comprises 6 important Cys involved in intra- and intermolecular
disulfide bonds to stabilize its structure and form homo- and heterodimers (Qian et al., 2001 ;

Hassinen er al, 2010 ; Khoder-Agha et al, 2019). In the TMD, Cys* is required for

181 332

homodimerization whereas Cys'®! and Cys*** are respectively located in SM L and SM S and are

350 361

important for localization in the trans-Golgi. Cys™’ and Cys*®' are located in SM III and family

motif “d” and are part of the active site, essential for the catalytic activity. Mutant of Cys'* into
Ser (i.e. C139S) is still active and more stably localized in Golgi as homodimer. Nevertheless,
homodimerization of ST6Gal I reduces its ability to bind CMP-Neu5Ac (Qian et al., 2001).

In parallel for ST6Gal I, relevant heterodimers were reported in complex with BAGALT1. Co-

transfection with plasmid constructs of BAGALT1 and ST6Gal I and bimolecular fluorescence
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complementation indicates heterodimerization occuring in vivo (Hassinen et al., 2010). Indeed,
ST6Gal 1I/B4GALT1 heterodimers are reported through lateral interactions via highly charged
surface domains. ST6Gal I uses its non-catalytic surface for interaction with BAGALT1, leaving its
active site exposed and accessible for donor and acceptor substrate binding. The two enzymes
interact laterally via cis-configuration on the same side of the Golgi (Khoder-Agha ez al., 2019).
Similarly, crystallization of human ST8Sia III revealed a GT-A fold variant 2 structure with 7
parallel B-strands flanked by multiple helices. The general spacial arrangement for the 4 SMs are
similar to those described for porcine ST3Gal I although the active site clef of ST8Sia III lies at the
junction of conserved motifs SM S, SM VS and SM III (Volkers et al, 2015). Moreover,
dimerization of ST8Sia IIT has been reported in the crystals and reflects solution behavior (Fig. 16).
Each monomer of ST8Sia III has its active site oriented facing the membrane, suggesting a role in
the stabilization of the enzymes. In contrast, no dimerization was described for the two human

polysialyltransferase ST8Sia II and ST8Sia IV (Volkers et al., 2015).
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Figure 16: Overall structure and dimerization of human ST8Sia III. Each monomer is represented with its
4 sialylmotifs (L, S, III and VS), the 4 N-glycosylation sites oriented in surface and the two
polysialyltransferase-like motifs (PBR-like and PSTD-like).

Illustration from Volkers et al., 2015
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ST8Sia III shares around 35% sequence identity with ST8Sia IV and has “PBR-like” and
“PSTD-like” motifs (Fig. 16) partially aligned with PBR and PSTD motifs of human
polysialyltransferases ST8Sia II and ST8Sia IV (Volkers et al., 2015). Nevertheless, no effective
polysialyltransferase activity were reported up to now for ST8Sia III, which is not able to
polysialylate NCAM and itself (Angata et al., 2000).

To summarize, crystal structures of GT-29 enzyme-substrate complexes (reported in Table 8)
offer many advatanges to understand how the sialylation mechanism takes place and how
interaction and binding of substrates with specific domains of enzymes could influence their

stereoselectivity and regioselectivity to generate such a wide diversity of sialylated glycoconjugates.
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Table 8: Crystal structures of sialyltransferases in the Protein Data Bank (PDB). Ligands abbreviations are : 4-amino-1-3-D-ribofyranosyl-2(1H)-pyrimidinone (CTN)
; 2-(acetylamino)-2-deoxy-6-O-sulfo-B-D-glucopyranose (NGS) ; N-acetyl-2-deoxy-2-amino-Gal (A2QG). Inspired by Harrus et al., 2020.

Enzyme Organism AA range 3D-structure Ligand substrates References
ST3GAL family
2WML Unliganded
ST3Gall Sus scrofa 46 — 343 2WNB A2G, CMP, Gal Rao eral, 2009
2WNF A2G, Gal
ST6GAL family
Rattus norvegicus 95 -403 4MPS GIcNAc Meng et al., 2013
4JS1 B-Man, CTN, Gal, Man, GIcNAc
89 — 406 Kuhn et al., 2013
ST6Gal 1 4JS2 B-Man, CMP, B-L-Fuc, Gal, Man, GIcNAc
Homo sapiens
6QVS Unliganded
132 - 406 Harrus et al., 2020
6QVT CMP-NeudSAc
ST6GALNAC family
6APJ GIcNAc
ST6GalNAc II Homo sapiens 66 — 374 Moremen et al., 2018
6APL CMP, GlcNAc
ST8SIA family
5BO6 B-Man, CDP, aFuc, GIcNAc
5BO7 aFuc, CTP, GIcNAc
Volkers et al., 2015
ST8Sia II1 Homo sapiens 81380 5BO8 Man, aFuc, 3-Man, GIcNAc
5BO9 GS, aFuc, Gal, CDP-3-F-Neu5Ac, GIcNAc, Sia
5CXY GIcNAc, B-Man, o-Fuc Not published
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G. MOLECULAR PHYLOGENY AND EVOLUTION OF STS

Evolutionary biology is a science focused on the evolutionary processes that produced the
diversity of life on Earth. Combining molecular phylogeny and evolution strategies enabled over
the past 25 years to gain insights the biodiversity of sialylation machinery and molecular evolution
of STs correlated with their enzymatic specificities in Metazoa.

Notably, recent breakthrough in this field led to the reconstruction of the sialylation pathway
including GT-29 STs in the ancestor of eukaryotes (Petit er al., 2018). Briefly, Last Eukaryota
Common Ancestor (LECA) already possessed two ancestors of GT-29 sequences (i.e.
ST6Gal/ST6GalNAc III-VI and ST8Sia/ST6GalNAc I-1I/ST3Gal) probably inherited from an
endosymbiosis event of a-proteobacteria (Petit et al., 2018 ; Harduin-Lepers, 2023). A recent review
summarizes glycomics profile in different taxa which could be a consequence of their direct
evolution from LECA (West et al., 2021). Interestingly, GT29 ST-related homolog sequence were
identified in the genome of Eukaryota classes (SAR, Opisthokonta, Archeplastida,
Chromalveolata), a-proteobacteria and in protist organisms (Petit ez al., 2018). During eukaryotes
evolution, this sialylation pathway was partially maintained, with modification and molecular
evolution, or totally lost like in the Streptophyta (Petit et al, 2018). In plants, putative
sialyltransferase and CMP-Sialic acid transporter genes were identified as well as traces of
sialylation in Arabidopsis thaliana (Shah et al., 2003). Until now, no direct evidences of enzymatic
activity of sialylation were detected in plants (Séveno et al., 2004). This GT-29 patchy distribution
in Eukaryota raises the question of the evolutionary origin of the sialylation machinery and sialic
acids as proposed below (Fig. 17) (Harduin-Lepers, 2023).

GT-29 STs are widespread in Deuterostoma and few sequences were described in invertebrate
Deuterostomia like sea urchin and Protostoma. These GT-29 sequences share common conserved
SM L, S, III and VS suggesting a common ancestor (Harduin-Lepers et al., 2005 ; Teppa et al.,
2006 ; Petit et al., 2018). For instance, arthropods like the insect Drosophila melanogaster only have
one ST6GAL-like sequence, DSIAT (Koles ez al., 2004 ; Repnikova et al., 2010) which represents

an orthologue of the ancestor of the vertebrate’s ST6Gal I and ST6Gal II (Petit et al., 2010). Figure
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17 illustrates the evolutionary scenario of three families ST3GAL, ST6GAL and ST8SIA studied

these past years.
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Figure 17: Illustration of the evolutionary scenario of GT-29 sialyltransferases in Metazoa. The two
original groups of GT-29 sialyltransferases present in LECA gave rise to the four families ST3GAL,
ST6GAL, ST6GALNAC and ST8SIA subdivided into groups of enzymes (GR) after gene duplications in
Metazoa, which were maintained or not across evolution of Deuterostoma. Up to now, only STSESIA,
ST6GAL and ST3GAL evolutionary history could be reconstructed in Deuterostoma, therefore
ST6GALNAC are not represented here. A burst of innovations occurred at the base of vertebrates after two
rounds of whole genome duplication events (WGD-R1 and WGD-R2), after the Teleost-specific whole
genome duplication event TGD and the species-specific genome duplication events (salmonid-specific 4R
(Ss4R) and carp-specific 4R (Cs4R)) which were maintained or not in the various vertebrate branches.

Illustration from Harduin-Lepers, 2023

The functional diversification of sialyltransferases in vertebrates is explained by several rounds
of whole genome duplication (WGD-R1 and R2) that took place around 555 and 500 million years
ago (MYA) at the root of early vertebrates. A third WGD event took place around 320 MYA in

Teleosts (bony fishes) and is considered as a teleost-specific WGD (TGD) (Fig. 17) (Petit et al.,
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2010 ; Teppa et al., 2016 ; Chang et al., 2019 ; Venuto et al., 2020). Another WGD event took place
in Salmonidae (salmonid-specific WGD called SaGD), which occurred around 25-100 MYA. After
these WGD events, duplicated genes could have diverse fates: they could be lost after accumulation
of mutations. Notably, our team reported that st3gal6, st3gal9 and st8sia6 were lost in teleosts or
st3gal7 and st8sia8 were lost in tetrapods (Fig. 18) and st3gal§ lost in mammals likely through
pseudogenization (Petit et al., 2010 ; Teppa et al., 2016 ; Chang et al., 2019). Nevertheless,
duplicated genes could be maintained in genomes and led to non-functional and/or functional
enzymes with specific activity. Indeed, these enzymes could acquire new activity
(neofunctionalization) or conserved ancestral gene function (subfunctionalization) (Fig. 18) (Teppa
etal., 2016). The mammalian ST6Gal I is an example of neofunctionalization and an accumulation
of changes both in the catalytic domain and in the N-terminus part of the protein was observed
during amniotes evolution (Petit et al., 2010). Biochemical evidences showed that human ST6Gal
family members (ST6Gal I and ST6Gal II) catalyze the transfer of a Sia in 2,6 bond on a Gal
residue of the LacNAc structure (GalB1-4GIlcNAc) and also in a2,6 on a residue of N-
acetylgalactosamine of LacDiNAc (GalNAcB1-4GIcNAc), in inverse activity ratios (Rohfritsch ez
al., 2006). DSIAT, like the human ST6Gal II, has a preferential sialylation activity on LacDiNAc
(Koles et al., 2004) rather than on LacNAc. These distinct specificities could be explained by the
molecular evolution of STs in vertebrates (Teppa ez al. 2016) (Fig. 18) and it has been hypothesized
the zebrafish ST6Gal I enzyme would show a different enzymatic specificity from that described

for human ST6Gal I, although this remains to be demonstrated.

E PSEUDOGENIZATION

st3gal6is lost in fish, st3gal7 is lost in tetrapods, st3gal8is lost
in mammals, st3gal9 is maintained only in birds

E / E SUBFUNCTIONALIZATION

st3gal1 and st3gal2 across vertebrates, st3gal5 and

E i st3gal7 in fish, st3gal4 and st3gal6 in tetrapods
Duplicated genes
\ E NEOFUNCTIONALIZATION

st6gal1 has evolved new functions in the ancestor of birds

and mammals, whereas st6gal2 is maintained across vertebrates

Figure 18: Evolutionary fate of ST gene duplicated after WGD events. Ancestral polyexonic ST genes

duplicates could undergo diverse fates as loss of genes : pseudogenization, conservation of part of ancestal
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gene function : subfunctionalization, or even acquire new function after accumulation of mutations or
different regulation : neofunctionalization.

Tllustration from Teppa et al., 2016

Furthermore, structural studies have shown that Tyri» present in the human ST6Gal I is
involved in LacNAc recognition motif (Kuhn et al., 2013) whereas all vertebrates ST6Gal II display
an His in this position (Teppa et al., 2016). It was shown using specificity determining position
(SDP) prediction, in silico mutagenesis from Tyr to His (Y122H) and docking studies that this
change would allow the recognition of LacDiNAc motif (Teppa ez al., 2016) (Fig. 19). Therefore,
the relationships between structure and function with the change of specific amino acids could
modulate enzymatic specificity, although it needs to be enzymatically proven for vertebrates
ST6Gal I as for zebrafish ST6Gal 1.

Altogether, these studies have shown that these evolutionary events are likely responsible for
the presence of 20 human and over 30 STs genes in the zebrafish Danio rerio.

Hsa ST6Gal | Hsa ST6Gal Il

His370

Asp274

Tyr369

Tyr122

= Tyr116
Tyr116

Figure 19: Crystallographic data of Tyr122 and His122 residues from the human ST6Gal I and ST6Gal

His122

Lysi21

II in interaction with Gal and GalNAc residues respectively.
Illustration from Teppa et al., 2016

60



VI.

POLYSIALYLTRANSFERASES

A. DESCRIPTION OF ST8SIA FAMILY

The ST8SIA family is comprised of 6 members in mammals known to be enzymatically active.

In mammals, the ST8SIA enzymes catalyze the transfer of Sia onto other Sia residues with a2-8

linkages onto glycoproteins or glycolipids. Phylogenetic analyses of Metazoan ST8SIA indicated

that they can be classified into three subgroups according their enzymatic activity:

Mono-a2-8-sialyltransferases : ST8Sia I, ST8Sia V are responsible for gangliosides Gp; and
Grs biosynthesis respectively (Sasaki e al., 1994; Nara et al., 1994; Nakayama et al., 1995 ; Kono
etal., 1996 ; Teintenier-Lelievre ef al., 2005 ; Harduin-Lepers, 2010) although ST8Sia V could
be active onto other glycolipids such as Gmis, Gpia, Gris and Gqic. Cloned and characterized in
mouse and human, ST8Sia VI is involved on diSia formation onto O-glycosylproteins
(Takashima et al., 2002 ; Teintenier-Lelievre et al., 2005).

Oligo-a2-8-sialyltransferase : ST8Sia III catalyzes the transfer of one or many Sia onto
glycoproteins and glycolipids to form oligoSia chains with DP = 3 to 7 (Lee et al., 1998 ; Angata
et al., 2000 ; Harduin-Lepers, 2010) and could be responsible for polySia intiation (Sato et al.,
2001).

Poly-a2-8-sialyltransferases (polySTs) : ST8Sia II and ST8Sia IV are responsible for polySia
chains formation on glycoproteins (Kojima et al., 1996 ; Nakayama et al., 1995 ; Angata et al.,
1998a) with notable differences in terms of tissues expression (Table 7), enzymatic specificities

and DP sizes, with longer polySia generated for ST8Sia IV than ST8Sia I (Angata ez al. 2002a).

B. EVOLUTION OF ST8SIA FAMILY

i.  All §TSSia enzymes

Phylogenetic distribution of o2,8-sialyltransferases (ST8Sia) was assessed in Metazoa. In

invertebrates, five ancestral st8sia genes are present (st8sia2/4, st8sia3/9, stSsial, st8siad and

st8sia6/7/8) and nine st8sia gene subfamilies have arisen after the two rounds of WGD events, at

the base of vertebrates (Fig. 20) (Harduin-Lepers, 2008 ; Harduin-Lepers, 2010 ; Venuto ez al. 2020).
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Figure 20: Distribution of ST8Sia genes during vertebrates evolution.

Graphical abstract of Venuto ez al., 2020b.

The evolutionary history of ST8Sia in vertebrates indicates multiple gene losses and/or gains
during vertebrate evolution (Harduin-Lepers et al., 2008). In fact, it was shown very recently that
this was explained by a loss of the st8sia6 gene in fish and the existence of a paralogous gene
renamed st8sia8 (or st8siab-like) which disappeared in mammals (Chang et al., 2019) and whose
enzymatic activity needs to be characterized. Likewise, synteny analysis revealed the presence of
st8sia7in Danio rerio (Fig. 20). Altogether these studies suggest the existence of new sialyltransferase
activities in fish, explaining the extraordinary diversity of sialoglycans in these species.

ii.  Polysialyltransferases

Molecular phylogeny of eukaryotic ST8Sia highlights the early emergence of
polysialyltransferases genes in Deuterostomia around 750 MYA since ancestral sequences of
polySTs were reported in invertebrates (the amphioxus Branchiostoma floridae) (Harduin-Lepers et
al., 2008). Particularly in vertebrates, WGD events played a crucial role in the evolution and
functional diversity of ST8Sia. WGD-R1, WGD-R2, TGD and SaGD are followed by a rapid
evolution of sequences and/or the loss of certain duplicated genes which catalyze the evolution of
new adaptations (Braasch ez al., 2016), explaining divergence of vertebrate ST8Sia enzymes.

Present in Deuterostomia, ancestral st8sia2/4 gene was segregated in two st8sia2 and st8sia4

genes after WGD-R1 (550 MY A) during the emergence of vertebrates (Harduin-Lepers et al., 2008).
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To be noted, the presence of one st8sia4 gene in lamprey (Petromyzon marinus) (Fig. 21) could be
explained by the loss of st8sia2 gene after these duplications (Venuto et al., 2020b). Then, tetrapods
like Homo sapiens and Mus musculus present two polysialyltransferases st8sia2 and st8sia4 genes
coding for ST8Sia II and ST8Sia IV active enzymes. Interestingly, there is a particular distribution
of these polyST genes in fish teleost (Venuto ef al., 2020b) with generation of new paralogues
resulting from specific events of gene and genome duplications and gene loss in the various orders

of fish (Macqueen and Johnston, 2014).

st8sia2/2-r st8siad/d-r
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Figure 21: Distribution of polyST genes in vertebrates after WGD events. WGD-R1, WGD-R2, TGD
and SaGD are specific duplication events which could explain the polyST gene distribution, particularly in

teleost and salmonid fishes. Represented to scale of MYA. Inspired by Venuto et al., 2020b.

Especially, the orthologue of the st8sia4 gene was lost in perciformes, tetraodontiformes and
beloniformes like the medaka Oryzias latipes and the orthologue of the st8sia2 gene was lost in
siluriformes like Ictalurus punctatus and esociformes like Esox lucius (Harduin-Lepers ez al., 2008;
Venuto et al., 2020b). Furthermore, a species-specific genome duplication event led to two copies
of st&sia4 gene in Cyprinus carpio and in Ictalurus punctatus whereas two copies of st8sia? gene are
reported in all salmonids after SaGD like in Oncorhynchus mykiss and Coregonus maraena (Fig. 21).
Synteny analysis of polySTs, i.e. the study of adjacent genes framing st8sia2 and/or st8sia4 genes

onto a chromosome, showed a highly conserved st8sia2 and st8sia4 relationships for genes loci in
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tetrapods and ancient fish. Particularly after SaGD, st8sia2-r1 and st8sia2-r2 genes share the same
synteny in salmonids confirming a common origin (Venuto et al., 2020b).

This distribution further suggested molecular evolution of these enzymes with potentially new
functions for the remaining paralogue. These fish genes likely define new subfamilies with novel

and as yet unknown enzymatic specificities (Venuto ef al., 2020a; Venuto et al., 2020Db).

C. ROLE OF VERTEBRATES POLYSTS

i.  Biosynthesis of polySia

PolySTs are responsible for the biosynthesis of polySia as they catalyze the transfer of several
Sia residues on sialylated glycoconjugates. In mammals, ST8Sia II and ST8Sia IV are the two
polySTs responsible for the elongation of a2,8-linked polyNeu5Ac chains (Close and Colley, 1998)
(Table 7). These two enzymes are trans-Golgi type II enzymes and share around 59 % of sequence
identity (Nakayama et al., 1995 ; Livingston and Paulson, 1993 ; Harduin-Lepers et al., 2008) and
are notably very different to the bacterial polyST synthase like in E. coli K1 (Troy, 1992) or Cst-II
from C. jejuni (Chiu et al., 2004) which belong to the GT-42 CAZy family.

PolySia chains are different in size and properties depending on the enzymes which catalyze
their synthesis. It was shown recently that human ST8Sia IT and ST8Sia IV synthesize polySia with
a DP = 32 and 35 Sias residues respectively (Mori et al., 2017). Likewise, ST8Sia II catalyzes
formation of approximately 40 Sias residues transferred on NCAM in vitro, lower than the 60 Sias
transferred by ST8Sia IV in vitro (Angata et al., 2000). Moreover, polySia-NCAM synthesized by
ST8Sia II displayed a repulsive property toward other polySia-NCAM and an attractive field
toward factors like BDNF and FGF2 whereas polySia-NCAM generated by ST8Sia IV exhibited
only attractive properties toward polySia-NCAM, BDNF and FGF2 (Mori et al., 2017). To be
noted, ST8Sia II and ST8Sia IV could act in cooperation to generate longer DP polySia than
independently in vitro (Angata and Fukuda, 2003). Consequently, these enzymes have a direct

impact to modulate the size and function of polysialylated glycoconjugates.
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ii.  Expression in mammals

In mammals, polySTs have been highly studied in the brain (Schnaar et al., 2014). The Human
Protein Atlas reported an ubiquitous expression of st8sia4 mRINA, mainly in spleen, bone marrow,
lymphoid tissues and brain whereas st8sia2 mRINA is more restricted to brain (Table 7). In mice
embryos, the two polyST transcripts were barely detected at embryonic day E8 (Ong et al., 1998).
21 days after birth, their mRNA expression decrease of 95% for st8sia2 and 60% for st&sia4
(Oltmann-Norden et al., 2008) and only st8sia4 transcript persist in the adult brain (Ong et al., 1998 ;
Eckhardt et al., 2000). Double knockout (KO) st8sia2’ st8sia4’- in mice is lethal after 8 weeks,
showing that polySTs and polySia are crucial for development (Weinhold ez al., 2005). Individual
knockout (KO) mice on either st8sia4 or st8sia2 genes highlights polyST involvments in cognition,
plasticity, learning memories (Markram ez al., 2007 ; Schnaar et al., 2014). St8sia2 KO led to 60%
less polySia in comparison to WT whereas no significant change of polySia level was detected in
st8sia4 KO mice, suggesting a compensation by st8sia2 in vivo (Oltmann-Norden et al., 2008). To be
noted, the presence of both polySTs in vivo is correlated with higher polySia chains (DP = 90)
suggesting their cooperation during polySia formation (Galuska et al., 2008).
As described in Chapter V-B-ii, ST8S5I42 and ST8SIA4 genes overexpression in humans are
correlated with resistance to anti-cancerous drugs in myeloma (Ma et al., 2015) but could be
targeted to modulate tumor cell migration (Al-Saraireh ef al., 2013) and in metastatic cancer
(Falconer et al., 2012). Likewise in genetic disorders, SNPs of ST8SIA2 gene are in linked with
schizophrenia and neuropsychiatric disorders (Arai et al., 2006).

iti.  Expression in zebrafish

Zebrafish also exhibit st8sia2 and st8sia4 genes responsible for polysialylation in brain.
Knockdown of st8sia2 or st8sia4 expression using morpholinos directly affect the axonal growth
during CNS development in zebrafish (Langhauser et al., 2011). To be noted, zebrafish ST8Sia II
is catalytically active on NCAM in vitro and in vivo (Marx et al., 2007). Interestingly, ST8Sia II is
the principal responsible for polySia on NCAM throughout life as shown by i situ hybridization

and st8sia2 trancript is expressed in the CNS more ubiquitously than mammals. In contrast, st8sia4
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transcript is weakly detectable and ST8Sia IV is not responsible for polySia on NCAM in vivo
although this enzyme is catalytically able to produce polySia i vitro (Marx et al., 2007).
While in mammals major polySia is driven by a strong expression of ST8Sia IV, polySia in

zebrafish is associated with ST8Sia II and the role of ST8Sia IV remains to be elucidated.

iv.  Specificity towards acceptor substrates

In contrast to most other GTs, polySTs seems to be highly protein-specific as only few
polysialylated proteins have been identified in mammals and in vertebrates (Table 5).

First of all, NCAM is the most abundant cell adhesion molecules at cell surfaces and the most
studied in the nervous system to be polysialylated (Miithlenhoff et al., 1996a). There are three
isoforms of NCAM (180, 140 and 120 kDa) which have 5 immunoglobulins group (Igl — Ig5) and
2 fibronectin domains (FN1-2). PolySia are attached on Ig5 NCAM to form PolySia-NCAM
(Mihlenhoff et al., 1998; Inoue et Inoue, 2001 ; Nakata et Troy, 2005). To be noted, Ig5-FN1
domains contain the docking site for polySia biosynthesis and elongation on NCAM (Mendiratta
et al., 2005 ; Close et al., 2003).

Whereas NCAM could be polysialylated by both human polyST (Galuska et al., 2006), only
ST8Sia IT could polysialylate SynCAM-1 in vivo through its N-glycan of Igl domain (Rollenhagen
et al., 2013) and only ST8Sia IV could polysialylate NRP-2 through its core-1 O-glycans
(Rollenhagen et al., 2012), suggesting differences of specificities for acceptor substrates recognition
between these two polySTs (Miihlenhoff et al., 2013). To be noted in vitro, SynCAM-1 could be
polysialylated by ST8Sia II and ST8Sia IV (Galuska et al., 2010a).

Interestingly about donor substrates, no enzymatic evidences were reported yet for the use of
Neu5Gc and Neu5Ac directly by human ST8Sia II and ST8Sia IV to generate polyNeuSAc and
polyNeu5Gc or only undirect demonstrations as shown in SH-SY5Y human cells (Davies and
Varki, 2015). The high specificity of vertebrate polyST towards acceptor substrates and the lack of
studies with various donor substrates led biotechnological companies to use bacterial polyST for
enzymatic addition of polyNeuSAc on a large number of molecules for therapeutic use as reported

in Chapter IV-D.
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D. SEQUENCES OF MAMMALIAN POLYST AND CONSERVED MOTIFS

Sequence alignements of ST8Sia IT and ST8Sia IV show a high conservation of the SMs L, S,
IIT and VS and of conserved motifs that are unique to polySTs (Fig. 22): a polybasic domain (PBR,
35 aa) (Foley et al., 2009 ; Bhide et al., 2017b) and a polysialylation domain (PSTD, 32 aa) required
respectively for the recognition of the protein acceptor and the catalytic activity (Bhide et al., 2017b
; Nakata er al., 2006). Catalytic His (i.e. His** for ST8Sia II and His*' for ST8Sia IV) are essential
for polyST activity as shown by mutagenesis studies activity (Close et al., 2003). Furthermore, basic
aalocated near to the PBR are involved in the substrate recognition: Arg® of ST8Sia IV is important
for NCAM and NRP-2 recognition whereas on ST8Sia II, Lys'"* is important for SynCAM-1

recognition and Lys'* and Lys''® are involved in NCAM recognition (Miihlenhoff et al., 2013).
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Figure 22: MSA of human polyST ST8Sia IT and ST8Sia IV using UniProt ClustalW. Protein sequence
identities are colored in blue. TMD is framed in blue, SMs L, S, III and VS are framed in green and PBR
and PSTD motifs are framed in red. The 6 and 5 N-glycosylation sites for ST8Sia II and ST8Sia IV
respectively are framed and reported in black. Accession number for human ST8Sia II: Q92186 and for
human ST8Sia IV: Q92187.

i.  Cysteines involved in polyST stability
Conserved Cys residues have been reported in polyST sequences: three Cys located in SM L,
one Cys in SM S and one Cys located at C* position (Fig. 22) (Angata and Fukuda, 2003). Using
mass spectrometry, Angata and collaborators show for ST8Sia IV that these Cys are involved in
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intramolecular bonds : the Cys'*? in SM L and Cys*? in SM S form a disulfide bound and that the
second Cys in SM L (Cys'¢) and Cys** at the C*' form a second disulfide bridge (Angata er al.,
2001). To be noted, no homodimer was detected through ST8Sia IV Cys residues (Angata and
Fukuda, 2003). Moreover, they demonstrated using site-directed mutagenesis that mutation on
these Cys completely abolished enzymatic activity of ST8Sia IV, highlighting that these aa are

crucial for the 3D structure and for the catalytic activity of ST8Sia IV (Angata ez al., 2001).

ii.  PBR motif
PBR motif consists of 35 aa located near to the stem region in position 71-105 for ST8Sia IV
and between position 80-120 for ST8Sia IT (Nakata ez al., 2006 ; Foley et al., 2009). Some aa located
in PBR have a crucial role in acceptor-substrate recognition as they make specific contacts with
NCAM. As reported in Table 9, replacement of aa residues like Arg” in ST8Sia IV or Arg” in
ST8Sia II by Ala residues have higher impact on polySia on NCAM rather than on the enzyme

themselves (i.e. autopolySia) (Bhide ez al., 2018).

Table 9: Impact of replacing ST8Sia IV and ST8Sia II PBR residues on substrate polysialylation. Higher
significant impact of aa substitutions on enzymatic activity are reported in red.

Data retrieved from Bhide ez al., 2018

PolySia with ST8Sia IV R72A R82A K83A R87A R93A K99A K103A

NCAM 89 49 73 67 17 97 70
NRP-2 78 9 89 72 95 12 107
ST8Sia IV 88 47 88 109 98 24 98

PolySia with ST8Sia Il  R87A  R95A  R97A  K98A KI102A KI108A KI114A KI118A

NCAM 83 87 33 87 66 23 42 31
SynCAM-1 77 79 51 97 21 59 3 2
ST8Sia II 100 83 75 102 95 102 32 15

NMR studies show direct electrostatic interactions between FN1-NCAM and PBR-ST8Sia IV
through an acidic patch composed by Arg®, Lys® and Arg®® (Bhide et al., 2017). Substitutions by
Ala residues of Glu®? and Asp®, aa surrounding Arg”, largely inactivated ST8Sia IV (Foley et al.,
2009). Indeed, Glu®?, Arg” and Asp® are located in an essential loop involved in acceptor substrate
recognition (Zhou et al., 2015). This loop begins with Phe?® and Leu® essential for intramolecular
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interaction with PSTD (Zhou and Huang, 2022). Lys'®, Lys!'!4 Lys!''® in PBR are also required for
interaction between polysialylated-ongoing acceptor and polySTs (Bhide et al., 2018).
iii.  PSTD motif

PSTD motif'is composed of 32 aa behind SM S (Sevigny et al., 1998 ; Nakata et al., 2006) located
in positions 246-277 for ST8Sia IV and 261-292 for ST8Sia II that are essential for elongation and
polysialylation capacity of the enzymes (Nakata et al., 2006 ; Huang et al., 2015). Notably, three
positively charged aa Arg”®, Lys?’® and Arg?”’ in C*" of PSTD (Fig. 22) are crucial to initiate polySia
process as shown by site-directed mutagenesis (Foley ez al., 2009).

Different PSTD mutants in ST8Sia IV such as R252L, K272I, 1275K or R277I led to a
reduction of at least 75% of polyST activity (Nakata et al., 2006), indicating that Arg??, Lys*”?, Ile*”
and Arg?” are required for catalytic activity onto NCAM. Likewise, mutants with switched basic
residues like KR2RK (i.e. R276K and K277R switch) led to a drop of polyST activity suggested
that not only number of basic aa residues in the PSTD important for polySia but also their position
(Nakata ez al., 2006).

In parallel, NMR were used to study interaction of PSTD with CMP-Sia and polySia (Liao et
al., 2020). Three aa segments were reported in the PSTD: a short a-helix H1 from Val®' to Ala®*,
a longer a-helix H2 from Ser®” to Asn®! and finally a shorter C'*" loop of Ile*”, Lys*’¢ and Arg®”’.
The largest chemical shift perturbation (CSP) was detected for H1-PSTD with polySia, CMP-Sia
and Sia whereas H2 shows also high CSP for PSTD-CMP-Sia and PSTD-polySia, consistent with
a conformational change in H2 during interactions. Interestingly, some non-basic residues between
Val®! and Val?” are required for polySia on NCAM, suggesting that enzymatic activity is not only
dependent of basicity in PSTD (Liao et al., 2020).

NMR and Wenxiang Diagram approaches were also developed for PSTD graphical study with
distribution of its hydrophobic and hydrophilic aa residues on a-helix structure. These approaches
helped to determine the key aa involved in intra- and intermolecular interactions, trying to

understand how polysialylation reaction is processed. Notably in ST8Sia IV, Val?*$4, Tyr*’, Trp?s®
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are the three key aa for PSTD-polySia interaction whereas Ala?? and Tyr**’ are crucial residues for
the PBR-PSTD intramolecular interaction. (Zhou and Huang, 2022).

Finally, based on NCAM-polySTs interaction through PBR and PSTD motifs, Troy and Colley
teams made hypothesis of a first protein-protein interaction and after initiation of polySia, a
progressive switch leading to a protein-glycan interaction required for polySia elongation
observations (Colley ez al., 2014 ; Bhide ez al., 2018). The molecular mechanism for PolySia reaction
isn’t completely understood. A concept for polySTs activity was summarized recently (Fig. 23)

(Galuska et al., 2017) gathering different hypotheses and evidences previously collected.

A

Protein-protein
interaction

Protein-glycan
interaction

Figure 23: Concept of polysialylation: from protein-protein interaction switching to protein-glycan
interaction. The initial interaction between polyST through its basic PBR region and NCAM substrate
through its acidic FN1 domain lead to initiation of polysialylation (A) before a switch for polySia recognition
to elongate the chains (B).

Illustration adapted from Galuska et al., 2017a

iv.  N-glycosylation and autopolySia of polySTs
PolySTs have bifunctional role as they exhibit auto- and NCAM polysialylation activity.
Furthermore, ST8Sia II and ST8Sia IV display respectively 6 and 5 N-glycosylation sites as

confirmed by PNGase-F treatment (Miihlenhoff er al., 2001 ; Close et al., 2001). Transient
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transfection of recombinant V5-tagged ST8Sia II and ST8Sia IV in mammalian CHO cells led to
their main expression in the Golgi membrane and at low level in secreted forms in the extracellular
space. These forms have been reported highly glycosylated with polySia, particularly for ST8Sia
IV (Close and Colley, 1998). Moreover, the expression of human ST8Sia IV in mammalian cells
initially polySia-deficient like CHO2A10 cells led to autopolySia on its N-glycans (Miihlenhoff ez
al., 1996b) whereas its production in insect cells, without sialylation system, led to no autopolySia
(Angata et al., 2001). Interestingly in each case, ST8Sia IV is catalytically active suggesting that

autopolySia is not essential for its enzymatic activity.

Table 10: Impact of N-glycosylation on enzymatic activity of ST8Sia IT and ST8Sia IV. PolySia levels are

described in vivo or in vitro on NCAM or on the enzyme itself. Data retrieved from Miihlenhoff et al., 2001.

Mutants In vivo polySia on In vitro autopolySia on In vitro polySia on
NCAM + enzyme enzyme NCAM
ST8Sia IT
WT + T n
N60Q +/- + +
N72Q + + +
N89Q +/- . )
N134Q + + "
N219Q +/- ; +/-
N234Q +/- +/- +/-
ST8Sia IV
WT + T "
NSOQ + + +
N74Q B, : i
N119Q + + "
N204Q + + +
N219Q + + +

In parallel, N-glycosylation mutants of polySTs were generated in CHO2A10 cells to decipher
importance of N-glycosylation sites in enzymatic activity (Miihlenhoff et al., 2001). Substitution of
Asn’ decreased in vitro and in vivo enzymatic activity of ST8Sia IV whereas no individual mutant
significantly affected in vivo polysialylation activity of ST8Sia II. Interestingly, double mutant of
Asn®/Asn?" completely inactive enzymatic activity of ST8Sia II iz vivo (Table 10). Consequently,
these enzymes autopolysialylate their own N-glycans, Asn’ for ST8Sia IV and Asn* and Asn?"

for ST8Sia II (Table 5), to modulate their enzymatic activity onto acceptor substrates like NCAM.
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On the other hand, mutagenesis in PBR motif of ST8Sia IV showed a decrease of autopolySia
activity whereas reversion of Glu®® and Asp* residues enhanced autopolySia but significantly
reduced NCAM polySia (Foley et al., 2009). Furthermore, autopolySia of ST8Sia IT and ST8Sia IV
seems required in vivo for SynCAM-1 or NRP-2 to promote longer polySia chains (Miihlenhoff ez
al., 2013) but not for NCAM (Bhide ez al., 2018 ; Close et al., 2001).

To summarize, autopolySia has a fine role to modulate enzymatic activity of polySTs and

polySia level and size generated on acceptor substrates.

v.  ST8Sia Il : polyST or oligoST ?

PolyST studies oftenly mentioned ST8Sia III has an actor involved in the polysialylation
process (Angata et al., 2000 ; Sato et al., 2000). As reported in chapter V-F-ii, ST8Sia III sequence
is composed by the four conserved SM, shares around 33-35% of sequence similarity with each
polyST and has two “PBR-like” and “PSTD-like” motifs (Angata et Fukuda, 2003). ST8Sia II,
ST8Sia IIT and ST8Sia IV could used mono- and disialyl LacNAc residues for activity however
polySia were only detectable with ST8Sia Il and ST8Sia IV in vitro and in vivo (Angata et al., 2000).
Few studies are described about ST8Sia III and particularly in zebrafish where ST8Sia III is weakly
expressed during CNS development and is involved in myotome formation (Bentrop et al., 2008).
To summarize, ST8Sia III couldn’t be considered as a polyST as it catalyzes the transfer of
maximum 2-3 Sia residues, suggesting an enzymatic activity of oligoST.

E. TELEOST FISH POLYST

Only few studies focused on the particular distribution of polyST genes in teleost (Fig. 21) and
their enzymatic activity potentially responsible for such complex polySia chains as those described
in salmonids (Sato ez al., 1993). Indeed, Kitajima and collaborators investigated enzymatic activity
of polySTs in rainbow trout (O. mykiss) (Asahina et al., 2006). They identified and cloned the three
polySTs: one ST8Sia IV, named rtPST which shares 75% of identity with the human ST8Sia IV,
and two ST8Sia II, named rtSTX-ov and rtSTX-em, which share 92% of sequence identity between
them and around 70% with the human ST8Sia II. Indeed, rtPST is the most abundant polyST

whereas rtSTX-ov and rtSTX-em have low or no expression in ovary during oogenesis (Asahina et
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al., 2006). RtPST displayed in vivo activity whereas only low activity was detected in vitro. In
contrast, each rtSTX showed no in vivo and very low in vitro activities. To be noted, rtPST produced
in COS-1 cells exhibits autopolySia whereas no autopolySia were detectable for rtSTX-ov and
rtSTX-em (Asahina et al., 2006).

The authors developed enzymatic assays using the three rainbow trout polySTs and the two
human polySTs with radiolabeled CMP-["*C]Neu5Ac on NCAM and PSGP. Human ST8Sia IV
showed 7.8 and 4.4 times higher activity toward PSGP and NCAM than the recombinant rtPST.
Likewise, human ST8Sia II displayed about 16 and 48 times higher activity toward PSGP and
NCAM than rtSTXs (Asahina ez al., 2006). Since rtSTX-ov and rtPST co-exist in ovary, their co-
incubation enhanced polyST activity on PSGP, suggesting a cooperative role of these enzymes.

In this study, these teleost polySTs exhibit low enzymatic activity in vitro with CMP-Neu5Ac
and it raises the question of their use of donor substrates like CMP-Neu5Gc or CMP-Kdn. Indeed,
these potential specificities towards other donor substrates should be investigated to explain notably
the presence of diverse polySia on O-glycoproteins in salmonid ovary.

In parallel, we explored if the molecular evolution and particular distribution of polySTs in
teleosts could be responsible for distinct enzymatic specificities than those reported in mammals.
From the three polyST genes identified in Coregonus maraena, PCR analysis demonstrated distinct
expression profiles for st8sia2r-1 and st8sialr-2 genes in various salmonid tissues. Their highest
mRNA expression levels were detected in gonads and telencephalon and in gonads and spleen
respectively. Moreover, st8sia4 gene showed low mRINA levels expressed in the brain, head kidney,
gills, gonads and spleen (Venuto et al., 2020a ; Venuto et al., 2020b).

Until now, no entire 3D structure is described for the two human ST8Sia II and ST8Sia IV.
Based on the closest described 3D model of the human ST8Sia III (PDB: C5BO6B) (Volkers et al.,
2015), other models were generated using Phyre2 server (Huang et al., 2017). In Venuto et al.,
2020b, we used YASARA software and took advantage of the PSTD NMR structure of human
ST8Sia IV (PDB : 6AHZ) (Peng et al., 2019) to compare PSTD motif between each ST8Sia IV and

each ST8Sia II, ST8Sia II-rl and ST8Sia II-r2 from human and salmonid species (Fig. 24).
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Figure 24: PSTD-electrostatic potential surfaces representations of human and coregone ST8Sia II/II-r
and ST8Sia IV. Substitutions between human and coregone PSTD of ST8Sia II/II-r and ST8Sia IV are
reported under the YASARA PSTD models. Tlustration from Venuto ef al., 2020b

Among aa changes noticed between human and coregone polySTs, some of them could have
direct impact on enzymatic specificity (Venuto er al., 2020b). In ST8Sia II/II-r, Asn*®® to Asp®*®
(reported 6 in pink, Fig. 24) could influence interaction between PSTD and polySia. Lys?¢ to Asn?*’
(reported 28 in red, Fig. 24) is correlated to lower enzymatic activity iz vitro in rtSTXs (Angata et
al., 2006). In each ST8Sia IV, no change is observed for Lys?*/245 Lys?4/24  Arg??/2% (Fig. 24), the
basic residues reported of highest impact on enzymatic activity (Nakata et al., 2006).

Nevertheless, other aa changes like Asn*' to Arg?¢ (reported 3 in orange, Fig. 24) and Lys*° to
Arg?” (reported 6 in purple, Fig. 24) may influence interaction with donor substrates, especially
with CMP-Neu5Ac and polySia (Nakata et al., 2006 ; Zhou et al., 2015 ; Liao et al., 2020).

Consequently, 3D-modeling of the PSTD unveiled potential changes of function for salmonid
polySTs (Venuto et al., 2020b) and raise the question of the impact on the donor substrate

specificities of these enzymes.
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VII. METHODS TO STUDY SIALYLATION AND SIALYLTRANSFERASES
A. PRODUCTION OF GLYCOENGINEERED ENZYMES AND ACCEPTORS

i.  Inbacteria system

Prokaryotes are the easier systems used as cell factories for protein production as they have a
high yield and low fermentation costs and times (Pratama et a/., 2021). In contrast, bacterial hosts
can’t produce glycoproteins with mammalian-type glycosylation and display immunogenic and
different N-glycan structures than in mammals. They also encouter difficulties for PTMs, solubility
and are often met with non-functional protein aggregates (Table 11). Although their biosynthetic
pathways differ from eukaryotes, the identification of O- and N-glycosylation pathways in
pathogenic C. jejuni led to subsequently transfer of various enzymes by engineering of E. coli (Jaffé
et al., 2014 ; Pratama et al., 2021). These genetic modifications have increased the efficiency of
glycoprotein production in E. coli and allowed control of glycosylation with less heterogeneity.

Bacterial systems were oftenly chosen for further structural analysis of mammalian and
bacterial STs. For instance, rat ST6Gal I, human ST6Gal I and porcine ST3Gal I were produced
in E. coli to obtain high level of production allowing purification and crystallization (Meng et al.,
2013 ; Harrus et al., 2020 ; Rao et al., 2009). Belonging to GT-38 family, bacterial polyST Cst-II
from C. jejuni were notably produced in E. coli and purified for structural analysis (Chiu et al., 2004).
PolyST from N. meningitidis was produced in E. coli allowing its characterization (Willis ez al., 2008)
and its development for polySia applications like increasing half-life of factor IX in the serum
(Lindhout et al., 2011). Although a good catalyst, this bacterial polyST was not the most stable
enzyme, likely due to absence of critical disulfide bonds and PTMs as found for human polySTs.

Structure-based rational design, mutagenesis and biochemical studies (Benkoulouche et al.,
2019 ; Cui et al., 2022) could help for the refinement of bacterial polySTs kinetic properties
(efficiency, regio- and stereo-selectivity) required to prepare polySia for a large-scale production in
applied biocatalysis system (Flitsch et al., 2012). Based on directed evolution, mutants of polySTs
were notably developed to improve physicochemical and biochemical properties like solubility and

thermal stability (Janesch ez al., 2019a).
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Table 11: Advantages and disadvantages of cell system for glycoprotein production.

Data retrieved from Swiech et al., 2014

Cell system Bacteria Plant Insect Yeast Mammalian
Speed and ) ) ) )
High Low Medium High Medium
Yield
Cost Low Medium Medium Low Medium-High
Glycosylation ] ) ] )
Low Medium Medium Low-Medium High
and PTM
Folding Low Medium Medium Low High

ii.  Ineukaryotic system

Eukaryotic cell lines are now widely used as factories and remain the preferred host to produce
recombinant glycoproteins as reported in a recent global approach for production of all GTs
(Moremen et al., 2018). Glycoprotein expression depends of the nature of cell types (insect,
mammals, human, yeast) because glycosylation profile is different for each of them and could lead
to various scales and quality of production (Table 11).

Plant and insect cell systems could be used for production as they can synthesize complex
glycoproteins. Since they produce xylose, al-3 fucose or paucimannosidic N-glycans, these
platforms have been glycoengineered by genome edition to produce complex N-glycans with Gal
and Sia residues (Gomord et al., 2010). To be noted, insect-cell expression was used for the
production and crystalization of human ST8Sia III (Volkers et al., 2015). Likewise in yeast which
produce mainly high-mannose type, mutants were developed to customize glycosylation and could
be scalable in fermentation for high level of production (Betenbaugh et al., 2004).

As listed in Table 11, mammalian cell systems also have advantages and disadvantages.
Interestingly, most of recombinant biotechnological and therapeutic glycoproteins are produced in
Chinese Hamster Ovary cells (CHO) allowing a large-scale expression (Jaffé er al., 2014) with
human-like glycosylation, PTMs and chaperones required for proper folding and function of
glycoproteins (Betenbaugh et al.,, 2004 ; Mestrom et al., 2019). Particularly, CHO cells were

transiently transfected to study enzymatic activity of human polySTs ST8Sia II and ST8Sia IV
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(Miihlenhofferal., 1996b ; Close and Colley, 1998). Nevertheless, culture conditions in mammalian
cells are more challenging than bacteria, notably with expensive growth media, slower growth rates
and susceptibility to viral and bacterial infection (Swiech et al., 2014).

Human cell systems have been also optimized for glycoprotein production. For instance,
Human Eukaryotic Kidney (HEK293) cells have the advantage to display human glycosylation
and to be highly transfectable as described with transient transfection for all GTs (Moremen et al.,
2018 ; Noel et al., 2018). Indeed, CHO cells produce only a2-3-sialylated N-glycans whereas
HEK?293 cells display an heterogeneous mixture of a2-3- and a2-6-sialylated N-glycans (Fujitani ez
al., 2013) (Table 12). Finally, new complex cell-free strategies like SIMPLEX tend to be developped
for soluble expression of integral membrane proteins as reported for human ST6Gal I
(Jaroentomeechai et al., 2022) and should be more investigated in the future particularly to control

glycosylation patterns of production.

Table 12: Glycomic profiles and sialylated glycoconjugates in (A) HEK293 and (B) CHO-K1 cells.

Data retrieved from suppdata Fujitani ez al., 2013

(A) HEK293 cells
Structure Proportion per Profile Proportion per
glycosylation (%) structure (%)
High-mannose 80
N-glycans type 45 Small oligoman. 15
Complex/hybrid 5
Core 1 90
O-glycans series 45 Core 2 5
Core 3 5
Ganglio- 75
GSL 10 Lacto- 15
Globo- 10

Sialylated glycoconjugates in HEK293 cells

N-glycans : ” : e @Iﬂ §E}“
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(B) CHO-K1 cells
Structure Proportion per Profile Proportion per structure

glycosylation (%) (%)

High-mannose 70
N-glycans type 70 Small oligoman. 5
Complex/hybrid 25

Core 1 100
O-glycans series 15 Core 2 0
Core 3 0

Ganglio- 95
GSL 15 Lacto- 5
Globo- 0

Sialylated glycoconjugates in CHO-K1 cells

N-glycans D_:j_:}-.—‘ M:EE}.“ @—I—‘
L 20 |
L JOF )

O-glycans L all

GSL

In parallel, HEK293 cells system allowed the production of other glycoproteins which could
serve for polySTs as sialylated acceptor substrates used during my thesis, such as bovine fetuin,
which is a glycoprotein carrying three complex triantennary-type N-glycans presenting the
sialylated LacNAc (GalB1-4GlcNAc) epitope (Table 13) as well as three mucin-type O-glycans
(disialylated core 1: Neu5Aca2-3Galf1-3[NeuSAc]GalNAc-Ser/Thr) (Baenziger & Fiete, 1979) or
can be directly used as platform for exogenous sialylation on cell surface (Mbua et al., 2013).
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Table 13: Description of sialylated glycanic structures of acceptor substrates used to study sialyltransferase activity. Representation were done with GlycoGlyph

(Mehta and Cummings, 2020).

Neu5Aca2-3Galp1-3GalNAc-Ser/Thr

Neu5Aca2-3Galf1-3[NeuSAca2-3Gal1-4GIlcNAcB1-
6]GalNAc-Ser/Thr

Acceptor N-/0-glycans Symbolic . .
Sialylated glycanic structure References
substrate sialylated representation
Fetuin N-: 3 tri-antennary Neu5Aca2-6(3)Galpl-4GIcNAcB1-2Manal-3[NeuSAca2-  Baenziger and
sialylated N-glycans ji:}ll 6(3)GalB1-4GlcNAcB1-2Manal-6]ManB1-4GlcNAcp1- Fietze, 1979
4GIcNAc-Asn
Neu5Aca2-6(3)Galf1-4GIcNAcB1-2[NeuSAca2-
6(3)Gal1-4GlcNAcB1-4]Manal-3[NeuSAca2-6(3)Galf31-
4GlcNAcp1-2Manal-6]ManB1-4GlcNAcB1-4GIcNAc-
Asn
Neu5Aca2-6(3)Galpl-4GlcNAcB1-2[Neu5SAca2-
6(3)Gal1-4[Neu5Aca2-6]GlcNAcB1-4]Manal-
3[NeuSAca2-6(3)GalB1-4GlcNAcB1-2Manal-6]Manp1-
4GIcNAcB1-4GIlcNAc-Asn
O- : core-1
. L gl Neu5Aca2-6GalNAc-Ser/Thr
mucin-type
O
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Galf1-3[NeuSAca2-6]GalNAc-Ser/Thr

Neu5Aca2-3GalB1-3[Neu5Aca2-6]GalNAc-Ser/ Thr

PSGP-L
PSGP-H

O- : core-1 and core-
2 mucin-type
disialylated (-L) or
oligo- / poly-
sialylated from 2 to
20 Sia (-H)

dafudd de

Kdna2-8(NeuSAcyla2-8)n~2.20NeuSAcyla2-6[Galp1-
3]GalNAc-Ser/Thr

Kdna2-8(NeuSAcyla2-8)n~220NeudSAcyla2-6[Galf1-
4GalB1-3]1GalNAc-Ser/Thr

Kdna2-§(NeuSAcyla2-8)n~2.20NeuSAcyla2-6[GalNAcf1-
3Galp1-4GalB1-3]GalNAc-Ser/ Thr

Kdna2-8(NeuSAcyla2-8)n~2.20NeuSAcyla2-6[Fucal-
3GalNAcB1-3GalB1-4GalB1-3]GalNAc-Ser/ Thr

Kdna2-8(NeuSAcyla2-8)n~2.20NeuSAcyla2-6[GalNAcf1-
4[NeuSAcyla2-3]GalNAcB1-3GalB1-4GalB1-3]GalNAc-
Ser/Thr
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A Kdna2-8(NeuSAcyla2-8)n-220NeudSAcyla2-6[GalNAcf1-
4[Kdna2-3]GalNAcB1-3Gal1-4GalB1-3]GalNAc-
Ser/Thr

n=0-18
=<>or‘
Bovine O- : Core -1, Core o0 Neu5Acyla2-6GalNAc-Ser/Thr Kim et al., 2020
Submaxillary -2, Core -3, Core -5
Mucin (BSM .
ucin (BSM) ;LD Neu5Aca2-6[GIcNAcB1-3]GalNAc-Ser/Thr
L JOIN Neu5Aca2-3GalB1-3GalNAc-Ser/ Thr
S‘D Neu5Gca2-6[GalNAcal-3]GalNAc-Ser/ Thr

Neu5Gca2-6[Galp1-4GIlcNAcB1-3]GalNAc-Ser/Thr

Neu5Aca2-6[Fucal-3(4)GalB1-3]GalNAc-Ser/ Thr

Neu5Aca2-3GalB1-3[GlcNAcB1-6]GalNAc-Ser/Thr

Neu5Acyla2-6[Fucal-3(4)GalB1-4GlcNAcB1-3]GalNAc-
Ser/Thr

e dm oo me
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Neu5Aca2-6[GalNAcB1-4[Fucal-3]GalBf1-4GIcNAcf1-

3]GalNAc-Ser/ Thr

Neu5Aca2-6[Fucal-3(4)GalB1-4[Fucal-3]GlcNAcB1-

3]GalNAc-Ser/Thr

Orosomucoid
(a-1-acid
glycoprotein)

N-; di-, tri- and * o
tetra-antennary
LacNACc sialylated
N-glycans

01

01
01 01

01

0-1
0-1

(Neu5Aca2-6(3))o1Galpl-4[(Fucal-3),]GIeNAcB1-

2Manal-3[(Neu5Aca2-6(3))o.1GalB1-4GlcNAcB1-

2Manal-6]Manfi1-4GIcNAcB1-4[(Fucal-6).1]GIcNAc-

Asn

(Neu5Aca2-6(3))o1GalB1-4[(Fucal-3).1]GlcNAcB1-
2[(Neu5Aca2-6(3))e.1Galp1-4GlcNAcB1-4]Manal-

3[(Neu5Aca2-6(3))1Galp1-4GlcNAcB1-2Manal.-

6]Manp1-4GIcNAcB1-4[(Fucal-6)o1]GlcNAc-Asn

(Neu5Aca2-6(3))o.1GalB1-4[(Fucal-3)e.1]GlcNAcB1-
2[(Neu5Aca2-6(3))e.1Galp1-4GlcNAcB1-4]Manal-
3[(Neu5Aca2-6(3))o1GalB1-4GIcNAcB1-2[(NeuSAca2-

6(3))0.1Galp1-4GlcNAcB1-4]Manal-6]Manf1-
4GIcNACcB1-4[(Fucal-6)o.1]GlcNAc-Asn

(Neu5Aca2-6(3))e.1GalB1-4[(Fucal-3)e.1]GIcNAcB1-
2[(Neu5Aca2-6(3))e.1Galp1-4GlcNAcB1-4]Manal-

3[(Neu5Aca2-6(3))o.1GalB1-4GIcNAcB1-4Galp1-

4GIcNACcB1-2[(NeuSAca2-6(3))o.1Galf1-4GIcNACcB1-
4]Manal-6]Manf1-4GIcNAcB1-4[(Fucal-6)1]GIcNAc-

Asn
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(Neu5Aca2-6(3))e.1GalB1-4[(Fucal-3)e1]GIcNAcB1-
2[(Neu5Aca2-6(3)).1Gal1-4GlcNAcB1-4]Manal-
3[(Neu5Aca2-6(3))o.1GalB1-4GIcNAcB1-4Galp1-
4GlcNACcB1-2[(NeuSAca2-6(3))e.1GalB1-4GlcNAcB1-
4GalB1-4GIcNAcB1-4]Manal-6]ManB1-4GlcNAcB1-
4[(Fucal-6),.1]GIlcNAc-Asn

ALCAM/CD166 N- : bi-, tri- and
tetra-antennary
sialylated N-glycans

(a2.6- and a2.3-Sia)

NeuSAca2-6GalB1-4GlcNAcB1-2Manal-3[NeuSAca2-
6GalB1-4GlcNAcB1-2Manal-6]ManfB1-4GlcNAcB1-
4[(Fucal-6),.1]GIcNAc-Asn

Neu5Aca2-6GalB1-4GIlcNAcB1-2Manal-3[GlcNAcfB1-
4][NeuSAca2-6Galf1-4GIcNAcB1-2Manal-6]Manf31-
4GIcNAcB1-4GlcNAc-Asn

Neu5Aca2-3(6)Galf1-4GIcNAcB1-2[NeuSAca2-

3(6)GalB1-4GIlcNAcB1-4]Manal-3[NeuSAca2-3(6)Galp1-
4GlIcNAcB1-2Manal-6]ManB1-4GIlcNAcB1-4[(Fucal-6).

1JGIcNAc-Asn

Neu5Aca2-3Galf1-4GIcNAcB1-2[NeuSAca2-3Galpl-
4GIcNAcB1-4]Manal-3[NeuSAca2-3GalB1-4GIlcNAcB1-
2[Neu5Aca2-3GalB1-4GlcNAcB1-2]Manal-6]Manf1-
4GIcNAcB1-4[(Fucal-6)o.1]GlcNAc-Asn

Kim and Hahn,
2015

Ferragut et al.,
2019

DNAse I N-: LacNAc

sialylated N-glycans

Neu5Aca2-6(3)Galp1-4GIcNAcB1-2Manal-3[Neu5SAca2-

6(3)GalB1-4GlcNAcB1-2Manal-6]ManB1-4GlcNAcB1-
4GIcNAc-Asn
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NRP-2

O- : Core-1, Core-2

o
e
o
pe,

Neu5Aca2-3GalB1-4GIcNAcB1-6[Galp1-3]GalNAc- Rollenhagen ez
Ser/Thr al. 2013

Neu5Aca2-3Gal1-3[Neu5SAca2-6]GalNAc-Ser/ Thr

GalB1-4GIcNAcB1-6[Neu5Aca2-3Galf1-3]GalNAc-
Ser/Thr

Neu5Aca2-3Galf1-4GIlcNAcB1-6[NeuSAca2-3Galpl-
3]GalNAc-Ser/ Thr
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B. LECTINS AND NEURAMINIDASES

Lectins are carbohydrate-binding proteins could be useful to determine specific type of
glycosylated pattern in vitro or in cellulo. Particularly about sialylation, the plant lectins Sambucus
nigra (SNA) which mainly recognizes LacNAc motifs sialylated with a2,6-linkages and Maackia
amurensis (MAH) which recognizes Galf31-3GalNAc motifs sialylated with o2,3-linkages (Geisler
and Jarvis, 2011) make it possible to distinguish the activities of ST6Gal and ST3Gal enzymes
(Table 14).

Expressed on various immune cells, siglecs are Sia binding Ig-like lectins which selectively
recognize different linkage-specific Sia. Among siglecs, the endogenous ligand Siglec-11 has been
identified on macrophage, microglia and ovarian fibroblasts in humans and could interact with
pathogens (Angata, 2018). Siglec-11 preferentially recognize Neu5Gc over Neu5Ac (Angata, 2018)
and are reported to selectively bind polySia as shown by MD simulations (Shastry et al., 2020). To
be noted, the recombinant soluble human microglial form of Siglec-11 binds endogenous, cell
surface and immobilized polySia better than the tissue macrophage form of Siglec-11 (Hane ez al.,

2021), suggesting its potential use as biotechnological tool to detect polySia.

Table 14: Lectin description. With their relative specificity to bind glycan motifs.

Data retrieved from Vector Labs.

Lectin Common Name  Preferred Sugar Specificity General Binding motif
Ricinus

RCAI RCA Gal g
communis 1 2 @_
Sambucus Neu5Aca2-6Gal/GalNAc _mﬁﬂ

SNA, EBL w
nigra Neu5Aca2-6GalNAc " —R
Wisteria -

WFA, WFL GalNAc L R [
Sforibunda
Maackia Neu5Aca2-3Galf1-3/4GIcNAc "

MAL I, MAL
amurensis [ GalB1-4GlcNAc a
Maackia

MAL II, MAH Neu5Aca2-3GalB1-3GalNAc ’EOiD_"_R

amurensis 1T
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Neuraminidases (NEU), also called sialidases, could be considered as “the STs counterpart”
maiting a balance in sialylation process as they recognize and cleave Sias from glycoconjugates
required for a cell and tissue physiological state. Initialy characterized from bacteria or viral strains
and encoded by NEU genes in eukaryota, Neu are divided in four family which don’t share protein
sequence identity but have conserved motifs and 3D structure similar (Monti ez al., 1999). NEU are
located in the cytosol or in lysosome and considered as the first step for catabolism of sialylated
glycoconjugates (Corfield, 1992). Neul and Neu4 act in lysosomal compartments to recycle
sialylated glycans, even Neul could regulate sialylation at cell surface. Neu3 is more specific on
gangliosides cleavage at cell surface and Neu2 act in cytosol (Varki ez al., 2015b). Compared to STs,
NEU have substrate specificity towards a2-3, a2-6 or a2-8 glycosidic linkages and potential O-
methylation and O-acetylation cleaved on sialylated glycoconjugates. Indeed, hydroxyl group in
C7, C8, C9 or acetylation in C4 notably is known to decrease or inhibit NEU activity respectively
(Varki et al., 2015b). Pathogens express sialidases which could help them for recognition as for
immune escape. Notably, HIN1 influenza refers to Neu N1 strain and Neu inhibitors are currently
and widely used as drugs targeting directly NEU as Relenza and Tamiflu (Rewar ef al., 2015).

Endosialidases (endoNs) are specific NEU identified in bacteriophages as tailspike enzymes
which recognize, bind and cleave polySia (Jakobsson et al., 2012). Among endoNs, endosialidase
activity isolated from E. coli K1 phage named endoNF specifically degrade a2,8-linked polySia
(Hallenbeck et al., 1987 ; Miihlenhoff et al., 2003). EndoNF recognize oligoSia of DP = 5 Sia
residues in a helical conformation to cleave polySia at DP = 7 Sia (Haselhorst et al., 2006).
Basically, this enzyme is an efficient tool to control the presence of polySia as described on NCAM
(Mihlenhoff ez al., 1996a ; Close et al., 2001), on SynCAM-1 (Galuska ez al., 2010a) or on NRP-2
(Rollenhagen et al., 2013). For efficient cleavage by endoNF, a minimum of eight Sia residues was
reported under moderate digestion conditions (Finne and Madkeld, 1985) whereas at least three Sia
are required at the non-reducing end from the cleavage site (Schwarzer ef al., 2009). To be noted,
endoNF could cleave polySia composed by Neu5Ac and Neu5Gc as they are described as Endo-

N-acyl-neuraminidases (Kitajima ez al., 1988).
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Crystal structure of endoNF reveals a homotrimeric mushroom-shaped molecule with a
catalytic part subdivided into three domains (Stummeyer et al., 2005). EndoNF is mainly composed
by B-structures (Fig. 25), notably lectin-like domains b1 and b2 acting as binding sites for oligoSia
and polySia (Stummeyer et al., 2005). Another crystal structure of endoNF has been solved in
complex with triSia (PDB ID : 3GVL) and confirms the homotrimeric structure organization of

the enzyme (Schulz ez al., 2010).
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Figure 25: Homotrimeric structure of endoNF. (a) Each monomer is colored in red, yellow and blue and
represented in ribbon diagram. (b) The three domains which composed endoNF. (¢) Bottom view of EndoNF
with its active site and polySia binding.

Illustration from Stummeyer et al., 2005

Moreover, endoNF contains a C* domain (CTD) which act as an intramolecular chaperone,
crucial to mediate homotrimer folding required for active enzymes (Miihlenhoff e al., 2003).
Indeed, CTD mutants like R837A and Q853A lead to insoluble and inactive aggregates of endoNF
(Schwarzer et al., 2009). After homotrimerization of EndoNF, CTD should be released by
proteolysis to allow kinetically stable complex which can bind polySia (Schulz ez al., 2010).

To allow proper catalysis, endoNF should have a specific arrangement of its three binding sites
(b2, bl and a) in close contact (Stummeyer ez al., 2005). Interestingly, active site of endoNF is
organized in a hydrophobic pocket which recognize C2 of Sia residues (Schulz et al., 2010).
Consequently, N-acyl group in C5 didn’t seem to be involved for recognition and hydrolysis of
polySia, suggesting an accomodation of Neu5Ac and Neu5Gc residues for EndoNF activity.

Moreover, endoNF catalyze polySia cleavage in an inverting Sx1-type mechanism with an
optimal pH ~ 5 (Miihlenhoff ez al., 2003 ; Morley et al., 2009) but still highly also active at pH 7.4

and 8.0 (Stummeyer ef al., 2005 ; Schwarzer et al., 2009). Indeed, some aa are crucial for cleavage
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process : Glu®®! activate a water molecule to attack the glycosidic linkage, then His** allows
deprotonation and the negative charge is delocalized towards Tyr*®. Finally, reducing end moiety
of Sia are released and EndoNF active site is regenerated to rebind polySia (Schulz et al., 2010).
Various EndoNF mutants were achieved to determine aa involvement in polySia binding and
cleavage. ES81A, R596A and R647A mutants exhibit 95% less activity than WT (Stummeyer ez
al., 2005). Crystal structure of H350A mutant (PDB ID: 3GVK) showed a binding of the active site
with triSia residues. Co-crystallization of R647A mutant with pentameric Sia highlights
involvement of binding sites b1 and b2 with five Sia residues (Fig. 26) (Schulz et al., 2010).
Although exact mechanism of processivity for polySia cleavage is not known, a cyclic
mechanism was suggested in four steps (Fig. 26) where interactions of the three binding sites could

be the key for processivity (Schwarzer ez al., 2009 ; Schulz ez al., 2010).

Figure 26: Suggested processivity mechanism of endoNF bound with oligo/polySia. (a) Structure of
endoN with its three binding sites a, bl and b2. (b) TriSia residues (red spheres) bounds active site a (red) ;
tetra and pentamer bounds binding sites bl (purple) and b2 (green). By diffusion, polySia changes its binding
state (from I — IV). Notably, a conformational change of polySia is required for catalysis (asterix). Then,
polySia reorientation (IV) happened simultaneously with cleavage (III) involving a, bl and b2 binding sites
for further regeneration and processivity of EndoN.

Illustration from Jakobsson et al., 2012
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Finally, inactived mutant of endoN (iEndoN) could be used as lectin to detect polySia chains.
Different iEndoN mutants have been developed to investigate binding to polySia, particularly
R592A/R647A mutant which displays higher binding affinity (Kp) than mAb735 specific anti-
polySia antibody (i.e. Kp of 1.9 nM for iEndoNF vs 7 nM for mAb735) (Schwarzer et al., 2009).
Likewise, iEndoN fixed on beads were used to isolate, concentrate and purify soluble polySia
NCAM in the lung (Ulm et al., 2013). In parallel, iEndoN have been fused to GFP and used in
bacterial polyST enzymatic assay (Yu et al., 2014) or to detect polySia on cells by fluorescence
microscopy (Jokilammi et al., 2004). Interestingly, the use of iEndoN-GFP showed equal binding
in both Neu5Ac and Neu5Gc supplemented SH-SYSY cells (Davies ef al., 2012), suggesting the

same recognition for polySia composed by these two Sia residues.

C. ANTIBODIES

Antibodies are powerful biochemical tools to detect Sia epitopes in cells or tissues like sLe* or
sT antigens. Depending on their immunospecificities, antibodies can also detect more complex
sialylated structures as di-/tri-/oligo-/polySia (Kitajima et al., 2015). They are divided in three
different groups according their specificity of binding towards linkage, DP and nature of Sia
residues (Table 15). These antibodies were oftenly produced and collected in mammalian organs
resulting from immunogenicity towards Sia structures.

Indeed, group III antibodies recognize mainly diSia structures, group II are more diverse
whereas group I recognize specifically a2,8-linked polySia structures. Nevertheless, their uses are
limited due to their highly specificity as for instance S2-566 which detect only Sia on Gp; (Sato et
al., 2000), 12E3 which is restricted to polysialylated-NCAM (Seki and Arai, 1991) whereas
mADb735 antipolySia antibody (Hayrinen ez al., 1989) is widely used to detect polySia of minimum
DP = 11 (Miihlenhoff ez al., 2001 ; Nishimura et al., 2014 ; Kitajima et al., 2015) (Table 15).

As detected by SPR, mAb735 have high affinity towards polySia influenced by DP, pH,
temperature and ionic environment (Hayrinen et al., 2002). Kp of mAb735 for oligoSia and short
polySia (DP < 16) is ~ 7.4 uM whereas Kp is dramatically increased for polySia-NCAM (~ 5 nM)

and even more towards polySia of DP = 200 (Kp ~ 0.85 nM) (Hayrinen et al., 2002).
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Table 15: Sia epitope antibodies and their specificity. Towards group I : polySia, group II : oligoSia and polySia and group III : diSia and oligoSia. Ab : antibody
clone ; Ig : Immunoglobulin ; DP : Degree of Polymerization ; n.d. : not determined.

Adapted from Teintenier-Lelievre thesis, 2006 ; Kitajima et al., 2015 ; Sato and Kitajima, 2018.

Group Ab name Sia specificity DP Ig type Immunogen References
Frosch et al., 1985
735 n>11 Mouse 1gGaa L
-(8NeuSAc2).- N. meningitidis group B Héyrinen ez al., 1989
I H.46 n>§ Horse IgM Jennings et al., 1985
4F7 -(9NeuSAc2),- n.d. Mouse IgG N. meningitidis group C Miyata et al., 2006
12F8 -(8NeuSAc2),- n.d. Rat IgM Mouse brain membrane Chuang and Lagenaur, 1990
12E3 n>>5 Embryonic rat forebrain Seki and Arai, 1991
2-2B -(8NeuSAc2),- n>4 N. meningitidis group B Mandrell and Zollinger, 1982
S5AS n>3 Embryonic rat spinal cord membrane Dodd et al., 1988
I Mouse IgM
Kdn8kdn -(8Kdn2),- n>2 Kdn-gp Kanamori et al., 1994
OL.28 -(8Neu5Ac2),- n>4 Rat oligodendrocyte Martersteck et al., 1996
2-4B -(8Neu5Gc2)n- n>2 Oligo/polyNeu5Gc-PE Sato et al., 1998
1E6 n=2 Neu5Ac),-glycopolymer
( )-glycopoly Sato et al., 2000
S2-566 -(8NeuSbAc2),- n=2 Mouse IgM Human Gp;
m 2A11 n=2-3 Sea urchin sperm gangliosides Ohta et al., 2000
AC1 -(8Neu5Gc2).- n=24 Mouse IgG3 Rat thymuses (Neu5Gc),Gpic Nohara et al., 1997
A2B5 -(8Neu5Ac2),- n=3 Mouse IgM Gaie, Grie, Gaie, OACGr3 Dubois ez al., 1990
FS1 -(8Neu5Ac2),- n=2-3 Mouse IgG3 Gos, Gan Koga et al., 2005
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Furthermore, mAb735 single chain variable fragment (scFv735) has been crystallized in
complex with eight Sia residues (PDB ID: 3WBD) (Nagae et al., 2013). Crystal structure revealed
that two scFv735 molecules are associated with one octaSia. Each molecule is composed by
variable heavy Vy and light Vi chain domain arranged in (3-sandwich fold. One molecule interacts
with Sia2-Sia4 and the other interacts with Sia6-Sia8 residues whereas Sia5 interaction is weak
(Fig. 27). The antigen binding site is formed by six complementary-determining regions (CDR)
which are all involved in water-mediated interactions, except L3 (Fig. 27b). Eleven structured water

molecules are located in the space between protein and ligand. To be noted, Tyr*” and Arg® in Vi,

159 232 1

and Tyr"™” and Asp** in Vy regions are critical aa for antigen recognition (Nagae et al., 2013).
Interestingly, mAb735 preferentially binds long polySia as CDR regions formed a loop to fit
with helical segments of long polySia (Nagae et al., 2013). Nevertheless, no structural information

was available about mAb735 recognition of polySia composed by Neu5Gc or Kdn residues.

(b) Molecule-B

Molecule-A

Figure 27: Crystal structure of scFv735 in complex with oligoSia. (a) Chemical structure of the eight Sia
residues co-crystallized with scFv735. (b) Co-crystallized structure of two scFv735 molecules with octaSia
(purple). VL and Vg domains are colored in cyan and green. (¢) Omit map showed interaction with octaSia.

Illustration from Nagae et al., 2013
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D. ENZYMATIC ASSAYS

i.  Useof radiolabeled CMP-Neu5Ac

After the first molecular cloning of STs (Weinstein et al., 1987), many enzymatic assays were
developed in order to characterize their enzymatic activity and specificities. First iz vitro enzymatic
assays in the 90’s were based on the use of radiolabeled donor substrates CMP-['“C]Neu5Ac as
example on microplate onto gangliosides with STs (Nakamura et al., 1991) or with bacterial polyST
to generate polySia onto Gps; (Cho and Troy, 1994). Our team also used this radiolabeled donor

substrate to identify ST's activity (Harduin-Lepers ez al., 2000 ; Vallejo-Ruiz ez al., 2001).

ii.  Detection of sialylation side products
Nevertheless, the study of STs enzymatic activity remains limited by the lack of appropriate
biochemical tools, radioactivity-free and high sensitive with low background. Notably, strategies
are based on colorimetric assays like the universal phosphate assay for GTs developed in 2011 (Wu
etal., 2011) and currently commercialized by R&D Biotech. Briefly, it relies on the detection of the
quantity of CMP side product released from CMP-Sia donor after Sia transfer onto acceptor
substrate. This kit contains phosphatase which cleaves CMP into Cytidine and inorganic phosphate
(P1) residues, then Pi reacts with Malachite green and intensity can be measured by colorimetry at
620 nm. This assay was used recently to measure mouse, zebrafish and human ST6Gal I activities
(Houeix and Cairns, 2019). However, it suffers from important limitations as it is an indirect
detection and it is not suitable for non-purified enzymes or complex media including phosphate.
iii.  Use of tagged-Sia and lectin detection
In vitro enzymatic assays were developed this last ten years with bioorthogonal labeling and
fluorophore-conjugated CMP-Sia transferred onto asialofetuin using human STs (Wu et al., 2019),
using BODIPY fluorescent-tagged CMP-Sia transferred onto asialofetuin and asialo-al anti-trypsin
with human ST3Gal I and ST6Gal I and bacterial Cst-II (Abukar et al., 2021). Microplate-based
assay was also developed to evaluate kinetic parameters of various bacterial a2,6-STs and human
ST6Gal I with CMP-Neu5Ac. Then, biotinylated-SNA lectin was used to bind NeuS5Ac transferred

by o,6-linkage onto asialofetuin, biotins were revealed with streptavidin-peroxidase and finally
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detected by chemiluminescence (Janesch et al., 2019b). As previously described, iEndoN could be
used to detect polySia. Consequently, plate-based assay was developed with bacterial polySTs and
CMP-Neu5Ac to detect polyNeuSAc formed onto coated oligosaccharides acceptor using iEndoN-
GFP (Yu et al., 2014). Nevertheless, this assay is so far limited to one bacterial polySTs and have

to be optimized to study other enzymatic activity like for vertebrate STs.

iv.  Detection of sialylation by analytical chemistry

Electrochemical analyses were also applied to study sialylation processes and STs activity.
Platform based on impedimetric biosensing and electrochemical impedance spectroscopy (EIS) is
currently optimized to monitor desialylation and sialylation processes, allowing attachment of N-
glycans on a glassy carbon electrode surfaces and generating sialylation with bacterial a2-6-ST's
and CMP-Neu5Ac (Alshanski et al., 2021 ; Alshanski et al., 2022). Likewise, acceptor substrates
linked to CUPRA-tag allowed measurement of STs activity with electrospray ionization mass
spectrometry (ESI-MS) (Li ez al., 2020). CUPRA-ZYME was recently adapted to measure kinetic
parameters and substrate specificities of ST6Gal I onto different N- and O-glycosylproteins like

fetuin, asialo-al anti-trypsin and asialo-orosomucoid (Li et al., 2020 ; Li et al., 2021).

v.  Use of unnatural modified Sia

First modifications of Sia were explored in the 1980s by Brossmer and collaborators that
synthesized various 9-substituted Sia derivatives and used them iz vitro as donor substrates with
bovine brain CSS. They detected quite comparable affinity for Neu5Ac and Sia derivatives,
particularly with 9-azido-NeuSAc (Kn = 1.2 — 1.4 uM) (Gross et al., 1987). Among these derivatives,
9-fluoresceinyl-NeuSAc was activated with CSS and its use as donor substrate for sialylation
reaction was compared with CMP-NeuSAc. Interestingly, K values obtained for five different
purified STs was comparable in magnitude for both donor substrates (Gross et al., 1990).

Some years later, Reutter and Bertozzi groups have investigated chemical reporter strategy
particularly with N-propanoyl precursors administrated in rat which led to N-propanoyl-Sia
detected in different rat organs (Kayser ez al., 1992) and with N-levulinoyl mannosamine (ManLev)

to detect N-levulinoyl Sia (SiaLev) at the cell surface of three human cell lines (Mahal ez al., 1997).
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Click-chemistry concept was introduced by Sharpless and co-workers in 2001 to describe
chemical reactions which must be modular, stereoselective, water-tolerant, give very high yields,
generate inoffensive byproducts and require only simple reaction conditions thermodynamically
advantageous with no protective groups required (Kolb et al., 2001). Remarkably, Nobel Prize 2022
in Chemistry has been awarded to Pr Meldal, Pr Bertozzi and Pr Sharpless for their contribution
about bioorthogonal chemistry and click-chemistry. Among these reactions, Copper-catalyzed
azide—alkyne cycloaddition (CuAAC) are based on copper reduction and allowed bioorthogonal
conjugation of Sia residues with modified probes like azido-biotin (Fig. 28).

In the laboratory, our glycochemists optimized the synthesis of alkyn-C5-modified-Sia
(SiaNAl) and showed that SiaNAI could be activated in CMP-SiaNAI with integrated workflow
that takes less than an hour (Gilormini ez al., 2016a). In the team, we took advantage of this chemo-
enzymatic synthesis of CMP-SiaNAl to develop enzymatic assay to study STs activity. Notably,
we showed that the activated donor CMP-SiaNAI could be tolerated by human ST3Gal I and
ST6Gal I with the same kinetic parameters than CMP-Neu5Ac with the substrate specificities onto
O- and N-glycosylproteins respectively (Noel et al., 2017). Moreover, we used CuAAC ligation to

detect specifically the transferred SiaN Al by coupling it with azido-biotin (Noel ez al., 2017).

E(Z(“w)o

Coating Sialylation Bioorthogonal Antibody Absorbance
labeling readout

Figure 28: MPSA enzymatic assay with different steps described to detect sialylation proportional to
colorimetric intensity detected at 620 nm. Firstly, acceptor substrate is coated on a microplate well. After
saturation, acceptor glycoconjugate is sialylated using ST and CMP-SiaNAl. SiaNAl transferred is coupled
to a biotin by click-chemistry reaction which is then recognized by an anti-biotin antibody coupled to
horseradish peroxidase. Finally, the chromogenic substrate TMB recognized by peroxidase takes on a blue

color whose absorbance is measured at 620 nm.

Recently, we developed a new #n vitro rapid, specific and efficient plaque sialylation assay
(MPSA) (Noel ez al., 2018) which allows a highly sensitive detection of sialylation using chemo-

enzymatically synthesized non-natural donor substrate CMP-SiaNAI and CuAAC. The principle
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of this assay is illustrated in Figure 28. To be noted, MPSA allows the use of crude ST's produced
in the culture medium of transfected cells to obtain significant enzymatic activity onto various
acceptor substrates (Noel et al., 2018). Moreover, we demonstrated the impact of different ions on
enzymatic activity of ST3Gal I and ST6Gal 1. Interestingly, Zn** have higher inhibitory effects at
100 uM on ST6Gal I compared to ST3Gal I activity (Noel ez al., 2018). Likewise, MPSA was
adapted to compare human ST8Sia VI and zebrafish ST8Sia VIII activities with CMP-SiaNAl onto

different N- and O-glycosylated acceptor substrates (Chang et al., 2019).

E. ANAYTICAL APPROACHES

Complementary to biochemical approaches like enzymatic iz vitro assays, use of antibodies or
lectins, the rise of analytical approaches allowed these 20 last years to bring out diversity and
complexity of sialylated glycoconjugates, notably polysialylated proteins which upset beliefs that
polySia is a rare event (Sato et al., 2002 ; Sato, 2004). Due to its nature of long anonic polymer,
polySia is difficult to study as it interferes with protein mobility and antibody detection. In addition,
it non-specifically binds proteins and is difficult to analyze via mass spectrometry (MS) (Galuska ez
al., 2010b). Although, isolation and enrichment of polySia is not necessary for immunoassays (Guo
et al., 2019), analytical detection and enzymatic assays requires improved senstivity, particularly
when there is a low-abundance of polySia (Guo ez al., 2019). Moreover, polySia is characterized by
a fragility of internal a2-8 glycosidic bonds leading to polySia degradation. A recent review
summarized all available approaches for extraction and characterisation of polySia from biological
matrices (Guo et al., 2019). The most efficient methods to detect polySia are fluorescent labeling
and analytical approaches although they display advantages and limits (Nishimura ez al., 2014).

Periodate fluorometric C7/C9 analysis of polySia is definitely the most sensitive and selective
analytical tool for internal Sia residues measurements of oligo/polySia from glycoproteins (Sato et
al., 1998 ; Guo et al., 2019). Briefly, sodium periodate and borohydride treatments of polySia lead
to C7-Sia for the terminal Sia at the non-reducing end of polySia. After full hydrolysis, oxidized
periodate treatment, all free Sia are derivatized with 1,2-diamino-4,5-methylenedioxybenzene

(DMB) (Fig. 29) and Sia-labelled residues can be analyzed on anion-exchange chromatography or
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high-performance liquid chromatography (DMB-HPLC) (Galuska er al., 2011). This method
allowed the evaluation of total internal Sia in comparison to terminal Sia with the corresponding
fluorescence peak areas of C7 and C9 Sia (Sato et al., 1998) and has the advantage to be relatively

sensitive, with the detection of low amounts of internal Sia residues until ng.
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Figure 29: Process of DMB labelling of Sia prior analytical approaches. Glycoprotein of interest is treated
for full or mild hydrolysis to release free Sia or oligo/polySia chains respectively. Then, open ring forms

could be derivatized with DMB fluorescent compound and detected on HPLC analysis.

DMB-HPLC could also be used after mild-acid hydrolysis to quantify polySia chains length
with a DP detectable of 60 Sia residues at least from biological matrices (Guo et al., 2019) although
accelerated intramolecular self-cleavage of polySia have been observed under these conditions
(Manzi et al., 1994). Moreover, acidic conditions could increase polySia lactonization resulting
from condensation of the carboxyl group in C1 position of one Sia with the hydroxyl group in
position C9 of the adjacent Sia residues (Kakehi ez al., 2001). To be noted, polylactonization could
generate resistance to acid hydrolysis reducing charge and flexibility of polySia (Zhang et Lee,
1999). However, almost all iz vivo polySia is lactone free at neutral pH (Azurmendi ez al., 2007).

Other analytical approaches based on charged groups allowed good detection as fluorescent
anion-exchange chromatography analysis (FAEC) or with UV (HPAEC-UV) but requires higher
quantities as described with at least 10 pg of purified polySia. Reverse Phase Liquid
Chromatography (RPLC-FD) is not suitable for polySia as they are very sensitive to acidic pH and

high temperature and can be lactonized and/or hydrolyzed (Galuska ez al., 2010D).
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On the other hand, Western Blot (WB) can be used for polySia detection with specific
antibodies (Table 15) in biological samples. However, these strategies are indirect and semi-
quantitative methods because of low binding of long polySia chains compared to short chains onto
PVDF membranes (Nishimura et al., 2014). As mentioned previously, iEndoN could also be used
to binds polySia with strong affinity, without hydrolytic activity (Guo et al., 2019) allowing notably
detection of polySia cell surface by flow cytometry (Jokilammi ez al., 2007). Some ELISA strategies
were also developed to quantify polySia from serum, proteins and extravesicles (Tajik et al., 2020).
Alternative study of polySia combining X-ray crystallography, NMR and docking allowed the way
of binding onto human viral pathogen and how virus interact with polySia through transient
electrostatic interactions (Lenman ez al., 2018).

Enrichment methods should be explored in the future for qualitative and quantitative
assesment of polysialylated glycoconjugates as the use of mAb735 or iEndoN on column (Sato,
2004 ; Sato, 2013) and/or by click-chemistry, lectin affinity and immunoaffinity prior to analyse
them by sensitive strategies (Song and Mechref, 2015). Development of more rapid, highly-
sensitive techniques to conduct accurate quantitative analysis remain important goals for the
future, particularly when challenged by low polySia abundance, without affecting polySia chemical

structure integrity and DP (Guo et al., 2019).

F. SIALYLATION LABELLING IN CELLULO AND ON CELL SURFACE

Bertozzi’s group has demonstrated the incorporation of unnatural derivative of Sia precursor
with a ketone group, converted to the corresponding Sia residues and displayed on cell surface
sialoglycoconjugates (Mahal et al., 1997). In order to detect polySia onto NT2 neurons, they feed
cells with ManLev and detected Sial.ev at the cell surface after bioorthogonal coupling with an
hydrazine-biotin (Charter et al., 2000). However, modification on unnatural Sia have a great
importance as they shown that N-propanoyl Sia preserve polySia synthesis in HeLa cells whereas
N-butanoyl and N-pentanoyl modified Sia are inhibitors of these syntheses (Charter et al., 2002).

Modified precursors of Sia have been oftenly used for glycoconjugates detection as Gus on

Jurkat cell surface (Bussink e al, 2007). Also called metabolic glycoengineering and
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oligosaccharide engineering (MGE and MOE) (Gilormini ef al., 2018), this method is regularly
used in our lab with Sia precursor ManNAc modified with an alkyn (ManNAIl) or azyde
(ManNAZz) group for bioorthogonal labeling on cell surfaces (Gilormini et al., 2016b ; Noel et al.,
2018 ; Scache et al., 2022 ; Rigolot et al., 2023). In the future, MGE could be a promising strategy
for therapeutics as in regenerative medicine to detect and target specific cells. A study on mouse
model after implantation of alkyn-modifed biofilm has shown an efficient capture of azido-labelled
monocytes on the biofilm, 6 days after intravenous injection of monocytes (Mao et al., 2019).

Nevertheless, it seems important to note that so far no data shows how these incorporated
unnatural Sia are recognized and taken up by endogenous STs and that this is currently a real lack
to understand the functioning of this enzymatic machinery.

On the other hand, other strategies tend to focus on enzymatic process outside cell context as
chemoenzymatic glycoengineering (CGE) to label, visualize and modify specifically glycans at the
cell surface using non natural Sia (Almaraz and Li, 2017) and employing ST’ specificities into more
“physiological-like conditions” than in vitro.

Indeed, this process of exo-enzymatic labeling is quite similar to extrinsic sialylation occurring
physiologically in the periphery as described in mice model (Manhardt et., 2017). The same
strategy was also named Selective Exo-Enzymatic Labeling on cell surface (SEEL) to label cell
surface N-glycans using human and rat ST6Gal I (Mbua et al., 2013 ; Sun et al., 2016) and recently

to imaging lipooligosaccharides of pathogens (Fig. 30) (de Jong ez al., 2022).
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Figure 30: Selective ExoEnzymatic Labeling (SEEL) strategy adapted for modification and imaging of
bacterial lipooligosaccharides.

Illustration from de Jong et al., 2022
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Promisingly, Sackstein’s group in Harvard Medical School applied CGE strategy to modify
cell surface of its CAR T-cells adding a sLe* epitope to optimize drug delivery in the tumor beds of
cancer. CGE modification significantly improve homing and targeting of CAR T-cells in mice
model (Mondal et al., 2019).

To summarize, in cellulo and in vivo imaging approaches of glycans on living cells are extremely
interesting for the study of enzymatic activities and specificities, to determine new ST's activities or

of great interest in therapy to monitor sialylated glycoconjugates and remodel cell surface.

G. STS INHIBITORS DEVELOPMENT

These last few years, increasing glycan-based strategies have been tested in translational
glycobiology. Glycotherapies and glycomimetics development are focused on novel cancer glycan-
modified immunotherapy agents and nanoparticles, anti-glycan vaccines and neuraminidase
inhibitors like Oseltamivir or Zanamivir to prevent Influenza infections. Indeed, the development
of cell-permeable, non-toxic ST specific small-molecule inhibitors is much needed and represents a
field of intense investigations (Harduin-Lepers et al., 2012 ; Heise et al., 2018 ; Munkley, 2022 ;
Perez et al., 2021 ; Rodrigues and Macauley, 2018 ; Szabo and Skropeta, 2017 ; Wang et al., 2003 ;
Bowles and Gloster, 2021) notably because sialylation has a key role in cancer progression and
metastasis (Dobie and Skropeta, 2021).

CMP is known to inhibit all STs activity as this compound is in balance with CMP-Sia during
their exchanged by SLC35A1 for CMP-Sia entrance in the Golgi apparatus. Notably, CMP inhibits
ST8Sia II activity leading to a decrease of cancer cells migration in vitro, interesting to limit
metastases dissemination (Al-Saraireh et al., 2013). Moreover, natural products as soyasaponin I,
ginsenosides and lithocholic acid and derivatives decreased sialylation modifying invasive behavior
of tumor cells (Chang ez al., 2006 ; Hsu et al., 2005 ; Huang et al., 2020 ; Chen et al., 2011).

Sialic acid mimetics (SAMs) with modified groups on CMP-Sia and Sia residues have been
explored as inhibitors. Notably, N-cyclopropylcarbonyl group (Neu5Cyclo) on modified CMP-Sia
is reported as inhibitor of ST8Sia II to prevent from polySia elongation (Ehrit et al., 2017). A recent

study also demonstrated that 8-keto-NeuSAc decreases polySia elongation, suggesting importance
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of hydroxyl group on C8 Sia residue for activity of polySTs (Hunter et al., 2022). Otherwise, C-7
modification with fluoro group seems to be faster transferred by bacterial «2,3-STs and improves
therapeutic glycoprotein half-life, slowly degraded by sialidases with hydrolysis rate 100 times
lower (Geissner et al., 2021). SAMs were also developed with modification of C-2 and C-9 positions
and have a better binding capacity towards Siglecs to target Sia-Siglecs axis (Bull ez al., 2016).
Furthermore, various C-5 carbamate derivatives significantly enhanced inhibitory potency in vitro

and in cellulo, particularly C-5 propargyl carbamate group (Fig. 31) (Moons et al., 2022).
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Figure 31: Structure and mode of action of metabolic sialylation inhibitors and metabolic labeling
reagents. After uptake in cells, Sia derivatives are activated in the nucleus, transported in the Golgi apparatus
and could have inhibitor effects if they are modified with a fluorinated group or could be transferred by STs
onto glycoconjugates if they are modified with an alkyn group.

Tllustration from Moons et al., 2022
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Currently, the most studied ST inhibitor is a peracetylated SAM named P3F.,-Neu5Ac for
2,4,7,8,9-pentaacetyl-3F,-Neu5Ac-CO,Me (Rillahan ez al., 2012 ; Macauley et al., 2014) which has
been used as drugs onto nanoparticles and shown to decrease adhesion, migration and delays
tumor growth in vivo (Bill et al., 2013). However, other type of inhibitors were developed notably
based on transition state of sialylation process with oxocarbenium structure, notably with an aryl
group (Skropeta et al., 2004) although it appears hard and requires long times to chemically
synthesize specific transition-state analogs with optimized affinity and stability (Wang ez al., 2003)
and to improve pharmacokinetic properties with adapted linkers (Montgomery et al., 2017b).

Specific inhibitors of a2-3 and a2-6 sialylations were also explored for drug design on
transition-state molecules but remains a great challenge for the future (Perez et al., 2021 ; Guo et
al., 2017 ; Szabo and Skropeta, 2017). Docking and molecular dynamics will be usefull to optimize
the design of SAMs and transition state analogues of Sia as tried with human ST8Sia III based on
its crystal structure (Dobie ef al., 2018 ; Montgomery et al., 2017b). However, the limited numbers
of 3D structures available for STs and the lack of information on inhibitor effect on individual ST

remains a limit for docking and designing of new selective and specific inhibitor.

H. BIOINFORMATICS TOOLS AND MODELING

These last 15 years, more and more online applications and computer softwares are developed
to face questions of glycosciences, represented glycans, glycomolecules and complex structures,
their involvements and functions in physiopathology (Lal ez al., 2020). Resulting from workshop
discussions in 2014, a detailed document “A Roadmap for Glycoscience in Europe” was created
to address some of the challenges faced by Europe and where glycosciences could be of major
interest. In comparison to proteomics and genomics analysis, guidelines named MIRAGE
(Minimum Information for A Glycomics Experiment) were proposed by the Consortium for
Functional Glycomics in aim to enhance the value and reproducibility of glycoanalytical data.
Some years later in 2018, the GlySpace Alliance (Lisacek et al., 2022) was formed to gather
glycoscience community through three principal investigators: Glyco@Expasy from Switzerland,

GlyCosmos from Japan and GlyGen from USA.
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During my thesis, lots of different tools, databases and software developed and shared by the
scientific community inspired me and have been useful to try to answer the issues surrounding my
thesis subject about STs three dimensional structures, designs, studies of activities and functions,
studies of their products formed. For instance in the laboratory, we have internal tools available
like our storage server dedicated to accumulate data from AlphaFold modeling and our private
GT-database which collects protein sequences and subfamily classification based on sequences
motifs and phylogeny studies, particularly in GT29 and GT31 families.

In addition, I proposed an exhaustive list which gathers existing informations, databases,
softwares and websites dedicated for glycans and GTs (Appendix 1). Particularly, AlphaFold tool
brings a new era in molecular biology to visualize, analyze and interpret structures and functions
of all proteins solely from their primary sequences (Guo et al., 2022). AlphaFold2 produces 3D
models and also a serie of confidence metrics, such as predicted local distance difference test
(pLDDT), template modelling score (pTM), and Aligned Error (PAE). There is also an extension
of AlphaFold2 specifically built to predict protein-protein homodimeric and heterodimeric protein
complexes (Basu and Wallner, 2016 ; Bryant ef al., 2022 ; Evans et al., 2022). Combining 3D
structural data available for STs and AlphaFold2 will be promising tools to understand STs
interaction with other GTs and their integration in macromolecular complex in the Golgi

apparatus.

VIII. SCIENTIFIC OBJECTIVES OF THESIS

Previous studies of polySia diversity in fish (Sato and Kitajima, 2013) and the particular
distribution of polySTs gene in salmonid species (Venuto et al., 2020b) were the starting point to
define my thesis objectives. All these observations developed in the introductive part of my
manuscript raise questions about acceptor and donor substrate recognition by polySTs and how aa
substitutions in diverse species like in salmonid could impact their enzymatic specificities ? To
explore these hypotheses, my thesis project was centered on the characterization of enzymatic

activity of fish polySTs, to compare their specificities witht their human homologs in aim to better
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understand how polySTs work to generate such a biodiversity of polySia with diverse Sia occurring

in the nature. The objectives were as follows:

- Biochemical characterization of the three Coregonus maraena polySTs activities.

First of all for this objective, I had to clone and produce each recombinant enzymes in cultured
cells using different strategies and tools described above. In parallel, I had to adapt and optimize
our innovative biotechnological tools to study polyST activity. This allowed me to determine

kinetic parameters for the biochemical characterization of each of these enzymes.

- Highlighting differences of enzymatic specificity using various donor substrates.
From chemoenzymatically synthesis of donor substrates CMP-SiaNAI, CMP-Neu5Ac, CMP-
Neu5Gc and CMP-Kdn and using acceptor substrates of various nature and sensitive tools as

bioorthogonal chemistry and mAb735 polySia antibody.

- Synthesis and analysis of polySia generated by the different polySTs.

Finally, I was able to use these recombinant enzymes to synthesize polySia chains onto various
acceptors (glycoproteins fixed on microplates, in suspension or on cell surface platform) and to
analyze them by different strategies (mAb735, endoN, WB, MPSA, DMB-HPLC, SEEL) to
confirmed their differences of enzymatic specificities responsible for polySia biodiversity in
salmonid. Particularly, polySia analyses were conducted in collaboration with our german partner

expert in polySia analyses.

- Explore the impact of various factors on enzymatic activities of polySTs.

I studied autopolysialylation process producing enzymes in different cell types and measuring
influences on their productions and activities. I used strategies of computational structural biology
to model polySTs 3D structure with AlphaFold2 and highlight importance of conserve peptide

motifs or aa for a potential cooperation between enzymes.
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RESULTS

I. SALMONID POLYSIALYLTRANSFERASES SUBSTRATE SPECIFICITIES:

CONTRIBUTION TO DIVERSITY OF FISH POLYSIA?

To better understand the structure-function relationships and substrate specificities of salmonid
polySTs, each polyST gene identified in the C. maraena genome was cloned and produced as

recombinant and active enzymes prior exploring their enzymatic activities.

A. PRODUCTION OF THE CMA POLYSIALYLTRANSFERASES

i.  Analysis of the Cma polySTs sequences

Using a BLAST approach on NCBI databases, three polySTs st8sia2-r1, st8sia2-r2 and st8sia4
genes were previously identified in the salmonid whitefish (Coregonus maraena, Cma) genome
(Venuto et al., 2020b). The deduced protein sequence of Cma ST8Sia II-rl and Cma ST8Sia I1-12
shared 63.8% and 62.7% sequence identity with their human homolog Hsa ST8Sia II whereas there
is 78.8% sequence identity between Cma ST8Sia IV and Hsa ST8Sia IV. To compare protein
sequences, a multiple sequence alignment (MSA) was performed with the three salmonid polySTs
(378, 378 and 357 aa) and the two human polySTs (375 and 359 aa) (Fig. 32).

In comparison to human polySTs, salmonid polySTs are also composed by the four sialylmotifs
L, S, III and VS conserved in all GT29 STs (Harduin-Lepers, 2010) and the PBR and PSTD motifs,
characteristic of polySTs (Nakata et al., 2006; Colley et al., 2014) (Fig. 32). Further sequence
analyses using TMHMM, indicated the presence of a hydrophobic region likely corresponding to
the transmembrane (TM) domain and, using NetNGlyc (Appendix 1), the presence of six, six and
five potential N-glycosylation sites for Cma ST8Sia II-r1, Cma ST8Sia II-r2 and Cma ST8Sia IV
respectively. Among them, two positions are conserved between the five polySTs and, particularly
in the PBR motif, one is described to be an autopolysialylation site for the two human polySTs
(Asn® for ST8Sia IT and Asn™ for ST8Sia IV) (Table 5). Described in chapter VI-D-i to be essential
for polyST structure stability and enzymatic activity, the two pairs of cysteine located in SM L, SM

S and in C*" are conserved for the three coregone polySTs (Fig. 32).
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Figure 32: Multiple sequence alignment showing the conserved domains of the salmonid and human
polySTs proteins. MSA of the three polySTs sequences of C. maraena (i.e. Cma ST8Sia II_r1, Cma ST8sia
II_r2 and Cma ST8Sia IV) with the two human polySTs sequences (i.e. Hsa ST8Sia IV and Hsa ST8Sia II)
were performed using Clustal W (EMBL-EBI). Numbering of the last aa per sequence is indicated at the end
line. The transmembrane (TM) domain appears with the 20 aa framed in black on N*'. The five and six
potential N-glycosylation (NxS/T) sites for ST8Sia II and ST8Sia IV respectively are shown in bold
(Mihlenhoff et al., 2001) and cysteins involved in disulfide bonds are underlined. Sialylmotifs L, S, IIT and
VS common to all animal STs (Harduin-Lepers, 2010) are framed in light green background. The specific
domains PBR and PSTD of the polySTs (Colley et al., 2014) are in white letters with light brown background.
Finally, the black arrow indicates the place where proteins were truncated to obtain the Cma A28ST8Sia IV,
the Cma A28ST8Sia II-r1, A35ST8Sia II-rl, A5S0ST8Sia II-rl and the Cma A28ST8Sia II-r2, A35ST8Sia II-r2,
A50ST8Sia II-r2 recombinant proteins.

Protein sequences were submitted to compute pI/MW on ExPASy (Appendix 1) to determine
their theoretical molecular weight (MW), without considering any post-translational modification
such as glycosylation. Indeed, Hsa ST8Sia IV and Cma ST8Sia IV display a MW of 41.3 and 41.1
kDa whereas Hsa ST8Sia II, Cma ST8Sia II-r1 and Cma ST8Sia II-r2 display a MW of 42.4, 42.9
and 42.9 kDa. All these informations have been further considered for the molecular cloning and
the production of active salmonid polySTs.

ii.  Molecular cloning of polySTs in expression vectors

Firstly, we have shown that polySTs genes exhibit a distinct expression profile in tissues.
Indeed, st8sia2-r1 and st8sia2-r2 genes displayed their highest mRNA expression level in gonads and
telencephalon and in gonads and spleen respectively, whereas st8sia4 gene is only expressed at low
mRNA levels in the brain, head kidney, gills, gonads and spleen (Venuto et al., 2020b).

As detailed in “Material and Methods” section, we performed PCR to amplify cDNA of the
polyST genes from C. maraena gonads and brain using Q5 polymerase and sense and antisense
oligonucleotide primers containing Hindlll and Kpnl restriction sites respectively. St8sia2-r] and
st8&sia4 cDNAs were successfully amplified, recovered and inserted into the multiple cloning site
(MCS) of the p3XFLAG-CMV10 vector (Appendix 2) using HindlIl and Kpnl restriction enzymes.
Indeed, this vector is oftenly used as an expression vector for the monitoring of full-length

recombinant 3XxFLAG-tagged proteins using an anti-FLAG antibody (Noel et al., 2017).
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Since no cDNA amplification was detected for st8sia2-72 gene in gonads and spleen, it prompted
us to synthetize its full length sequence chemically into pcDNAJ3.1 vector using GeneArt Instant
Designer (ThermoFischer). To achieve functional analyses, soluble forms of the three enzymes
lacking their cytoplasmic and TM domains were constructed in the p3XFLAG-CMV9 expression
vector, which allows secretion of fusion proteins (Appendix 2). From MSA analysis between
polySTs (Fig. 32), we removed the first 28 aa residues (A28) on N** side of the three polySTs, an
interesting position located in the stem region which preserves the catalytic domain of each polyST.

Consequently, we designed primers (Appendix 3) and used the previous constructs as DNA
templates (i.e. p3XFLAG-CMV 10 for st8sia4 and st8sia2 r-1 and pcDNA3.1 for st8sia2 r-2) to amplify
and insert A28 truncated forms of the three polySTs in the p3xFLAG-CMV9 vector.

In parallel, we designed two other more truncated forms (A35 and A50) (Fig. 32) in the stem
region for Cma ST8Sia Il-rl and Cma ST8Sia II-r2. Indeed, ProtParam tool from ExPASy
(Appendix 1) provides instability index (II) resulting from statistical analysis of dipeptides
composition in protein sequences. Although any polyST sequence could be considered as stable
proteins (II < 40.00) , A28 ST8Sia IV appeared more stable than FL ST8Sia IV whereas A35 and

A50 deletions for ST8Sia II-r1 and ST8Sia II-r2 displayed better II than A28 forms (Table 16).

Table 16: Stability of the recombinant Cma polySTs sequences designed. Instability index (II) were
determined for 3xFLAG-tagged full-length (FL) and 3xFLAG-tagged truncated (A) polySTs sequences.

Cma ST8Sia II-r1 Cma ST8Sia I1-r2 Cma ST8Sia IV

A FL 28 35 50 FL 28 35 50 FL 28

II 47.70 49.08  46.08 47.26 49.35 52.55 49.61 48.30 45.81 40.52

To summarize, the study of Cma polySTs sequences and comparison of their characteristics
with their human homologs allowed us to design interesting constructs in expression vectors to
produce the three polySTs and to study their enzymatic activity after cellular transfections.

iii.  Cellular transfection for Cma polySTs production
Initially, we produced full length tagged Cma polySTs from p3xFLAG-CMVI10 vectors,

however this strategy didn’t lead to sufficient production of active enzymes (data not shown).
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In contrast to CMV10 vector, constructs done in CMV9 vector allowed the production of
truncated and soluble forms of the recombinant polySTs, secreted outside the cells, in order to
obtain sufficient quantities after cell transfection to study their enzymatic activity separately.

Thus, we decided to optimize the secretion of Cma polySTs using lipofectamine for transiently
cellular transfection in different cell types and varying different parameters of transfection (Fig. 33).
Since no good transfection yield could be achieved in the homologous salmonid fish cell line
CHSE-214 system as shown for Cma A28 ST8Sia IV (Fig. 33A), secretion of the recombinant
proteins was optimized outside transiently transfected HEK293 cells (Fig.33 B), which remain the
preffered host to produce difficult-to-express GTs (Moremen et al., 2018). To be noted, CHO-K1
cell system was also developed by R&D for the commercial production of human polySTs.
Heterologous transfection of Cma A28 ST8Sia IV in CHO-K1 led to lower level of secretion than

in HEK293 cells, with only 20% of enzymes detected on WB using anti-FLAG antibody (Fig. 33A).
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Figure 33: Optimized conditions for the production of Cma ST8Sia IV. (A) In different cell types.
p3XFLAG-CMV9A28ST8Sia4 plasmid was transiently transfected using lipofectamine on CHO-KI,
HEK293 and CHSE-214 cells. Media culture were collected 72 hours post-transfection, loaded on SDS-
PAGE and analyzed onto WB. Bands intensity was measured with ImageJ and normalized towards HEK293
production used as standard. Data were reported onto GraphPad Prism 6. (B) With different parameters.
The relative secretion rate of C.ma A28ST8Sia IV transfected in HEK 293 cells was investigated using different
initial cell confluence levels, post-transfection collection times (24, 48, 72 and 120 h) and butyrate
supplementation (1 mM). The intensity of the signals obtained was analyzed by densitometry (ImageJ) in
comparison to a previous ST3Gal I production used as a control. These figures are representative to 3

biological replicates.
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In order to obtain the highest quantities of recombinant enzymes in the medium culture, we
investigated different parameters for cellular transfection in HEK293 cells. We used different initial
levels of cell confluency to improve transfection efficiency, varied post-transfection collection times
and supplemented medium culture using sodium butyrate to stimulate the production of integrated
proteins (Bassens ez al., 2005). Reproduced three times for each parameter of transfection, the best
conditions allowed us to obtain Crma A28 ST8Sia IV secreted around 75% compared to our standard
(Fig. 33B), a recombinant 3xFlag-tagged human ST3Gal I used previously in our enzymatic assays
(Noel et al., 2017 ; Noel et al., 2018).

In parallel, we analyzed the quality of the enzymes produced. After cell transfection in HEK293
cells, media culture were collected 72 hours post-transfection, cells were collected and lyzed for
further protein quantification using BCA assay. A control with an empty p3xFLAG-CMV9 plasmid
was produced and collected at the same time. To determine the presence of N-glycans and their
nature on Cma A28 ST8Sia IV, we used N-glycosidase F (PNGase-F), which removes all N-glycans
by cleaving bond between Asn and first GIcNAc residues and endoglycosidase H (EndoH) which
cleaves the glycosidic bond after the first GIcNAc residue of a mannoside or hybrid glycosidic

chain, but complex types are preserved.
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Figure 34: Quality of production for Cra A28ST8Sia IV in transfected HEK293 cells. HEK293 cells were
transiently transfected using lipofectamine with an empty p3XFLAG-CMV9 plasmid (Mock) or with the
p3XFLAG-CMV9-A28ST8Sia IV allowing truncated (A28) form of the enzyme. 72 hours post-transfection,
7 ug of proteins from cell lysates and 20 pL of cell culture media were denatured in SDS buffer, Triton X-100
(10%) and treated overnight at 37°C with 20U of PNGase-F or EndoH in acetate buffer (pH 6.0, 50 mM).
Samples were loaded on 8% SDS-PAGE and proteins were transferred onto nitrocellulose membrane. WB
analyses were carried out using anti-3XFLAG antibody BioM2 (1 ug/mL). Predicted molecular weight

markers are indicated on the left side, cell lysate (L) and culture medium (M) are indicated on top.
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20 uL. of medium culture or 7 ug of cell lysates were run on 8% SDS-PAGE. Coomassie blue
and Ponceau red stainings were respectively done on the gel and the nitrocellulose membrane after
transfer, to check equal samples loading and complete proteins transfer onto the membrane. Then,
we performed a WB with an anti-FLAG antibody and we detected the 3xFLAG-tagged
recombinant Cma A28 ST8Sia IV in the medium culture and in the cell lysate whereas no band was
detected with the Mock control (Fig. 34).

Indeed, several bands ranging from 41 to 52 kDa were detected in cell lysate (L) whereas a
major band around 52 kDa was observed in the medium (M), suggesting different glycoforms of
ST8Sia IV (Fig. 34). These observations are consistent with the presence of five N-glycosylated
sites onto the enzyme (Fig. 32). Moreover, PNGase-F and EndoH treaments induced a shift of the
bands to the expected size of 41.1 kDa, although various bands are still present after EndoH
treatment of the medium culture compared to the cell lysate (Fig. 34), suggesting that the enzyme
carries both high Mannose and complex types of N-glycans.

Concerning the two other polySTs Cma ST8Sia II-rl and Cma ST8Sia II-r2, transfections with
A28 forms didn’t lead to enough quantities for further significant enzymatic activities. To be noted,
we tried to decrease temperature to 30, 32 and 35°C during transfection to slow cell metabolism
and increase secretion rate in HEK293 cells (Lin ez al., 2015), however no significant increase was
detected (data not shown). Therefore, we designed and used other constructs (i.e. A35 and A50) to
optimize stability of the recombinant proteins (Table 16). Compared to Cma A28 ST8Sia IV, we
obtained a maximum of 21-25% for the best productions in HEK293 cells, Crma A35 ST8Sia II-rl
and Cma A35 ST8Sia I1-r2 (Fig. 35A ; Fig. 35B) whereas lower levels were obtained for A28 and
A50 forms of the two enzymes (Fig. 35B). As for ST8Sia IV, we analyzed the quality of the
productions for Cma A35 ST8Sia II-r]l and Cma A35 ST8Sia II-r2 on WB (Fig. 35C). In contrast to
ST8Sia IV, we observed that both enzymes are accumulated in the cell lysates and lower secreted
in the culture media. Moreover, PNGase F treatment confirms N-glycosylation of the enzymes and
EndoH treatment precises a difference for their production in the media culture : Crma ST8Sia I1-r1

carried mainly high-mannose whereas Cma ST8Sia II-r2 has more complex N-glycans (Fig. 35C).
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Figure 35: Production of the recombinant Crma ST8Sia II-r1 and ST8Sia II-r2 in HEK293 cells. Plasmids
for the expression of A28ST8Sia IV (blue), A28ST8Sia II-r1, A35 ST8Sia II-r1, A50 ST8Sia II-r1 (green) and
A28ST8Sia II-12, A35 ST8Sia II-12, A50 ST8Sia II-r2 (purple) were transfected during 4 hours at 37°C using
Lipofectamine 2000 into HEK?293 cells. Culture media and cell lysates were collected 72 h post-transfection.
(A) Representative WB with 20 pL of each cell culture medium loaded, separated on SDS-PAGE (8 %) and
transferred on nitrocellulose membrane. WB was carried out with the anti-3XFLAG antibody (1 pg/mL).
Molecular weight markers are indicated on the left side. (B) Quantification of polySTs production. Signal
intensity was analyzed by densitometry (ImagelJ). Secretion of each production is reported to Cma ST8Sia IV
(blue) production as indicated above each bar (n=2). (C) 7 pg of cell lysates and 20 pL of culture media of
HEK293 transfected cells with A35ST8Sia II-r1 (left panel) and A35ST8Sia II-r2 (right panel) were treated
overnight with 20U of PNGase F and EndoH and analyzed as described for Cma ST8Sia IV in Fig. 34.

To conclude on this glycosyltransferase engineering part, each step appears crucial from
sequence analyses and design of the constructs to optimize and obtain the best productions of the
enzymes for further biochemical analyses of enzymatic activities.

Listed below, I summarized all the constructs, productions and enzymatic activities of the

various vertebrate STs used and studied during my thesis (Table 17).
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Table 17: Summary table of the production and use of differents truncated STs during my thesis project.

Production Enzyme
Name Species Plasmid Deletion zy ]
level Activity

A28 Very low -

ST8Sia II-rl1  Coregonus maraena ~ 3XFLAG-CMV9 A35 Low / Medium S+
A50 Very low -
A28 Very low -

ST8Sia II-r2  Coregonus maraena  3XFLAG-CMV9 A35 Low / Medium J+
A50 Very low -
ST8Sia II Homo sapiens 6-His A23 Commercial +
ST8Sia IIT Danio rerio 3XFLAG-CMV9 A83 Very high +
Homo sapiens 6-His A39 Commercial +

ST8Sia IV

Coregonus maraena 3XFLAG-CMV9 A28 Medium +
ST8Sia VI Homo sapiens 6-His A27 Commercial +

ST8Sia VIII Danio rerio 3XFLAG-CMV9 A33 Low / Medium -/+
Homo sapiens 3XFLAG-CMV9 A56 Medium +

ST6Gal 1

Danio rerio 3XFLAG-CMV9 A135 Very high +
ST3Gal I Homo sapiens 3XFLAG-CMV9 A56 High +

B. PREPARATION OF DONOR AND ACCEPTOR SUBSTRATES FOR ST ACTIVITY

As described in the introductive part, STs use Sia donor substrates corresponding to an

activated form of the glycosylnucleotide (i.e. CMP-Sia). In order to study enzymatic activity of

polySTs, we carried out the chemo-enzymatic synthesis of various CMP-Sia, notably the three

natural major forms in vertebrates: CMP-Neu5Ac, CMP-Neu5Gc and CMP-Kdn (Fig. 4). Based

on previous developments in our laboratory (Gilormini et al., 2016a), we have also synthesized

CMP-SiaNAl, a non-natural donor substrate carrying an alkyn group. Interestingly, CMP-SiaNAl

could be coupled to a probe by bioorthogonal click-chemistry reaction for further specific detection.

We perfomed chemo-enzymatic synthesis of each CMP-Sia using each Sia in equimolarity with

CTP and a bacterial CMP-Sialic acid synthetase (CSS), except for the synthesis of CMP-Kdn which

was done with rainbowt trout CSS, more efficient to activate Kdn into CMP-Kdn (Wu ez al., 2022).
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The formation of all CMP-Sia was followed for 1 hour at 37°C by *'P NMR (Fig. 36), which
has the advantage to control the purity of the products formed and avoid potential degradations.
Compared to the CTP control spectrum which exhibits three peaks corresponding to each
phosphate group (Fig. 36), we observed a progressive decrease of these peaks during synthesis in
favor to the formation of new peaks characteristic of inorganic phosphate (Pi) and CMP-Sia

residues formed as previously described (Gilormini ef al., 2016a).

f
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Figure 36: *'P NMR spectra of chemo-enzymatically synthesized activated CMP-sialic acids. Enzymatic
reactions were performed in equimolarity of CTP and each Sia (1:1) with 0.3 U CMP-Sialic acid Synthase
(CSS) from N. meningitidis for CMP-SiaNAl, CMP-Neu5Ac and CMP-Neu5Gc and from rainbow trout for
CMP-Kdn and 0.5 U PPase in Tris-HCI 100 mM, MgCl12 20 mM buffer (pH 8.5) during 1 h at 37 °C. Products
integrity was checked by 1D NMR spectrometry of 3'P in a Briiker Avance II 400 MHz NMR spectrometer.
Peaks shift (ppm) from CTP spectrum (red) after one hour of synthesis to CMP-Neu5Ac (olive), CMP-
Neu5Gc (green), CMP-Kdn (blue) and CMP-SiaNAI (purple) spectra indicates 100 % formation and purity

of the four products formed.

113



Furthermore, CMP-Sia could be degraded over the time at RT due to the repulsion of
neighboring anionic charges present on the carboxylate and phosphate groups of this compound.
Its hydrolysis leads to the release of CMP compound, reported to be inhibitor of ST's activities as
described in introductive part, and of free Sia which might generate aspecific detection in enzymatic
assays. Therefore, once synthesized, these compounds were stored at -80°C and we ensured their
stability over time. After three months of storage at -80°C, each CMP-Sia was checked again by *'P
NMR. As shown for CMP-SiaNAl (Fig. 37), we did not detect any significant change on the NMR
spectra, confirming a good stability of our compounds stored at -80°C.

The precautions taken to synthesize CMP-Sia were important to enhance detections of polyST's
activities presented below. Among these donor substrates, only CMP-Neu5Ac is commercially
available but is not completely pure (Gilormini ez al., 2016a). Notably, my thesis work was the first
to report the chemo-enzymatic synthesis of various and pure natural and unnatural CMP-Sia in

order to use them as donor substrates for the study of polySTs enzymatic activities and specificities.
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Figure 37: Analysis of CMP-SiaNAl stability by P NMR after 3 months of storage at -80°C. The peaks
represent the chemical shift (ppm) of the phosphates of Pi and CMP-SiaNAI detected by 3'P NMR. The

spectrum at t=3 months is compared with the spectrum at t=0 after the chemo-enzymatic synthesis.

On the other hand, we investigated for potential acceptor substrates to study polySTs enzymatic
activity. We prepared different types of glycoproteins coming from vertebrates origin such as
bovine fetuin, which is a glycoprotein carrying three complex N-glycans of the triantennary type
with sialylated LacNAc epitope (Gal1-4GIcNAc) and three mucin-like O-glycans (disialylated
core 1: NeuSAca2-3GalB1-3[NeuS5Aca2-6]GalNAc-Ser/Thr) (Baenziger and Fiete, 1979),
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orosomucoid and bovine submandibular mucin (BSM), carrying respectively N- and O-glycans
(Table 13). In addition, we expressed a truncated and tagged version of zebrafish ALCAM/CD166
(Appendix 4), kindly obtained from Dr J. Bentrop (KIT, DEU). Indeed, ALCAM belongs to
adherence molecules family, has a role in zebrafish brain development (Diekmann and Stuermer,
2009) and is notably an homolog of human NCAM oftenly associated with human polySTs
activities (Miithlenhoff ez al., 1996a ; Close et al., 2003).

Transfections of ALCAM were performed in HEK293, CHO-K1 and CHO-Lec2 cells in order
to obtain various glycosylation profiles on the glycoprotein. Among these cells, CHO-K1 do not
present ST6Gal activity and a2-6 sialylation (Table 12) whereas CHO-Lec2 mutants are deficient
in CMP-Neu5Ac transporter (SLC35A1) and display asialylated glycans. Each ALCAM
production was collected 48 hours post-transfection in minimum medium (UltraMEM) and was
coated on microplate for lectin recognition (Fig. 38). For this assay, we used various lectins like

SNA, RCA, MAL I and MAL II which detect specific glycan motifs (Table 14).
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Figure 38: Lectin assay to determine ALCAM glycosylation profiles on microplates. 400 ng of diverse
ALCAM versions were coated on microplate and recognized by various biotinylated-lectins described in
Table 14 (RCA1, SNA, MAL I and MAL II) for 30 min. After washing steps, anti-biotin-HRP antibody
was incubated for 1 hour. After washing steps, TMB chromogenic reagent allowed colorimetric measurement

at 620 nm. Parts of whole representation is used on the top for lectin recognition proportion.
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Each ALCAM version was not recognized in the same way by the four lectins used. In contrast
to ALCAM produced in CHO-K1, those produced in CHO-Lec2 and HEK293 are highly
recognized by RCA (Fig. 34), which binds Gal residues. ALCAM produced in HEK293 cells is
well recognized by SNA lectin, which binds Neu5Aca2-6GalNAc whereas lower levels are
detected for productions into CHO cells. As reported by Thermofisher company, CHO cells are
not fully deficient for a2-6 sialylation in their glycoproteins although they don’t have ST6Gal
enzymes, which might explain that CHO versions of ALCAM are recognized by SNA lectin.
Among the three ALCAM version, the one produced in CHO-K1 cells have the highest recognition
level by MAL I and MAL II lectins, suggesting an a2,3-sialylated profile on their N-glycans and
their O-glycans respectively (Fig. 38).

Finally, the preparation of all these donor and acceptor substrates allowed us to develop

enzymatic assays to study the three Cma polySTs enzymatic activity with their human homolog.

C. DEVELOPMENT OF ENZYMATIC ASSAY FOR POLYSTS ACTIVITY

First of all, we have taken advantage of the MPSA, a rapid and sensitive enzymatic assay
recently developed in our team to study human ST3Gal I, ST6Gal I and ST8Sia VI activities using
CMP-SiaNAl as donor substrate (Noel et al., 2018 ; Chang et al., 2019).

Thus, we investigated if MPSA could be applied for polySTs activity starting with the
recombinant commercial human polySTs A23 ST8Sia IT and A39 ST8Sia IV (Table 17). We coated
400 ng of bovin fetuin on microplate and achieved sialylation reactions during 2 hours at 37°C with
100 uM of CMP-SiaNAl and 250 ng of both human polySTs in mixture into cacodylate buffer
prepared at different pH from 4.4 to 7.0. Then, azido-PEG3-biotin was covalently attached to the
alkyne group of transferred SialNAI, biotin was detected using an HRP-conjugated anti-biotin
antibody and absorbance was measured after addition of the chromogenic reagent TMB (Fig. 28).

We obtained an optimal pH close to 5.8 — 6.0 for Hsa ST8Sia II, consistent to data obtained in
a recent britsh study (Guo et al., 2020) and a higher optimal pH for Hsa ST8Sia IV (Fig. 39), around

6.4. These data clearly indicated that MPSA is a good enzymatic assay to study polySTs activities.
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Figure 39: Use of MPSA to study human polySTs
activities. After coating of 400 ng of fetuin,
sialylations were achieved during 2 hours at 37°C
with 100 uM of CMP-SiaNAI, 250 ng of A23 Hsa
ST8Sia II (light brown) and A39 Hsa ST8Sia IV
(red) in cacodylate buffer at pH from 4.4 to 7.0.
After CuAAC click-chemistry with azido-PEG3-
biotin and biotin detection with specific HRP-
coupled antibody, TMB substrate was added and

absorbance was measured at 620 nm.

Afterwards, we extended MPSA to verify the use of CMP-SiaNAI as donor substrate by the

recombinant Cma polySTs. We coated 400 ng of fetuin and the various productions of ALCAM

on microplate and we performed sialylation reactions with 100 uM of CMP-SiaN Al and using cell

culture media as a crude enzyme sources for each Cma polyST.
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Figure 40: Use of MPSA to study Cma ST8Sia IV
enzymatic activity. 400 ng of fetuin or various
CD166/ALCAM  versions  were coated.
Sialylations were achieved during 4 hours at 27°C
with 100 uM of CMP-SiaNAl and 20 pL of Cma
ST8Sia IV (blue) or Mock (grey) in cacodylate
buffer at 27°C. Each step after sialylation is the
same as described in Fig. 39. Absorbance was
measured at 620 nm. Error bars in black represent

SEM n=5.

As shown in Figure 40, significant and reproducible data were obtained on both acceptor

substrates compared to the Mock control, showing that C.ma A28 ST8Sia IV is active and efficiently

uses CMP-SiaNAl on both fetuin and CD166/ALCAM acceptor substrates. Interestingly, this

enzyme exhibits a higher activity onto ALCAM produced in CHO-K1 than on the other version

or on fetuin, suggesting a preferential activity onto a2,3-sialylated acceptor substrate (Fig. 40).

In contrast, C.ma ST8Sia II-rl and ST8Sia II-r2 demonstrated no chemoenzymatic

modification of these acceptor substrates under the same conditions in MPSA (Fig. 41), suggesting

that these enzymes are either not active or do not use CMP-SiaNAl as donor substrate in MPSA.
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1.5+ Figure 41: Use of characterization of Cma ST8Sia II-r1 and

g 1o Cma ST8Sia II-r2 on CD166/ALCAM using the MPSA.
§ 5 Sialylation reactions were performed in MPSA as Fig. 40 using
%‘f 0.5 55 pL. of Cma A35ST8Sia II-rl (green), Cma A35ST8Sia II-r2
w (purple) or 20 pL of Cma A28ST8Sia IV (blue). Other steps are the
0.:\0& «*\ \\ﬂ Q same as described in Fig. 40. Error bars represent SEM (n=3).

C.ma ST8Sia

To conclude, we demonstrated here that MPSA could be extended to study polySTs activities.
Notably, we showed that the human polySTs and Cma ST8Sia IV efficiently used CMP-SiaNAl as

donor substrate and that Crma ST8Sia IV as a preferential activity onto a2,3-sialylated ALCAM.

D. BIOCHEMICAL CHARACTERIZATION OF THE CMA ST8SIA IV ENZYMATIC ACTIVITY

At the same time, we optimized sialylation conditions to study enzymatic activity of polySTs.
In MPSA, we used human A39 ST8Sia IV to compare activities with C.ma A28 ST8Sia IV and
setting up several parameters: pH, temperature, quantities of enzymatic source or even sialylation
time. In an effort to keep the sialylation reaction velocity in the same range for the two enzymes,
we first evaluated the initial rate of the two enzymes. Initial velocity was proportional to the
enzyme concentration up to 20 pL for Crma ST8Sia IV and at least up to 400 ng for Hsa ST8Sia IV.
A similar level of activity was detected for 150 ng of the human ST8Sia IV and 20 uL of the fish
enzyme (Fig. 42A) and product appearance was linear up to 4 hours of sialylation (Fig. 42B).

The influence of pH (4.4 to 6.8, measured at 27°C) and temperature (0 to 60°C) was assessed
on each enzyme reaction velocity. An optimal temperature of 30°C and 37°C was found for the
fish and human ST8Sia IV, respectively. To be noted, the fish enzyme remained highly active at
high temperatures (Fig. 42C) suggesting a highly stable enzyme, whereas the human enzyme
showed a peak activity between 30°C and 40°C. Our data also demonstrated a conserved optimum
pH at 6.4 for both polysialyltransferase activities (Fig. 42D), comparable to those determined in

another enzymatic assay for the human polyST ST8Sia II (Guo et al., 2020).
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Figure 42: Optimization of conditions for ST8Sia IV activities in MPSA. A) Initial linear rate of
sialylated product formation of both Cma and Hsa ST8Sia IV. The initial velocity of each ST8Sia IV was
determined using either 400 ng of CD166/ALCAM (squares and circles) or fetuin (triangles) coated on
microplates. Various quantities of the fish enzyme (blue, left side) ranging from 5.5 pL to 55 pL and of the
human enzyme (red, right side) ranging from 50 ng to 350 ng were incubated with 100 uM of CMP-SiaNAl
donor substrate in cacodylate buffer for 4 h at 27°C. After CuAAC cycloaddition of biotin and anti-biotin-
HRP antibody detection, TMB substrate was used and absorbance was measured at 620 nm. The initial
velocity remains linear up to 22 pL for the Cma ST8Sia IV and up to 350 ng for the human ST8Sia IV. Error
bars in black represent SEM (n=3). B) Time course behavior of sialylation reaction catalyzed by ST8Sia
IV. Sialylation reactions were conducted with the MPSA using 400 ng of CD166/ALCAM coated on
microplates with 100 uM of CMP-SiaNAl using 150 ng of the human enzyme Hsa ST8Sia IV (red circle) or
20 uL of the fish enzyme Cma ST8Sia IV (blue squares) or of the Mock medium (grey diamonds) for 0.5, 1,
2,4, 6 or 8 hat 27°C. After sialylation reaction, azido-PEG3-biotin was attached to the alkyne group of each
transferred SiaNAl, biotin was detected by the anti-biotin antibody coupled with HRP and absorbance was
measured at 620 nm. In these conditions, the product appearance was linear after 2 h of sialylation (n=2). C)
Effect of temperature on the sialylation reaction catalyzed by ST8Sia IV. Sialylations were performed 4 h
on 400 ng of CD166/ALCAM with 100 uM of CMP-SiaNAIl and with 150 ng of Hsa ST8Sia IV (red circle)
or 20 uL. of Cma ST8Sia IV (blue squares) at different temperatures from 0°C to 60°C (n=2). D) Effect of pH
on the sialylation reaction catalyzed by ST8Sia IV. Sialylation reactions were performed 4 h at 27°C on
400 ng of CD166/ALCAM with 100 uM of CMP-SiaNAI and with 150 ng of Hsa ST8Sia IV (red circle) or
20 uL. of Cma ST8Sia IV (blue squares) at different pH from 4.4 to 7.0 in cacodylate buffer (Cacodylate
sodium 100 mM, MnCl, 10 mM) and from 6.6 to 9.0 in Tris buffer (Tris-HCI 100 mM, Triton X-100 0.2%,
MnCl; 10 mM) (n=2).
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Using assay conditions set at pH 6.4 and 27°C, we determined the kinetic parameters of each
recombinant fish and human ST8Sia IV towards CMP-SiaNAl and CD166/ALCAM. We
calculated Apparent Michaelis constant (Ky) values of 0.6 = 0.06 uM and 17.60 + 2.52 uM towards
CMP-SiaNAL for the human and fish ST8Sia IV, respectively (Fig. 43A). These data pointed to 30
times lower affinity of Cma ST8Sia IV for the unnatural donor substrate CMP-SiaNAI compared
to the human ST8Sia IV. In contrast, the two enzymes showed a relative similar affinity for
ALCAM with the same order of magnitude (ratio of 3.6) and apparent K of 17.19 = 1.15 ng and
61.09 + 4.85 ng calculated for the human and fish ST8Sia IV, respectively, according to the

Michaelis-Menten model (Fig. 43B).
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Figure 43: Determination of kinetic parameters of ST8Sia IV towards donor and acceptor substrates.
Sialylation reactions were carried out in cacodylate buffer pH = 6.4, at 27°C for 4 h with 150 ng of human
ST8Sia IV or 20 uL of fish ST8Sia IV. A) With increasing concentrations of donor substrate. CMP-SiaNAl
was used at various concentrations ranging from 0 to 100 uM with a fixed amount of 400 ng of ALCAM
(n=3). B) With increasing quantities of acceptor substrates. Various quantities of acceptor substrate
ALCAM ranging from 0 to 2000 ng were fixed on microplates. Sialylation reactions were conducted with
100 uM CMP-SiaNAl (n=3). Michaelis-Menten constants were determined graphically on Lineweaver-Burk
representation drawn using GraphPad Prism 6. Hsa ST8Sia IV (red circle) and Cma ST8Sia IV (blue squares)
have an apparent K, of 0.6 = 0.06 uM and 17.60 + 2.52 uM towards donor, respectively and of 17.19 = 1.15

ng and 61.09 £ 4.85 ng towards acceptor substrate, respectively.

To assess enzyme specificity and acceptor substrate preference of each polyST, 400 ng of
several glycoproteins with various N- and O-glycan structures (Table 13) were coated on
microplates for sialylation assays. Both ST8Sia IV were equally active on fetuin, CD166/ALCAM,

bovine submaxillary mucin (BSM), DNAse I and NRP2, whereas the human ST8Sia IV exhibited
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higher activity onto the fish polysialoglycoprotein PSGP-H, PSGP-L and orosomucoid (Fig. 39A).
Likewise, enzymatic activities of Hsa ST8Sia II, Cma ST8Sia II-r1 and Cma ST8Sia II-12 were also
assessed with these various acceptors. Hsa ST8Sia II displayed an activity mainly on PSGP-H,
PSGP-L, DNAse I and CD166/ALCAM, whereas Cma ST8Sia Il-related enzymes were not
significantly active in MPSA. These observations indicate that these fish enzymes might not use
the unnatural Sia donor CMP-SiaNAl although it must be noted that Hse ST8Sia II has lower

enzymatic activity (Fig. 44B) than Hsa ST8Sia IV (Fig. 44A).
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Figure 44: Functional characterization of Hsa and Cma polySTs Cma on various acceptor substrates using
the MPSA. Four hundred ng of various sialylated N- and O-glycoproteins (i.e. fetuin, polysialylated
glycoproteins PSGP-H and PSGP-L, bovine submaxillary mucin (BSM), orosomucoid, CD166/ALCAM,
DNase I and neuropilin-2 (NRP2)) were coated on microplates. Sialylation reactions were performed 4 h at
27°C using 100 uM of CMP-SiaNAl and (A) 150 ng of Hsa ST8Sia IV (red) or 20 uL. of Cma ST8Sia IV (blue)
or Mock (grey) or (B) 150 ng of Hsa ST8Sia II (light brown) or 55 uL. of Cma ST8Sia II-r1 (green), 55 uL. of
Cma ST8Sia I1-12 (purple) or Mock (grey). After each characteristic step for MPSA, absorbance data at 620

nm corresponding to the extent of chemoenzymatic modification are mean of two replicates £ SEM (n=2).

121



To summarize, we extended the use of MPSA and unnatural donor substrate CMP-SiaN Al for
the functional characterization of various human and fish polySTs. We optimized detection of their
enzymatic activity varying conditions and choosing their best acceptor substrates. These precisions
helped us to demonstrate that Crma ST8Sia II-r]1 and Cma ST8Sia II-r2 have no significant activity
with CMP-SiaNAl whereas human ST8Sia II could use this donor substrate, although in lower
level compared to human ST8Sia IV. Furthermore, we highlighted significant differences of
specificities for each ST8Sia IV towards CMP-SiaNAl, suggesting distinct recognition of the donor
substrate during the mechanism of transfer catalysis at the molecular level. Finally, since only a
limited set of natural polysialyated proteins like NCAM have been reported, it appears interesting
to know that additional substrates could serve as suitable acceptor for polySTs.

However, MPSA has limitations since this enzymatic assay do not tell us if polySTs are
processive and are able to catalyze the transfer of several Sia residues to form polySia chains. For
this purpose, we performed in vitro sialylation reactions and achieved structural assessment of

polySia using alternative approaches as detailed below.

E. POLYSIA ASSESSMENT GENERATED BY POLYSTS ON WB

As described in introduction, polySia chains are really sensitive to different parameters such as
temperature and pH (Sato and Kitajima, 2004 ; Guo et al., 2019). Firstly, we used 5 uLL of HEK293
C.ma ST8Sia IV-transfected cell lysates and boiled these samples in Laemmli buffer at different
temperatures and times prior loading on WB (Fig. 45). In parallel, we also performed a control

with endoN treatment of cell lysates to cleave polySia chains (Jakobsson et al., 2012).

Figure 45: PolySia stability is temperature-dependent.
Temp.(°C): 65 40 65 95 110 .
& 5 uL. of HEK293 C.ma ST8Sia IV-transfected cell lysates

5 5 5 15 15 5 15 5
were boiled in Laemmli buffer at different temperatures
‘ l e (65 to 110°C) and times (5 to 10 min). EndoN was used

Time (min) :
kDa
250 -

130 =
100 -

= 1h, 37°C (10 pg/mL) as a control onto sample. After

o blocking step, membrane was incubated with mAb735

35- antibody (1:1000), secondary rabbit antibody (1:10000)
EndoN: . + - - - - - - -

and incubated 5 min with femtoECL before revelation.
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To detect polySia chains on WB, we used the specific anti-polySia mAb735 antibody which
recognizes polyNeu5Ac with a DP > 8 residues (Mihlenhoff et al., 2013). We clearly demonstrated
that classical protocol for WB, boiling samples at 95°C in Laemmli buffer, is not suitable to prevent
polySia from degradation and should be adapted to lower heating temperature at 65°C (Fig. 45).

Afterwards, we explored the polysialylation activity of polySTs using natural donor substrates.
We firstly checked the polysialylation status of each reagent prior sialylation reaction on WB using
mAb735 antibody (Fig. 46). Neither the enzymes nor the ALCAM collected in minimum medium
nor the Mock control are initialy polysialylated in contrast to efficient polySia detected after
sialylation reaction (Fig. 46). Indeed, we performed in vitro sialylation starting with 100 uM of

chemo-enzymatically synthesized CMP-NeuSAc and 20 uL. of Crma ST8Sia IV on 6 ug of ALCAM.

kDa ALCAM ALCAM
Mock ALCAM ST ST Sia Mock ALCAM ST ST Sia

250 — 250 —

130 — 130 —

100 — 100 —

55 — ‘. 55 —
EndoN: _ + - - - + - + _ g = = o 4 = +

Figure 46: Initial polysialylation status of polySTs and ALCAM prior sialylation reaction. Each reagent
for sialylation reaction was analyzed by SDS-PAGE and WB using mAb735 antibody prior sialylation.
Ponceau staining is shown on the left side and molecular weight markers are indicated on the left top. On
the WB (right side), no polySia can be detected by the mAb735 on the various actors of the sialylation
reaction i.e. ALCAM, HEK293 cell culture medium (Mock) or Crma ST8Sia IV (ST). PolySia is detected only
after 4 h of polysialylation on CD166/ALCAM with the Cma ST8Sia IV (Sia). Molecular weight markers
are indicated on the right side of the WB.

Then, we were interested from how long sialylation reaction is required to detect
polysialylation on WB ? Therefore, we carried out a time-course from 30 min to 8 h of sialylation
using 100 uM of CMP-NeuSAc, 150 ng of Hsa ST8Sia IV or 20 uLL of Cma ST8Sia IV on 6 pg of
ALCAM. Within 30 min, an extensive smear ranging from 70 to more than 250 kDa could be
detected with the mAb735, which confirms that the human and fish ST8Sia IV are both able to
synthesize polyNeuSAc chains (Fig. 47). To be noted, increase of ALCAM polysialylation status

over time is more marked for the Crma ST8Sia IV (Fig. 47A) compared to Hsa ST8Sia IV (Fig. 47B).
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Figure 47: Time course polysialylation with human and fish ST8Sia IV showing an increasing
polysialylation status of ALCAM. Sialylation reactions were performed from 0.5 to 8 h with 100 uM of
CMP-NeuSAc on 6 pg of ALCAM with 150 ng of H.sa ST8Sia IV or 20 puL of C.ma ST8Sia IV or Mock.
Sialylated products were heated for 5 min at 65°C in Laemmli, separated on SDS-PAGE (6%) and analyzed
on WB using the anti-polySia mAb735. Molecular weight markers are indicated on the left side.
Densitometry analyses were performed with ImageJ and the percentage of polySia chains length according

to band sizes is reported below for A) the human and B) the coregone enzyme (n=2).

Since we used the three natural CMP-Sia chemoenzymatically synthetized, we investigated if
mAb735 is adapted to detect polySia containing Neu5Gc or Kdn residues. Although this antibody
has been crystallized (Fig. 27) and described by Nagae group in 2013, there were no direct evidence
on polyNeu5Gc and polyKdn detection. Using UCSF Chimera with Dr Elin Teppa, we visualized
the mAb735 structure (PDB: 3WBD) composed by 2 molecules, 6 complementary-determining
regions (CDR) and the 11 water molecules involved in direct and indirect H-bonds interactions
with polyNeu5Ac (Fig. 48A). To investigate to what extent analogous interactions could be found
between the antibody and polySias made of eight Neu5Gc or Kdn, we modified the NeuSAc to
NeuGc/Kdn molecules in PDB. Then, complex was minimized using the AMBER force field and
charges were computed using ANTECHAMBER. We showed that in addition to the six direct
hydrogen bond interactions described for polyNeuSAc (Fig. 48B), five others could be established
between Tyr®?, Ala?*°, Gly*?’, Arg?® and Asn*® for polyNeu5Gc (Fig. 48C), whereas five out of the

six aa critical for polyNeu5Ac recognition were retrieved for polyKdn (Fig. 48D ; Fig. 49).
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Figure 48: Crystal structure of scFv735 (PDB: 3WBD) in complex with a2,8-linked octasialic acids. A)
Overall crystal structure of scFv735 in complex with polyNeu5Ac, variable light domain (V1) and variable
heavy domain (Vy) and CDRs are coloured in blue, green and yellow respectively. The Sia residues
interacting with two scFv735 molecules are highlighted in pink. Water molecules are shown in red spheres.
The grey rectangle indicates the region of the close-up view. Close-up view of the antigen recognition site of
scFv735 in complex with trisialic acid of B) Neu5Ac, C) Neu5Gc and D) Kdn. Hydrogen bonds between Sia

and antibody are shown in cyan. Residues involved in direct H-bonds are shown in stick representation.

Moreover, we confirmed the reliably of each polymer interaction with mAb735 through the
presence of the 11 water molecules conserved in the same CDR area of mAb735 and crucial for
interaction with polyNeuSAc (Fig. 49). Thus, we provided here for the first time, computational

model for the recognition of various polySia chains using the mAb735 antibody.
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Figure 49: Protein sequence of mAb 735 and localization of hydrogen bound interactions. Vi and Vy
domains are colored in blue and green background, respectively. The complementarity-determining regions
(CDRs) L1, L2, L3, H1, H2, H3 are indicated with black boxes. Colored boxes above the sequence mark
residues that make direct interaction with polyNeu5SAc (purple), polyNeu5Gec (light blue) and polyKdn

(green), whereas residues involved in water-mediated indirect interactions with the antigen are shown in red.

Consequently, we evaluated the fish and human ST8Sia IV ability to generate polySia with
various donor substrates and recognized by mAb735. We performed sialylation reactions with 100
UM of the chemo-enzymatically synthesized CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn (Fig. 36)
on ALCAM. After protein separation on SDS-PAGE and WB with mAb735 and as checked using
endoN treatment, broad polyNeu5Ac signals between 100 and 250 kDa were visualized for both
ST8Sia IV with CMP-Neu5Ac whereas no signal could be detected in the Mock (Fig. 50Aa).

Remarkably, polysialylation with CMP-Neu5Gc (Figure 50Ab) and CMP-Kdn (Figure 50Ac)
was detected after in vitro sialylation with the fish ST8Sia IV, but not with the human ST8Sia IV,

highlighting distinct specificities depending on the nature of donor substrate for each ST8Sia IV.
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Figure 50: ALCAM polysialylation achieved with human and Cma polySTs and different CMP-Sia
donors visualized on WB. A) Polysialylation with ST8Sia IV enzymes. Sialylation reactions were
performed 4 h at 27°C with 100 uM of the various natural Sia donors CMP-Neu5Ac, CMP-Neu5Gc or CMP-
Kdn (purple, light blue and green diamonds, respectively) on 6 ug of CD166/ALCAM with 150 ng of Hsa
A39ST8Sia IV or 20 uL of either Cma A28ST8Sia IV or Mock enzyme sources. Treatment with endoN for 1
h at RT was used as a control to remove polysialylation. Sialylation mixtures were heated 5 min at 65°C in
Laemmli buffer, separated on 6% SDS-PAGE and proteins were transferred onto PVDF membrane. Blots
were probed with the mAb735 antibody (0.5 pg/mL). Immunoblots were incubated with femtoECL and
detected after 5 sec for a) CMP-Neu5Ac, 30 sec for b) CMP-Neu5Gc and 180 sec for c) CMP-Kdn panels.
B) Polysialylation with ST8Sia II enzymes compared to ST8Sia IV. Sialylation reactions were performed
4 h at 27°C with 100 uM of the various natural sialic acid donors CMP-Neu5Ac (purple diamond), CMP-
Neu5Gc (light blue diamond) or CMP-Kdn (green diamonds) on 6 ug of CD166/ALCAM with 150 ng of
Hsa A23ST8Sia II or 55 pL of either Cma A35ST8Sia II-r1 or Cma A35ST8Sia II-r2. Polysialylation with
ST8Sia IV enzymes and detection on WB were conducted as mentioned in A). Immunoblots were incubated
with picoECL and detected at 60 sec for a) CMP-NeuSAc and with femtoECL detected at 60 sec for b) CMP-
Neu5Gc and ¢) CMP-Kdn. Molecular weight markers are indicated on the left side.
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Only low levels of polysialylation were detected with the Cma ST8Sia II-r1 and ST8Sia II-r2
compared to the Cma ST8Sia IV, whatever the Sia donor substrate used (Figure 50B). In contrast
to fish polySTs, no polySia could be detected after polysialylation with CMP-Neu5Gc (Fig. 50Bb)

or CMP-Kdn (Fig. 50Bc) by human polySTs denoting distinct specificities between each enzyme.

A CMP-Neu5Ac €
Mock Cma ST8Sia IV
Donor (uM): 40 0 25 5 10 20 40 80 100 80000 -
1 i -
LEE
130 — . . 2
c
100 — 2
£
70 — s
B=)
55 = Z
0 2 10 60 80 100
CMP-Neu5Ac (pM)
B CMP-Neu5Gc )
Mock Cma ST8Sia IV
Donor(uM): 12 0 05 1 2 4 8 10 12 80000
1 1 1 1 1 1 1 1 -
3
S 60000 o
250 — . > . %
4
130 — § 40000
100 — = L
70 < £ 20000
K-
55 = b
0+ . . . .
0 3 6 9 12
CMP-Neu5Gc (uM)
c CMP-Kdn €
Mock Cma ST8Sia IV
Donor (uM): 100 0 25 5 10 100 200 500 WO
' s
;; 80000 .
250 ~ % 60000
130 — <
100 — € 40000 4
E
70 — & 20000 A
55 = i
0 r . . .
0 3 6 9 12

CMP-Kdn (uM)

Figure 51: Relative kinetic parameters of Cma ST8Sia IV towards CMP-Neu5Ac, CMP-Neu5Gc and
CMP-Kdn determined from polysialylation on ALCAM. Sialylation reactions were performed 4 h at 27°C
with various concentration of natural Sia donors CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn on 6 pg of
ALCAM with 20 pL of either Cma A28ST8Sia IV or Mock enzyme sources. WB (left panels) were done as
described in Fig. 50 and detected at 5 sec for A) CMP-Neu5Ac, 120 sec for B) CMP-Neu5Gc and 300 sec for
C) CMP-Kdn with femtoECL. Signal intensity was quantified using ImageJ (arbitrary units) and reported
on GraphPad Prism 6 (right panels).
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In the light of these results, we focused on Cma ST8Sia IV which efficiently generate polySia
using CMP-Neu5Ac, CMP-Neu5Gc and CMP-Kdn. We studied its affinity towards these three
donor substrates varying their concentrations during iz vitro sialylation for further detection on WB.
Although we should consider that WB allowed only relative quantification, we observed that the
profile of polySia is different varying each CMP-Sia concentrations (Fig. 51). Indeed, polySia using
CMP-NeuSAc display an incremental effect (Fig. 51A) whereas signals appeared more diffuse and
rapidly reaching a maximum with CMP-Neu5Gc (Fig. 51B) and CMP-Kdn (Fig. 51C).
Nevertheless, we established Michaelis Menten profile for these donor substrates with apparent K
of 12.04 £ 3.59 uM for CMP-Neu5Ac and higher affinities with 0.68 £ 0.24 uM for CMP-Neu5Gc
and 0.72 = 0.21 uM for CMP-Kdn, highlighting that these donor substrates are not recognized and

transferred in the same way by Cma ST8Sia IV.
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Figure 52: Influence of time and temperature on ALCAM polysialylation synthetized by Cma ST8Sia IV
using CMP-Neu5Gc and CMP-Kdn. Sialylations were performed from 0.5 to 16 hours at 27°C and 10°C
with 100 uM of CMP-Neu5Gc or CMP-Kdn on 6 pug of ALCAM with 20 uL of either Crma A28ST8Sia IV or
Mock enzyme sources. WB (left panels) were done as described in Fig. 50 and detected at 30 sec for A) CMP-
Neu5Gc and 60 sec for B) CMP-Kdn with femtoECL. Signal intensity was quantified using ImageJ (arbitrary
units) and reported on GraphPad Prism 6 (right panels).
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As investigated for CMP-Neu5Ac in Fig. 47 and with CMP-SiaNAl on MPSA, we studied the
potential influence of time and temperature on ALCAM polysialylation synthetized by Cma
ST8Sia IV using CMP-Neu5Gc and CMP-Kdn. We observed that polySia generated at 27°C with
CMP-Neu5Gc remain quite stable from 4 hours to 16 hours (Fig. 52A) whereas increased with
CMP-Kdn in the same conditions (Fig. 52B).

Moreover, it is not uninteresting to think that temperature could have an impact on ST8Sia IV
processivity as acute temperature rise induces metabolic changes detected in Coregonus maraena
(Rebl et al., 2018). Interestingly, we showed that Crma ST8Sia IV synthetized higher level of polySia
with CMP-Neu5Gc and CMP-Kdn at 10°C, whereas differences between 4 and 16 hours are more
pronounced than for 27°C (Fig. 52). To be noted, these experiments should be reproduced at lower
concentrations of CMP-Neu5Gc and CMP-Kdn in accordance to Ky, obtained in Fig. 51, to avoid
potential polySia inhibition due to excess donor substrates.

To conclude on this part about polySia assessment generated by polySTs on WB, we have
demonstrated an efficient polysialylation with CMP-Neu5Ac onto ALCAM for the two human
polySTs and the three Cma polySTs. Combining computational tools and biochemical
experiments, we showed that mAb735 could be used to detect polySia composed by NeuSAc,
Neu5Gc and Kdn residues. Our data using CMP-Neu5Gc and CMP-Kdn strikingly highlight that
Cma polySTs, and particularly ST8Sia IV, have a broader enzymatic specificity towards donor
substrates than human polySTs. To go further, structural assessment of these polySia have been

studied and presented in the following paragraph.

F. STRUCTURAL ASSESSMENT OF POLYSIA GENERATED BY POLYST'S

As described in introduction, analytical approaches to study polySia require to consider the
nature of the polymer as it interferes with protein mobility and antibody detection and to improve
sensitivity, particularly when there is a low-abundance of polySia (Guo et al., 2019). Here, we
explored different strategied to concentrate polysialylated products and to optimize detection of

polySia in terms of size (DP) and composition (nature of Sia residues).
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Based on affinity for 3xFLAG tag, we immunoprecipitated Crma ST8Sia IV to concentrate and
use it directly on anti-3XFLAG beads in enzymatic assays. As shown in Fig. 53, we succeeded to
bind enzymes onto beads although we should consider that a part of ST8Sia IV remains present in
the supernatant after first binding step as detected at 52 kDa, likewise beads detection on WB are
composed by Fab and Fc fragment of Flag antibody at 50 and 28 kDa respectively (Fig. 53A). Only
low levels of Crma ST8Sia IV are effectively eluted from the beads (~5%) both with 3XFLAG peptide
(Fig. 53A) and glycine (data not shown) and are present after concentration on 30 kDa microcon.

Interestingly, the use of the enzyme directly fixed on beads showed significant activity with

CMP-SiaNAI on MPSA although required more final concentrated quantities (Fig. 53B).
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Figure 53: Immunoprecipitation of Cma ST8Sia IV on anti-3xFLAG beads and its use on MPSA. (A)
Each reaction step was loaded on WB and detected using anti-Flag antibody. 200 puL of enzymes were
incubated on 50 pL of slurry-beads overnight, 4°C on rotator disk on antiFLAG beads. Supernatant was
collected after incubation (sn) then beads were washed 3 times (wash). Finally, elution with a 3xFLAG
peptide was used overnight on rotator disk overnight at 4°C. Eluates were then concentrated on microcon 30
kDa (eluate). After elution, beads were washed 3 times and loaded (beads) on WB. Detection with picoECL,
30 sec (n=4). (B) MPSA on 400 ng of ALCAM using 20 pL of ST8Sia IV culture medium and 10 uL of 45X-
concentrated ST8Sia IV-beads during 4 hours at 27°C and detected as previously described.

Then, we achieved sialylation reaction with CMP-Neu5Ac as previously described and
attempted to fix mixture on 3xFLAG-beads after polysialylation. We detected efficient polySia
with Cma ST8Sia IV before binding whereas only few amounts of polysialylated mixture
comprising recombinant 3XFLAG-tagged ALCAM and ST8Sia IV were detected after binding on

beads (Fig. 54). PNGase-F treatment of this mixture completely removes the small amount of
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polySia detected on beads, suggesting that polysialylated mixture fixed on beads are composed by
polysialylated N-glycans (Fig. 54). Failed attempts to fixed 3xFLAG ST8Sia IV and ALCAM on
beads after polysialylation could be correlated with polySia physico-chemical properties which may

hide and affect 3xFLAG affinity binding.

kDa Beads Sta _SiaBeads Figure 54: Preparation of polySia on beads and N-glycans
250 — release for analysis. Sialylation reactions were done 4 hours at

130 - 27°C onto 6 pg of ALCAM with 20 pL of C.ma ST8Sia IV and
100- 100 uM of CMP-Neu5Ac. Samples were dialyzed in NH4COs3

70 = buffer and fixed on 3xFLAG-antibody beads overnight at 4°C

55 - then treated 2 hours at 37°C with PNGase F. Control with only
beads are loaded at the first lane. Detection with mAb735 and

PNGase=F: = s = + femtoECL, 10 sec.

Afterwards, we employed Fluorophore-Assisted Carbohydrate Electrophoresis (FACE) with
Dr N. Szydlowski in Lille to study and separate polySia based on their electric charge differences
under an electric field. Prior detection on FACE, we used aminopyrene trisulfonate (APTS) to
derivatize and label monosaccharides. A first assay was done with standards of Sia (NeuSAc,
Neu5Gc and Kdn) and a mixture of them (SiaMix). After APTS derivatization and FACE
injection, we noticed that each Sia displays many peaks detected at distinct time (Fig. 55),

interesting to identify Sia residues in more complex samples containing polySia.
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Figure 55: APTS derivatization of Sia monosaccharides and analyses in FACE. 100 pg of Neu5SAc,
Neu5Gc, Kdn and 0,5 pmol of sialic acids mix (SiaMix) were derivatized 3 hours at 42°C with 2 uL. of APTS
200 mM in acetic acid 15% and 2 pL of sodium cyanoborohydride 1M in tetrahydrofuran (THF). Samples
were diluted 100 times in water before injections. 10 nL of samples were injected during 10 sec. Colored stars

indicate significant peak detected for Sia residues.
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Then, we derivatized and injected polyNeu5Ac from colominic acid (Barry and Goebel,
1957) for APTS-FACE analysis. We incubated this standard with APTS at 42°C overnight rather
than 3 hours to optimize derivatization and treated samples with NaOH buffer at different pH for
delactonization prior injection in FACE (Fig. 56). Indeed, lactone formation occurs during acidic
treatment as used for derivatization, could impact signal and should be avoid for analysis (Kakehi
et al., 2001). We showed that 2 hours of colominic acid delactonization after APTS derivatization

provides the best noise-to-signal ratio with sodium hydroxide buffer at pH = 10,8 (Fig. 56).

RFU
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APTS pH 6.6 |
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Figure 56: Optimization of colominic acid detection on FACE after APTS derivatization. 100 pug of
colominic acid or water control were derivatized overnight at 42°C with 2 uL. of APTS 200 mM in acetic
acid 15% and 2 pL of sodium cyanoborohydride 1M in THF. Samples were delactonized 2 h at RT in buffers
at different pH (6.6, 9.6, 10.8 and 12.2). 10 nL of samples 50 times diluted were injected during 10 sec.

Finally, we combined strategies used in Figures 54 and 56 to detect polySia on N-glycans after
enzymatic activity of human and Cma ST8Sia IV with each natural CMP-Sia. After release of N-
glycans, derivatization overnight with APTS and injection in FACE didn’t allow us to detect
significant differences between each condition in terms of DP (Fig. 57).

To go further with analytical approaches to study polySia, we have chosen other strategies to
concentrate polySia samples using inactive endoN affinity to bind polySia (Jakobsson et al., 2012)
rather than 3xFLAG tag affinity and targeting more specifically Sia monosaccharides using DMB

reagent for HPLC analysis (Fig. 29) instead of using APTS .
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Figure 57: APTS-FACE analysis of ALCAM N-glycans after polysialylation with each ST8Sia IV.
Firstly, 6 ug of ALCAM were sialylated with either CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn (100 uM)
and 20 pL of Cma ST8Sia IV or 150 ng of Hsa ST8Sia IV. After 4 hours of sialylation at 27°C, samples were
dialyzed in NH4COs, lyophilized, fixed on 3xFLAG beads overnight at 4°C then treated with PNGase F for
2 hours at 37°C. Samples were derivatized overnight at 42°C with 2 uL of APTS 200 mM in acetic acid 15%
and 2 pLL of sodium cyanoborohydride 1M in THF. Samples were delactonized in buffers at pH = 10.8 during

2 hours at RT. 10 nL of samples 50 times diluted were injected during 10 sec.

During a stay in Dr S. Galuska laboratory (FBN, DEU), I have benefited from expertise in
polySia analysis using DMB-HPLC (Galuska ez al., 2011). We started using each ST8Sia IV and
the 3 natural donor substrates CMP-Neu5Ac, CMP-Neu5Gc and CMP-Kdn in sialylation reaction
onto 6 ug of DNAse I, which is also a good acceptor substrate for polySTs (Fig. 44). Results on
WB showed the same profile as for ALCAM (Fig. 50): Cma ST8Sia IV could use the three donor
substrates to generate polySia whereas Hsa ST8Sia IV use only CMP-NeuSAc for polySia.

Then, we analyzed the nature and composition of polySia detected in WB. We cut out the
bands of interest on PVDF membranes from WB, oxidized them and released Sia after full
hydrolysis with trifluoroacetic acid (TFA). Then we derivatized released Sia with DMB reagent
prior to inject them into HPLC. In parallel, we prepared and injected standards containing SiaMix.
Chromatograms obtained from DMB-HPLC analysis corroborated WB results: Cma ST8Sia IV

could transfer CMP-Neu5Gc and CMP-Kdn onto polySia in contrast to Hsa ST8Sia IV (Table 18).
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Table 18: DMB-HPLC analysis and Sia quantification from polysialylation on DNAse I with various Sia
and both ST8Sia I'V enzymes detected on WB. Sialylation reactions were performed as described in Fig. 50.
Samples were treated by TFA and derivatized by DMB to release and labeled Sia prior to DMB-HPLC
analyses perform on C18 column. SiaMix containing Neu5Ac, Neu5Gec, Kdn at different concentrations

were injected as standards. Sia quantities were calculated from standard curve established from SiaMix.

Sialic acids

0
Donor Enzyme quantity (pmol) "
Fish 33 1%
CMP-@
Human 2,7 818
Fish 1.8 >4
cMP->
Human 0 0
Fish < 0,01 <
CMP-@
Human 0 0

Although requiring to be scaled up to detect easier each Sia residue from polySia, these results
are consistent with a sialomic study in pig tissues where about 10 pumoles of total Sia
(Neu5Ac/Neu5Gce/Kdn) are reported per g of proteins in pig (Ji et al, 2017) which is quite
comparable to 5-10 pmoles Sia detected per 0,4-1 pg of acceptor substrates.

In parallel, we investigated polySia DP detection using mild hydrolysis and DMB
derivatization on colominic acid standard. The resulting fluorescently DMB-labelled polymers
were separated according to their size by anion-exchange chromatography and allowed detection

of various peaks corresponding to each DP of Sia residues associated on chains (Fig. 58).

Figure 58: DMB-polymers of

colominic acid analyzed by anion-
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To extend this approach to in vitro polysialylation reactions, we used inactive endoN (iIEndoN)
on column which is able to concentrate polySia through its lectin domain (Schwarzer et al., 2009).
We prepared 10 times more polysialylation reactions onto ALCAM with each ST8Sia IV, each
natural donor substrate, pooled and dialyzed them (10X). Then, we have enriched polysialylated
fraction using affinity precipitation onto iEndoN-column. After washing steps, polySia were eluted
with triethylamine and dried in a vacuum concentrator. Using 10% of eluate, we controlled affinity
precipitation with mAb735 on WB. We noticed that purification on iEndoN column improves
detection of 10X samples, particularly for polySia synthetized with CMP-Neu5Gc and CMP-Kdn
with Cma ST8Sia IV (Fig. 59). Interestingly, these data indicated that endoN and iEndoN are
respectively able to bound and cleave polySia generated with CMP-Neu5Gc and CMP-Kdn in

addition to polyNeu5Ac (Fig. 59).
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Figure 59: PolySia resulting from 10X sialylation reaction on ALCAM purified on iEndoN-column.
Sialylations were done during 4 hours at 27°C onto 20 ug of ALCAM. Donor substrates were CMP-Neu5Ac,
CMP-Neu5Gc and CMP-Kdn (100 uM) with 1000 ng of Hsa ST8Sia IV and 200 pLL Cma ST8Sia IV. Samples
were dialyzed in NH4COj3, lyophilized and = EndoN-treated (1 hour, 37°C) then purified on EndoN-inactive
column. WB were done with 10% of samples load on SDS-PAGE 7% with mAb735 detection and using
homemade ECL at 5 sec for CMP-Neu5Ac, 60 sec for CMP-Neu5Gc and 300 sec for CMP-Kdn.

Using the other 90% of eluate, polySia samples were treated with mild hydrolysis to release
free polymers and labeled with DMB. The resulting fluorescent labeled polymers were separated
according to their DP by anion exchange chromatography. We detected incremental peaks

corresponding to diverse size until DP = 15-20 Sia residues with CMP-Neu5Ac (Fig. 60B)
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consistent to polySia signals detected with mAb735 antibody on WB (Fig. 60A). Although it
appears difficult to precisely quantify DP polySia due to heterogeneity, this proof of concept
provides precious information about size range of polySia generated after in vitro polysialylation
with Cma ST8Sia IV (Fig. 60). Otherwise, we were not able to detect significant peaks from
polysialylated samples with CMP-Neu5Gc and CMP-Kdn, consistent with results obtained on WB
where the detection time with these donor substrates had to be increased to visualize enough signal
of polySia (Fig. 50, 51, 52, 59). In the future, the challenge to detect polySia synthetized from in
vitro polysialylation with CMP-Neu5Gc and CMP-Kdn will be to scaled up preparations and

starting with at least 100 pg of polysialylated acceptor as recommended by Ludger Manufacturer.
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Figure 60: Chain length analysis of CD166/ALCAM after polysialylation by Cma ST8Sia IV.
Polysialylation reactions were performed as described previously. Polysialylated ALCAM was isolated by
affinity precipitation using iEndoN coupled to magnetic beads. A) A 10% fraction was used for WB to control
the precipitation. B) The other 90% of the fraction was used for mild DMB labeling. Resulting fluorescent
labelled Sia polymers were separated via anion-exchange chromatography. The chain length is given for

selected peaks.

To proof the transfer of Neu5Ac, Neu5Gc and Kdn by Cma ST8Sia IV with an antibody
independent and sensitive approach, we applied a HPLC-based strategy (Fig. 61A) in the
laboratory of our german collaborator, Dr S. Galuska and thanks to his PhD student Anna. For
this purpose, polysialylation of ALCAM was performed in centrifugal filter units. After

polysialylation, remaining CMP-Sia was removed before polySia degradation by endoN.
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Untreated samples (without endoN treatment) were used as negative control. Polysialylation and

degradation by endoN were performed in the centrifugal filter units as checked by WB (Fig. 61B).
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Figure 61: Composition analysis of polySia on CD166/ALCAM. A) Workflow of the centrifugal filter
polysialylation assay to quantitatively analyse the transfer of different Sia to ALCAM with Cma ST8Sia IV.
B) The polysialylation reaction using different CMP-Sia was monitored by WB. C) Resulting polySia
fragments found in the flow-through after four washes were analyzed by HPLC. All Sia residues detected

were represented according the SNFG nomenclature.

After a final filtration step, the flow-through were analyzed by HPLC. Newly added Sia
residues could be determined comparing the Sia content in the flowthrough of untreated and endoN
treated samples. When CMP-NeuSAc was used as donor substrate, a strong increase of NeuSAc

was detected after endoN digestion indicating that Cma ST8Sia IV efficiently transfered Neu5SAc
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to ALCAM (Fig. 61C). With CMP-Neu5Gg, an increase of Neu5Gc was also observed although
lower than that obtained with CMP-NeuSAc, in line with the WB data obtained (Fig. 61C).
However, the transfer of Kdn could not be proven since the Kdn values of the endoN and the
untreated sample were comparable. Only slightly higher amounts of Neu5SAc were detectable in
endoN treated samples of the CMP-Kdn setup (Fig. 61C). These might be a result of an elongation
of pre-existing oligo-Neu5Ac since a comparable increase of Neu5Ac in the endoN sample was
also observed in the case of CMP-Neu5Gc (Fig. 61C). The transfer of few Kdn residues was likely
not sufficient to be detected by HPLC, but enabled binding of mAb735 and degradation of polySia
by endoN, a hypothesis that is further supported by the WB data.

To summarize, the structural assessment of polySia forced us to develop various strategies
notably increasing quantities of polysialylated products. We concentrated tagged-acceptor
substrates and tagged-enzymes by immunoaffinity and using the binding properties of iEndoN to
enriched polysialylated fraction. We investigated various analytical methods from APTS-FACE,
DMB-HPLC and anion-exchange chromatography in order to precise DP and composition of
polySia chains generated. Although still a challenge to be optimized, these analytical approaches

allowed us to confirm the polysialylation activity of Crma ST8Sia IV.

G. EXOSIALYLATION OF CULTURED CELLS USING ST8SIA IV

Since these last ten years have seen the emergence of glycans remodeling on cell surface using
GTs like ST6Gal I and SEEL approach (Mbua et al., 2013), we also investigated exogenous
sialylation on cell surface using polySTs. This cell-based approach has the advantage to broaden
the panel of acceptor substrates available for an efficient polysialylation in more “physiological-
like conditions” than in vitro sialylation. Prior exogenous polysialylation, we turned to HEK293
cells and ensured they display NCAM on their cell surface and we checked their polysialylation
status (Fig. 62). The immunostaining exhibited that NCAM on the cell surface was already
polysialylated by cellular polySTs (Fig. 62A). Since it would be impossible to distinguish between
the cellular polysialylation and the subsequently added polysialylation products of the recombinant

enzymes, we fixed HEK?293 cells and we used endoN to remove intial polySia (Fig. 62B).
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Figure 62: Polysialylation of HEK293 cells. Two days after seeding, HEK293 were fixed with 4% PFA and
IF experiments were performed. Confocal microscopy images on A) WT HEK 293 cells show polysialylation
labelling on cell surface using mAb735 and anti-NCAM antibodies. B) After EndoN treatment, mAb735
detection signal is abolished. Nuclei are stained with DAPI. Outline of the cells is visualized by transmission
in grey. DAPI (blue), NCAM (red) and polySia (green) signals are superposed in Merge. Fluorescence was
detected through a Carl Zeiss confocal microscope and Transmission correspond to transmitted light

microscopy images. Scale bars: 20 um for acquisitions at 40 X and 10 um for the Zoom x2 pictures.

To be noted, optimization of the endoN quantity used on cells was a crucial point for further
efficient exogenous repolysialylation. Indeed, too much quantities on endoN (500 ng/mL)
effectively remove intial polySia but high amount of endoN remain fixed on oligoSia chains and
prevent their use as acceptor substrates from significant exogenous polysialylation. Thanks to our
laboratory engineer Céline and to Dr M. Miihlenhoff (MHH, DEU) advices and fresh-prepared
endoN, we determined that 100 ng/mL of endoN is the best balance between removal of initial

polySia and accessibility for further exogenous polysialylation.
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Figure 63: Exosialylation of HEK293 cells with Cma ST8Sia IV. After endoN treatment, sialylation
reactions were carried out 4 h at 27 °C on fixed cells with 40 pL of Cma ST8Sia IV and 500 pM of donor
substrates: A) CMP-Neu5Ac, B) CMP-Neu5Gc and C) CMP-Kdn. Polysialylation on cell surface is detected
using anti-mAb735 antibody (green) and NCAM is detected using anti-CD56 antibody (red). Nuclei are
stained with DAPI (blue). Outline of the cells is visualized by transmission in grey. DAPI, NCAM and
polySia signals are superposed in Merge. Fluorescence was detected through a Carl Zeiss confocal
microscope and Transmission correspond to transmitted light microscopy images. White arrows indicate

polySias. Scale bars: 20 um for acquisitions at 40 X and 10 um for the Zoom X 2 pictures.
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Figure 64: Exosialylation of HEK293 cells with Hsa ST8Sia IV. After endoN treatment, sialylation
reactions were carried out 4 h at 27 °C on fixed cells with 200 ng of human ST8Sia IV and 500 uM of donor
substrates: A) CMP-Neu5Ac, B) CMP-Neu5Gc and C) CMP-Kdn. Polysialylation labelling on cell surface
is detected using anti-mAb735 (green) and anti-CD56/NCAM (red) antibodies. Nuclei are stained with
DAPI (blue). Outline of the cells is visualized by transmission in grey. DAPI, NCAM and polySia signals
are superposed in Merge. Fluorescence was detected through a Carl Zeiss confocal microscope and
Transmission correspond to transmitted light microscopy images. Scale bars: 20 um for acquisitions at 40 X

and 10 pm for the Zoom X2 pictures.
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Consequently, we performed polysialylation reactions on endoN-treated HEK?293 cells during
4 hours at 27°C with 500 uM of CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn and either the human
or Cma ST8Sia IV. We detected polySia with mAb735 using CMP-Neu5Ac for both ST8Sia IV
(Fig. 63A and 64A). In contrast, using CMP-Neu5Gc and CMP-Kdn, polySia was detected only
with the Cma ST8Sia IV (Fig. 63B,C) but not with the Hsa ST8Sia IV (Fig. 64B,C). Although weak,
green fluorescence detected with mAb735 after sialylation with Crma ST8Sia IV and CMP-Neu5Gc
or CMP-Kdn appears more surrounding cell surface (Fig. 64B,C) whereas fluorescence detected
with human ST8Sia IV in the same conditions appears more punctiform or as aggregates,
suggesting a fluorescence less specific to polysialylation on cell surface.

CMP-Neu5Ac @ CMP-Neu5Ge CMP-Kdn €

Hsa ST8Sia IV Cma ST8Sia IV

Mock

10 ym

Figure 65: Summary of exosialylation on HEK293 cells using ST8Sia IV. Merge of polySia and DAPI
signals obtained for both ST8Sia IV and Mock after exogenous polysialylation detailed in Figures 60 and 61.
‘White arrows indicate polySia formed by Cma ST8Sia IV with CMP-Neu5Gc and CMP-Kdn.

Finally, we demonstrated using exogenous sialylation on cell surface that polySTs could
effectively synthetized polySia chains on HEK?293 cells (Fig. 65) and we have added new evidences
correlated with our previous results and demonstrating a distinct specificity between the human

and Cma ST8Sia IV enzymes towards donor substrates.
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To conclude the main chapter of my thesis results, I developed various biomolecular,
biochemical, analytical and cellular approaches in order to highlight Cma polySTs substrate
specificities, distinct from their human homologues and which undoubtedly contribute to the
diversity of polysialylation occuring in salmonids. Starting from the production of these enzymes,
I had to precisely analyze their sequences to optimize their molecular cloning and to maximize
their production by cellular transfection. In parallel, the preparation of various donor and acceptor
substrates allowed me to compare their enzymatic activity using firstly MPSA and determining
kinetic parameters in the best sialylation conditions with unnatural donor substrate CMP-SiaNAl.
Then, structural assessment of polySia synthetized by polySTs gave me the opportunity to use WB
and analytical approaches based on Sia and polySia detection and demonstrating new evidences of
the usefulness of mAb735 and endoN towards a polySia composed by Neu5Ac, Neu5Gce and Kdn.
Using cell surface as an acceptor platform, I contributed to show that polySTs could be usefull for
exogenous sialylation on cell surface. All these results converge on distinct specificities towards
donor substrates between human and Cma polySTs. Since no crystal 3D-structure of vertebrate
polySTs has been obtained yet, molecular phylogeny, modeling and docking strategies will be
developed to shed light on the molecular basis of these differential substrate recognition by
vertebrate polySTs and better understand their biological function.

Furthermore, the second part of my thesis was dedicated to explore if autopolysialylation exist
for fish polysialyltransferases, as described for human polySTs (Miihlenhoff et al., 1996b ; Close
and Colley, 1998 ; Close et al., 2001) and if this potential structural modification has a role for the

these enzymes like Cma ST8Sia IV. These investigations are presented in next chapter below.
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II. AUTOPOLYSIALYLATION OF POLYSIALYLTRANSFERASES ¢ A

REQUIREMENT FOR ENZYMATIC ACTIVITY OF CMA ST8SIAIV ?

Discovered in the 90’s, autopolysialylation is an enzymatic reaction reported for mammalian
polySTs which are able to catalyze the transfer of Neu5Ac to generate polySia on their N-glycans
(Miihlenhoff ez al., 1996b ; Close and Colley, 1998 ; Close et al., 2001). Indeed, human polySTs
ST8Sia IT and ST8Sia IV have N-glycosylation sites identified by mutagenesis (Table 10) which
could be autopolysialylated and subsequently affect their activity. The objective of this short study
was to determine if fish polySTs like Cma ST8Sia IV could be autopolysialylated and if this

potential autopolysialylation is required or affects its enzymatic activity.

A. PRODUCTION OF CMA ST8SIA IV IN DIFFERENT CELL TYPES

Firstly, we focused on Cma ST8Sia IV, the most active fish polyST studied in the first chapter,
that we produced in different cell lines to modify its glycosylation and influence its ability to be
autopolysialylated. In comparison to HEK293 cells, we chose HEK293S which are GnTT deficient
cells and carry only MansGIcNAc, N-glycans and no complex N-glycans (Lin et al., 2014),
suggesting no possibility for autopolysialylation. We also performed cellular transfection in CHO
K1 cells which have no ST6Gal enzymes and no a2,6-sialylation as well as CHO-Lec2 cells which
are SLC35A1 deficient and display only asialylated glycans.

Cma ST8Sia IV transfections led to distinct levels of secretion according cell types (Fig. 66),

particularly with lower expression in CHO cell lines than in HEK293 and in HEK293S cells.

g 2007 C.ma ST8Sia IV Figure 66: Production and secretion of Cma ST8Sia IV in different
_E 150 T cell lines. p3XFLAG-CMV9A28ST8Sia IV plasmid was transiently
g 100 - transfected using lipofectamine on HEK 293, HEK293S, CHO-K1 and
z CHO-Lec2 cells. Media culture were collected 72 hours post-
:.E 50 transfection, loaded on SDS-PAGE and analyzed onto WB. Bands
& 0 - intensity was measured with Image] and normalized towards

'f;b q;f’ O & HEK293 production used as standard. Data were reported onto

Q\dh Q@(ﬂ' c}?‘o 0‘2\0'\' GraphPad Prism 6.
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B. AUTOPOLYSIALYLATION OF CMA ST8SIA IV PRODUCED IN DIFFERENT CELL TYPES

Using the same quantity of enzymes secreted in the medium culture of transfected cells, we
explored autopolysialylation status of each Cma ST8Sia IV production on WB. We checked intial
autopolysialylation and we performed sialylation reactions during 4 hours at 27°C using 100 pM
of CMP-Neu5Ac and various volumes of Cma ST8Sia IV with 20 pL. for HEK293 production and
adjusted to secretion levels obtained in other cell types (Fig. 66). We observed that there is no or
very little pre-existing autopolysialylation in each cell type compared to Mock control (Fig. 67).
Interestingly after sialylation reaction, we observed strong aupolysialylation for production in
HEK?293 and in CHO-K1 cells which is completely abolished after PNGase-F treatment. In
contrast, no autopolysialylation was detected for production in CHO-Lec2 (Fig. 67), consistent
with their asialylated N-glycans profile. Low levels of polysialylation are detected for the HEK293S
production and which remain present after PNGase-F, indicating that in vitro autopolysialylation

could also be generated on other pre-existing sialylated structures than N-glycans.
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Figure 67: Autopolysialylation status of each Cma ST8Sia IV production. Initial autopolySia was checked
for production in HEK293, HEK?293S, CHO-K1 and CHO-Lec2 before any sialylation reaction and
compared with a Mock control. Then, sialylation reactions were carried out at 27°C for 4 h with ST8Sia IV
(20 pL for HEK?293 production and adjusted according Fig. 66) and 100 pM of CMP-Neu5SAc. Part of
polysialylated reaction mixtures was denatured in SDS buffer, Triton X-100 (10%) and treated overnight at
37°C using 5 ng of PNGase-F in acetate buffer (pH 6.0, 50 mM). After loading on SDS-PAGE and transfer
onto nitrocellulose membranes, blots were incubated with the anti-polySia mAb735 (1:2000) and detected

with femtoECL at 30 sec. Positions of the molecular weight control (kDa) are indicated on the left.
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Although needing to be replicated with O-glycanase and endoN treatments, these preliminary
results suggest that autopolysialylation mainly occurs on sialylated N-glycans of Cma ST8Sia IV
but might also be generated on sialylated O-glycans as Cma ST8Sia IV contains 12 potential O-

glycosylation sites as predicted using NetOGlyc 4.0 analysis (Appendix 1).

C. ENZYMATIC ACTIVITY OF CMA ST8SIA IV PRODUCED IN DIFFERENT CELL TYPES

Finally, we checked enzymatic activity of each Cma ST8Sia IV in MPSA. Using 100 uM of
CMP-SiaNALl and the same enzyme quantities, we observed that each ST8Sia IV are significantly
active although at different levels (Fig. 68). Indeed, Cma ST8Sia IV produced in HEK293 and
HEK?293S exhibit the highest activity and this activity is slightly reduced for the production in
CHO-Lec2. To be noted, only few levels of SiaNAI transferred were detected for Cma ST8Sia IV
produced in CHO-K1 cells (Fig. 68) whereas this enzyme is produced in relatively same levels than
the one produced in CHO-Lec2 (Fig. 66) and is able to polysialylate itself with CMP-Neu5Ac like

the one produced in HEK293 cells (Fig. 67).

157 C.ma ST8SialV
E O Figure 68: Enzymatic activity of each Cma ST8Sia IV
f - i production using CMP-SiaNAl in MPSA. Sialylation
£ 09+
% reactions were performed 4 h at 27°C using 400 ng of ALCAM
é 081 with 100 uM of CMP-SiaNAI and the same quantities of Crma
E 031 ST8Sia IV adjusted from Fig. 66. Mock is representative to each
w —
0.0 - culture medium control collected from HEK?293, HEK?293S,
s S N S g
R N R CHO-K1 and CHO-Lec?2 cells.
B Q?/ < st

To summarize, this approach based on different glycosylation and production of a fish polyST
corroborate that complete N-glycosylation is not required for enzymatic activity of Crma ST8Sia IV,
notably to catalyze the transfer of SiaNAl onto another acceptor substrate. Moreover,
autopolysialylation appears not essential for catalytic activity of Cma ST8Sia IV although it might
modulate substrate recognition and processivity of the enzyme as described for human polySTs

(Miihlenhoff ef al., 2001).
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III. ENZYMATIC SPECIFICITIES OF SALMONID POLYSIALYLTRANSFERASES:

DIFFERENCES AT A STRUCTURAL LEVEL ?

Bioinformatic tools and particularly the rise of AlphaFold2 (Appendix 1) during my thesis
allowed us to generate models which helped us to decipher structure-function relationships of

polySTs and to explain their enzymatic specificities at molecular and structural levels.

A. MODELING OF MONOMERIC POLYSTS AND COMPARISON OF 3D STRUCTURES

Introduced by Dr G. Brysbaert (UGSF, Lille) for the use of AlphaFold, we submitted the two
human and the three salmonid polySTs full length sequences (Appendix 3) in AlphaFold-monomer
v.2.2.0 and we obtained structural models based on MSA and previous crystallographic data as
reported for ST8Sia Il and ST6Gal I (Volkers et al., 2015 ; Kuhn ez al., 2013). Indeed, we generated
models of high consistent predictions for the five polySTs with top DockQ scores of 84-85.

Firstly, we analyzed these models on ENDScript tool (Appendix 1) to have a comprehensive
view of primary to quaternary human and Cma polySTs structures (Fig. 69) and on ESPript tool
(Appendix 1) to compare sequence similarities and secondary structure information resulting from
sequences alignment (Fig 70).

Sequence organization analysis on ENDScript confirmed a GT-A like conformation in o/3/a
folds for each polyST. Indeed, Crma ST8Sia II-r1, Crma ST8Sia I1-r2 and Hsa ST8Sia I are composed
by 12 a-helices and 9 3-strands with notably their PBR motif which encompasses 2 a-helices and
PSTD by 1 B-strand and 1 a-helix (Fig. 69A,B,C). Cma and Hsa ST8Sia IV are organized with 13
and 14 a-helices respectively and 9 B-strands with particularly their PBR region which includes 2
a-helices and PSTD by 1 -strand and 2 a-helices (Fig. 69D,E).

As we mentioned in Venuto et al., 2020a, alignments between each ST8Sia II/II-r showed 11
aa substitutions in PBR and 7 in PSTD whereas alignments between each ST8Sia IV showed 5 aa
substitutions in PBR and 4 in PSTD. These aa substitutions in PBR and PSTD could be involved
in donor substrate recognition although other aa substitutions identified with ESPript in the

catalytic domain could modify interactions with substrates through aa properties (Table 19).
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Figure 69: ENDScript analyses for structural sequence organization of the 5 polySTs. Representation of
Cma ST8Sia II-r1 (A), Cma ST8Sia 11I-r2 (B), Hsa ST8Sia II (C), Cma ST8Sia IV (D) and Hsa ST8Sia IV (E)

protein structures generated with AlphaFold2. PBR and PSTD motifs are underlined in red. Relative

accessibility (acc) and hydrophobicity (hyd) of aa are colored from low to high values (highly accessible for

dark blue and hydrophobic to hydrophilic from blue to pink). Pairs of cysteins are annotated in green.

Table 19: Summary of ESPript analyses between human and coregone polySTs sequences. Significant

changes of aa properties in the catalytic domain are reported between ST8Sia II-r and ST8Sia IV sequences.

Motif Protein structure Hsa ST8Sia I1 Cma ST8Sia II-r1 Cma ST8Sia I1-r2
PBR a2-helix Arg95 Leu98 Ser98
- a4-helix Glul41 Argld4 Argld4
Argld5 Thr148 Thr148
- Loop
Lys152 GlInl155 GInl155
Gly155 Argl58 Argl58
- B3-strand )
Thr156 Argl59 His159
Loop Ser179 Aspl182 Aspl82
SML a6-helix Argl94 Gly197 Gly197
Loop Leul98 Arg201 Arg201
- a7-helix Glu215 His218 GIn218
- a8-helix His231 Arg234 Arg234
Lys249 Glu252 Glu252
- a9-helix
Glu257 Arg260 Arg260
PSTD a9-helix Lys261 Leu264 Leu264
Arg267 His270 His270
PSTD B7-strand
Lys287 Asn290 Asn290
SM S B8-strand Lys308 Glu312 Glu312
- Loop Leu320 Arg323 GIn323
Loop “lid Lys336 Thr339 Thr339
Family motif d
domain” Gly338 Glu34l Thr341
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SM VS al2-helix GIn342 His345 His345

) o12-helix Lys356 Ser359 Ser359
Glu360 Arg363 Arg363
Catalytic domain Protein structure Hsa ST8Sia IV Cma ST8Sia IV
PBR a3-helix Glus0 Met79
Asn84 Asp83
aS-helix Aspl23 Thr122
a7-helix Glul78 Alal79
Glu205 Ala204
Ser206 Thr205
a9-helix Arg208 Thr207
His213 GIn212
Ser216 Arg215
a10-helix Trp239 Ser238
PSTD a10-helix Asn247 Arg246
Family motif d Loop “lid domain” Lys310 Asn309
- Loop Asp319 Leu318

Thanks to the expertise of Dr Elin Teppa, we precised the 3D structure of polySTs. More
precisely, catalytic domain of each polyST display very high scores of confidence, notably in the
four SMs, as represented in blue for Cma ST8Sia IV (Fig. 70A). In contrast, N*' cytoplasmic tail,
transmembrane domain and stem region appear less reliable with high Predicted Aligned Error
(PAE) and low predicted local distance difference test (pLDDT) scores.

Comparing Hsa and Cma ST8Sia IV, we observed that their catalytic domains are highly
superposed with Root Mean Square Deviation (RMSD) for alpha carbon of 0.394 A. The two pairs
of Cys involved in disulfide bonds for Hsa ST8Sia IV are conserved for Cma ST8Sia IV (i.e. Cys®!-
Cys'"! and Cys'-Cys®?) (Fig. 70B), suggesting an important role for protein stability. Moreover,
we also detected some disordered regions in the catalytic domain, particularly a flexible loop of 12
residues (LLKYRYFSNAGP) for Cma ST8Sia IV corresponding to the family motif “d” between
SM IIT and SM VS which could be involved in enzymatic specificities. Otherwise, preliminary
analysis of specificity-determining positions (SDPs) suggests 7 SDPs scattered in the 3D structure,

mostly located in flexible regions (Fig. 70C) that might be involved in substrates interactions.
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Model Confidence:

W Very high (pLDDT > 90)

Confident (90 > pLDDT > 70)

S LTTIVES

Low (70 > pLDDT > 50)

\ ; I Very low (pLDDT < 50)

Figure 70: 3D structural modeling of Cma ST8Sia IV. (A) Cartoon representation of the full length 3D
structure of Cma ST8Sia IV colored from low (orange) to very high (blue) confidence based on pLDDT score.
(B) As described in Hsa ST8Sia IV, two pairs of Cys (i.e. Cys?*!-Cys'¥! and Cys'>*-Cys>”) are involved in
disulfide bonds for Cma ST8Sia IV, correctly oriented and at a distance of 2.0 A. (C) Representation of
characteristic motifs in the catalytic domain of polySTs. SMs S, L, IIT and VS are represented in blue. Family
motif A, C and E are colored in beige. PSTD motif is represented in green and Specificity Determining

Position (SDPs) are reported in red.

Since in GT-A fold variant 2, structure STs catalysis results from flexibility and movement of
disorder loops (Audry et al., 2011), we could hypothetized that these specific aa changes could
correctly orient the nucleophilic group and confer substrate specificities for Cma polySTs (Harduin-

Lepers, 2010 ; Harduin-Lepers, 2013 ; Moremen and Haltiwanger, 2019).

B. HOMO- AND HETERODIMERIZATION OF POLYST FOR ENZYMATIC ACTIVITY

i.  Co-incubation for enzymatic assay in MPSA
Because GTs could act in cooperation to increase their activity through complex stability and
conformation (Khoder-Agha et al., 2019), we have incubated both polySTs and measured their
enzymatic activity on ALCAM with CMP-SiaNAl (Fig. 71). Co-incubations of Cma ST8Sia IV
with Cma ST8Sia II-r1 or Cma ST8Sia I1-r2 had no impact on enzymatic activity with CMP-SiaNAl
(Fig. 71A, 71B), whereas a slight increase could be detected incubating each human polyST,
suggesting they could cooperate to increase enzymatic activity (Fig. 71C). No enzymatic activity

were detected co-incubating Cma ST8Sia II-r1 and Cma ST8Sia II-r2 on MPSA (Fig. 71D).
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However, we were not able to visualize interaction with anti-FLAG on WB after co-incubation
of 3x-FLAG tagged truncated polySTs (data not shown), suggesting that soluble forms couldn’t
generate dimeric interactions. It could be interesting to perform co-transfection of full length
enzymes and see if domains like stem region or TMD could be involved in dimerization. Moreover,
it could be interesting to investigate potential cooperations using natural donor substrates like
CMP-NeuS5Ac, CMP-Neu5Gc and CMP-Kdn to precise their enzymatic specificities.

ii.  Homodimerization of polySTs

On the other hand, we investigated if potential interactions between polySTs, as homo- and
heterodimerization, could influence the orientation of catalytic and recognition sites of polySTs
and explain their enzymatic specificities. Recently developed to predict homodimeric and
heterodimeric protein complexes with high accuracy (Evans et al., 2022 ; Bryant et al., 2022),
AlphaFold-multimer was tested for potential homodimerization of the three Cma polySTs and the
two human polySTs and for potential heterodimerization between them.

Among each full length sequences of polySTs, one consistent homodimer was generated for
Hsa ST8Sia IV with an itpm+ptm score = 0.82. Indeed, aa between R?* to T?” in the PSTD motif
seem involved in closer interaction as shown with electrostatic potential surfaces representation

(Fig. 73). Interestingly, no dimerization was detected for full length Crma ST8Sia IV whereas,
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among 50 predictions, one significant homodimer model was obtained for a truncated sequence of
Cma ST8Sia IV, preserving only high catalytic domain (A122) (Table 20). No homodimers with a
significant iptm+ptm score were obtained for Hsa ST8Sia I, Cma ST8Sia II-r1 and Cma ST8Sia I1-
r2 after 50 models generated.

Table 20: iptm+ptm score prediction for homodimerization of ST8Sia I'V sequences. Truncated sequences
chosen are A122 for Cma ST8Sia IV and A63 for Hsa ST8Sia IV.

ST8Sia IV Truncated sequences ‘Whole sequences
Specie Hsa Cma Hsa Cma
Itpm+ high
tpmerpm fighest 0.88 0.92 0.82 0.26
score

Consequently, we analyzed the interface of interaction for homodimer of Cma ST8Sia IV and
we were able to detect 9 hydrogen bonds at the protein-protein interface (Fig. 72). Moreover, in
comparison to Hsa ST8Sia III structure (PDB ID: 5B09), the protein-protein interaction interface
for Cma ST8Sia IV homodimer is completely different. The two H-bonds across the interface
Asn'2-Asn'® and Glu**-Ser'*® and the ionic interaction Arg®®-Asp®®* (Fig. 16) described for the
protein-protein interaction of ST8Sia III are not conserved in Cma ST8Sia IV explaining that the
analogous interaction is not possible (Fig. 72). To be noted, this interaction might limit accessibility

to catalytic His?® residues (Fig. 72).

el Hydrogen bonds

Monomer A Monomer B

Ser3® Lys?!0

Thr® Asn?"?

His?’ Arg?”®

Arg* His?®

Arg> Ala?

His2® Arg®

Asn?"? Thr®

‘ Ala?® Arg»

" Monomer A Monomer B Arg?® His*

Figure 72: Surface representation for homodimeric interaction of Cma ST8Sia IV. Resulting from the top
score in Table 20. Residues involved in the 9 hydrogen bonds (yellow) are reported at the interface of each

monomer (colored in orange and beige). Catalytic His is colored in blue.
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Figure 73: AlphaFold-multimer modeling for homo- and heterodimerization between human polySTs. Models were generated from AlphaFold-multimer for each
polyST. PAE showed consistent models for homodimer with ST8Sia IV (left) and heterodimer (right). Each monomer are colored differently and, as shown in potential

surface interactions, aa in PSTD and PBR regions which could be involved in interaction are highlighted in another color.
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Figure 74: AlphaFold-multimer modeling for heterodimers between Cma polySTs. Structural models were generated from AlphaFold-multimer for each polyST.
PAE showed consistent models for Cma heterodimers. Each monomer are colored differently and, as shown in potential surface interactions, aa in PSTD and PBR

regions which could be involved in interaction are highlighted in another color.
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In the future, it will be interesting to investigate if SDPs are substituted in Crma ST8Sia IV in its

active site and if these substitutions could impact properties and interactions in homodimer model.

iii.  Heterodimerization of polySTs

Furthermore, heterodimers were generated for human ST8Sia II and ST8Sia IV, the model
with an highest iptm+ptm score was 0.66, relatively reliable. In this model, ST8Sia IV displays aa
between R*° to N?’! in the PSTD and G'!® to N' near to the PBR and ST8Sia II displays aa
between L?”° and N?*¢ in the PSTD and G' to I'*® near to the PBR which seem involved involved
in closer interaction as shown with electrostatic potential surfaces representation (Fig. 73).
Interestingly, this interaction could influence stability or enzymatic activity as described in
biochemical assays (Fig. 71).

About coregone polySTs, heterodimers with Crma ST8Sia II-r1 or ST8Sia II-r2 and ST8Sia IV
were generated, best models showed iptm+ptm scores of 0.75 and 0.74 respectively. As for human
polySTs, Cma ST8Sia IV displays aa between R*® to L?® in the PSTD and V'!? to R'!* near to the
PBR and ST8Sia II-r1 or ST8Sia II-r2 between L?® and N?* in the PSTD and L' to F'* near to
the PBR which seem involved in closer interaction as shown on surfaces representation (Fig. 74).

To conclude, these first investigations are a starting point to understand the functional
organization of polySTs in complex which could be important for their enzymatic specificities.
Particularly, it could be interesting to explore the role of these flexible loops for the recognition and
binding of acceptor and donor substrates. Although needing to be investigasted and completed at
atomic level with molecular docking for binding substrate site analysis, biocomputational
approaches offer interesting bases to decipher how polySTs could interact in complex and modulate

their enzymatic specificities.
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DISCUSSION

I. PRODUCTION OF POLYSTS

During my thesis, we reported the molecular cloning, production and biochemical
characterization of the polySTs from C.maraena, a salmonid specie which have undergone a
particular genome distribution with three polyST genes st8sia2-r1, st8sia2-r2 and st8sia4 (Venuto et
al., 2020a). From extraction of cDNA in C.maraena gonads and brain tissues, we engineered soluble
N-terminally truncated 3xFLAG-tagged fused forms of the enzymes to optimize secretion of these
recombinant proteins in the culture medium of transfected HEK293 cells as assessed by WB with
an anti-FLAG antibody. To be noted, HEK293 cells remain the preferred host to produce difficult-
to-express GTs such as polySTs requiring up to six partially polysialylated N-glycans and disulfide
bonds to achieve proper folding and function (Miihlenhoff et al., 2001 ; Close ez al., 2001; Moremen
et al., 2018; Jaroentomeechai et al., 2022).

Our transfection results show that all these enzymes are not produced and secreted in the same
proportions, which corroborates a recent study which showed that there is no correlation between
the level of expression and the efficiency of secretion of human STs (Moremen ef al., 2018). A
possible explanation relates to the plasmid construction designed, the instability index (II) and the
nature of the enzymes, as shown for ST3Gal I (Vallejo-Ruiz et al., 2001). Thus, we opted for
constructs leading to the expression of homologous human and salmonid enzymes with a catalytic
domain of equivalent size. Among the three salmonid polySTs, Cma A28 ST8Sia IV was the most
produced, in a mature glycosylated form and the most active for biochemical characterization.
Concerning the two other Cma polySTs ST8Sia II-r1 and ST8Sia II-r2, we adapted their molecular
construction, obtained better II and higher level of productions with A35 form rather than A28.
Moreover, we noticed various levels of STs production depending on different parameters: the
specie origin of the sequence (human, zebrafish or coregone) ; the construct and deletion designed
in the stem region to optimize soluble secretion of active enzymes ; their level expression within
retention in cell lysate compared to secretion in the culture medium ; the homologous or

heterologous cell system used for transfection : human HEK?293 and HEK293S, chinese hamster
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ovary CHO-K1, CHO-Lec2 and Chinook salmon CHSE-214 cells ; the condition used in cell
culture (£ sodium butyrate, FBS, initial confluence, post-transfection collecting time). All these

parameters appear crucial for STs engineering and further biochemical characterization.

II. CHEMO-ENZYMATIC SYNTHESIS OF CMP-SIA DONOR SUBSTRATES

Vertebrate ST are so-called “Leloir enzymes” using two donor and acceptor substrates. Here,
for the first time in ST's studies, we chemo-enzymatically synthetized various unnatural and natural
donor substrates (CMP-SiaNAl, CMP-Neu5Ac, CMP-Neu5Gc and CMP-Kdn) and checked their
purity by *'P NMR giving us the great advantage to minimize background and inhibitor side
products due to CMP hydrolysis (Wang et al., 2002). To be noted, we prepared CMP-Neu5Ac,
CMP-Neu5Gc and CMP-SiaNALl using the CSS from Neisseria meningitidis (Gilormini et al., 2016a)
whereas for CMP-Kdn synthesis, we also used rainbow trout CMP-Kdn synthetase (rtCSS)
described to be more efficient than bacterial CSS to generate CMP-Kdn (Nakata et al., 2001; Wu et
al., 2022). Indeed, 2 hours of synthesis are necessary for 100% conversion of CTP and Kdn (1:1)
into CMP-Kdn with rtCSS whereas at least 5 hours are required with N.meningitidis CSS for a
maximum of 90%, suggesting diverse affinity of CSS to use Kdn for CMP-Kdn synthesis.
Moreover, we checked CMP-Sia stability by P NMR after several months of storage at -80°C

confirming there is no hydrolysis under these storage conditions.

III. BIOCHEMICAL CHARACTERIZATION OF POLYSTS

Up to now, mostly ST activities have been studied in optimized conditions of temperature
during sialylation reaction, pH and salinity of cacodylate buffer and their sialylated products were
monitored through a variety of strategies. As detailed in the introductive part, we can relate the
detection of radiolabeled Sia from CMP-["“C]Neu5Ac (Nakamura et al., 1991; Lepers et al., 1990 ;
Rohfritsch ez al., 2006), CMP side product quantified in colorimetric assay (Wu et al., 2011), the
use of lectins for their sugar affinity (Houeix and Cairns, 2019), fluorescent acceptor substrates like
DMB-labelled Sia (Ehrit et al., 2017 ; Guo et al., 2019) or even the characterization of bacterial

polySTs with in vitro and analytic assays (Willis ez al., 2008 ; Yu et al., 2014 ; Guo et al., 2020).
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We previously developed a rapid and sensitive MPSA to distinguish human monoST activities
(Noeletal, 2018 ; Chang et al., 2019). We took advantage of this enzymatic assay based on CuUAAC
click chemistry and bioorthogonal coupling between an azide-functionalized probe (azido-biotin)
and an alkynyl-modified Sia reporter (SiaNAl) resulting from efficient chemo-enzymatic synthesis
of CMP-SiaNAl (Gilormini e al., 2016a). To be noted, our team has demonstrated that a
pentynoyl-C5 modification on Sia did not impair donor substrate recognition and transfer activity
of the human ST6Gal I and ST3Gal I (Noel ez al., 2017) as the CMP-Sia bound the catalytic pocket
of human ST6Gal I with the side chain at C5 oriented outwards (Harrus et al., 2020).

To be noted, MPSA has the advantage to be sensitive and does not require prior purification
of the recombinant STs directly produced in the culture medium of the transfected HEK293 cells
(Noel et al., 2018). Firstly checking that MPSA could be used for polySTs, we reproduced similar
data for optimum parameters (pH, temperature) with recombinant human polySTs as mentioned
for human ST8Sia II (Guo et al., 2020). Then, we extended this assay establishing the optimal
conditions for the biochemical characterization of salmonid polySTs. Interestingly, we observed a
higher thermal stability for Cma ST8Sia IV suggesting intrinsic properties of the protein acquired
during evolution to adapt to variable environment (Siddiqui and Cavicchioli, 2006).

Since only a limited set of natural polysialylated proteins like NCAM, CD36, SynCAM-1,
CCR7, ESL-1, NRP2 and polySTs have been reported (Table 5), we also used additional substrates
like bovine fetuin, human DNAse-I, BSM, orosomucoid, ALCAM/CD166, and PSGP which
exhibit various sialylated N- and/or O-glycans and could serve as suitable acceptor substrates
(Table 13) for the vertebrate polySTs. Notably using ALCAM, we observed a Michaelis Menten
profile for each ST8Sia IV varying CMP-SiaN Al quantities used for sialylation reactions in MPSA.
We noticed a significant difference of K., between the two enzymes towards CMP-SiaNAI where
the human ST8Sia IV exhibits higher affinity towards this donor substrate than the fish ST8Sia IV.
Taking a step back, enzymes produced in the medium culture exhibit various components as
cofactors, inhibitors or complexes which could refer closely to what exist in its cellular

microenvironnement in comparison to commercial purified enzymes. Thus, K., parameters
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towards donor and acceptor substrates could be lower, affinities higher and less consistent with K,
in biological system for purified enzymes compared to enzymes produced in the medium culture.

Likewise, we obtained remarkable activities with the human and fish ST8Sia I'V using the other
acceptor substrates, whereas low or no activity could be detected for the human and fish ST8Sia
II, respectively. These data are consistent with a previous report by Kitajima’s group about very
low levels of enzymatic activity for rainbow trout O. mykiss polySTs (Asahina ef al., 2006). As
highlighted for human ST8Sia II i vivo (Vogt et al., 2012), alkyn-C5 modification on Sia might
impair donor substrate recognition and transfer catalysis for Cma ST8Sia II-r1 and ST8Sia II-r2.
Since structural modeling demonstrated that ST6Gal I catalytic site binds CMP-Neu5SAc on its side
chain at C5-position (Harrus ez al., 2020), it could be interesting to investigate the different polyST
catalytic sites and their docking with CMP-SialN Al to explain our results on MPSA.

To summarize, these data showed that MPSA could be used as a biotechnological tool to
determine polyST activities onto various glycoprotein acceptor substrates although this enzymatic

assay displays noticeable limitations like the detection of polySTs processivity.

IV. POLYSIA SYNTHESIS AND ANALYSIS

i.  Detection on WB using mAb735 and endoN

So far, polySia are detected mainly using mAb735, described to be one of the most powerful
and affordable commercial antibody (Table 16) to recognize a2-8-linked Neu5Ac polymers (Nagae
et al., 2013). Our first investigations using mAb735 after in vitro sialylation reactions on microplate
didn’t allow us to obtain significant polysialylation (data not shown), which prompted us to use
higher reactives quantities and detected polySia on WB. Firstly optimizing polySia detection on
WB using polysialylated cell lysates, we then explored enzymatic activity of each polyST after in
vitro sialylation reactions. We clearly demonstrated an efficient level of polysialylation onto
ALCAM/CD166 for each ST8Sia IV using CMP-Neu5Ac. To be noted, we also performed
sialylation reactions with CMP-SiaNAl but we were not able to detect any polySia with mAb735
on WB for each enzyme, suggesting either no polySiaNAIl are formed either polySiaNAl are not

detected with mAb735 (data not shown).
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Furthermore, we investigated if mAb735 antibody could be applied for various polySia
detection composed by NeuSAc, Neu5Gc and Kdn residues. From structural data of mAb735
(PDB ID: 3WBD), we assessed molecular docking of mAb735 with polySia composed by Neu5Ac,
Neu5Gc and Kdn residues and we confirmed our previous observations that mAb735 but could be
unambiguously used to visualize other diverse polySia chains (Venuto et al., 2020b). It could be
interesting to assay the same molecular docking using modified Sia residues like SiaNAl.

Therefore, we confirmed that polySia of various nature could be synthetized using CMP-
Neu5Ac, CMP-Neu5Gc and CMP-Kdn only with fish polySTs, particularly with Cma ST8Sia IV
and at lower levels with Cma ST8Sia II-r1 and Cma ST8Sia I1-12, whereas the human polySTs are
able to use only CMP-NeuSAc as detected on WB. Indeed, this is the first study showing that
mADb735 recognizes in vitro enzymatically synthetized polySia composed by Neu5Gc and Kdn.
Nevertheless, the differences in terms of level of various polySia detected might results either on
enzymatic specificities of Cma polySTs towards each donor substrate either on mAb735 affinity
towards polyNeu5Ac, polyNeu5Gc or polyKdn chains.

Remarkably, we also observed on WB that endoN treatment effectively remove polySia
generated from these various donor substrates, highlighting that these polymers composed by
Neu5Gc and Kdn residues could be recognized and cleaved by endoN, as previously suggested for
Neu5G-containing polySia (Venuto et al., 2020b). So far, endoN homotrimeric 3D structure (PDB
ID: 3GVL) is incomplete and didn’t allow us to analyze various polySia interactions by molecular
docking as done with mAb735, although it should be investigated in the future.

Finally, the use of CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn in polysialylation reactions
highlighted the unique catalytic specificities for the three Cma polySTs towards these various Sia
donors which are not observed for their human homologues. These data suggest a larger enzymatic
promiscuity of the fish polySTs which are able to use various Sia donor substrates as proposed in

the past for polySTs in O. mykiss ovaries (Angata et al., 1994).
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ii.  Analytical methods to confirm polySia composition and size

In parallel, we confirmed the transfer of various polySia using various fluorescent
derivatizations. After first trials using APTS-labeling and FACE analysis, we opted for DMB-
labelling, more adapted to detect Sia residues. Analyzed on HPLC, we confirmed that Cma ST8Sia
IV could generate polySia composed by NeuSAc, NeuS5Gc and Kdn residues although Sia
quantities were limited. For further polySia analytical detections, it will be necessary to scale up
and obtain more quantities after polySia reactions. Indeed, it appeared difficult to quantify Sia and
polySia after enzymatic synthesis with vertebrate polySTs using DMB analytical methods.
Manufacturer like Ludger in their LudgerTagDMB Analysis Kit (LT-KDMB-A1) recommend
typical starting amount of 50 pg of highly sialylated glycoprotein or 100-500 ug of slightly sialylated
glycoprotein. Thus, purification strategies have to be optimized to concentrate and enrich
polysialylated products on column or beads for higher analytical detection.

Moreover, we could opt for endoN-affinity based strategies since iIEndoN exhibit higher affinity
towards polySia compared to mAb735 (Schwarzer et al., 2009). Indeed, iEndoN, which conserv
its lectinic domain (Yu et al., 2014), has been a very useful tool to enriched diverse polySia
synthetized in vitro and to strengthen our results of the donor specificities for Cma ST8Sia IV.
Likewise, iIEndoN-GFP was used as fluorescent lectin to detect polySia on microplates and on WB
after polysialylation reaction of Cma ST8Sia IV with CMP-Neu5Ac, although no significant or
reproducible data could be obtained due to low levels of iIEndoN-GFP (< 1.5%) bound onto
acceptor and high background of Mock control (data not shown).

To summarize, the next challenge will be to produce enough polysialylated glycoconjugates
using these polySTs specificities and methodologies reported for extraction and purification of
polysialylated glycoconjugates (size exclusion chromatography, anionic and acidic charges) or
more specific methods with affinity-based and the use of mAb735 and endoN on beads prior
analytical detection (Guo et al., 2019). This large-scale production will contribute to apply these

bioactive polysialylated products for further biotechnological applications.
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V. POLYSIALYLATION REMODELING ON CELL SURFACE

As previously reported with monoSTs (Noel et al., 2017; Sun et al., 2016), exogenous cell
surface sialylation has the advantage to use living cell systems without any crosstalk with
endogenous enzymes of the Sia pathway (Sun ez al., 2016). However, polysialylation on cell surface
requires relevant cell system with good acceptor substrates expressed like adherence molecules as
ALCAM, SynCAM-1 or NCAM. After verifying that HEK293 cells express NCAM initially
polysialylated on its cell surface, we removed polySia using endoN and we conducted exogenous
sialylation with the fish and human ST8Sia IV. We used the natural donor substrates CMP-
Neu5Ac, CMP-Neu5Gc and CMP-Kdn and detected polySia with mAb735 antibody. These results
are consistent with WB data confirming specificities for the fish ST8Sia IV where polySia on cell
surface are detected with the three natural donor substrates, although not at the same intensity.

Furthermore, we demonstrated that these enzymes could be usefull for remodel cell surface
sialylated glycoconjugates using various CMP-Sia donor substrates.

Other strategies on cell surfaces were tried during my thesis. Notably, we performed exogenous
sialylation using the two ST8Sia IV with CMP-SiaNAl coupled to azido-biotin and we remarked a
relative labeling on HEK?293 cells after biotin detection (data not shown) although further
investigations need to be done to check potential polySia formation with SiaNAl residues. It could
be interesting to compare these data to those using SiaNAI precursor incorporated in bacteria and
the subsequent detection of capsular polySia by click-chemistry which colocalized with mAb735
detection (Rigolot et al., 2023), suggesting incorporation of SiaNAl into polySia chains.

On the other hand, we used other cell types like LAN-5 (ACC 673) and human neuroblastoma
cells SH-SY5Y (ACC 209) cells, known to carry polysialylated NCAM. Although needing to be
improved, preliminary results tend to show that fish ST8Sia IV uses CMP-Neu5Ac and CMP-Kdn
to generate polySia on LAN-5 cell surface (data not shown). Finally, other tools and strategies
could be explored like the use of other antibodies as 12E3 reported to recognize polysialylated
NCAM, the use of iEndoN-GFP to detect various polySia without secondary incubation required.

Flow cytometry analysis could also be performed to obtain quantitative variations of polySia on
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cell surface of living cells although it required optimization as preliminary results were not
convincing (data not shown). CHSE-214 salmonid cells could also be a good model as they
naturally express salmonid polySTs. Feeding them with Neu5Ac, Neu5Gc and Kdn residues could
be an option to investigate if various polySia are detected on cell surface using FACS analysis or

other analytical approaches as previously described.

VI. AUTOPOLYSIALYLATION OF CM4 ST8SIA IV

So far, it has not been clearly demonstrated that autopolysialylation of polySTs is essential for
their enzymatic activity and for the recognition of donor and acceptor substrates. The human
ST8Sia Il and IV have 2 N-glycosylation sites on their protein sequence which can serve as acceptor
for autopolysialylation. While several studies suggest that autopolysialylation is necessary for
enzymatic activity of the two human polySTs (Miihlenhoff et al., 2001; Close et al., 1998 ; Bhide et
al., 2018), my results obtained producing salmonid polySTs in different cell types seem discordant.
If any Cma ST8Sia IV versions produced in HEK293, HEK293S, CHO-K1 and CHO-Lec2 cells
were initially autopolysialylated, we observed significant differences incubating them with CMP-
Neu5Ac. Indeed, enzymes produced in HEK293 and CHO-K1 are able to be autopolysialylated,
as the commercial human enzymes (data not shown) whereas low or no autopolysialylation were
detected for the productions in HEK293S and CHO-Lec2 respectively. Interestingly, the version
produced in CHO Lec2, non able to be autopolysialylated, retains an enzymatic activity
comparable to Crma ST8Sia IV produced in HEK 293 in MPSA, suggesting that autopolysialylation
of Cma ST8Sia IV is not essential for its enzymatic activity.

In the cellular context, polySTs have their TMD embedded in the Golgi membrane and
autopolysialylation is reported mainly on N-glycans én vivo and in vitro (Table 10) (Miihlenhoff ez
al., 1996 ; Close and Colley, 1998 ; Close et al., 2001), however we suggested here that
autopolysialylation could also occur on O-glycans of Cma ST8Sia IV in vitro as shown for the
production in HEK293S. Indeed, this version which is non-autopolysialylated on its N-glycans
appear highly active in MPSA, proposing that autopolysialylation on N-glycans is not essential for

Cma ST8Sia IV enzymatic activity.
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To be noted, we also produced zebrafish ST8Sia III (Table 17) in HEK293 cells and
investigated its potential autopolysialylation and influence on its enzymatic activity. We showed
that this enzyme is active on MPSA using CMP-SiaNAl and ALCAM as acceptors whereas, in
contrast to polySTs, zebrafish ST8Sia III is not able to be autopolysialylated with CMP-Neu5Ac,
consistent with the function of 0ligoST reported for the human ST8Sia III (Angata ez al., 2000).

To summarize, we will determine if autopolysialylation of Cma polySTs could be an advantage
or a limit for the synthesis of polySia onto an exclusive acceptor substrate of biotechnological
interest, like ALCAM and DNAse I. We will notably explore if Cma polySTs could use the various
donor substrates for autopolysialylation. Likewise, it might be interesting to autopolysialylate

enzymes prior sialylation reactions and compare its activity with non-autopolysialylated enzymes.

VII. MODELING AND COOPERATION OF POLYSTS

Our previous study based on 3D-modeling of the PSTD motif and MSA unveiled specific aa
substitutions, involved in donor and acceptor substrates recognitions, and potential changes of
function in the salmonids polyST sequences (Venuto et al., 2020a). During my thesis, the rise of
AlphaFold allowed us to obtain 3D structural data and a clear view of the organization of the
polySTs which could explain their distinct specificities. Although structural differences could be
noticed between homolog polySTs, our first results confirm that specific substitutions located in
SDPs, SMs, PBR and PSTD motifs could be associated with disordered loops, could influence the
flexibility of the catalytic site, the potential dimeric interactions and could explain the specificities
of the Cma polySTs. To be noted, since we used truncated recombinant polySTs in enzymatic
assays, we might lose part of structural information of these disordered regions for further
interaction between enzymes. Thus, it could be interested to use full length of Cma polySTs and
co-transfected them in HEK293 cells to evaluate their dimeric interaction in the Golgi membrane.

On the other hand, next strategies might be focused on the development of mutants of different
interests. The design of catalytically inactive H330K mutant of Cma ST8Sia IV will help to
investigate potential cooperation with Cma ST8Sia II-r1 or Cma ST8Sia II-r2 which could explain

their enzymatic function. Likewise, Crma ST8Sia IV mutants of N-glycosylation could be designed
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to investigate the role of N-glycosylation and autopolysialylation for potential interaction as it
might explain that only monomers of Hsa ST8Sia IV are detected in solution (Angata et al., 2001).

Proposing SDPs responsible for Cma polySTs specificities, the development of mutants could
be investigated to mimic and modify enzymatic specificities of human polySTs. In parallel, the
molecular docking of polySTs active site with various CMP-Sia should be explored to complete
this study and to validate the specificities of Cma polySTs by computational approaches.

Finally, the use of computational methods like AlphaFold2 will help to predict protein-protein
interactions, modelize protein complexes with reasonable confidence, gain access to their structural
organization and will offer the possibility to modulate the binding affinity site, although it is still
challenging when membrane or transmembrane domain are not taken into account in the docking

procedure (Launay ef al., 2023).

VIII. MID AND LONG-TERM PERSPECTIVES

The molecular tools developed and the unique polySTs specificities in fish will be useful in the
future for the biosynthesis of new bioinspired materials. The production of various reliable polySia
will be important to provide a new generation of polySia-based coating material which will have
with various affinities to interact and potentialize antimicrobial binding partners. Indeed, my thesis
is part of an international collaborative project which aims to graft different polySia onto natural
or unnatural acceptors to generate new bioconjugates with high therapeutic potential (Fig. 75).
Polysialylated beads or acceptors will be used to interact with biological factors like antimicrobical
peptides (AMPs) to potentialize its antimicrobial activity, particularly modulating sensitivity of
binding partners and preventing from proteolytic cleavage. Likewise, this polysialylated system
could also be applied for histone derived-peptides in NETosis process to target bacterial membrane
according to their higher acidic PLs composition compared to mammalian membrane. Indeed,
affinity between polySia and its antimicrobial interaction partners is high enough to form

complexes which will drive the release of AMPs to attack and perforate the cell surface of microbes.
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Figure 75: Contribution of this work for biotechnological applications. The enzymatic characterization
of salmonid polySTs and highlights of their unique donor specificities is part of an international project in
order to synthetize various polySia chains onto different acceptors (glycoproteins, beads) and modulate

interactions with biological factors in immunological process.

Indeed, marine environment offers a tremendous biodiversity, a real potential for natural
biopolymers product drug discovery and original polysaccharides (Gallo et al., 2012) presenting a
great chemical diversity with high interesting physico-chemical properties. The development of
these polysialylated biomolecules combinations will represent affordable tools to biomedical
investigators to develop the next generation of marine antibiotics that could be used in aquaculture
preserving animals, plant, water and thus human health. In the long term, these natural tools have
the potential to replace pesticides and chemical products used against pathogens, improving quality
of marine products, animal welfare and having a huge impact in the socio-economic field.

Otherwise, the use of these recombinant enzymes offers very interesting prospects for the
specific glycosylation of therapeutic proteins such as IgG IV for example, whose activity is known
to be modulated by a2-6-sialylation (von Gunten ef al., 2014) or for remodeling the surface of cells
and modifying their destiny in the body (Sackstein er al, 2012). Moreover, polysialylated
acceptors could be much more important than we think, as suggested recently after large
approaches of polySia glycoconjugates purification and analysis from tissues (Boyancé thesis,
2021). These observations offer good perspectives to use polySTs specificities as natural
bioenzymes to remodel cell surface glycosylation and influence cells interaction in iz vivo context.
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IX. CONCLUSION

In summary, my thesis was the opportunity to implement a whole set of approaches ranging
from the production of recombinant proteins, the optimization of enzymatic assays in order to
visualize polysialylation synthetized in vitro, detect it by analytical technics and on cell surfaces
using specific tools. These data enabled us to highlight unique enzymatic activities and specificities
for the salmonid polySTs acquired during vertebrate evolution with functional divergence, distinct
from those described in humans. In contrast to human polySTs, salmonid polySTs have kinetic
properties and specific characteristics to recognize and catalyze the transfer of various donor
substrates in order to synthetize diverse polySia chains in in vitro assays and on cell surface.
Altogether, these approaches provide a conceptual framework to understand sialylation machinery
evolution and explain why closely related species differ in their sialome. Understanding how these
enzymes evolved will help addressing challenges like engineering of STs with unique specificities
and will contribute to the synthesis of new bioinspired materials in the future.

To conclude, this work has been valued during many oral presentations and posters, has result
in many awards and was accepted on September 2023 for a first author publication in Nature
Scientific Reports entitled Salmonid polysialyltransferases to generate a variety of sialic acid

polymers as summarized in this model below (Fig. 76).
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Figure 76: Model that resume main project experiments based on salmonid polySTs enzymatic specificities to explain the polySia biodiversity occurring in

salmonid. Work accepted for publication in Nature Scientific Reports.
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CONTRIBUTIVE AND COLLABORATIVE RESEARCH PROJECTS

My thesis was also the opportunity to study and compare other vertebrate ST activities,
specificities and characteristics depending on their molecular evolution. As previously investigated
during my master thesis, I obtained new interesting results for the zebrafish monosialyltransferase
ST6Gal I, never studied before, in comparison to its mostly studied human homolog ST6Gal 1.
Notably, I highlighted distinct optimum conditions and kinetic parameters of the two ST6Gal I
using MPSA and exogenous sialylation on cell surface and flow cytometry analyses. These data
have been valued with a poster presentation in international congress and will contribute to
confirm neofunctionalization of ST6Gal I which appears during Vertebrate evolution (Fig. 18).

Moreover, I continued to investigate the enzymatic activity of the zebrafish ST8Sia VIII, which
undergone pseudogenization during Vertebrate evolution (Fig. 18) and have potential distinct
enzymatic activity compared to its human paralog ST8Sia VI. Indeed, zebrafish ST8Sia VIII seems
not active on MPSA as I showed on our scientific publication (Chang ez al., 2019) whereas this
enzyme is effectively active for exogenous sialylation on HEK293 cells, although its preferential
acceptor has to be identified by glycomic analyses. This work has notably been valued during an
oral presentation in international congress.

In parallel, I explored different aspects in glycosylation and GTs activity and contributed at
different levels with many collaborators. I was notably involved in a team project to study
B4GALNT?2 glycosyltransferase and influence of its N-glycosylation on its function (Cogez e al.,
2023) and in an intern collaboration with the “Regulation of early development” team of our lab
to write a review focused on diversity of sialylation involved in fertilization processes (Fliniaux et
al., 2022). Finally, a new international collaboration with Dr B. Richichi (UNIFI, IT) allowed me
to initiate studies of in vitro selectivity of potential inhibitor compound of STs (Fig. 31) and I
obtained interesting preliminary results on MPSA using human monoSTs. These data will be useful
to precise selectivity of inhibitor and for drug designs in the future, as our collaborator have recently

done for specific fucosyltransferase inhibitors (Martin ef al., 2021).
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MATERIALS AND METHODS

I. MATERIALS AND ANIMALS

Fetuin, orosomucoid, bovine submandibular mucin (BSM), TMB (3, 3', 5, 5'-
tetramethylbenzidine), azide-PEG3-biotin, monoclonal Anti-FLAG® BioM2 antibody (1
mg/mL), sialic acid aldolase from Escherichia coli K-12, CMP-sialic acid synthetase from Neisseria
meninigitidis (CSS), pyrophosphatase (PPase), N-acetylneuraminic acid (Neu5Ac), N-
glycolylneuraminic acid (Neu5Gc) and 2-keto-3-deoxy-nonulosonic acid (Kdn), APTS (8-
aminopyrene-1,3,6-trisulfonic acid trisodium salt), 1 M sodium cyanoborohydride in THF were
purchased from Sigma Aldrich. Rainbow trout CSS (1tCSS) used for CMP-Kdn synthesis was
obtained from a previous collaborative published work (Wu et al, 2022). Sodium cytidine-5'-
triphosphate (CTP) was obtained from TCI chemicals. Horseradish peroxidase (HRP) conjugated
anti-biotin antibody (monoclonal fraction of mouse IgG; 0.8 mg/mL) was purchased from Jackson
Immunoresearch.  2-[4-({bis[(1-tert-butyl-1H-1,2, 3-triazol-4-yl)methyl]amino} methyl)-1H-1,2,3-
triazol-1-yl]acetic acid (BTTAA) was synthesized as described previously (Lopez Aguilar et al.,
2017). The human recombinant enzymes A23ST8Sia II and A39ST8Sia IV were obtained from
R&D Systems (Rennes, France). PSGP-L and PSGP-H was collected from a previous collaborative
published work in our laboratory (Chang ez al., 2009). Deoxyribonuclease I Human Recombinant
(DNAse I) was purchased from Boster Bio (Pleasanton, CA, USA). PageRuler Plus Prestained
Protein Ladder was from Thermo Scientific. Polysialic acid monoclonal antibody (mAb735, Rabbit
IgGk, 1 mg/mL) was obtained from Enzo Life Sciences. Sodium cacodylate buffer was from
Prolabo. Endoneuraminidase-N (endoN) was a gift from Dr Martina Miithlenhoff (MHH, DEU).
Activated-Leukocyte Cellular Adherence Molecule (ALCAM) 3xFLAG tagged recombinant
plasmid was a gift from Joachim Bentrop (KIT, DEU). Whitefish (Coregonus maraena) were
provided by the Institute of Fisheries of the Mecklenburg Western Pomerania Research Center for
Agriculture and Fisheries (Born, Germany). Animals were handled and sacrificed following the
standard guidelines described previously (Venuto et al., 2020a). Brain and kidney tissues from
whitefish were snap frozen in liquid nitrogen and kept at -80°C for RNA isolation. The biotinylated
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lectins SNA (Sambucus nigra), MAL 1, MAL II (Maackia amurensis) and RCA 1 (Ricinus communis)
come from Vector Laboratories. CHSE-214 (CVCL_2780) salmonid embryonic cells were

cultivated within the team of Dr A. Rebl in the fish genetics unit of FBN institute (DEU)).

II. BIOINFORMATICS ANALYSES

A. IN SILICO IDENTIFICATION OF POLYSIALYLTRANSFERASES SEQUENCES

The three genes st8Sia2 r-1, st8sial r-2 and st8sia4 identified previously (Venuto et al., 2020b) in C.
maraena transcriptome and deposited at the NCBI Sequence Read Archive (Bioproject ID:
PRJINA302355) were compared to both human ST§SI42 (HGNC: 10870) and ST8S144 (HGNC:
10871) genes through multiple sequence aligments using ClustalW at PRABI-Gerland

(https:/ /npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA /npsa clustalw.html). The

amino acid sequence analysis was performed using the software of Expert Protein Analysis System

(ExPASy; Swiss Institute of Bioinformatics, Switzerland; website (https://www.expasy.org/

accessed on: 04 November 2022). Hydropathy analyses and determination of potential N-
glycosylation sites were performed using the servers TMHMM - 2.0 : Prediction of Transmembrane

Regions (https://services.healthtech.dtu.dk/service.php? TMHMM-2.0 accessed on: 04 November

2022) and the NetNGlyc 1.0 Internet program

(https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0 , accessed on: 04 November 2022)

of ExPASy. Sequences were also submitted to Compute pI/MW (ExPASy) analysis to determine
its theoretical molecular weight. Multiple sequence alignments (MSA) were performed using

clustal W at the PRABI website (https://npsa-prabi.ibcp.fr/cgi-

bin/npsa automat.pl?page=/NPSA /npsa clustalw.html, accessed on: 04 November 2022).

B. MODELING USING ALPHAFOLD 2

The three coregone polySTs and the two human polySTs aa sequences (Appendix 3) were

submitted to AlphaFold database to generate PDB models. Our locally installed version of the
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AlphaFold v2.2.0 software allows building models of monomers as well as multimers. The options

used were following for monomer and multimer :

AlphaFold-monomer AlphaFold-multimer
name='X1' (X1 corresponding to aa sequence of | name="multimerX1vsX2' (X1 and X2 corresponding
monomer submitted) to each aa sequence of monomer submitted)
userpath="/home/$USER/alphafold_runs" userpath="/home/$USER/alphafold_runs"
model_preset="monomer_ptm' model_preset="multimer'
max_template_date="2022-03-16' max_template_date="2022-03-16'
db_preset="full_dbs' db_preset="full_dbs'
run_relax="true' run_relax="true'
enable_gpu_relax="true' enable_gpu_relax="true'
use_precomputed_msas="false' num_multimer_predictions_per_model="'3'
(5 predictions per monomer : 15 models generated)
use_precomputed_msas="false'

All submissions and predictions are available on our internal AlphaFold server for bigdata storage.

Five and fifteen models were generated for each monomer and multimer respectively,
resulting from MSA with other protein sequences in the AlphaFold database sharing homology or
conserved regions for modeling. For monomer, each prediction for the 5 polySTs studied have
iptm+ptm scores between 80.4 and 85.8, which correspond to very good prediction on a [0 ;100]
scale (Guo et al., 2022). All top models exhibited very similar PAE matrices and pLDDT scores
with a high confidence in the catalytic domain whereas the stem region is less reliable, probably
with more disorder or flexibility. Secondary structures represented on AlphaFold monomer are in
accordance with ENDScript analyses of the 5 polySTs for sequences organization (Fig. 69). For
multimer, iptm+ptm scores are based on a [0.00 ;1.00] scale (Evans et al., 2022) developped for
homodimeric and heterodimeric protein complexes and interaction (Bryant er al, 2022).
Interactions between each coregone polySTs and each human polySTs were submitted to
AlphaFold-mutilmer and showed more heterogenous results. Only one predicted model is of high
confidence for homodimer, with an iptm+ptm top score of 0.827 for Hsa ST8Sia IV vs Hsa ST8Sia
IV. Heterodimers have more good iptm+ptm scores with Hsa ST8Sia II vs Hsa ST8Sia IV, Cma
ST8Sia Il r-1 vs Crma ST8Sia IV and Cma ST8Sia II r-2 vs Cma ST8Sia IV, with top scores of 0.659,

0.746 and 0.744 respectively.
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C. MOLECULAR DOCKING FOR POLYSIA TOOLS

To investigate to what extent analogous interactions could be found between the antibody and
polySia chains made of eight Neu5Gc or Kdn, we took as reference direct and indirect interactions
described for mAb735 complexed with polyNeu5Ac in ProteinDataBank (PDB) 3WBD and
modified the Neu5Ac to NeuGc/Kdn molecules in the PDB 3WBD using the biocomputing
software UCSF Chimera. The complex was minimized using the AMBER force field, and charges

were computed using ANTECHAMBER.

III. MOLECULAR BIOLOGY

A. RNA EXTRACTION, CDNA SYNTHESIS AND PCR AMPLIFICATION OF POLYSTS

Total RNA was extracted from homogenized brain or kidney tissue using the Nucleospin RNA
Plus (Macherey-Nagel, Diiren, Germany) and quantified with the NanoDrop ®ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Total RNA was reverse-
transcribed using the Maxima First strand cDNA synthesis for RT-qPCR kit according to the
manufacturer protocol (Thermo Scientific). To obtain a full-length cDNA, an initial RT-PCR was
performed with each kidney and brain cDNA preparation, Q5 high fidelity DNA polymerase (New
England Biolabs), sense and antisense oligonucleotide primers containing HindlIl and Kpnl
restriction sites respectively. PCR reactions were run for 2 min at 98°C followed by 35 cycles (98°C
for 30 sec, 65°C for 30 sec, 72°C for 15 sec) and an extension step of 2 min at 72°C.

The following primers were used for C. maraena genes: for cma st8sia4d 5'-
CCCAAGCTTATGCTCTCACGGAAACGC-® (sense) and 5'-
CGGGGTACCTTAAGATTCGCACTTCGAAGTCG-3’ (antisense), for cma st8sia2 r-1 5'-
CCCAAGCTTATGCAGTTAGAATTCCGAACGCTG-3’ (sense) and 5’-
CGGGGTACCTTACATTCCTGCATCACAAGAGCC-3’ (antisense) and for cma st8sia2 r-2 5'-
CCCAAGCTTATGCAGTTAGAATTCCGAACATTG-3 (sense) 5’-
CGGGGTACCTTACGTTCCTGGATCACAAGAGCC-3’ (antisense). The resulting 1074 bp

amplified st8sia4 cDNA was subcloned into the PJET vector of Clone JET PCR cloning 1.2 kit
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(Thermo Scientific), cut out with HindlIl and Kpnl and inserted into the Hindlll and Kpnl sites of
the plasmid p3XFLAG-CMV10 expression vector. The resulting 1075 bp amplified st8sia2 r-1
cDNA was inserted directly into p3XFLAG-CMV10. For st&sia2 -2, no cDNA could be amplified.
Consequently, a synthetic vector based on its full-length sequence was constructed using the
pCDNA3.1 plasmid at GeneArt Instant Designer (ID project: 2020AAEFFD, Thermo Fisher
Scientific). A cDNA encoding a truncated form of the C. maraena (cma) st8sia2 r-1, st8sia2 r-2 and
st8sia4 lacking their first 28, 35 or 50 aa residues of the open reading frame were amplified by PCR
using the previous construct p3XFLAG-CMV 10 for st8sia4 and st8sia2 -1 and pcDNA3.1 for st8sia2
r-2 as templates DNA with the sense and antisense primers described in Appendix 3.

Touchdown reactions were run for 2 min at 94°C followed by 10 cycles (94°C for 30 sec, 60°C
(minus 1°C per cycle) for 30 sec, 72°C for 70 sec) and then 20 cycles (94°C for 30 sec, 55°C for 30
sec, 72°C for 70 sec) and an extension step of 5 min at 72°C. The resulting PCR amplified cDNAs
were inserted into the Hindlll and Kpnl sites of the p3XFLAG-CMV?9 expression vector. These last
constructs encoded a FLAG-tagged protein with a signal peptide sequence, the FLAG octapeptide
and either the three A28ST8Sia II-rl, A35ST8Sia II-rl1 and A50ST8Sia II-rl, either the three
A28ST8Sia I1-r2, A35ST8Sia II-r2 and A50ST8Sia II-r2 or A28ST8Sia IV sequence deleted of their
cytoplasmic tail and transmembrane domain.

B. PRODUCTION AND PURIFICATION OF PLASMIDS

Plasmid constructions were carried out team in the vector p3xFLAG-CMV?9 (Sigma Aldrich)
to allow the expression of a truncated and labeled form of the enzyme in the culture medium of
transfected cells. E. coli TOP10 bacteria transformed with these various plasmids and stored in
glycerol at —20° C were cultured overnight at 37° C in an LB/ Ampicillin medium (50 ug/mL).
After centrifugation, the bacterial pellets were lysed and the plasmid DNA of the bacteria was
extracted with the MidiPrep plasmid DNA kit (ThermoScientific). The concentration and purity

of the plasmids were measured on the NanoDrop 2000 spectrophotometer (ThermoScientific).
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IV. CELLULAR BIOLOGY

C. CELL CULTURE

HEK?293 (ATCC CRL-1573), CHO-K1 (ATCC CCL-61) and CHO-Lec2 cells were grown in
DMEM medium (DMEM, Dutscher) supplemented with fetal calf serum (10% FCS, Biowest) at
37°C, 5% CO,. Confluent cells (~70%) were transiently transfected with either 2 or 10 ug of purified
expression constructs in 6 well plates or in 100 mm petri dishes with Lipofectamine 2000 (Thermo
Scientific) in UltraMEM medium (Lonza) according to the manufacturer's instructions. An empty
p3XFLAG-CMV9 plasmid was used as a control (Mock). Transiently transfected cells and cell
culture media were collected 24 h to 72 h after transfection.The cells are lysed in 100 uL of RIPA
buffer (10 mM Tris HCL; 150 mM NaCl; Triton X-100 1%, pH 6.4), 2 uL of 50X protease inhibitors
by 10 aspirations and discharges with a syringe and a needle 26Gx".: (Terumo). Recombinant
enzymes produced in DMEM-FCS culture media were used without further purification as a crude
enzyme source for enzymatic assays. The p3XFLAG-ALCAM plasmid was transiently transfected
in CHO-K1 cells and UltraMEM medium was collected 48 h after transfection.

D. EXOGENOUS SIALYLATION ON CELLS: IF AND FACS

HEK?293 cells were grown in DMEM containing 4.5 g/L of glucose and supplemented with
10% of FCS (Biowest) under humid atmosphere, at 37°C and 5% CO,. HEK cells were grown on
glass coverslips during 24 h, then washed three times with PBS and fixed in 4% paraformaldehyde
(PFA) for 30 min at room temperature (RT). After three washes with PBS, cells were treated with
endoN at 100 ng/mL for 1h at 37°C. Exceed of EndoN was eliminated by five washes of 5 min
with PBS under gently agitation. Sialylation reactions were performed at 27°C for 4 h with the
chosen enzymatic source and 500 uM of CMP-Sia donor substrate (CMP-Neu5Ac, CMP-Neu5Gc
and CMP-Kdn) in 100 pL final volume. The rest of the experiment consists of immunofluorescence
(IF) to visualise de novo sialylation. Briefly, after three washes with PBS, the cells were incubated
with blocking buffer (2% BSA in PBS) for 1 h at RT and then incubated overnight at 4°C in humid
chamber with the primary antibodies diluated in blocking buffer: 2 ug/mL anti-polySia mAb735

(Enzo Lifes Sciences) and 5 pg/mL anti-CD56 (NCAM, clone 123C3) (Invitrogen, ThermoFisher
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Scientific). After three washes with PBS, cells were incubated 1 h at RT in the dark with
AlexaFluor™ conjugated secondary antibodies: respectively goat anti-rabbit 488 and goat anti-
mouse 568 (Invitrogen, ThermoFisher Scientific) diluted at 1: 600 (3.33 pg/mL) in blocking buffer.
Finally, cells were washed three times with PBS, the nuclei were stained with DAPI (5 ug/mL in
PBS) and the coverslips were mounted on glass slides with Mowiol®. The fluorescence was
detected using the inverted Zeiss LSM780 confocal microscope with a 40 X oil immersion and data
were collected with the ZEN 2010 software (Zeiss, Oberkochen, Germany). The images were
analyzed with ImageJ software.

IF analyses with CMP-SiaNAIl were done using HEK293, CHO-K1 and CHO-Lec2 cells.
Briefly, 50 000 cells were grown in DMEM/SVF medium (10% FCS) in 24 well plates under humid
atmosphere, at 37°C, 5% CO; and placed on glass coverslips the day before for IF. Prior sialylation
reaction, two mM of CMP-SiaNAl and azido-biotin were coupled for 1 h at 37°C using the click-
chemistry solution described above. Then, cells were incubated with 100 uM of CMP-SiaNAlI-
Azido-biotin and 100 puL of enzymatic source for 1 h at 37° C. After exogenous sialylation reaction,
cells were analyzed either by flow cytometry (FACS) or by confocal microscopy.

For the FACS analyses, cells were washed on PBS, detached using PBS-EDTA (5 mM) and
deposited in 96-well plates. After centrifugation (1200 rpm, 5 min), streptavidin coupled with
fluorescein isothiocyanate (streptavidin-FITC) (DyLight 488, Vector-Laboratories) diluted in PBS-
BSA 1% (1: 500) was incubated on cells 1 hour at 4°C in the dark. After three washes with PBS,
fluorescence was quantified for 10,000 cells on BD Accuri C6 Flow Cytometer (Becton Dickinson).
Gates were determined for each cell type in order to analyze the fluorescence on a homogeneous
cell population using FlowJo software.

For the confocal microscopy analyses, cells were washed on PBS and fixed using PFA 4% for
20 min, RT. After three washes, cells were incubated with blocking buffer PBS-BSA 1% for 1 hour
at RT. Then, cells were incubated for 1 h at RT with streptavidin-FITC diluted in PBS-BSA 1%
(1:500). After three washes, DAPI diluted in PBS (1:200) was incubated on cells for 15 min at RT.
Finally, after 3 washes with PBS, the coverslips were mounted on slides and analyzed as described

above using the inverted Zeiss LSM780 confocal microscope.
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V. BIOCHEMISTRY AND ANALYTIC APPROACHES

A. WESTERN BLOT

The presence of FLAG-tagged recombinant proteins was visualized by WB. 30 uL of
transfected cell culture media or 30 ug of cell lysates were boiled for 5 min at 95°C in 4X Laemmli
buffer (235 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 10% B- mercaptoethanol, 0.01%
bromophenol blue), separated on an 8% SDS-PAGE gel for 1 hour at 95V (1X Tris-Glycine buffer
(Euromedex)/ Methanol: 20%) then transferred to an Amersham Protran nitrocellulose membrane
(GE Healthcare Life Sciences). Verification of the transfer is done by staining the membrane with
Rouge-Ponceau. These were saturated in blocking buffer for 1 h at room temperature and then
incubated with the anti-FLAG® antibody (1/1000; Sigma-Aldrich) overnight at 4°C. After 3
washes with 0.05% TBST, the membrane was incubated with an anti-mouse antibody coupled to
horseradish peroxidase (HRP) (1/10000; GE Healthcare) for 1 hour and then washed 5 times with
0.0 TBST, 05%. Chemiluminescence revelation was performed using the ECL Pico substrate
(ThermoScientific) with a chemiluminescence camera (Vilber Lourmat) on Fusion software.

WB was used to visualize and quantify tagged recombinant proteins produced by transiently
transfected HEK293 or CHO-K1 cells. For that purpose, 20 puL of culture media of transfected cells
were boiled for 5 min at 95°C in 4 X Laemmli buffer (235 mM Tris-HCI pH 6.8, 8% SDS, 40%
glycerol, 10% (- mercaptoethanol, 0.01% bromophenol blue), and resolved by 8% SDS-PAGE.
Proteins were transferred onto an Amersham Protran nitrocellulose membrane (GE Healthcare
Life Sciences) for 75 min at 200 mA and checked with Ponceau red staining (5% acetic acid, 0.1%
Ponceau). Membranes were washed then blocked using 5% non-fat milk in TBS-T (TBS with 0.05%
Tween 20). Detection of recombinant proteins was achieved with the primary mouse anti-FLAG®
M2 antibody (1 pg/ml; Sigma-Aldrich) in TBS-T 0.05% overnight at 4°C. After 3 washes with TBS-
T 0.05%, the membrane was incubated with an anti-mouse antibody coupled to horseradish
peroxidase (HRP) (0.1 pg/mL; InVitrogen) for 1 h then was washed 5 times with TBS-T 0.05%.

Blots were developed using enhanced chemiluminescence (ECL West Pico Plus, Thermo

179



Scientific). The images were acquired using a CCD camera (Fusion Solo, Vilber Lourmat) the
Fusion software. Densitometry analysis were done with ImageJ and GraphPad Prism 6.

After sialylation reaction and endoN treatment, polysialylated CD166/ ALCAM samples were
heated for 5 min at 60°C in 4 X Laemmli buffer, separated on an 6% SDS-PAGE gel for 90 min at
95 V (Tris-Glycine buffer 1X (Euromedex)/Methanol: 20%) then transferred either onto an
Amersham Protran nitrocellulose membrane (GE Healthcare Life Sciences). Membranes were
saturated in 5% non-fat milk in TBS-T 0.05% for 1 h at RT and then incubated with the anti-
polysialic acid mAb735 antibody (1 ug/mL) or EndoN (6.7 ug/mL) overnight at 4°C. After 3
washes with TBS-T 0.05%, the membrane was incubated with secondary anti-rabbit antibody
coupled to horseradish peroxidase (HRP) (0.1 pg/mL; InVitrogen) for 1 h then was washed 5 times
with TBS-T 0.05%. Detection was achieved by chemiluminescence as reported above.

B. PLATE LECTIN RECOGNITION ASSAY

Different quantities of acceptors are taken up in 100 uL. of sodium bicarbonate (20 mM, pH
9.6) and adsorbed in the bottom of 96-well plates (F8 MaxiSorp Loose Nunc-Immuno Module
ThermoScientific) at 4°C overnight. After 3 washes in 150 uL. of PBST-0.05% (Tween saline
phosphate buffer), saturation is carried out for 1 h at RT using 100 uL of bovine serum albumin
(BSA) oxidized at 0.05% in bicarbonate buffer . After washing, the wells are incubated with a
biotinylated SNA, MAL I, MAL II or RCA Tlectin at 20 pg/mL in PBS. After 1 hour of incubation
at 37°C, washings are carried out with PBST-0.05% and the wells are incubated with 100 puL of
anti-biotin antibody coupled to HRP diluted in PBST-0.05% (1/25000) 1 h at 37°C. After washing,
100 ul of TMB are added and incubated for 20 min at room temperature in the dark. Finally, the
absorbance is measured with a spectrophotometer at 620 nm (SpectroStar Nano, BMG Labtech).

C. ENZYMATIC ACTIVITY TESTS

Enzymatic assays were performed using the recently described MicroPlate Sialyltransferase
Assay (MPSA) (Noel et al,, 2018). In brief, 400 ng of glycoprotein acceptors in 100 pL of sodium
bicarbonate buffer (20 mM, pH 9.6) were adsorbed into the bottom of 96-well plates (F8 MaxiSorp

Loose Nunc-Immuno Module ThermoScientific) at 4°C overnight. After 3 washes with 150 uL of
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phosphate buffered saline containing 0.05% Tween 20 (PBS-T 0.05%), saturation was carried out
for 1 h at room temperature (RT) with 100 pL of oxidized BSA at 0.05% diluted in bicarbonate
buffer. The sialylation transfer reaction was carried out for one to several hours at 27°C with the
chosen enzymatic source and 100 pM of CMP-SialNAl in 100 mM cacodylate buffer (MnCl, 10
mM, Triton CF-54 0.2%, pH 6.2) in a final volume of 100 pL. After sialylation, the wells were
washed with PBS-T 0.05%, then the copper-catalysed azide-alkyne cycloaddition (CuAAC)
labelling reaction was performed by adding 100 pL of a solution containing 300 pM CuSOQO., 600
uM BTTAA, 2.5 mM sodium ascorbate and 250 uM azide-PEG3-biotin in PBS (Kolb ez al., 2001
; Rostovtsev et al., 2002 ; Tornoe et al., 2002). After 1 h incubation at 37°C, the reaction was stopped
by washing three times with PBS-T 0.05%, then 100 pL of an HRP-conjugated anti-biotin antibody
(32 ng/mL) was added for 1 h at 37°C. After washing, 100 uL. of TMB were added and incubated
for 20 min at RT in the dark. Finally, the absorbance is measured at 620 nm with a
spectrophotometer (SpectroStar Nano, BMG Labtech). The data were analyzed on GraphPad
Prism 6 using the statistical ANOVA test between samples.

ST assays were also performed at 27°C for 4 h in 100 mM cacodylate buffer with 100 uM CMP-
Sia (i.e. CMP-Neu5Ac, CMP-Neu5Gc or CMP-Kdn), 4 pg of the ALCAM acceptor substrate and
230 pL of enzymatic source in a total volume of 1 mL. The enzymatic source with empty vector
p3XFLAG-CMV9 (Mock) and recombinant human A39ST8Sia IV or A23ST8Sia IT were used as
controls. Samples were cooled in ice, dialyzed overnight on 10 kDa dialysis membrane in
ammonium bicarbonate buffer 50 mM and lyophilized. Samples were resuspended in 18 pL of
RIPA buffer (Tris HCI 10 mM; NaCl 150 mM; Triton X-100 1%; pH 6.4) and treated or not with
EndoN (6.7 pg/mL) 1 h, 37°C. ALCAM polysialylation was visualized by WB. Total samples
were boiled for 5 min at 65°C, resolved on a 6% SDS-PAGE for WB as previously described.

D. ANALYTICAL APPROACHES TO STUDY POLYMERS OF SIALIC ACIDS

i.  Chain length analysis by HPLC

Fish ST8Sia IV was used to polysialylate CD166/ALCAM. The polysialylated fraction was

isolated using affinity precipitation. Therefore, inactive endoN was coupled to tosyl-activated
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magnetic DynabeadsM-280 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions (Zlatina et al., 2018 ; Kuhnle et al., 2019). Inactive endoN binds to polySia, but is not
able to degrade the polymer. The samples were dialyzed against TBS for 2 hours using
Spectra/Por® Biotech CE Tubing (MWCO: 50 kDa; Repligen, Rancho Dominguez, CA).
Subsequently, the dialyzed samples were incubated with the beads for 30 min. After washing,
polySia was eluted using 100 mM triethlyamine, 150 mM NaCl and dried in a vacuum
concentrator. To control the affinity precipitation, 10 % of the eluate was analyzed by WB against
polySia. 90 % of the samples were used for HPLC analysis.

The polySia chain length determination of polysialylated CD166/ALCAM was performed
using the 1,2-diamino-4,5-methylenedioxybenzene (DMB)-HPLC strategy (Inoue and Inoue, 2003
; Kuhnle e al., 2019 ; Sato et al., 1998). Briefly, the isolated polySia-CD 166/ ALCAM samples were
dissolved in 80 u. DMB reagent (9 mM sodium hydrosulfite, 0.5 M mercaptoethanol, 20 mM
trifluoroacetic acid (TFA), 0.61 mg/mL DMB) and incubated at 11°C overnight. The reaction was
stopped with 20 pLL of 1 M NaOH for 1 h. The fluorescently labeled polySia chains were separated
by anion exchange chromatography using a DNAPac PA-100 column (4 X 250 mm; 13 pm;
Dionex). The eluents, MilliQ water (E1) and 2 M ammonium acetate (E2) were used with a flow
rate of 1 mL/min following the gradient: 0 min = 0 % E2, 5 min = 0 % E2, 15 min = 13 % E2, 30
min = 21 % E2, 55 min = 33 % E2, 100 min = 43 % E2, 101 min = 100 % E2, 110 min = 100 %
E2, 111 min = 0 % E2, 145 min = 0 % E2. Fluorescent signals were detected using an extinction
wavelength of 372 nm and an emission wavelength of 456 nm.

ii.  Chain length analysis by FACE

APTS-FACE method was developed to analyze polySia. MonoSia and colominic acid
standards were prepared and injected for capillary electrophoresis calibration. 100 pug of Neu5Ac,
Neu5Gec, Kdn, 0,5 umol of Sia mix or 100 pg of colominic acid were derivatized overnight at 42°C
with 2 uL. of APTS 200 mM in acetic acid 15% and 2 pLL of sodium cyanoborohydride 1M in THF.

About samples, 2 pg of ALCAM were sialylated with either CMP-Neu5Ac, CMP-Neu5Gc or

CMP-Kdn (100 uM) and 20 uL. of Cma ST8Sia IV or 100 ng of Hsa ST8Sia IV. After 4 hours of
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sialylation at 27°C, samples were dialyzed in NH4COs;, lyophilized, fixed on 3xFLAG beads
overnight at 4°C then treated with PNGase F for 2 hours at 37°C. Finally samples were APTS-
derivatized as for standards prior injection. To avoid lactonization, samples were treated in a
sodium hydroxide buffer 2 hours at RT, then diluted 50 to 100 times in water before injections. 10
nL of samples were injected during 10 sec. Electrophoresis was performed on reverse polarity with
a Beckman Coulter PA800 plus instrument (Sciex Separations, Les Ulis, France) equipped with a
laser induced fluorescence detector. Separation was performed in a 50 um I.D., 375 um O.D. bare
fused silica capillary of 60.2 cm in length (Sciex Separations, Les Ulis, France). Sample injection
was carried out at 0.5 psi during 10 s and separation was achieved at 30 kV in carbohydrate

separation gel buffer (Sciex Separations, Les Ulis, France), pure or diluted 1/3 in ultrapure water.

iii.  Quantitative analysis of polySia composition by HPLC

To quantitatively analyze the transfer of different Sia onto ALCAM by C. ma ST8Sia IV, we
established an endoN approach using Microcon® centrifugal filter units (MRCPRTO010, Merck
Millipore Ltd.; NMWL: 10 kDa) prepared according to the manufacturer’s instructions.
Polysialylation reaction was performed overnight at 37 °C in cacodylate buffer containing 100 pL.
of fish ST8Sia IV culture medium, 13.3 pL of CD166/ALCAM and 100 uM of CMP-Sia in a total
volume of 250 pl. To remove remaining free CMP-Sia, samples were centrifuged with 14,000 X g
at 4 °C until almost all the liquid was filtered. The samples were subsequently washed 3 times with
250 pl 50 mM NH/HCO:; followed by centrifugal-filtration step. Volume was adjusted to 110 uL
with 50 mM NHHCO; buffer. EndoN was added (1.34 pg/mL) to degrade polySia. In parallel,
untreated samples (without endoN) of each CMP-Sia preparation were used as negative controls.
Aliquots (10 pL) of all samples were collected for WB after 1 h at 37 °C. The remaining samples
were centrifuged as described above and washed three times. For quantitative Sia analysis, the
flow-through (containing degraded sialic acid chains) was dried in a vacuum concentrator and
dissolved in 0.2 N TFA. Hydrolysis was performed at 80°C for 4 h. Hydrolyzed samples were dried
and dissolved in 80 uL. DMB reagent. After 2 h at 55°C, reaction was stopped with 20 uL. 0.2 N

NaOH. Resulting fluorescently labeled Sia were injected into a HPLC system (Nexera, Shimadzu)
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and separated using a Superspher ® 100 RP-18 end-capped column (250 mm x 40 mm, Merck-
Hitachi, Darmstadt, Germany). A gradient with the eluents 92 % MilliQ water, 4 % ACN, 4 %
methanol, 0,1 % TFA (E1) and 10 % MilliQ water, 45 % acetonitrile (ACN), 45 % MeOH, 0,1 %
TFA (E2) was applied with a flowrate of 0.25 ml/min as follows: 0 min = 0 % E2, 2 min = 0 %
E2, 25 min =2 % E2, 35 min = 5 % E2, 40 min = 50 % E2, 45 min = 100 % E2, 50 min = 100 %
E2, 51 min = 0 % E2, 60 min = 0 % E2. Fluorescent signals were detected using an extinction
wavelength of 372 nm and an emission wavelength of 456 nm. Sia standards were used to obtain

a calibration line for quantification.

VI. CHEMICAL SYNTHESIS

A. CHEMO-ENZYMATIC SYNTHESIS OF CMP-ACTIVATED SIALIC ACIDS

SiaNAl was synthesized as previously described (Gilormini et al., 2016). In brief, N-
mannosamine was converted to N-4-pentynoylmannosamine by coupling with succinimidyl 4-
pentynoate, which was then reacted with sodium pyruvate in the presence of sialic acid aldolase
from E. coli K12 in pH 7.5 phosphate buffer and purified by anion exchange chromatography
(Dowex 1x8) and gel filtration chromatography (P2 resin) to yield pure SiaNAI (86% overall yield
over 2 steps). The syntheses of cytidine-5'-monophospho-N-sialic acids (CMP-Sia) CMP-Neu5Ac,
CMP-Neu5Gc, CMP-Kdn and CMP-SiaNAI were carried out in equimolarity of CTP and each
Sia (1:1) with 0.3 U CSS and 0.5 U PPase in 100 mM Tris-HCl, 20 mM MgCl, buffer (pH 8.5) at
37°C. Reactions were carried out in a 5 mm NMR tube and monitored by *'P NMR spectroscopy
in Briiker Avance II 400 MHz spectrometer. Upon completion, pure formed CMP-Sia was

immediately stored at -80°C until use (Gilormini ez al., 2016a, Noel ez al., 2018).

B. PREPARATION OF THE DIFFERENT ACCEPTOR SUBSTRATES

Sialylated glycoproteins (fetuin, orosomucoid, bovine submandibular mucin) were desialylated
with 0.1 M trifluoroacetic acid for 2 h at 80°C. Released Sia residues were removed using MWCO
3500 Spectra/Por3 or MWCO 1000 Spectra/Por6 dialysis membrane (18 mm width, Spectrum

Laboratories) for 24 hours. The contents were then transferred to a glass tube and freeze-dried.
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APPENDIX

Appendix 1: Bioinformatic tools and databases to study glycans and glycosyltransferases for vertebrates. All these websites were available on December 19%, 2022

Name Description Website
c
atabase of plasmids useful for molecular cloning and glycosyltransferase engineering. ttps://www.addgene.org/browse
»addgene Database of plasmids useful for molecular cloning and glycosyltransf ineeri https:// dd /b
Addgene
Alphak old Software tool based on ArtlﬁClal Intelligence system to computatlonallylpredlct protein htps://alphafold.ebi.ac.uk
AlphaFold structures with accuracy and speed, developed from DeepMind.
https://blast.ncbi.nlm.nih.gov/Bla

[ (%]

Protein BLAST
BLAST

Tool for Basic Local Alignment with sequences from NCBI — NIH databases to calculates the
statistical significance. st.cgi

https://glycosciences.med.ic.ac.uk

Software tool for glycan microarray experimental design, data storage, processing, presentation
/carbarrayart.html

and reporting.

CarbArrayART
CarbArrayART
€, ctd Database for comparative toxicogenomics to understand how environmental exposures affect .
@ X ; : . https://ctdbase.org/
ctdbase human health whith chemical and glycosyltransferase gene interactions.
ﬂ Tool to determine the sequence of a poly- or oligo-saccharide from NMR chemical shifts. http:// .ca;sppeerr/.organ.su.se/ca
CASPER
6 A= Database describing the families of structurally-related catalytic and carbohydrate-binding .
. . . . http://www.cazy.org
CAZy modules (or functional domains) of enzymes that degrade, modify, or create glycosidic bonds.
Scher https://perkinelmerinformati
ChemDraw Software to draw chemical structures like monosaccharides such as sialic acids. ttps://perkinelmerinformaics.co
ChemDraw m/products/research/chemdraw
e . ; .. .
p ra Tool for pairwise and multiple sequence alignment which offers additional informations with 'https.//npsa prabi.ibcp .fr_/cgl
color and secondary structures predicted bin/npsa_automat.pl?page=/NPS
ClustalW prabi Yy p ’ A/npsa_clustalw.html
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DAGR

Database of anti-glycans reagents contaning more than 1100 Carbohydrate-Biding
Antibodies and lectins.

https://dagr.ccr.cancer.gov/

EMBL-EBI

EMBL-EBI

EMBOSS Needle and Clustal Omega tools for Pairwise and Multiple Sequence Alignment to
generate alignments between two, three and more sequences.

https://www.ebi.ac.uk/Tools/psa

/emboss_needle/

https://www.ebi.ac.uk/Tools/msa

/clustalo/

EID§criEt

ENDScript

Tool for extraction and comprehensive analysis of primary to quaternary protein structure from
PDB files.

https://endscript.ibcp.fr/ESPript/

cgi-bin/ ENDscript.cgi

Enzyme Finder
Enzyme Finder

Database listing all NEB-commercially restriction enzymes for molecular cloning and
glycosyltransferases engineering.

https://enzymefinder.neb.com/#!

/main#nebheader

EIPript

Tool which renders sequence similarities and secondary structure information from aligned

https://espript.ibcp.fr/ESPript/ES

ESPript sequences for analysis. Pript/
e Glyco@Expasy * Database/toolbox of glycoinformatics resources for simulating (GlycoDigest), modelling
- (SWISS-MODEL), predicting (GlycoMod) or visualising information (GlyConnect), relative to  http://www.expasy.org/glycomics
EXPASy Glycomics glycans, glycoproteins and glycan-binding proteins.
€
A FLOWJ O Software for analyzing flow cytometry data, notably after exosialylation on cells surface. https://www.flowjo.com/
FlowJo
GLYCAMQ Tool to facilitate quality computer modehng Qf glycans gathering a 3D structure database and https://glycam.org/
GLYCAM prediction tools.

Glycan Library
Glycan Library

Database which lists around 800 glycan probes derived from diverse natural sources or
chemically synthesized.

https://www.glycosciences.med.ic
.ac.uk/glycanLibraryIndex.html

GLYCAN

For Glycan Modeling & Simulation

Glycan Structure

Tool for glycan modeling and simulation on the target protein.

http://www.glycanstructure.org/
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Databases and tools with 3D structures of mono, di, oligo and polysaccharides and

(e A% carbohydrate recognizing proteins (lectins, antibodies, glycosyltransferases and http://glyco3r<111:er111nav.cnrs.fr/ho
C;;' 3 : glycosaminoglycan binding proteins), drawing structures and functions informations. -php
yco
L o
" o Database to explore the glycogenome, enzymes and glycoproteins and their involvements in
o J / X . ’ . . .
1‘,”) /‘3 cellular functions in both health and diseases. https://glyco.me/
Glyco.me

Tool to study site protein glycosylation with respect to protein context and conservation.

http://glycodomain.glycomics.ku.
dk

1 # \('Z
GlycoEnzymes

Database of glycoenzymes and expression constructs for the production of human glycosylation
enzymes.

http://glycoenzymes.ccrc.uga.edu

Glycogpitope:

GlycoEpitope

Database listing information on carbohydrate antigens, glyco-epitopes and antibodies.

https://www.glycoepitope.jp

GlyGen .~

Database for computational and informatics resources with glycans and glycoconjugates data
integration and harmonization from multiple international data sources.

https://www.glygen.org/

GlyGen
,l{" Tool kit for glycan drawing with SNFG comptaible symbols. https://glycotoolkit.com/Tools/G
lycoGlyph/
GlycoGlyph
https://www.glycopedia.eu/resour
d Library of 150 monosaccharides 1D, 2D and 3D structures found as components of bio-actives ces/library-of-bio-active-
Glyco ) glycans, oligo and polysaccharides. monosaccharides-1d-2d-3d-
GlycoPedia structures/article/presentation
Databases and tools for glycosciences such as MonosaccharideDB, GlycoMaps, CARP and http://glycosciences.de/index.php
. PDB-CARE for conformational maps of glycans, GlyProt to connect N-glycans on a 3D http://www.monosaccharidedb.or
. protein structure or NMR SE for Shift Estimation of glycans. g/start.action
Glycosciences.de
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Database with lots of resources of glycogenes, glycoproteins, lectins, glycolipids and glycans and https://glycosmos.org/
https://glycopost.glycosmos.org/

W2
-~
providing tools like SugarDrawer, GlycanBuilder and GlycoMaple for pathways,
V’ GlycomeAtlas for human, mouse and zebrafish models or with glycomics MS data with https://unicarb-dr.glycosmos.org/
GlyCosmos GlycoPOST, UniCarb-DR or GALAXY. https://glycoanalysis.info/system

[ ]

L 3
GlycoStore o
m

Database of analytical data acquired from chromatographic, electrophoretic and MS
composition of N-, O-, GSL glycans and free oligosaccharides associated with a range of https://glycostore.org/collections
glycoproteins, glycolipids and biotherapeutics.

GlycoStore
('g- Lycan Database for registry of glycans structures and assignment of unique accession number. https://glytoucan.org/
GlyTouCan
@ Software tool for Protein-Ligand Docking Software, particularly use for chemical drug design https://wwv;/i.;:;:lcsic/:;:cszrin.ac.uk/solu
GOLD and glycans interactions, discovery/components/gold/
FI6GTEXPort Resource to study human gene expression and regulation and its relationship to genetic .
GTEx Portal variation as for glycosyltransferases. https://gtexportal.org/home/
Software for comprehensive analysis and powerful statistics useful to represent scientific https://www.graphpad.com/scient
GraphPad Prism graphics after sialylation reactions. ific-software/prism/

Software for processing and analyzing scientific images, useful for WB sialyltransferases and https://imagej.net/software/imag
ej/

polysialylation signals quantifications.

KEGG Glycan

Database with a collection of glycan structures integrated with other KEGG ressources, https://www.genome.jp/kegg/gly
can/

including KEGG Pathway, Module, Network and Disease.

Py
& LiteMol
LiteMol

Tool for visualization of 3D macromolecular data such as glycosyltransferases. https://www litemol.org/

NOVA

MestReNova

Software to process analytical chemistry data, especially from NMR spectra and techniques after  https://mestrelab.com/software/
CMP-Sia synthesis. mnova/

216



NetNGlyc- 1.0
NetNGlyc

Tool for prediction of N-glycosylation sites in glycoproteins using artificial neural networks
examining the sequence context of NxS/T sequons.

https://services.healthtech.dtu.dk/
service.php?NetNGlyc-1.0

NetOGlyc - 4.0
NetOGlyc

Tool for prediction of O-GalNAc (mucin type) glycosylation sites in mammalian glycoproteins
using neural network predictions.

https://services.healthtech.dtu.dk/
service.php?NetOGlyc-4.0

SPDBe-KB

Protein Data Bank in Europe Knowladge Bsse

Database for integration and enrichment of 3D-structure data and functional annotations to
enable basic and translational research.

https://www.ebi.ac.uk/pdbe/pdbe
-kb/

Software for DNA analysis, molecular cloning, determination of enzyme restriction site and
primers for glycosyltransferases engineering.

https://www.acaclone.com/

http://phylofish.sigenae.org/index

: Database for phylogenomic analysis of gene duplications in teleost fish by RNAseq approach. html
PhyloFish ht
3 .
Dl ] . _
Y Tool for prediction and analyse of protein structure, function and mutations. http./Z/Xlwvs{./sbg.blo.lf)..zcigké phy
Phyre2 re2/html/page.cgi?id=index
POLYS 2.0 : i
Software package for building 3D structures of polysaccharides. htp://www.models life ku.dk/pol
PolyS ys
- _u Software for visualization and amr?it;(;nlgi i]s)feigsérsncal and protein structures such as https://pymol.org/2/
PyMOL BYCosy '
: = ) » ) :j Database for protein structure annotations of large biological molecules such as hitps:// resb.ora/
rret [I;(;S‘]; e glycosyltransferases. ps. Tesb.o1g
Resource For
@ INFormATICS OF

Database providing algorithmic and tools for glycobiology research such as Glycan Miner tool
for mining subtrees from a set of glycan structures.

https://rings.glycoinfo.org/

Database for standardization with Symbol Nomenclature for drawing glycan structures.

https://www.ncbi.nlm.nih.gov/gly
cans/snfg.html
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SugarBindDB

Database on interaction between carbohydrate sequences and pathogenic organisms specifically
adherence via lectins or adhesins.

https://sugarbind.expasy.org/

5

Software to display 3D structures of carbohydrates, polysaccharides and glycoconjugates

http://sourceforge.net/ projects/un
itymol/files/

SweetUnityMol

HUMAN PROTEIN ATLAS
The Human Protein
Atlas

Database which map all the human proteins at different levels : cells, tissues, organs and
integration all various omics technologies.

https://www.proteinatlas.org/

&UniCa rbKB

UniCarbKB

Database with annotation of glycans from glycoproteins, including tools as SPRINT-Gly for
prediction of N- and O-glycosylation sites of human and mouse proteins.

http://unicarbkb.org/

OO

UniLectin

Database classifying lectins in different families based on their origin, X-ray structures and the
structure of their carbohydrate-biding domains or monosaccharide specificity.

https://www.unilectin.eu/

UniProt 3
[ 1]

UniProt

Database for protein sequence with informations about identification, glycosylation and
biological functions derived from the research litterature.

http://www .uniprot.org/

 YASARA

Software for modeling and simulation based on artificial reality to generate molecular graphics.

http://www.yasara.org/

YASARA

Software for microscopy imaging and processing, notably used for acquisition after sialylation
on cell surfaces.

https://www.zeiss.com/microscop
y/en/products/software/zeiss-zen-
lite.html#getzenlite

Zen Zeiss
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Appendix 2: Plasmid constructs used for molecular cloning of STs. Each vector contains 3XFLAG tag
sequence close to the Multiple Cloning Site (MCS) where restriction sites were chosen to insert polySTs

sequences. In contrast to CMV10, CMV9 vector has a preprotrypsin leader sequence (PPT-LS) directing
secretion of the fusion protein into the culture medium.

p3XFLAG-CMV-9 (6.4 kb)

= - = T

T E5=E% cam E

£8838 283

L ]

MET PPT LS 3XFLAG MCS

p3XFLAG-CMV-10 (6.4 kb) S-Z=2=-=-1
E3%=58558¢E

I 2 umw s > m

E

hGH poly A
SV 40 origin
1 origin
N-Terminal neo’
, p3XFLAG-CMV
amp
SV 40 poly A

pBR322 origin

Multiple Cloning Site
(p3XFLAG-CMV-9* and p3XFLAG-CMV-10)

3XFLAG Peptide Sequence
Met* Aegp Tyr Lyes Asp Hie Asp Gly 2Asp Tyr Lys Asp His Asp Ile

ATG GAC TAC AAA GAC CAT GAC GGT GAT TAT AAA GAT CAT GAC ATC
TAC CTG ATG TTT CTG GTA CTG CCA CTA ATA TTT CTA GTA CTG TAG
3XFLAG Peptide Sequence

Asp Tys Lys Asp Asp Asp Asp Lys Notl EcoR 1

AG CTT q
CTr ATG TTC CTA CTG CTA CTG TTC GARA CGC CCGG
Hind W

GAT TACT AAG GAT GAC GAT GAC A

&
[7]
[
Iy
3

GCG|RHT TCA TCG ATA
CGC TTA AGT AGC TAT

Ball EcoR WV Kpnl Hhal Bam HI
GAT CTG ATA TCG GTA C0A AC TICT AGAR GGR TCC
CTA GAC TAT AGC |CAT GGT TG AGAR TCT CCT AGG

*For pFLAG-CMV=9, the Met=preprotrypsin leader sequence (PPT LS) precedes the FLAG
coding sequence,
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Appendix 3: Table of sense and antisense oligonucleotides used to generate cDNA encoding truncated form of the C.ma st8sia2 r-1, st8sia2 r-2 and st8sia4 lacking
their first 28, 35 or 50 aa residues. cDNAs were amplified by PCR using previous construct p3XFLAG-CMV10 as DNA templates for st8sia4 and st8sia2 r-1 and
pcDNAZ3.1 for st8sia2 r-2, leading to A28 ST8Sia II-r1, A35 ST8Sia II-r1 or A50 ST8Sia II-r1, and A28 ST8Sia I1-r2, A35 ST8Sia II-r2 or A50 ST8Sia II-r2 or A28 ST8Sia

IV constructs.

st8sia4: A28 5-GCAAAGCTTGAAGAACATCAGGAAGCTCAAGTC-3’ (sense)

5-CGGGGTACCTTAAGATTCGCACTTCGAAGTCG-3’ (antisense)

st8sial r-1: A28 5’- GTTAAGCTTGAGGAAGAAATTGCGAATATTGGAG -3’ (sense)
A35 5’-AAAAAGCTTGGAGGTTCCAGAACATTGTACTTG-3’ (sense)
A50 S-AAAAAGCTTAACAGAAATGTAGCAGTGAAAGCCAATC-3’ (sense)

5-CTTGCCCCTTGCTCCATACCAC-3’ (antisense)

st8sia2 r-2: A28 5S-AAAAAGCTTGAAGAAGAAATTGCGAATATTGGAG -3’ (sense)
A35 5’-AAAAAGCTTGGAGGTTCCAGAAAATTGTACATGCAC-3’ (sense)
AS50 5S’-AAAAAGCTTAACAGAAATGTAGCAGTGAAGGCCAATC-3’ (sense)

5S-AAAGGTACCTTAAGTTCCTGCATCACAAGAGCCAGT-3’ (antisense)
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Appendix 4: Full nucleotide and aa sequences of sialyltransferases used and acceptors produced. Deletions in aa sequences for enzymes used in experiments are
indicated in red.

>Cormar_GT29 ST8Sia2-rl NUC : 1137 bp
ATGCAGTTAGAATTCCGAACGGTGATGTTTGGAATTGTAACACTGCTGGTCATATTTCTGATCATTGCTGATATTGCTGAAATCGAGGAAGAAATTGCGAATATTGGAGGTTCCAG
AACATTGTACTTGCACAGCCTCATCCCCAAGCCCAACAGAAATGTAGCAGTGAAAGCCAATCCTACACCTTTAATCAGTGAAGGGGAGGACAAGAGCCCTGCTTCTCCTTCAGGTT
TGAATAATACCACCAGGCTCTCTTCAGATAACTGGACCTTCAACAGAACCCTCTCCAGCCTCATCAgGAAGAACATCCTGAGGTTCTTTGACCCAGAGAGGGACATCTCTATTCTG
AAAGGCACATTGAAACCTGGAGATGTCATCCACTACATCTTTGACCGTCAGAGCACTACCAACATCTCAGAGAACCTGTACCGGTTGCTACCCACTGCGTCCCCCATGAAGAACCA
GCACCACAGACGCTGTGCCATCGTAGGGAACTCTGGGATCCTACTCAACAGCAGCTGTGGGCCAGAGATAGACTCCCATGACTTTGTTATCAGATGTAACCTGGCGCCAGTGGAGG
AGTATGCTGgGGATGTGGGGCGGCGCACCAATCTGGTGACCATGAACCCGTCGGTGGTTCAGCGGGCCTTCCATGACCTGGCCAGTGAGCAGTGGAGGGAGCGCTTCCTGCAGCGG
CTCCGGGGCCTCAGCGGCAGCGTACTGTGGATCCCAGCCTTCATGGCCAAGGGAGGAGAGGAGAGGGTGGAGTGGGCCATCCGTCTCATCCTGCTGCACACGGTGGATGTGCACAC
CGCCTTCCCCTCACTGCGCCTTCTCCATGCTGTCAGAGGGTATTGGCTGACTAACAACGTCCAGATCAAGAGACCCACCACTGGTCTGCTGATGTACACCATGGCCACCCGCTTCCT
GTGAGGAGATCCACCTGTACGGCTTCTGGCCTTTCCCTCGGGATTCACAGGGGATACCAGTCAAGTACCATTACTATGACACTCTGACCTACGAGTACACATCCCATGCCAGTCCA
CATACTATGCCACTGGAGTTCAGGACACTGAGTTCACTCCACAGACAGGGGGCGCTGCGGCTCAACACTGGCTCTTGTGATGCAGGAATGTAA

>Cormar_ GT29_ST8Sia2-rl : 378 aa (A35)

MOLEFRTVMEFGIVTLLVIFLIIADIAEIEEEIANIGGSRTLYLHSLIPKPNRNVAVKANPTPLISEGEDKSPASPSGLNNTTRLSSDNWTEFNRTLSSLIRKNILRFFDPERDISIL
KGTLKPGDVIHYIFDRQSTTNISENLYRLLPTASPMKNQHHRRCAIVGNSGILLNSSCGPEIDSHDEVIRCNLAPVEEYAGDVGRRTNLVTMNPSVVQRAFHDLASEQWRERFLOR
LRGLSGSVLWIPAFMAKGGEERVEWAIRLILLHTVDVHTAFPSLRLLHAVRGYWLTNNVQIKRPTTGLLMYTMATREFCEEIHLYGFWPFPRDSQGIPVKYHYYDTLTYEYTSHASP
HTMPLEFRTLSSLHRQGALRLNTGSCDAGM

>Cormar_ GT29 ST8Sia2-r2 NUC : 1137 bp
ATGCAGTTAGAATTCCGAACATTGATGTTTGGAATTGTAACAGTGCTGGTAATATTTCTGATCATTGCTGATATTGCTGAAGTCGAAGAAGAAATTGCGAATATTGGAGGTTCCAG
AAAATTGTACATGCACAGCCTCATTCCCAAGCCGAACAGAAATGTAGCAGTGAAGGCCAATCCTAAACCATTAGTCAGTGAAGGGGAGGACAAGAGCCCTGCTTCTCCTTCATACT
CAAATAATACCACCAAGCTCTCTTCAGATAACTGGACGTTCAACAGGAGCCTCTCCAATTCTATAGGGAAGAACATCCTGAGGTTCTTCGACCCAGAGAGGGACATCTCTATTCTG
AAGGGCACATTGAAACCTGGAGATGTCATCCACTACATCTTTGACCGTCAGAGCACTACCAACATCTCAGAGAACCTGTACCGGTTGCTGCCCACTGTGTCCCCCATGAAGAACCA
GCACCACAGGCACTGTGCCATCGTAGGGAACTCTGGGATCCTACTCAACAGCAGCTGTGGGCCAGAGATAGACTCCTATGACTTTGTTATCAGATGTAACCTGGCGCCAGTGGAGG
AGTATGCTGGGGACGTGGGCCGGCGCACCAACCTGGTGACCATGAACCCATCTGTGGTGCAGCGGGCCTTCCAGGACCTGGCCAGCGAGGAGTGGAGGGAGCGCTTCCTGCAGCGG
CTCCGGGGCCTCAGCGGCAGCGTACTGTGGATCCCAGCCTTCATGGCCAAGGGAGGGGAGGAGAGGGTGGAGTGGGCCATCCGTCTCATCCTGCTGCACACAGTGGATGTGCACAC
CGCCTTCCCCTCACTGCGCCTTCTCCATGCTGTCAGAGGGTATTGGCTGACCAACAACGTCCAGATCAAGAGACCCACCACTGGTCTGCTGATGTACACCATGGCCACTCGCTTCT
GTGAGGAGATCCACCTGTACGGTTTCTGGCCTTTCCCTCAGGATTCACAGGGGAAACCAGTGAAGTACCACTACTATGATACTCTGACCTACACGTACACGTCCCATGCCAGTCCA
CACACTATGCCACTGGAGTTCAGGACCCTGAGTTCACTCCACAGACAGGGGGCGCTGCGGCTCCACACTGGCTCTTGTGATGCAGGAACTTAA

>Cormar_ GT29 ST8Sia2-r2 : 378 aa (A35)
MOLEFRTLMFGIVTVLVIFLITADIAEVEEEIANIGGSRKLYMHSLIPKPNRNVAVKANPKPLVSEGEDKSPASPSYSNNTTKLSSDNWTEFNRSLSNSIGKNILRFFDPERDISIL
KGTLKPGDVIHYIFDRQSTTNISENLYRLLPTVSPMKNQHHRHCAIVGNSGILLNSSCGPEIDSYDFVIRCNLAPVEEYAGDVGRRTNLVTMNPSVVQRAFQODLASEEWRERFLQOR
LRGLSGSVLWIPAFMAKGGEERVEWAIRLILLHTVDVHTAFPSLRLLHAVRGYWLTNNVQIKRPTTGLLMYTMATRFCEETIHLYGFWPFPQDSQGKPVKYHYYDTLTYTYTSHASP
HTMPLEFRTLSSLHRQGALRLHTGSCDAGT
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>Homsap_ GT29 ST8Sia2 NUC : 1128 bp
ATGCAGCTGCAGTTCCGGAGCTGGATGCTGGCCGCGCTCACGCTGCTCGTGGTCTTCCTCATCTTCGCAGACATCTCAGAGATCGAAGAAGAAATCGGGAATTCGGGAGGCAGAGG
TACAATCAGATCAGCTGTGAACAGCTTACATAGCAAATCTAATAGAGCTGAAGTTGTAATAAACGGCTCCTCATCACCAGCTGTTGTTGACAGAAGTAATGAAAGCATCAAGCACA
ACATCCAGCCAGCCTCGTCCAAATGGAGACATAACCAGACGCTCTCTCTGAGGATCAGGAAGCAGATTTTAAAGTTCTTGGATGCTGAAAAGGACATTTCTGTCCTAAAGGGAACC
CTGAAGCCTGGAGATATTATTCATTACATCTTCGATCGAGACAGCACCATGAATGTGTCCCAGAACCTCTACGAGCTCCTCCCCAGGACTTCGCCACTGAAGAATAAGCACTTTGG
GACTTGTGCCATCGTGGGCAACTCGGGGGTCTTGCTGAACAGCGGCTGTGGGCAGGAGATTGACGCCCACAGCTTCGTCATCAGGTGCAACCTGGCCCCAGTACAGGAGTATGCCC
GGGATGTGGGGCTCAAGACAGACCTGGTAACCATGAACCCCTCGGTCATCCAGCGGGCCTTTGAGGACTTGGTCAATGCCACGTGGCGGGAGAAGCTGCTGCAACGGCTGCACAGC
CTCAATGGCAGCATCCTGTGGATCCCTGCCTTCATGGCCCGGGGCGGCAAGGAGCGTGTTGAGTGGGTCAACGAGCTTATCCTGAAGCACCACGTCAACGTGCGCACTGCATACCC
CTCGCTGCGCCTGCTGCACGCCGTTCGCGGATACTGGCTGACCAACAAAGTCCACATCAAAAGACCCACCACCGGCCTCTTGATGTATACCCTGGCCACACGTTTCTGCAAACARAA
TCTACCTCTACGGCTTCTGGCCCTTTCCGCTGGATCAGAACCAGAACCCAGTCAAGTACCACTATTATGACAGCCTCAAGTATGGCTACACCTCCCAGGCCAGCCCGCATACCATG
CCCTTGGAGTTTAAGGCCCTCAAGAGCCTACATGAGCAGGGGGCTTTGAAACTGACTGTCGGCCAGTGCGATGGGGCCACGTAG

>Homsap_ GT29_ ST8Sia2 : 375 aa (A23)

MOLOFRSWMLAALTLLVVFLIFADISEIEEEIGNSGGRGTIRSAVNSLHSKSNRAEVVINGSSSPAVVDRSNESIKHNIQPASSKWRHNQTLSLRIRKQILKFLDAEKDISVLKGT
LKPGDITHYIFDRDSTMNVSONLYELLPRTSPLKNKHEGTCAIVGNSGVLLNSGCGQEIDAHSFVIRCNLAPVQEYARDVGLKTDLVTMNPSVIQRAFEDLVNATWREKLLORLHS
LNGSILWIPAFMARGGKERVEWVNELILKHHVNVRTAYPSLRLLHAVRGYWLTNKVHIKRPTTGLLMYTLATRFCKQIYLYGFWPFPLDONONPVKYHYYDSLKYGYTSQASPHTM
PLEFKALKSLHEQGALKLTVGQCDGAT

>Danrer GT29_ST8Sia3 NUC : 1122 bp

ATGGTTCGGGTGGTCAGTGTTTTGGGGCTGGTGATGTTCAGCGTTGCTTTATTAATTTTGTCATTGATCAGCTACGTCTCCATCAAGAAGGACTTCATCTTCACCGCCCCGAAATA
CGCCAACGCCGGCGGCCCGCGGATGTACATGTTCCACGCGGGATTTCGGTCCCAACTGGCCATGAAGTTTCTGGATCCTGCGTTCACATCGCTGAATACTGCGCTCAACGAGAACC
TGCAGGAGTCCAGCAACTGGAGGTTCAACAGGAGCGCTTATGCAGAGCTCAGTAAAGAGATCGCGCAGCATATTGACGTGCCGCACAACTTCACCCTGACCAAGAACAGCGTCCGC
GTGGGTCAGTTAATGCACTACGACTACTCCAGTCACAAATACGTCTTCTCCATTGGGGAGAACCTCAGGTCTCTGCTTCCGGATGCTTCTCCCGTCCTCAACAAACGCTACAACAC
TTGCGCGGTAGTGGGAAACAGCGGGATCCTCACCGGCAGCCGATGTGGTCCTGAAATCGACAAATATGACTTTGTCTTCCGCTGTAATTTCGCGCCCACCGAAGTCTTCCGTCGAG
ACGTGGGGCGCCGGACCAACCTCACCACCTTTAACCCCAGTATTCTGGAGAAATACTACAACAACCTGCTGACCATCCAGGACAGGAACAACTTCTTCCTCAGTTTGAAGAAGTTG
GACGGCGCCATCTTATGGATCCCGGCCTTTTTCTTTCACACGTCTGCCACAGTGACGCGAACACTTGTCGATTTCTTTGTCGAGCACAAGGGGCAGCTGAAAGTACAGCTAGCCTG
GCCGGGAAACATCATGCAGTATGTCAACAGGTATTGGAAAACGAAGCAGCTTTCTCCGAAGCGTCTGAGCACGGGGATCCTGATGTTCACGCTGGCCTCGTCTCTGTGTGAACAGG
TGCATTTGTACGGATTCTGGCCCTTCGGCTGGGACCCCAACACCGGCAAGGAGCTGCCGTATCATTACTATGACAAGAAGGGCACCAAATTCACCACCAAGTGGCAGGAGTCGCAC
CAGCTGCCCACCGAGTTCAAGCTGCTCTTCAAGATGCACGCAGACGGAGTCCTCAAACTGAGCCTGTCCCACTGCGLCC

>Danrer GT29 ST8Sia3 : 374 aa (A83)

MVRVVSVLGLVMFSVALLILSLISYVSIKKDFIFTAPKYANAGGPRMYMFHAGFRSQLAMKELDPAFTSLNTALNENLOQESSNWRENRSAYAELSKEIAQHIDVPHNFTLTKNSVR
VGQLMHYDYSSHKYVFSIGENLRSLLPDASPVLNKRYNTCAVVGNSGILTGSRCGPEIDKYDFVFRCNFAPTEVEFRRDVGRRTNLTTENPSILEKYYNNLLTIQDRNNFFLSLKKL
DGAILWIPAFFFHTSATVTRTLVDFEVEHKGOQLKVOLAWPGNIMQYVNRYWKTKQLSPKRLSTGILMFTLASSLCEQVHLYGEFWPEFGWDPNTGKELPYHYYDKKGTKETTKWQESH
QLPTEFKLLFKMHADGVLKLSLSHCA

>Cormar GT29 ST8Sia4 NUC : 1074 bp
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ATGCGTCTCTCACGGAAACGCTGGACTATTTGCACAATAAGCATCCTGGTGATCTTCTACAAGACGAAAGAAATAACTAGAAGTGAAGAACATCAGGAAGCTCAAGTCACTGGCGA
CAGTGAACTCGACACTTCAAGACTTATGGTCAATAGTTCAGAGAAAAGCAGCAGGAGTGGTCCTTCCTTTTTCCAGCACTCGGTCGAAGGATGGCGGCTCAATTCGTCACTAGTTC
TCATGATAAGGAAGGACGTGCTGCGTTTCCTGGATGCTGAGAGGGACGTTTCAGTGGTGAAGAGCAGTTTCAAACCAGGCGACACTATCCACTACGTCCTCGACAGACGCCGAACG
CTCAACATCTCCCACACGCTGCACAGCCTGCTACCGGACGTCTCTCCGCTCAAGAACAAGCGCTTCAAGACATGCGCGGTGGTGGGCAACTCCGGCGTGCTTCTCAACAGCGGATG
TGGCAAGGAAATCGACAGGCATGACTTTGTCATACGCTGTAACCTGGCGCCGCTGGCCGAGTTCGCCGAGGACGTGGGGCTGCGGTCCGACTTCACCACCATGAACCCCTCTGTCA
TCCAGAGGGTGTACGGCGGCCTGAAGAACGCCACGGACACGGAGAGGTTCGTCCAGCGCCTGCGGATGCTCAACGACAGCGTGCTGTGGATTCCGGCCTTCATGGTGAAGGGAGGA
GAGAGGCACGTGGAGAGCGTCAACGAGCTCATCGTCAAGAGGAAGCTGAGGGTGAGGACGGCCTACCCGTCGCTGAGGCTCATCCACGCGGTGAGAGGGTACTGGCTGACAAACAA
GATCAATATCAAACGGCCCAGCACCGGATTGTTGATGTACACTTTGGCCACGCGCTTCTGCGACGAGATTCACTTGTATGGATTCTGGCCCTTTCCGCGGGACTCAAATGGAAATG
TGGTGAAGTACCATTACTACGACTTGCTCAAGTATCGATACTTCTCCAACGCAGGCCCTCACAGGATGCCACTGGAGTTCAAAACGCTCAAAATGCTGCACAGTAAAGGAGCTCTG
AAGTTGACGACTTCGAAGTGCGAATCTTAA

>Cormar_ GT29 ST8Sia4d4 : 357 aa (A28)

MRLSRKRWTICTISILVIFYKTKEITRSEEHQEAQVTGDSELDTSRLMVNSSEKSSRSGPSFFQHSVEGWRLNSSLVLMIRKDVLRFLDAERDVSVVKSSFKPGDTIHYVLDRRRT
LNISHTLHSLLPDVSPLKNKRFKTCAVVGNSGVLLNSGCGKEIDRHDFVIRCNLAPLAEFAEDVGLRSDFTTMNPSVIQRVYGGLKNATDTERFVOQRLRMLNDSVLWIPAFMVKGG
ERHVESVNELIVKRKLRVRTAYPSLRLIHAVRGYWLTNKINIKRPSTGLLMYTLATRFCDEIHLYGFWPFPRDSNGNVVKYHYYDLLKYRYFSNAGPHRMPLEFKTLKMLHSKGAL
KLTTSKCES

>Homsap_ GT29 ST8Sia4 NUC : 1080 bp

ATGCGCTCCATTAGGAAGAGGTGGACGATCTGCACAATAAGTCTGCTCCTGATCTTTTATAAGACAAAAGAAATAGCAAGAACTGAGGAGCACCAGGAGACGCAACTCATCGGAGA
TGGTGAATTGTCTTTGAGTCGGTCACTTGTCAATAGCTCTGATAAAATCATTCGAAAGGCTGGCTCTTCAATCTTCCAGCACAATGTAGAAGGTTGGAAAATCAATTCCTCTTTGG
TCCTAGAGATAAGGAAGAACATACTTCGTTTCTTAGATGCAGAACGAGATGTGTCAGTGGTCAAGAGCAGTTTTAAGCCTGGTGATGTCATACACTATGTGCTTGACAGGCGCCGG
ACACTAAACATTTCTCATGATCTACATAGCCTCCTACCTGAAGTTTCACCAATGAAGAATCGCAGGTTTAAGACCTGTGCAGTTGTTGGAAATTCTGGCATTCTGTTAGACAGTGA
ATGTGGAAAGGAGATTGACAGTCACAATTTTGTAATAAGGTGTAATCTAGCTCCTGTGGTGGAGTTTGCTGCAGATGTGGGAACTAAATCAGATTTTATTACCATGAATCCATCAG
TTGTACAAAGAGCATTTGGAGGCTTTCGAAATGAGAGTGACAGAGAAAAATTTGTGCATAGACTTTCCATGCTGAATGACAGTGTCCTTTGGATTCCTGCTTTCATGGTCAAAGGA
GGAGAGAAGCACGTGGAGTGGGTTAATGCATTAATCCTTAAGAATAAACTGAAAGTGCGAACTGCCTATCCGTCATTGAGACTTATTCATGCTGTCAGAGGTTACTGGCTGACCAA
CAAAGTTCCTATCAAAAGACCCAGCACAGGTCTTCTCATGTATACACTTGCCACAAGATTCTGTGATGAAATTCACCTGTATGGATTCTGGCCCTTCCCTAAGGATTTAAATGGAA
AAGCGGTCAAATATCATTATTATGATGACTTAAAATATAGGTACTTTTCCAATGCAAGCCCTCACAGAATGCCATTAGAATTCAAAACATTAAATGTGCTACATAATAGAGGAGCT
CTAAAACTGACAACAGGAAAGTGTGTAAAGCAATAA

>Homsap GT29_ST8Sia4 : 269 aa (A39)

MRSIRKRWTICTISLLLIFYKTKEIARTEEHQETQLIGDGELSLSRSLVNSSDKITRKAGSSIFQHNVEGWKINSSLVLETIRKNILRFLDAERDVSVVKSSFKPGDVIHYVLDRRR
TLNISHDLHSLLPEVSPMKNRRFKTCAVVGNSGILLDSECGKEIDSHNFVIRCNLAPVVEFAADVGTKSDEFITMNPSVVQORAFGGFRNESDREKFVHRLSMLNDSVLWIPAFMVKG
GEKHVEWVNALILKNKLKVRTAYPSLRLIHAVRGYWLTNKVPIKRPSTGLLMYTLATRFCDEIHLYGFWPFPKDLNGKAVKYHYYDDLKYRYFSNASPHRMPLEFKTLNVLHNRGA
LKLTTGKCVKQ

>Homsap_GT29 ST8Sia6 NUC : 1194 bp

ATGCGGCCGGGGGGCGCACTGCTCGCCCTGCTCGCCAGCCTGCTGCTGCTGCTGCTGCTGCGCCTGCTCTGGTGCCCGGCAGACGCGCCCGGCCGCGCCAGGATTCTGGTGGAGGA
AAGCAGGGAGGCCACCCACGGCACCCCCGCAGCGCTGAGGACGCTCCGGAGCCCGGCGACCGCGGTACCGCGCGCCACTAACAGCACATATCTGAATGAGAAGTCGCTCCAACTGA
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CGGAGAAATGCAAAAATCTGCAATATGGCATTGAGTCTTTCTCTAACAAAACGAAAGGGTATTCAGAGAACGACTACCTTCAGATTATCACAGATATACAGAGTTGTCCATGGAAA
CGGCAAGCAGAAGAATATGCAAATTTTAGAGCCAAACTTGCTTCCTGCTGTGATGCTGTTCAAAACTTTGTTGTTTCTCAGAATAACACTCCAGTTGGGACTAATATGAGTTACGA
GGTGGAAAGCAAAAAAGAAATCCCAATTAAGAAGAACATTTTTCATATGTTTCCAGTGTCCCAGCCTTTTGTGGACTACCCTTATAATCAGTGTGCAGTGGTCGGAAATGGGGGAA
TTCTGAATAAGTCTCTCTGTGGAACTGAAATAGATAAATCCGACTTCGTTTTTAGGTGTAACCTACCCCCAACCACAGGAGATGTTAGTAAAGATGTTGGCAGTAAAACAAATCTT
GTGACTATAAATCCAAGCATCATAACTCTGAAATATGGGAACTTAAAGGAAAAAAAAGCCCTATTTCTGGAGGACATTGCAACCTATGGAGATGCATTTTTTCTTCTGCCAGCATT
TTCCTTCAGGGCCAACACGGGTACCTCTTTCAAAGTATACTACACGCTCGAAGAGTCTAAAGCAAGACAAAAGGTTCTATTTTTCCATCCCAAGTACCTGAAAGATCTGGCCCTTT
TCTGGAGAACTAAAGGTGTGACTGCATACCGCTTGTCCACCGGCTTGATGATCACAAGTGTTGCAGTGGAACTGTGTAAAAATGTGAAGCTGTATGGATTCTGGCCCTTCTCTAAA
ACTGTAGAAGACATACCTGTCAGCCATCACTATTATGACAACAAGCTACCTAAACATGGTTTCCATCAGATGCCCAAAGAATACAGCCAGATCCTCCAACTTCACATGAAAGGAAT
CCTCAAACTGCAATTTAGCAAATGTGAAGTCGCC

>Homsap_ GT29_ ST8Sia6 : 398 aa (A27)
MRPGGALLALLASLLLLLLLRLLWCPADAPGRARILVEESREATHGTPAALRTLRSPATAVPRATNSTYLNEKSLOLTEKCKNLQYGIESEFSNKTKGYSENDYLQITITDIQSCPWK
ROAEEYANFRAKLASCCDAVONEVVSONNTPVGTNMSYEVESKKEIPIKKNIFHMEFPVSQPEVDYPYNQCAVVGNGGILNKSLCGTEIDKSDEFVFRCNLPPTTGDVSKDVGSKTNL
VTINPSIITLKYGNLKEKKALFLEDIATYGDAFFLLPAFSFRANTGTSFKVYYTLEESKARQKVLFFHPKYLKDLALFWRTKGVTAYRLSTGLMITSVAVELCKNVKLYGEFWPESK
TVEDIPVSHHYYDNKLPKHGFHQMPKEYSQILQLHMKGILKLQFSKCEVA

>Danrer GT29 ST8Sia8 NUC : 1080 bp
ATGCGCGTTATGAGGACTCTTATGCGCTGGCTGCTTCCTGTCATCCTTCTGTGCTCTTTCTGCAGTGTGGCCTTCTGGATTTTCATCTCCAACAATAATGTAATCCCTCATCCTGC
ATCTAGGATTCCTCAAAAAGCCTCCAACACACAATCTTGTAAGGCATGCAAAGACAGTGTAATCATTGGCAAAGCACTGGGAAACTATTCAAACAGCTGGAAAAAACACGAGGCAA
ACTATAAAAGATTCAGGTTATTACTAAATGAGAAATGCCATGCTGTGTCTAAAGCTGTGGTCACACAGAATAACACTCCTCTGGGGTCAAATGTTGTCTATGATGGCGAAAGAAGA
AAGCCACTACAGGTGACCCAAGCCCTGTACAACATCTTGGCTAAGGAACAACCATTTGGAAATGCGACATGGGAGTCATGTGCTGTAGTGGGGAATGGAGGCGTTTTGGCCAATAG
CAGTTGTGGAGAAGAAATCAATTCAGCCCAGTTTGTCATTAGATGCAACCTTCCACCACTTGATGACAGATATGAGAAAGATGTGGGAAACAAAACCAATCTTGTCACAGCAAATC
CCAGCATCCTACATGAGAAGTACAGTGGTCTTATGGAGCGGCGGCGTCCATTTGTGGAAAGCCTTCATTCATACGGTCAAGCCTTATTACTGCTGCCAGCCTTCTCCTACGGTCAC
AACACGCCTGTATCCCTGCGTGCCTTTTACACACTGGAGGACTTTGGCAGAGAGGGCCCGCTGCCCATTTTTCTGAATCCAGAATACTTGAGAAAGTTGACAAAGTTTTGGCGCGA
GCAAGGCCTGAACTCTGTTCGCCCCAGCACTGGGCTCATCATGGCCAGCTTGGCTCTAGAAATCTGTACTAACGTTCATTTGTATGGTTTTTGGCCCTTTGGTAAACATCCGAACG
ACAGTCGACCCATCACCAACCATTATTACGATAATCGGGAGAGCAAGAAAAATGTGCATTCAATGCCGAGCGAGTTCGAACAATTACTGAAACTCCATAAGCAAGGTGTGGTTCAC
ATACACCTGGGAGAATGTCAACCCGCTCATAGATGA

>Danrer GT29_ST8Sia8 : 359 aa (A33)
MRVMRTLMRWLLPVILLCSFCSVAFWIFISNNNVIPHPASRIPQKASNTQSCKACKDSVIIGKALGNYSNSWKKHEANYKRFRLLLNEKCHAVSKAVVTONNTPLGSNVVYDGERR
KPLQVTQALYNILAKEQPFGNATWESCAVVGNGGVLANSSCGEEINSAQFVIRCNLPPLDDRYEKDVGNKTNLVTANPSILHEKYSGLMERRRPFVESLHSYGQALLLLPAFSYGH
NTPVSLRAFYTLEDFGREGPLPIFLNPEYLRKLTKFWREQGLNSVRPSTGLIMASLALEICTNVHLYGFWPFGKHPNDSRPITNHYYDNRESKKNVHSMPSEFEQLLKLHKQGVVH
THLGECQPAHR

>Danrer GT29 ST6Gall_NUC : 1455 bp

ATGGATCGTGTTAGCCTACTTTGGCGATTGAGGCGTCGGGCTCGTCGAGGGGCCCTATGCATGGCACTCTTCTGTTTGACTATGGCTCTCCTGTACACTCTTTGTGCTGAAAACAG
CATTCCTGTCACAGATGCCATTTTCGGAGTCAAGGCCAGAACTCGAGCTCAACCAAGAGCACACACAATTGTTAAGGTATTGCGGGGAACAGGAGGGTCAAAGCCCATGTATACTG
ACCCTCAAAAGCTCCCTGGTGTCATTCCTGGAGATCCTCAAAAGCCTATTCCCATCCTCTCATCATCTAACTACTCAATGGAGAGCACTTCTAAAGACCACAGTCTCGGGGGCAAA
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AAGAGAGAGCGTGGGCTCTTTTACTGGCTTCTGGCACAACCACTGACTATTTTTGGAGGCAGACGGAGAGGAGATATGGGGACCGCAATTCGGGATGCTGATGTTTTTAAGCCTAA
TGGAGCACTCGGAGAGGTCTGGAATGAAGAGATGTCGAGCAGCATGCTGGGAAAAAGGCTGAGGAAAGTTGTGCAGAACTATCAGGCAATGAATAAATATGGAGTCAAGTACCCTG
CAACAGTGAGAGCAGCACACCGCTACAAACTCAGTGGACCAGAAATTCTTTGTGAAATTAAGGAGAAAGTTCAGGTCACAACTTTAACACCAGATATGGAGCCATTTTCTGGGTTT
CCATGGGGCTCTCAGTTACCTCCACGCCAAATAACCTCTGATGTCGGCCCGTTCAAAACCTGTGCAGTGGTGTCGTCTGCAGGATCTCTCAAAAACTCTGGATTAGGAAAGGAAAT
AGATTCTCATGACGCAGTGATACGATTCAATGCCGCACCGACAGCTGGTTTTGAGACAGACGTGGGCTCCAAAACAACAGTGCGCCTTATTAATTCACAGTTAATGGCATCTGAAG
ACCACCATTTCCTCTCCAGCTCTTTGTACAGTGCAGGGATTTTAGTGAGCTGGGATCCTAGCCCTTATTCTTCAGATCTATGGGAGTGGTTCAACAAGACAGATTACCCCATATTT
AAACAGTATCAGCGATATCGCCGCTTGCACCCTCAGCAGCCATTTTACATTGTACATCCGCGAATGGAATGGCAGCTGTGGCAGAGAATACAAGACAACATGGGTGAAGCCATCCA
AAAAAATCCACCCTCATCAGGCCTGCTGGGCACAGTTTTAATGATGTCCCTGTGTGAAGTGGTACACGTGTACGAGTTCCTGCCATCGCGGCGAAAAACCGAGCTGTGCCACTACT
ACCAGCGCTTCAGTGATGCTGCCTGCACACTCGGAGCCTACCACCCATTACTCTATGAGAAAAACCTGGTCAAGAGGATGAACCAAGGCTCCGACCGAGATATCTACACACTTGGC
AGGGTCACTCTTCCTGGGTTCGCCACATTTAACTGCACTTCCAGCACTCATTCAAAAACGTAA

>Danrer GT29 ST6Gall : 484 aa (Al135)

MDRVSLLWRLRRRARRGALCMALFCLTMALLYTLCAENSIPVTDATIFGVKARTRAQPRAHTIVKVLRGTGGSKPMYTDPOQKLPGVIPGDPOKPIPILSSSNYSMESTSKDHSLGGK
KRERGLEYWLLAQPLTIFGGRRRGDMGTAIRDADVEFKPNGALGEVWNEEMSSSMLGKRLRKVVONYQAMNKYGVKYPATVRAAHRYKLSGPEILCEIKEKVQVTTLTPDMEPEFSGFE
PWGSQLPPRQITSDVGPFKTCAVVSSAGSLKNSGLGKEIDSHDAVIRFNAAPTAGFETDVGSKTTVRLINSQLMASEDHHFLSSSLYSAGILVSWDPSPYSSDLWEWENKTDYPIF
KOYORYRRLHPQQOPFYIVHPRMEWQLWQRIQDNMGEAIQKNPPSSGLLGTVLMMSLCEVVHVYEFLPSRRKTELCHYYQREFSDAACTLGAYHPLLYEKNLVKRMNQGSDRDIYTLG
RVTLPGFATEFNCTSSTHSKT

>Homsap GT29_ST6Gall NUC : 1221 bp

ATGATTCACACCAACCTGAAGAAAAAGTTCAGCTGCTGCGTCCTGGTCTTTCTTCTGTTTGCAGTCATCTGTGTGTGGAAGGAAAAGAAGAAAGGGAGTTACTATGATTCCTTTAA
ATTGCAAACCAAGGAATTCCAGGTGTTAAAGAGTCTGGGGAAATTGGCCATGGGGTCTGATTCCCAGTCTGTATCCTCAAGCAGCACCCAGGACCCCCACAGGGGCCGCCAGACCC
TCGGCAGTCTCAGAGGCCTAGCCAAGGCCAAACCAGAGGCCTCCTTCCAGGTGTGGAACAAGGACAGCTCTTCCAAAAACCTTATCCCTAGGCTGCAAAAGATCTGGAAGAATTAC
CTAAGCATGAACAAGTACAAAGTGTCCTACAAGGGGCCAGGACCAGGCATCAAGTTCAGTGCAGAGGCCCTGCGCTGCCACCTCCGGGACCATGTGAATGTATCCATGGTAGAGGT
CACAGATTTTCCCTTCAATACCTCTGAATGGGAGGGTTATCTGCCCAAGGAGAGCATTAGGACCAAGGCTGGGCCTTGGGGCAGGTGTGCTGTTGTGTCGTCAGCGGGATCTCTGA
AGTCCTCCCAACTAGGCAGAGAAATCGATGATCATGACGCAGTCCTGAGGTTTAATGGGGCACCCACAGCCAACTTCCAACAAGATGTGGGCACAAAAACTACCATTCGCCTGATG
AACTCTCAGTTGGTTACCACAGAGAAGCGCTTCCTCAAAGACAGTTTGTACAATGAAGGAATCCTAATTGTATGGGACCCATCTGTATACCACTCAGATATCCCAAAGTGGTACCA
GAATCCGGATTATAATTTCTTTAACAACTACAAGACTTATCGTAAGCTGCACCCCAATCAGCCCTTTTACATCCTCAAGCCCCAGATGCCTTGGGAGCTATGGGACATTCTTCAAG
AAATCTCCCCAGAAGAGATTCAGCCAAACCCCCCATCCTCTGGGATGCTTGGTATCATCATCATGATGACGCTGTGTGACCAGGTGGATATTTATGAGTTCCTCCCATCCAAGCGC
AAGACTGACGTGTGCTACTACTACCAGAAGTTCTTCGATAGTGCCTGCACGATGGGTGCCTACCACCCGCTGCTCTATGAGAAGAATTTGGTGAAGCATCTCAACCAGGGCACAGA
TGAGGACATCTACCTGCTTGGAAAAGCCACACTGCCTGGCTTCCGGACCATTCACTGCTAA

>Homsap GT29 ST6Gall : 406 aa (A56)

MIHTNLKKKESCCVLVELLEFAVICVWKEKKKGSYYDSFKLOTKEFQVLKSLGKLAMGSDSQSVSSSSTODPHRGROTLGSLRGLAKAKPEASFQVWNKDSSSKNLIPRLOKIWKNY
LSMNKYKVSYKGPGPGIKEFSAEALRCHLRDHVNVSMVEVTDFPENTSEWEGYLPKESIRTKAGPWGRCAVVSSAGSLKSSQLGREIDDHDAVLRENGAPTANFQODVGTKTTIRLM
NSQLVTTEKRFLKDSLYNEGILIVWDPSVYHSDIPKWYQONPDYNFENNYKTYRKLHPNQPFYILKPOMPWELWDILQEISPEETIQPNPPSSGMLGITIIMMTLCDQVDIYEFLPSKR
KTDVCYYYQKFEFDSACTMGAYHPLLYEKNLVKHLNQGTDEDIYLLGKATLPGFRTIHC

>Homsap GT29 ST3Gall NUC : 1020 bp
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ATGGTGACCCTGCGGAAGAGGACCCTGAAAGTGCTCACCTTCCTCGTGCTCTTCATCTTCCTCACCTCCTTCTTCCTGAACTACTCCCACACCATGGTGGCCACCACCTGGTTCCC
CAAGCAGATGGTCCTGGAGCTCTCCGAGAACCTGAAGAGACTGATCAAGCACAGGCCTTGCACCTGCACCCACTGCATCGGGCAGCGCAAGCTCTCGGCCTGGTTCGATGAGAGGT
TCAACCAGACCATGCAGCCGCTGCTGACCGCCCAGAACGCGCTCTTGGAGGACGACACCTACCGATGGTGGCTGAGGCTCCAGCGGGAGAAGAAGCCCAATAACTTGAATGACACC
ATCAAGGAGCTGTTCAGAGTGGTGCCTGGGAATGTGGACCCTATGCTGGAGAAGAGGTCGGTGGGCTGCCGGCGCTGCGCCGTTGTGGGCAACTCGGGCAACCTGAGGGAGTCTTC
TTATGGGCCTGAGATAGACAGTCACGACTTTGTCCTCAGGATGAACAAGGCGCCCACGGCAGGGTTTGAAGCTGATGTTGGGACCAAGACCACCCACCATCTGGTGTACCCTGAGA
GCTTCCGGGAGCTGGGAGATAATGTCAGCATGATCCTGGTGCCCTTCAAGACCATCGACTTGGAGTGGGTGGTGAGCGCCATCACCACGGGCACCATTTCCCACACCTACATCCCG
GTTCCTGCAAAGATCAGAGTGAAACAGGATAAGATCCTGATCTACCACCCAGCCTTCATCAAGTATGTCTTTGACAACTGGCTGCAAGGGCACGGGCGATACCCATCTACCGGCAT
CCTCTCGGTCATCTTCTCAATGCATGTCTGCGATGAGGTGGACTTGTACGGCTTCGGGGCAGACAGCAAAGGGAACTGGCACCACTACTGGGAGAACAACCCATCCGCGGGGGCTT
TTCGCAAGACGGGGGTGCACGATGCAGACTTTGAGTCTAACGTGACGGCCACCTTGGCCTCCATCAATAAAATCCGGATCTTCAAGGGGAGA

>Homsap_ GT29 ST3Gall : 340 aa (A56)

MVTLRKRTLKVVTEFLVLEFIFLTSEFFLNYSHTMVATTWEPKOMVLELSENLKRLIKHRPCTCTHCIGQRKLSAWEDEREFNQTMOQPLLTAQNALLEDDTYRWWLRLOREKKPNNLNDT
IKELFRVVPGNVDPMLEKRSVGCRRCAVVGNSGNLRESSYGPEIDSHDEFVLRMNKAPTAGFEADVGTKTTHHLVYPESFRELGDNVSMILVPFKTIDLEWVVSAITTGTISHTYIP
VPAKIRVKQDKILIYHPAFIKYVEDNWLOQGHGRYPSTGILSVIFSMHVCDEVDLYGFGADSKGNWHHYWENNPSAGAFRKTGVHDADFESNVTATLASINKIRIFKGR

>Danrer ALCAM NUC : 1668 bp

ATGCATTCGGTTATCTGCCTTTTCGGTGCCTTCATAGCTGCCGCTGTGTTTGCTCCAGGGAGCTGCCTGCCGACGGTTATAGGTCTGTACGGTGAGACCATCGAAGTGCCATGCAA
CAATGGAAATAACAAGCCAGATGGCCTTATTTTCACCAAATGGAAATATGTGAAAGATGACGGCTCCCCTGGCGATCTACTAATAAAGCAGGCACAGAAAGATGATCCGACTGTGT
CTGCCATGGACGGCTACAAAACTAGAGTTAGCATCGCTGCTAATTCCAGCTTACTGATTGCCCAGGGCTCTTTGACTGACCAGAGAGTCTTCACCTGCATGGTGGTGTCTTCAACT
AATCTGGAGGAATTCTCTGTGGAAGTTAAAGTTCACAAAAAACCATCAGCCCCTGTAATCAAAAACAAAGTGAAAGAACTGGAAAATGGCAAACTGACGCAGTTGGGGGAATGTGT
GGTGGAGAGCGCCAACCCAGCAGCAGATCTCATCTGGATGAAGAACAACCAGGCTCTGGTGGATGATGGCAAGACGATCATTATCACATCAGATGTCACCAAGGACCCAGTCACCG
GTCTGTCCAGCACCTCTTCCAGACTGCAGTACACAGCAAGGAAAGAGGATGTGGCATCACAGTTCACCTGCGTTGCAAAGCACGTGACGGGACCCAACCAGGTTTCAACACCCGAT
ACCTTCCAAATTCGCTATCCCACTGAGAAGGTGAGTCTACAGGTTGTCTCTCAGAGCCCCATTAGGGAAGGTGATGATGTGACTCTGAAATGCCAGGCGGACGGAAACCCTCCTCC
TACCAGCTTCAACTTTAACATTAAGGGAAAGAAGGTCACGGTGACGGACAAGGATGTCTACACACTGACCGGCGTCACCCGAGCCGACAGCGGTGTGTACAAGTGCTCTCTGCTTG
ACAACGATGTGATGGAGTCCACTCAGATCGTCACAGTGAGCTTTCTGGATGCAAGCCTCACTCCTACAGGCAAGGTGTTAAAAAAGCTCGGGGAAAACTTGGTAGTGTCTTTGGAG
AAGAATGCCTCTTCTGAAGTAAAAGTGACGTGGACTAAGGATAACCGTAAACTGGACAAACTGCCTGATTTCTCCCAGTTGAGATACAGCGACGCGGGCTTATACGTGTGTGATGT
GTCCATTGAAGGAATCAAACACAGCTTTTCCTTCGAGCTTACTGTGGAAGGTGGTCCAAGAATTACCGGCCTGACAAAGCATCGCAGCAATGACGGAAAACACAAAGTGTTGACGT
GCGAGGCAGAAGGTTCACCTAAACCTGAAGTGCAGTGGAGTGTCAACGGAACCGACGATGAAACATCGTATGTCAACGGAAAAGCCACATACAAACTGACGGTGGTCCCGAGTAAG
AACCTCACCGTCAGCTGCCTCGTGACCAATAAACTCGGTTTCGACACAAAGGACATCAGCGTGTTTTCCCGAAAAAATGAAGATGGCGCAGACCAGGCCAAAGTGATTGTGGGTGT
CGTGGTTGGACTGTTTCTAGCCGCTGCCCTGGTGGGACTCATCTACTGGTTGTATATCAAGAAAACAAGACAAGGCAGCTGGAAGACCGGAGAGAAGGAGACTGGCACTTCAGAGG
AGAGTAAGAAACTGGAGGAGAACAATCATAAAGCAGATGTCTAA

>Danrer ALCAM : 555 aa
MHSVICLFGAFIAAAVFAPGSCLPTVIGLYGETIEVPCNNGNNKPDGLIFTKWKYVKDDGSPGDLLIKQAQKDDPTVSAMDGYKTRVSIAANSSLLIAQGSLTDQRVEFTCMVVSST
NLEEFSVEVKVHKKPSAPVIKNKVKELENGKLTQLGECVVESANPAADLIWMKNNQALVDDGKTIIITSDVTKDPVTGLSSTSSRLOYTARKEDVASQFTCVAKHVTGPNQVSTPD
TFQIRYPTEKVSLQVVSQSPIREGDDVTLKCQADGNPPPTSENFNIKGKKVTVTDKDVYTLTGVTRADSGVYKCSLLDNDVMESTQIVTVSFLDASLTPTGKVLKKLGENLVVSLE
KNASSEVKVTWTKDNRKLDKLPDFSQLRYSDAGLYVCDVSIEGIKHSFSFELTVEGGPRITGLTKHRSNDGKHKVLTCEAEGSPKPEVOQWSVNGTDDETSYVNGKATYKLTVVPSK
NLTVSCLVTNKLGFDTKDISVEFSRKNEDGADQAKVIVGVVVGLFLAAALVGLIYWLYIKKTROGSWKTGEKETGTSEESKKLEENNHKAD
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