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ABSTRACT

The biological importance of glycosylation in health and disease is broadly
acknowledged. The truncated, mannose-terminating structures consisting of 1-3
mannose residues, two N-acetylglucosamines, and a variable number of fucose moieties
are termed paucimannose. Paucimannosidic N-glycans are abundantly expressed in
plants and invertebrates. However, in vertebrates their presence is restricted to some
pathophysiological conditions, such as cancer, immune disorders, infections, and
inflammation, and in healthy individuals, they are detectable only in trace amounts.
Mannitou, a murine monoclonal antibody, has been demonstrated to specifically
recognise paucimannose glycoepitopes.

An attempt to characterise Mannitou IgM structure has been made by applying
homology modelling, cryo-electron microscopy, and crystallisation techniques. Full-
length Mannitou antibody has been generated using hybridoma technology. Recombinant
Mannitou Fab has been successfully transiently expressed in HEK293T cells. The binding
specificity of Mannitou towards different paucimannose N-glycans has been unravelled
by a combination of experimental methods. The microarray screening revealed the
minimal glyco-epitope to be ManzGlcNAcz. In turn, Man3zGlcNAc; manifested one of the
strongest interactions with Mannitou antibody. Molecular recognition studies, employing
surface plasmon resonance measurements and isothermal titration calorimetry,
established a micromolar binding affinity of Manniotu antibody towards ManzGlcNAc>
glycan. The mapping of the binding epitope by saturation transfer difference nuclear
magnetic resonance demonstrated Manal-3 as the main residue involved in Mannitou
antibody recognition. The upregulation of paucimannosidic N-glycans in
pathophysiological conditions makes Mannitou antibody a promising diagnostic and
therapeutic tool.

For determining the minimal carbohydrate structure required for mimicking the
antigenic activity of the native MenX polysaccharide, surface plasmon resonance studies
have been performed. The experiments involved studying the binding interactions
between an anti-MenX antibody and Neisseria meningitides serogroup X capsular

oligosaccharides of different length. The results suggest that the minimal saccharide
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portion capable of ensuring protection against MenX infections may be DP5, making it a

promising candidate for vaccine development.

Keywords: paucimannose N-glycans; Immunoglobulin M; Mannitou antibody; Neisseria
meningitides serogroup X; monoclonal antibody; antigen-binding fragment; minimal
glyco-epitope; molecular recognition studies; glycan microarrays; Surface Plasmon
Resonance; Isothermal Titration Calorimetry; Saturation Transfer Difference Nuclear

Magnetic Resonance.
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7~ ld

R ESUME

L'importance biologique de la glycosylation pour la santé et la maladie est
largement reconnue. Les structures tronquées a terminaison mannose consistant en 1 a
3 résidus de mannose, deux N-acétylglucosamines et un nombre variable de fragments
fucose sont appelées paucimannose. Les N-glycanes paucimannosidiques sont
abondamment exprimés dans les plantes et les invertébrés. Cependant, chez les
vertébrés, leur présence est limitée a certaines conditions pathophysiologiques, telles
que le cancer, les troubles immunitaires, les infections et l'inflammation, et chez les
individus en bonne santé, ils ne sont détectables qu'en quantités infimes. Il a été
démontré que le Mannitou, un anticorps monoclonal murin, reconnait spécifiquement les
glycoépitopes de paucimannose.

Une tentative de caractérisation de la structure de Mannitou IgM a été faite en
appliquant des techniques de modélisation d'homologie, de microscopie
cryoélectronique et de cristallisation. L'anticorps complet de Mannitou a été généré en
utilisant la technologie des hybridomes. Le Fab recombinant de Mannitou a été exprimé
avec succes de maniere transitoire dans des cellules HEK293T. La spécificité de liaison de
Mannitou envers différents N-glycanes de paucimannose ont été élucidées par une
combinaison de méthodes expérimentales. Le criblage par microréseau a révélé que le
glyco-épitope minimal était Man,GlcNAca. A son tour, MansGlcNAcz a manifesté 1'une des
interactions les plus fortes avec l'anticorps Mannitou. Des études de reconnaissance
moléculaire, utilisant des mesures de résonance plasmonique de surface et une
calorimétrie de titrage isotherme, ont établi une affinité de liaison micromolaire de
'anticorps Manniotu envers le glycane ManzGlcNAc; (Kq = ~50 pM). La cartographie de
I'épitope de liaison par résonance magnétique nucléaire de transfert de saturation a
démontré que Manal-3 est le principal résidu impliqué dans la reconnaissance des
anticorps de Mannitou. La régulation positive des N-glycanes paucimannosidiques dans
des conditions physiopathologiques fait de I'anticorps Mannitou un outil diagnostique et
thérapeutique prometteur.

Pour déterminer la structure minimale des glycanes requise pour mimer l'activité
antigénique du polysaccharide MenX natif, des études de résonance plasmonique de

surface ont été réalisées. Les expériences ont consisté a étudier les interactions de liaison
Xi |
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entre un anticorps anti-MenX et des oligosaccharides capsulaires du sérogroupe X de
Neisseria meningitides de différentes longueurs. Les résultats suggerent que la portion
minimale de saccharide capable d'assurer une protection contre les infections a MenX
pourrait étre DP5, ce qui en fait un candidat prometteur pour le développement de

vaccins.

Mots-clés: paucimannose N-glycanes; Immunoglobuline M; anticorps Mannitou;
Neisseria meningitides sérogroupe X; anticorps monoclonal; Fab; glyco-épitope minimal;
études de reconnaissance moléculaire; microréseaux de glycanes; Résonance
Plasmonique de Surface; Calorimétrie de Titrage Isotherme; Résonance Magnétique

Nucléaire de Transfert de Saturation.
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Hypoxanthine-aminopterin-thymidine
HEPES-buffered saline with 0.3 mM EDTA
Heavy chain

Heavy chain antibody

Human cytomegalovirus

Human embryonic kidney cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
N-acetyl-B-hexosaminidase
Hypoxanthine-guanine phosphoribosyltransferase
Heptyl mannose

Human neutrophil elastase

Human serum albumin
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mrCLR
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Immunoglobulin A

Immunoglobulin D

Immunoglobulin E

Insulin-like growth factor I /cation-independent M-6-P receptor
Immunoglobulin G

Immunoglobulin M

Immunohistochemistry

Immobilised Metal-lon Affinity Chromatography
Internal ribosomal entry site

[sothermal titration calorimetry

Light chain

Lipid-linked oligosaccharide

Monoclonal antibody

Myelin-associated glycoprotein

Matrix-assisted laser desorption ionisation - time of flight mass
spectrometry

Mannose

Neisseria meningitidis serogroup A

Neisseria meningitidis serogroup W

Neisseria meningitidis serogroup X

Class Il major histocompatibility complex
Minibody

Mannose-recognising C-type lectin receptor
Macrophage

Modified vaccinia virus Ankara
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PCR
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RNA
RNAi
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RT-PCR
RU
S/MAR
SA

51

© 2020 Tous droits réservés.

Theése de Stefania Robakiewicz, Université de Lille, 2020

N-acetylneuraminic acid

N-hydroxysuccinimide

Nuclear Overhauser effect

Neural progenitor cell

Open reading frame

Oligosaccharyltransferase

Phosphate-buffered saline

Phosphate-buffered saline with Tween 20 detergent
Polymerase chain reaction

Pre-crystallisation test

Polyethylene glycol

Polyethyleneimine

[soelectric point

Paucimannosidic protein
Peptide-N-(N-acetyl-3-glucosaminyl) asparagine amidase
Proline

Polysaccharide

Relative fluorescence unit

Ribonucleic acid

RNA interference

Roswell Park Memorial Institute 1640 medium
Reverse transcription polymerase chain reaction
Resonance unit

Scaffold /matrix attachment region

Sialic acid
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SAMPs Self-associated molecular patterns

scFab Single-chain Fab

scFv Single-chain variable fragment

SD Standard deviation

sdAb Single-domain antibodies

SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel electrophoresis
SEC Size-exclusion chromatography

Ser Serine

SFM Serum-free medium

SFV Semliki forest virus

Siglec Sialic acid-binding immunoglobulin-type lectin
SPR Surface plasmon resonance

STD - NMR Saturation transfer difference nuclear magnetic resonance
STDD Saturation transfer double-difference (spectrum)
Sv40 Simian virus 40

Tc T cytotoxic cell

TEM Transmission electron microscopy

TGE Transient gene expression

TGF Transforming growth factor

TGN Trans Golgi network

Tu T helper cell

Thr Threonine

TLR Toll-like receptor

TMV Tobacco mosaic virus

TT Tetanus toxoid
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UDP Uridine diphosphate

VH Variable heavy region

VIP36 36 kDa vesicular integral membrane protein
VL Variable light region
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GENERAL INTRODUCTION

1. Glycosylation

Proteins have one or more potential glycosylation sites, which may or may not be
glycosylated with different glycan structures. More than 50% of naturally occurring
proteins are glycosylated. Protein glycosylation patterns vary depending on the
conditions. Heterogeneous glycoforms of the same protein can have different properties
or biological activities which is the source of generating heterogeneity of protein forms
and functions without the need for genetic alteration. Glycosylation influences solubility,
serum half-life, immunogenicity, and biological activity of secreted glycoproteins.
Glycosylation mediates cell-cell interactions, such as cell adhesion, cell infection by
viruses and microorganisms, fertilisation, and signalling. Glyco-epitopes are recognised
by two classes of receptors, glycan-binding proteins (lectins/adhesins) and glycan-
binding antibodies.

In humans, the glycan structures attached to glycoproteins are composed of different
monosaccharides, including D-a/f-mannose (Man), D-a-glucose (Glc), L-a-fucose (Fuc),
D-f3-galactose (Gal), D-a/B-N-acetylglucosamine (GlcNAc), D-a-N-acetylgalactosamine
(GalNAc), and sialic acids (SA), e.g. D-a-N-acetylneuraminic acids (NeuNAc) (Fig.1). These
residues can be linked together in linear or branched chains of varying length and
complexity. The monosaccharides in the chain can each be linked together through
different carbon atoms, e.g. creating a1-2 or a1-6 linkage. Additionally, each linkage may
be either in the a form, where the glycosidic bond lies below the plane of the ring of the
left-hand monosaccharide, or in the 3 form, where it lies above the plane of the ring (Loke
etal, 2016).

Compared to proteins, glycan structures and compositions are much more diverse
and, unlike proteins, it is not possible to predict their sequences based on a
predetermined blueprint as they are not primary gene products. Instead, their “template-
free” biosynthesis in the rough endoplasmic reticulum (ER) and Golgi apparatus is

mediated by the sequential action of glycosyltransferases and glycosidases. Human cells
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have a repertoire of around 250 glycosylation enzymes, each displaying a high substrate
specificity, that operate sequentially to yield a varied set of glycosylation patterns
existing in cells and tissues.

Despite it is still not fully understood how the glycan repertoire alters in response
to changing conditions, it is known that carbohydrates can be either N- or O-linked to
proteins. N-linked glycans share a common branched trimannosyl core Man3GIlcNAc;-
Asn, which may be elaborated to form a diversity of heterogeneous, often quite large,
bi-, tri-, or tetra-antennary glycans. N-linked glycans can be classified into three types
(Fig.2). Oligomannose or high-mannose N-glycans have core mannose residues in
addition to those in the trimannosyl core structure (M5-M9). Complex N-glycans do not
carry mannose residues additional to those of the trimannosyl core but usually both Man
al-3 and Man al-6 arms are substituted with GlcNAc 31-2. These antennary GIcNAc
residues may be extended with various monosaccharide residues to form additional
branches, resulting in a high level of complexity. Hybrid N-glycans possess structural
features of both oligomannose and complex type, with the Man a1-3 arm of the core
elongated while the Man ol-6 arm left relatively unprocessed with mannosyl
decorations. O-linked glycosylation is less comprehended than N-linked glycosylation. O-
linked glycans do not share a single common core and tend to be smaller and less

branched than N-linked glycans (Brooks 2009; Tjondro et al., 2019).
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1.1. N-glycans

Asparagine (N)-linked glycosylation is a type of protein glycosylation that uses
mannose as a central building block. Mammalian N-glycosylation is largely restricted to
the Asn-X-Ser/Thr/Cys (X#Pro) consensus sequences. Protein N-glycans share acommon
trimannosylchitobiose core (Manal-3(Manal-6)Manf31-4GlcNAcf1-4GlcNAcf31-Asn). N-
linked oligosaccharides arise when blocks of 14 sugars are added cotranslationally to
newly synthesised polypeptides in the endoplasmic reticulum. These glycans are then
subjected to extensive modification as the glycoproteins mature and move through the
ER via the Golgi compartments to their final destinations inside and outside the cell. In
mature glycoproteins, N-linked glycan moieties are structurally diverse. The sugar
composition and the number and size of branches in the sugar tree vary among
glycoproteins, and cell types, tissues, and species. However, when initially added in the
ER to growing nascent polypeptides, the glycans do not display such heterogeneity. The
trimming and processing that the glycans undergo when the glycoprotein is still in the ER
introduce only limited additional diversity, as the alterations are shared by all
glycoproteins. Thus, the spectrum of glycoforms remains rather uniform until the
glycoproteins reach the medial stacks of the Golgi apparatus, where structural
diversification is introduced through a series of non-uniform modifications. This
tremendous diversity in glycoconjugates is especially noticeable in vertebrate and plant
cells. The switch from structural uniformity in the ER to diversification in the Golgi
complex coincides with a marked change in glycan function. In the early secretory
pathway, the glycans play a key role in protein folding, oligomerisation, quality control,
sorting, and transport events. Later in the Golgi compartments, the glycans acquire more
complex structures and novel functions that they display in the mature proteins
(Helenius et al., 2001).

In mammals, N-linked protein glycosylation starts with the synthesis of a highly
conserved lipid-linked oligosaccharide (LLO) on the ER membrane (Fig.3).
Monosaccharide residues are sequentially added to dolichyl pyrophosphate (dol-P)
carrier molecule on the cytosolic surface of the ER membrane. When two N-
acetylglucosamines and five mannoses get connected, the oligosaccharide is flipped to the

lumenal side of the membrane, and additional four mannose and three glucose residues
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are included by a series of glycosyltransferases (GTase) to form the oligosaccharide core
precursor GlcsMangGlcNAcz-P-P-dol (Fig.4). Conservation of this structure for more than
a billion years of evolution strongly suggested that it serves a very important purpose.
The completed core oligosaccharide is transferred from the dolichyl pyrophosphate
carrier to a growing, nascent polypeptide chain, and is coupled through an N-glycosidic
bond to the side chain of an asparagine residue by the oligosaccharyltransferase (OST)
enzyme complex. It recognises a specific conformation of the glycosylation sequon,
namely the Asn-X-Ser/Thr consensus sequence, transiently formed when the growing,
nascent polypeptide chain emerges from the translocon. Immediately after coupling to
the polypeptide chain, the three glucose residues are trimmed by ER a-glucosidase I
(cleaves the outermost al-2-linked glucose) and a-glycosidase Il (removes the 2nd and
3rd o1-3-linked glucoses) and the terminal mannoses by a-mannosidase I. When the
folded glycoprotein reaches the Golgi complex, the glycan chain undergoes further
mannose trimming. A collection of processing mannosidases in the ER and Golgi
apparatus remove the four al-2 mannose residues to yield MansGlcNAc;. Following the
action of GlcNAc transferase I, which initiates branching of complex oligosaccharides,
Golgi a-mannosidase Il removes one a1-3- and one al-6-linked mannose residue to yield
GlcNAcMan3GlcNAc;. During subsequent terminal glycosylation, the attachment of new
terminal monosaccharides including N-acetylglucosamine, galactose, sialic acid, and
fucose may follow. In the end, just five sugars remain of the original core glycan. While
the glycoforms in the ER are homogeneous, the Golgi-generated oligosaccharides are
highly diverse and differ widely between species (Dean et al., 2014; Helenius etal., 2001;
Moremen et al.,, 1994).

Although the ER and the Golgi apparatus are both components of the secretory
pathway, they differ fundamentally in operational principle, overall architecture, and
probably evolutionary origin as well. In the ER, most of the biosynthetic machinery faces
the cytosol and can directly use precursors, such as sugar nucleotides and amino acids
provided by cytosolic enzymes. After synthesis, the products are translocated across the
membrane into the lumen. This applies to the polypeptide synthesis that occurs on
membrane-bound ribosomes, as well as to the synthesis of phospholipids and, in part, of
dolichol precursors for N-linked glycans. In those few cases where precursors are
transported to the lumenal side, the transfer occurs almost exclusively through lipid-

linked intermediates. The ER contains a high concentration of soluble molecular
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chaperones and folding enzymes. In the Golgi apparatus, resident proteins (glycosidases,
glycosyltransferases, proteases, lectins, permeases, and transport receptors) are
membrane-bound. Therefore, the Golgi complex assembles its products on the inside
surface of the membrane, with the lumen being occupied by substrate molecules and
other cargo. The glycoprotein synthesis in Golgi makes use of soluble precursors, such as
sugar nucleotides, that are imported from the cytosol through the membrane by specific
transporters without the use of lipid-linked intermediates.

Unlike the ER, the Golgi complex does not have a rigorous system for controlling
the fidelity of its biosynthetic processes. Although lacking ER-like quality control and
degradation systems, the Golgi apparatus does not export unfinished products thanks to
its multicompartmental architecture. As substrate molecules progressively move from
the entry side (cis) to the exit side (trans) they are exposed to the full panel of modifying
enzymes before being exported.

Like protein translocation, N-linked glycosylation evidently belongs to ER
functions inherited from the prokaryotic, most likely archaeal, plasma membrane. In
archaea, N-linked glycans are synthesised in the S-layer of the cell wall. As in eukaryotes,
N-glycosylation makes use of dolichyl phosphate- and dolichyl pyrophosphate-linked
oligosaccharides. In archaea, the oligosaccharides are transferred to asparagine side
chains in the same Asn-X-Ser/Thr sequence motif that is used by the ER
oligosaccharyltransferase in eukaryotic cells. The evolutionary origin of the Golgi
complex together with its glycosylation machinery remain unclear. The sequences of
Golgi glycosyltransferases suggest homology with cytosolic enzymes responsible for the

use of sugar nucleotides, which suggests a different evolutionary origin to the ER

machinery (Helenius et al., 2001).

Legend:

Asn @ Mannose @ N-acetylneuraminic acid (NeuAg; sialic acid)
A Fucose B N-acetylglucosamine (GlcNAc)

Oligomannose Complex Hybrid O Galactose [ N-acetylgalactosamine (GalNAc)

12|

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

Figure 3. The N-linked protein glycosylation pathway. One of many possible terminal glycosylation
alternatives is shown. The number of branches generated is variable, as are the number and
identity of sugars added. Monosaccharides are added by glycosyltransferases during terminal
glycosylation to produce complex N-linked glycans. Mature glycoproteins carry a mixture of
complex glycans as well as some high-mannose glycans that have avoided terminal glycosylation.
From: Helenius et al., 2001.
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Figure 4. GlcsManosGlcNAc: structure. From: Li et al., 1978.
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1.1.1. Paucimannose N-glycans

Unconventional, immuno-centric, a- and 3-mannose epitope-rich N-glycosylation
form, termed paucimannosylation, have been recently discovered in humans.
Paucimannosylation is a common modification of proteins expressed by lower
organisms. However, recent reports indicate that higher organisms, including humans,
also produce paucimannosidic proteins (PMPs) but in a more tissue-specific and
physiology-dependent manner (Chatterjee et al, 2019). The truncated, mannose-
terminating human paucimannosidic structures usually consist of 1-3 mannose residues,
two N-acetylglucosamines, and a variable presence of fucose (Mani-3GlcNAcz2Fuco-1)
(Schachter 2009).

Although there have been a few reports on protein paucimannosylation in
vertebrates over the past decades (Hase et al., 1982; Howard et al., 1982; Mutsaers et al.,
1987; Argade et al, 1988), in general mammals have been considered to lack
paucimannose N-glycans (Sarkar et al.,, 2006; Schachter 2009; Schachter et al.,, 2011).
Until recently, paucimannose-rich N-glycosylation was thought to be limited to plants,
e.g. Arabidopsis thaliana (Zeng et al., 2018) or Lotus japonicus (Dam et al., 2013), and
invertebrates, such as Caenorhabditis elegans (Cipollo et al., 2002; Schachter 2009; Zhang
et al,, 2003) and Drosophila melanogaster (Altmann et al., 1995; Léonard et al., 2006;
Sarkar et al., 2006). While paucimannosylation was found to play an important role in the
development (Schachter et al., 2011) and immune response against bacterial pathogens
(Shi et al, 2006), its exact biological functions and effector mechanisms in these
organisms are yet to be understood. Interestingly, paucimannosidic N-glycan expression
in vertebrates has been predominantly restricted to some pathophysiological conditions,
like cancer (Chatterjee et al., 2019) but also immune disorders, infections, and
inflammation (Tjondro et al,, 2019). Elevated paucimannosylation has been observed in
human colorectal cancer epithelial cells (Balog et al, 2012), human breast cancer
epithelial cells (Lee et al., 2014), human pancreatic duct cancer cells (Zipser et al., 2012)
ovarian carcinoma (Everest-Dass et al., 2016), lung carcinoma (Wang et al., 2018), skin
carcinoma (Moginger et al., 2018), prostate carcinoma (Shah et al., 2015), glioblastoma
multiforme (Becker at al., 2019), paraganglioma (Leijon et al, 2017), in pathogen-

infected neutrophil-rich sputum derived from individuals with cystic fibrosis and upper
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respiratory tract infections (Thaysen-Andersen et al, 2015; Venkatakrishnan et al,,
2015), human buccal epithelial cells during Candida albicans infection (Everest-Dass et
al., 2012), Mycobacterium tuberculosis-infected human macrophages (Hare et al., 2017),
in exocrine ducts of inflamed mouse pancreas (Zipser et al., 2012), and kidney tissue of
mice suffering from systemic lupus erythematosus (Hashii et al. 2009). Mammalian
paucimannosidic proteins have also been associated with non-cancer-related cell
development, proliferation, and stem cell differentiation. Physiologically, PMPs occur in
human adult pancreatic stem cells (Zipser et al.,, 2012), human embryonic stem cells
(Satomaa et al. 2009), human neural stem cells (Zipser et al.,, 2012; Dahmen et al., 2015),
mouse embryonic neural stem cells (Yagi et al,, 2012) and mouse early postnatal neural
stem cells (Dahmen et al., 2015), murine synaptosomes (Trinidad et al., 2013), and rat
brain tissue (Parker et al., 2013).

Paucimannosidic glyco-epitopes were demonstrated to be specifically expressed
in mouse early postnatal neural progenitor cells (NPCs), human glioblastoma cells, and
human macrophages. It has been established that paucimannosylation is functionally
involved in the regulation of cell proliferation and differentiation in vitro and in vivo in
mouse NPCs. Paucimannose N-glycans were shown to be predominantly carried by
intracellular soluble proteins but were also present on membrane-associated (cell
surface) proteins (Dahmen et al., 2015).

The influence on cell proliferation and differentiation of the human glioblastoma
cell line A172 provided the first evidence that protein paucimannosylation might
influence tumorigenic processes (Dahmen et al.,, 2015). Further studies by Becker et al.
from 2019 have demonstrated the functional involvement of paucimannose N-glycans in
a variety of tumorigenic processes in two cell lines representing glioblastoma of different
aggressiveness, U-87 MG and U-138 MG, and in human patient tissue. Protein
paucimannosylation was found at high levels in human glioblastoma multiforme (GBM)
tissue, including infiltrated tumour cells, reactive astrocytes, and activated microglia
cells, compared to healthy tissue, and reported to play a central role in GBM progression
by inhibiting cell adhesion, proliferation, migration, and invasion of cancerous glial cells
(Becker et al., 2019). The presence of paucimannosidic structures in reactive astrocytes
and microglia in the tumour surrounding tissue is not surprising since protein
paucimannosylation has been previously implicated in inflammatory processes (Loke et

al, 2016).
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PMPs have been functionally associated with roles in innate immunity upon
secretion from activated human neutrophils, key granulocytic cells of the innate immune
system. In 2015, Thaysen-Andersen et al. were the first to document that human
neutrophils produce, store, and upon activation selectively secrete bioactive
paucimannosidic glycoproteins into sputum of pathogen-infected lungs. Significant core
fucosylation was observed for neutrophil PMPs, including azurocidin, cathepsin G,
proteinase 3, neutrophil elastase, and myeloperoxidase. The compartment-specific
assembly and storage of inflammation-associated paucimannosidic proteins were shown
to be localised in azurophilic granules of neutrophils. The azurophilic granules, also
known as primary granules, are key antimicrobial mobile organelles with a lysosome-like
character. Their granular content is presented on the cell surface or secreted into the
extracellular environment via mechanisms of regulated degranulation upon neutrophil
activation (Nauseef et al.,, 2014). Protein paucimannosylation was found to be abundant
in sputum from inflamed lungs irrespective of the infecting pathogen, disease, condition,
gender, age, and antibiotic treatment, which suggests that human paucimannose-rich N-
glycome signature is a general molecular feature of inflamed host microenvironments
undergoing pathogenic attacks (Thaysen-Andersen et al.,, 2015).

Paucimannosidic N-glycoproteins are being increasingly associated with
important extracellular functions in infection and inflammation. Interestingly,
paucimannosidic structures are presented on exposed glycosylation sites of proteins,
unlike their spatially more hidden high-mannose counterparts. Therefore, the
paucimannose-rich N-glycosylation of human neutrophil elastase (HNE) is likely to
mediate cell-cell communication with immune cells, including dendritic cells and
macrophages that are known to express mannose recognising C-type lectin receptors
(mrCLRs) with affinity to mannosylated ligands (Loke et al., 2017). The accessible nature
and the spatiotemporal expression of paucimannosidic glyco-epitopes in the
extracellular environment under certain physiological conditions are presumably the
features that immune cells, and perhaps other cell types, exploit to communicate within
the immune system.

In contrast to lower organisms where paucimannosidic structures are almost
uniquely generated through the classical ER-Golgi secretory pathway and constitute a
ubiquitous class in the N-glycome repertoire, mammals appear to use also an alternative

ER-Golgi-granule biosynthetic pathway to achieve paucimannosidic N-glycosylation
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(Fig.5). Similar to the biosynthesis of PMPs in other kingdoms, growing evidence
supports a concerted action of N-acetyl-[3-hexosaminidase (Hex) isoenzymes and linkage-
specific a-mannosidases in the production of paucimannosidic glycoepitopes in humans
via N-acetylglucosaminyltransferase I (GnT-I)-dependent pathway, and possibly also to a
lesser extent, the GnT-I-independent truncation pathway. Two mammalian Hex
isoenzymes have been associated with PMP formation: heterodimeric Hex A (aff) and
homodimeric Hex B () comprising combinations of the structurally and catalytically
similar a and {3 subunits encoded in humans by HEXA and HEXB respectively (Tjondro et
al,, 2019).

In analogy to the invertebrate system were hexosaminidases are required for the
removal of the GIcNAcB1-2 residue on the Manal-3 arm to form paucimannosidic
structures (Schiller et al., 2012), it has been speculated that vertebrate paucimannosidic
N-glycans may as well be generated from more elongated structures by (-
hexosaminidase A (Hex A) (Moriguchi et al., 2007; Schachter 2009), an enzyme usually
located in lysosomes. Some knowledge of the spatiotemporal protein
paucimannosylation is available from human neutrophils where paucimannosidic
glycoepitopes were suggested to be formed via the action of Hex A by trimming
hybrid/complex type N-glycan intermediates using biosynthetic machinery assembled
during early myeloid maturation of neutrophil precursors in the bone marrow (Loke et
al., 2017; Thaysen-Andersen et al., 2015). Surprisingly, paucimannosidic glyco-epitopes
have been only marginally detected in lysosomes of neural cells, indicating that they do
not originate from lysosomal degradation but may arise from Hex A action outside of
lysosomes. Additionally, paucimannose N-glycans could rarely be detected in the ER,
Golgi compartments, or Golgi-derived endosomes, which excludes the possibility of
uptake from the environment and intracellular recycling (Dahmen et al., 2015).

The majority of glycoproteins trafficking through the N-glycosylation machinery
at the promyelocytic stage of the neutrophil development are directed to the azurophilic
granules by vesicles budding from the cis Golgi without reaching the late N-glycan
maturation stage. Paucimannose generation follows the initial synthesis of cis Golgi-
localised fucosylated hybrid/complex glycan intermediates. Lysosomal glycoprotein
degradation, in turn, is facilitated by a suite of exoglycosidases and proteases, leaving the
released and partially degraded N-glycans without the reducing-end GlcNAcf3 and Fucal-

6 residues (Winchester 2005), contrary to the paucimannose species. Moreover, in the
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pathogen-infected sputum, the paucimannosidic glycans were conjugated to proteins
with preserved bioactivity and structural integrity. This demonstrated that the truncated
N-glycoproteins in the azurophilic granules of human neutrophils are of non-lysosomal
origin and should not be perceived as degradation products for the purpose of salvaging
monosaccharides and amino acids but rather as a cellular mechanism to generate a
depository of releasable biomolecules displaying unique glyco-epitopes and activities
(Thaysen-Andersen et al., 2015). Moreover, non-lysosomal origin and activity of Hex A
were shown earlier in plasma membranes of fibroblasts (Mencarelli et al., 2005).

The abundance of Manal-6-terminating ManzFuc structures suggests that a
linkage-specific a-mannosidase-driven trimming reaction is often the terminal
processing step, and that truncation beyond Man;Fuc may be rate-limiting in the
trimming cascade of the human paucimannosylation machinery. In turn, although still
experimentally unverified, the identity of the a-mannosidase displaying Manal-3
substrate preference to perform the final processing of human ManzFuc glycoproteins is
likely to be the lysosomal LysMan, given its appropriate substrate preference, pH
optimum and subcellular location (Tjondro et al., 2019).

The prevalent core fucosylation of the observed paucimannosidic N-glycans
indicates that PMPs are formed mainly via the GnT-I-dependent pathway since
GIcNAcf1-2-capped glycoprotein intermediates are substrates required for the Golgi-
resident a1,6-fucosyltransferase (FUT8) responsible for fucosylation of the initial GIcNAc
residue of the N-glycan core (Chatterjee 2019 et al., 2019).

However, the spatiotemporal restricted biosynthetic route of paucimannosidic
structures in cancer cells remains elusive. The short, truncated glycans observed in
cancer may result from altered expression of various glycoenzymes involved in the
glycosylation machinery. It remains to be explored if the paucimannose-generating (3-
hexosaminidases are aberrantly expressed or if their coding genes HEXA and/or HEXB

have a high prevalence for deleterious polymorphisms in GBM (Becker et al., 2019).
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Figure 5. Putative biosynthesis of paucimannose N-glycans in mammals. The early stages of the N-
glycosylation pathway are shared amongst most eukaryotes and involve an en bloc transfer of a full-
length lipid-linked oligosaccharide precursor (GlcsMansGlcNAcz) to nascent glycoproteins in the
endoplasmic reticulum. Following ER-based processing of the oligomannosidic-type N-
glycoproteins, most eukaryotes are able to produce hybrid-/complex-type glycoproteins in the
elongation pathway and/or PMPs via N-acetyl--hexosaminidase isoenzymes from GIcNAcf1-2-
terminating N-glycoprotein intermediates (GnT-I-dependent truncation pathway) and/or via
linkage-specific a-mannosidase-based truncation of oligomannosidic-type (MansGlcNAcz) N-
glycoprotein intermediates (GnT-I-independent truncation pathway). ALG, asparagine-linked
glycosylation; a-Glc, oa-glucosidase; a-Man, a-mannosidase; Asn, asparagine; FUT,
fucosyltransferase; GNT, N-acetylglucosaminyltransferase; Hex, N-acetyl-B-hexosaminidase; OST,
oligosaccharyltransferase. Adapted from: Tjondro et al., 2019.

The existence of biologically relevant (non-degraded) human PMPs that may arise
from various biosynthetic routes involving the timely expression of Golgi [-
hexosaminidases and a-mannosidases has been proposed to explain the generation of
paucimannosidic glycoproteins. PMPs have been suggested to occupy multiple
environments depending on their tissue origin and function. PMPs mainly reside and
function in the peripheral tissue or are rapidly eliminated if secreted into circulation, as
their levels are generally low in mammalian blood plasma and other bodily fluids of

healthy individuals.
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Collectively, these observations prove that paucimannosylation is a recurring
feature of mammalian protein N-glycosylation and strengthen the association between
human PMPs and immune disorders, suggesting a functional involvement of protein
paucimannosylation in processes central to infection and inflammation. Furthermore, the
occurrence of characteristic paucimannosidic structures on proteins expressed by
human cancer and stem cells indicates the involvement of human PMPs in processes
related to tumorigenesis and cellular differentiation. The intriguing recent discoveries
and the fact that paucimannosidic structures are rarely present in mammals under
baseline conditions, make paucimannose N-glycans a promising diagnostic marker of

pathophysiological states and a potential therapeutic target.
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1.2. Biological functions

Considering their ubiquitous presence and abundance in all cellular
compartments, extracellular spaces, and body fluids, glycans have numerous biological
functions mediated by their own primary structural properties, and/or by modulating
functions of proteins and lipids to which they are attached. Biological roles of glycans can
be divided into four main categories, namely structural and modulatory functions,
intrinsic (intraspecies) recognition, extrinsic (interspecies) recognition, and molecular

mimicry of host glycans (Varki 2017).
1.2.1. Structural and modulatory functions

Structural and modulatory roles of glycans include providing physical structure,
physical protection and tissue elasticity, water solubility of macromolecules, lubrication,
physical expulsion of pathogens, diffusion barriers, glycoprotein folding, protection from
proteases, modulation of membrane receptor signalling, membrane organisation,
modulation of transmembrane receptor spatial organisation and function, anti-adhesive
action, depot functions, nutritional storage, gradient generation, extracellular matrix
organisation, protection from immune recognition, effects of glycan branching on
glycoprotein function, cell surface glycan:lectin-based lattices, masking or modification
of ligands for glycan-binding proteins, tuning a range of functions, molecular functional
switching, and epigenetic histone modifications (Varki 2017).

B-Linked homopolymers of glucose, cellulose, or N-acetylglucosamine, chitin, are
among the most abundant organic molecules, providing strength and rigidity to plant and
fungal cell walls and arthropod exoskeletons, since they are very difficult to breakdown
by physical, chemical, or enzymatic means (Koch et al.,, 2015; McFarlane et al., 2014).

The dense layer of mucins that coats many epithelial surfaces such as the inner
lining of airways and intestines acts as a barrier and provides protection against the
invasion by microorganisms that live within the lumen. Disruption of this layer can have
very serious consequences and results in inflammation and carcinogenesis associated
with microbial invasion (Bergstrom et al,, 2013; Johansson et al., 2013; Lillehoj et al,,

2013; Pelaseyed et al., 2014).
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Hydrophilic and acidic glycans contribute significantly to the water solubility of
the glycosylated proteins in vertebrate internal body fluids such as blood plasma. The
exceptionally high concentration of proteins in the blood plasma (~50-70 mg/mL in
humans, carrying ~2 mM of bound sialic acids) would probably be impossible without
the heavy glycosylation (Varki 2017).

Soluble and membrane-bound mucins on the lining of hollow organs ensures
particularly efficient lubrication needed for swallowing food. In turn, in body fluids, such
as the synovial fluid in joint cavities and tear fluid in the eyes, it is the hyaluronan that
plays a critical lubricating role (Hascall et al., 2009).

Some goblet cells localised in the mouse colonic crypt entrance recognise bacterial
products which induce mucin secretion from adjacent goblet cells in the upper crypt.
This, in turn, physically expels bacterial intruders that have penetrated the protective
inner mucus layer (Birchenough et al., 2016).

Extracellular matrix glycosaminoglycans and/or heavily sialylated glycoproteins
can comprise critical diffusion barriers. As an example of this, the heavily sialylated
podocalyxin on glomerular podocyte foot processes (Ito et al.,, 2012) and heparan sulfate
glycosaminoglycans within the glomerular basement membrane (van den Born et al,,
1993) seem to play important roles in maintaining the integrity of blood plasma filtration
by the kidney.

Proteins produced and secreted via the ER-Golgi pathway can be subjected to ER
modifications such as O-fucosylation (Vasudevan et al., 2015) and 0-mannosylation (Xu
et al, 2015) that facilitates their proper folding in the ER lumen. A major fraction of such
ER-synthesised proteins may also be modified by N-linked glycosylation at Asn-X-
Ser/Thr sequons (Weerapana et al, 2006), and the large, generally hydrophilic
carbohydrate chains contribute to correct folding of nascent polypeptides emerging into
the lumen of the ER.

Highly glycosylated proteins are protected from protease cleavage probably by
steric hindrance or negative charge of the attached glycans. This effect is especially
notable for mucins carrying densely packed O-glycans (Loomes et al., 1999).

Glycosylation affects the signalling properties of the proteins to which the
carbohydrate is attached. As an example, al-6 core fucosylation of N-glycans affects
transforming growth factor (TGF) signalling. Dysregulation of TGF-1 receptor activation

leads to abnormal lung development (Wang et al., 2005). Another example may be the
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classification of the Fringe molecule as a glycosyltransferase that modifies the important
signalling protein Notch and thus modulates Notch-Delta interactions (Bruckner et al,,
2000).

Cell surface glycoprotein carbohydrates can modulate membrane domain
organisation by their bulk and charge (Wier et al., 1988). Apparently, saccharides on one
class of glycoproteins can even modulate the organisation of other classes of glycans on
other proteins present on the same cell surface (Cohen etal., 2014).

Bulky glycoproteins in the cell surface glycocalyx is a feature of malignant cells
that can indirectly aid cell adhesion and signalling. This facilitates integrin clustering by
channelling active integrins into adhesions and alters their state by applying tension to
these matrix-bound molecules. This, in turn, promotes focal adhesion assembly and
assists integrin-dependent growth factor signalling to support cell growth and survival.
Therefore, the bulky glycocalyx is thought to favour metastasis by mechanically
enhancing cell surface receptor function (Paszek et al., 2014).

Hyaluronan and polysialic acid are large acidic polymers that can inhibit cell-cell
and cell-matrix interactions by both bulk and negative charge. These antiadhesive
functions are particularly prominent during phases of development when cell migration
is very active (Varki 2017).

Hydrophilic glycans on cell surfaces and extracellular matrices are able to attract
and organise water molecules (Espinosa-Marzal et al., 2013). Beyond retaining water and
cations, extracellular matrix glycosaminoglycans and polysialic acid can act as depots for
growth factors and other biomolecules, which can be stored locally and released when
needed, e.g., during injury and wound healing (Varki 2017).

Polymeric glycans like glycogen in animal cells and starch in plant cells serve as
long-term storage of glucose as an energy source.

By binding to extracellular matrix glycosaminoglycans, such as heparan sulfate,
gradients of growth factors can be generated. This organisation of growth factors by
glycosaminoglycans support the morphogen gradients that are crucial during
development (Inatani et al., 2003; Schwartz et al., 2014).

In vertebrates, large glycan polymers such as sulfated glycosaminoglycans and
hyaluronan, are the main components of the extracellular matrix. These polymers,
together with specific proteins, are capable of self-arrangement into larger aggregates to

produce structures like basement membranes and cartilage (Aspberg 2012; [ozzo 2005).
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The adaptive immune system of vertebrates functions mostly by direct
recognition of foreign peptide sequences by the B cell surface Ig receptors and their
incorporation into the major histocompatibility receptors for T-cell receptor
presentation (Elgert 2009). An attached saccharide can attribute novel specificity to
recognition (Galli-Stampino et al, 1997) with larger glycans generally obstructing
peptide loading and/or T-cell receptor recognition. This explains a common immune
escape strategy of enveloped viruses whose surface glycoproteins tend to be very heavily
glycosylated. Sometimes, such protective glycosylation can become so dense that it
generates unique clustered epitopes recognised by specific antibodies, such as that seen
on the surface of the HIV virion (Garces et al,, 2014).

The N-linked glycans on cell surface glycoproteins can have varying degrees of
branching. The number of N-glycans and their degree of branching can collaborate to
regulate cell proliferation and differentiation (Lau et al.,, 2007), as well as thymocyte
positive selection (Zhou et al., 2014). Glycan branching is specifically upregulated in T-
cell activation and malignant transformation (Lau et al., 2008).

The glycocalyx on the surface of vertebrate cells contains self-organising ordered
lattices of glycans and lectins (Bhattacharyya et al., 1989). The formation of galectin-
mediated lattices within the glycocalyx alter interactions between cell surface molecules,
also affecting their rates of clearance from the cell surface by endocytosis (Dennis et al.,
2009; Garner et al., 2008).

Modifications of monosaccharides and/or specific monosaccharides themselves
can act as biological masks that prevent the recognition of the underlying glycan by
specific glycan-binding proteins. A classic example is the 0O-acetyl modifications of
terminal sialic acid which can block the binding of some influenza viruses (Muchmore et
al,, 1987; Schauer 1985).

The nature, size, number, extent of branching, and degree of sialylation of N-
glycans may generate numerous glycoforms of a single polypeptide, such as
erythropoietin (Yuen et al., 2003), and can modulate the activity of such protein over a
range of function, by affecting its interaction with its cognate receptor, and also by
altering the rate of clearance from the circulation.

0-GlcNAc modification of nuclear and cytoplasmic proteins has been shown to be
a multifunctional molecular switch, which can work with, or in competition against,

Ser/Thr phosphorylation, altering the functions of a wide variety of modified proteins
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and affecting numerous physiological and pathological processes (Hart 1997; Hart et al,,
2011). Another classic example of molecular functional switching is the modulation of
IgG effector functions by subtle changes in the structural features of N-glycans present in
the IgG-Fc region (Chung et al,, 2014). Incomplete galactosylation of N-glycans has been
associated with chronic inflammatory diseases (Rademacher et al., 1994). Furthermore,
there are well-defined effects of IgG-Fc glycan core fucosylation on antibody-dependent
cellular cytotoxicity (Peipp et al., 2008). Sialylation of a minor fraction of the IgG-Fc N-
glycans, in turn, seems to convert the I[gG molecule into an inflammation inhibitor (Quast
etal, 2015).

The addition of O-GIcNAc residues to histone proteins surrounding chromosomal
DNA is a key component of the histone code that regulates gene expression. O-
GIcNAcylation targets key transcriptional and epigenetic regulators including RNA
polymerase I, histones, and histone deacetylase complexes. O-GlcNAc cycling is thought
to serve as a homeostatic mechanism linking nutrient availability to higher-order
chromatin organisation. Evidence suggests that 0-GlcNAcylation can also influence X
chromosome inactivation and genetic imprinting (Hardivillé et al,, 2016; Lewis et al,,

2014),
1.2.2. Intrinsic recognition of glycans

Intrinsic (intraspecies) recognition of glycans includes intracellular glycoprotein
folding and degradation, intracellular glycoprotein trafficking, triggering of endocytosis
and phagocytosis, intercellular signalling, intercellular adhesion, cell-matrix interactions,
fertilisation and reproduction, clearance of damaged glycoconjugates and cells, glycans
as clearance receptors, danger-associated molecular patterns, self-associated molecular
patterns, antigenic epitopes, and xeno-autoantigens (Varki 2017).

Eukaryotic N-linked glycans promote the proper folding of newly synthesised
polypeptides in the ER. This adaptation allows cells to produce and secrete larger and
more complex proteins at higher levels. It also explains why the addition of N-linked
glycans must occur cotranslationally in the ER before the folding process has begun.
When glycosylation is inhibited, the most commonly observed effect is the generation of

misfolded, aggregated proteins that fail to reach a functional state. The importance of the
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added glycans varies between proteins and depends on the physiological context. Some
proteins are completely glycan-dependent, some are partially dependent, whereas many
display no dependence at all. Studies indicate that although an N-linked glycan does not
induce permanent secondary structure of the peptide, it alters the conformational
preferences close to the glycosylation site, resulting in more compact conformations. The
presence of oligosaccharides has a significant stabilising effect on the folded glycoprotein
(Imperiali et al., 1999; Wormald et al., 1999).

The most important indirect effect of glycans on folding involves a unique
chaperone system named the calnexin-calreticulin cycle prevalent in the ER of nearly all
eukaryotic cells. The membrane-bound calnexin (CNX) and soluble calreticulin (CRT) are
homologous ER lectins that transiently bind to all newly synthesised glycoproteins
(Fig.6). Calnexin and calreticulin interact with the glycan moieties of substrate
glycoproteins after they have been trimmed by glucosidases I and II to the
monoglucosylated form GlciManog.sGlcNAcz. CNX and CRT form a complex with ERp57, a
thiol oxidoreductase. When the remaining third glucose residue is trimmed by
glucosidase II, the complex dissociates. If the glycoprotein is not properly folded at this
point, the oligosaccharides are reglucosylated by the ER uridine diphosphate (UDP)-
glucose:glycoprotein glucosyltransferase (GT), and the protein reassociates with the CNX
and CRT. The cycle is repeated until the protein is either folded or degraded. Substrate
recognition by GT is triggered not by a specific signal sequence but by general biophysical
properties common for incompletely folded glycoproteins, such as exposed hydrophobic
patches or excessive dynamic mobility. By recognising the folding status, GT forces
misfolded conformers to remain in the calnexin-calreticulin cycle. The correctly folded
glycoproteins are no longer recognised by GT and are allowed to leave the ER to proceed
further in the secretory pathway. For many glycoproteins, the interaction with calnexin,
calreticulin, and ERp57 slows down the rate of folding but increases its efficiency. The
calnexin-calreticulin cycle promotes correct folding, inhibits aggregation of folding
intermediates, blocks premature oligomerisation, regulates ER degradation, and
provides quality control by preventing incompletely folded glycoproteins to exit the ER
and enter the Golgi complex (Hammond et al., 1994; Hebert et al., 1995; Helenius et al,,
1997; Parodi et al., 2000; Zapun et al., 1999).

Integral membrane, lumenal, and secretory proteins are synthesised on

ribosomes attached to the cytosolic side of the ER. The folding and assembly of these
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proteins, as well as a variety of post-translational modifications, occur within the ER.
Furthermore, the ER functions as a sorting department in which the fate of newly
synthesised proteins is determined. Trimming of the N-linked glycans by ol-2
mannosidase I plays a key role in the sorting process leading to selective glycoprotein
degradation in the ER. ER-al-2 mannosidase I cleaves a single a1-2-linked mannose
residue from the a1-3 branch of the core oligosaccharide delivering a Glco.sMangGlcNAc:
residue, If a glycoprotein fails to completely fold or assemble to reach its native
conformation in the ER, the resulting Mang structure serves as a part of the signal
triggering the elimination of the glycoprotein by ER-associated degradation (ERAD).
However, removal of the mannose is apparently not sufficient as most well-folded
proteins are mannose-trimmed before leaving the ER. Considering that mannosidase is
relatively slow-acting, it has been suggested that it acts as a molecular clock that regulates
the disposal of misfolded glycoproteins and grants protection against premature
degradation to the most recently synthesised glycoproteins. ERAD is a highly efficient
quality-control system which guarantees that only properly folded proteins and correctly
assembled subunits of protein complexes are generated. The existence of an aggressive
proteolytic apparatus in the ER causes cells to transport proteins destined for
degradation to the cytosol, where they are ubiquitinated. The polyubiquitinated
substrates are then recognised and eliminated by the 26S proteasome complex, instead
of using a lumenal degradation system that might endanger protease-sensitive folding
intermediates. The available data suggest multiple, parallel pathways leading to
glycoprotein degradation, with mannosidase I-dependent ERAD system as one of the
most distinct sorting criteria (Avezov et al., 2008; Jakob et al., 1998; Plemper et al., 1999;
Tokunaga et al., 2000; Wang et al., 2000). Notably, O-GlcNAcylation of nucleocytoplasmic
proteins can also occur cotranslationally, protecting nascent polypeptide chains from
premature degradation by decreasing cotranslational ubiquitinylation (Zhu et al., 2015).

ERGIC-53 (ER-Golgi intermediate compartment 53 kDa protein) and VIP36 (36
kDa vesicular integral membrane protein) are mannose-specific transmembrane
proteins with a luminal domain that operate in the early secretory pathway and the Golgi
complex. These L-type lectins sharing homologous carbohydrate recognition domains
(CRDs) with structural resemblance to leguminous lectins, serve as cargo (correctly

folded protein) receptors for transporting certain N-linked glycoproteins in the secretory
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pathway in animal cells (Hauri et al,, 2000; Satoh et al,, 2014; Tannous et al,, 2015;
Yamamoto 2014).

A variety of cell surface receptors recognising terminal glycans can trigger the
uptake of molecules (endocytosis), particles (phagocytosis), or even intact cells. The
classic example is the asialoglycoprotein receptor of hepatocytes and the mannose
receptor of macrophages. The asialoglycoprotein receptor recognises and binds to
exposed [3-linked galactose residues on desialylated glycoproteins to rapidly clear them
away in the liver (Ashwell et al, 1982). In the cis-Golgi compartment, a resident
membrane UDP-GlcNAc:lysosomal enzyme N-acetylglucosamine-1-phosphotransferase
specifically modifies N-glycan moieties in lysosomal hydrolases by adding GIcNAc-
phosphate to the C6 hydroxyl of terminal or subterminal mannose residues. Among all
the cargo coming from the ER, the phosphotransferase recognises the lysosomal enzymes
in a conformation-dependent manner, modifying only the folded forms of the substrate
glycoproteins. This recognition requires critically spaced lysine residues at the surface of
the enzyme. After the removal of the GIcNAc, the remaining mannose-6-phosphate group
is recognised by mannose-6-phosphate receptors (M-6-P receptors) in the trans-Golgi
network (TGN), namely the cation-dependent M-6-P receptor (CD-MPR) and insulin-like
growth factor II/cation-independent M-6-P receptor (IGF-1I/CI-MPR). Their role is to
isolate lysosomal enzymes in the TGN by associating with one or more of the
oligosaccharides and escort them via clathrin-coated vesicles to endosomes. The acidic
medium in the lysosomes promotes dissociation of the Man-6-P-hydrolase complex,
whereupon the receptor returns to the TGN for recycling (Hauri et al., 2000; Helenius et
al, 2001; Wiederschain 2013; Yamamoto 2014). Such recognition processes may be
critical not only for providing antigens to process and present to T cells but also for
clearing away damaged glycoconjugates and cells (Varki 2017).

A well-established example of intercellular signalling in vertebrate systems is
represented by hyaluronan fragments released during injury that can be detected by Toll-
like receptors (TLRs), and therefore triggering hostimmune responses (Jiang et al., 2011;
Taylor et al., 2004).

A family of cell adhesion molecules, selectins, are critical for leukocytes rolling on
endothelium prior to their exit from the circulation (Spertini et al., 1991). Selectins
recognise a common motif consisting of sialylated fucosylated glycans (Cummings et al.,

1992; Kansas et al,, 1996; Varki 1994). The selectin-mediated cell adhesion is vital for

28 |

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

cell-cell interactions of leukocytes, platelets, and endothelial cells (McEver 1991; Tedder
et al, 1995). Another classic example of Intercellular adhesion is the role of myelin-
associated glycoprotein (MAG, Siglec-4) in mediating key interactions between neurons
and glia, a process critical for maintaining the stability of the myelin sheath that insulates
axons (Sun et al,, 2004).

Evidence for critical matrix interactions with cell surface glycans is present in the
variety of muscular dystrophies resulting from altered glycosylation of the a-
dystroglycan ligand for major matrix proteins such as laminin (Haliloglu et al., 2004).
Another example is the hyaluronan matrices synthesised by stressed cells recruiting
inflammatory cells that are first steps in many pathological processes (de La Motte et al.,
1993).

Glycan-recognition processes are a critical part of many sperm-egg interactions
(Clark et al.,, 2014), including the migration of sperm to the site of fertilisation (Tecle et
al, 2015). Sperm carrying non-species-specific glycan antigens are destroyed by
circulating antibodies that can enter the uterine fluid (Ghaderi et al., 2011). In mammals,
glycans and glycan-binding proteins are involved in the processes of implantation
(Genbacev et al., 2003) and placental functions (Brinkman-Van et al., 2007).

Innate immune cells recognise glycans released from damaged tissue, such as
hyaluronan fragments (Jiang et al., 2011) and some matrix proteoglycans (Moreth et al.,
2010), as danger-associated molecular patterns (DAMPs) and activate innate immune
inflammatory responses.

It has been proposed that glycans could also act as self-associated molecular
patterns (SAMPs) (Varki 2011), being recognised by intrinsic inhibitory receptors to
maintain the baseline non-activated state of innate immune cells, and to dampen their
reactivity following an immune response. A clear example of glycan-based SAMPs is the
inhibitory Siglec recognition of cell surface sialoglycans, which may also provide a
mechanism for the host to discriminate between non-infectious self and infectious non-
self (Chen et al., 2014). Sialoglycan recognition by factor H can blunt immune responses
by inhibiting the alternate pathway of complement activation (Blaum et al., 2015).

Intra- and interspecies variations in glycosylation can result in strongly antigenic
epitopes, as in the case of ABO blood group polymorphisms (Storry et al, 2009). A
significant fraction of circulating immunoglobulins found in humans is directed against

foreign glycan antigens. Changes in the levels of anti-glycan antibodies can occur with the
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onset of disease, exposure to pathogens, or vaccination (Muthana et al,, 2015). Glycan
motifs like a-Gal and Neu5Gc represent the major xenoantigens that must be bypassed
when attempting xenotransplantation in humans (Lutz et al., 2013).

The non-human sialic acid Neu5Gc can become metabolically incorporated from
dietary sources, such as red meat, and appear on the surface of certain human cells as if
it was synthesised by the individual. These “xeno-autoantigens” are recognised by pre-
existing circulating “xeno-autoantibodies”. The resulting “xenosialitis” is suggested as
one mechanism for the epidemiological association between red meat consumption and
the exacerbation of some common disease states, such as atherosclerosis and carcinoma
(Alisson-Silva et al.,, 2016; Samraj et al., 2014).

The limiting membrane of lysosomes contains a collection of highly glycosylated
membrane proteins, the most abundant of which are the homologs LAMP-1 and LAMP-2.
Each of them contains up to twenty N-linked glycans, that occur in sufficient
concentrations to form a continuous carbohydrate coat over the luminal surface of the
lysosomal membrane. These glycans serve as protection against degradation by

lysosomal proteases (Helenius et al., 2001).
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Figure 6. The calnexin-calreticulin cycle. From: Helenius et al., 2001.
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1.2.3. Molecular mimicry of host glycans

Microorganisms have evolved to achieve molecular mimicry of host glycans using
numerous mechanisms among which the most prominent are the convergent evolution
of host-like glycans and appropriation of host glycans.

Most cases of glycan molecular mimicry by pathogens seem to involve convergent
evolution of pre-existing pathogen biosynthetic pathways or de novo generation of
functional genes. Group B Streptococcus polysaccharides display identity to specifics of
host glycan structure, such as the Neu5Aca2-3Galf1-4GlcNAcB1-, which perfectly
matches the structure of N-glycan antennae on many human glycoproteins (Michon et al.,
1988). Another example is the Campylobacter species that carry out near-perfect
mimicking of complex brain ganglioside glycans allowing them to imitate endogenous
SAMPs and down-regulate innate immune responses by engaging the inhibitory Siglecs
(Carlin et al., 2009).

Following the example of sialic acids, the mechanisms of appropriation of host
glycans range from simple acquisition of host sialoglycans (Khatua et al., 2012) to the
direct transfer of host sialic acids by trans-sialidases (Freire-de-Lima et al., 2015), to the
highly efficient uptake of the small amounts of environmental free sialic acids (Johnston
et al,, 2007), or even the direct utilisation of trace amounts of CMP sialic acid present in
host body fluids (Parsons et al.,, 1988). In addition to acting as SAMPs recognised by
Siglecs or limiting complement activation via factor H recruitment, such terminal sialic

acids also serve to mask antibody recognition of underlying structures.

31 |

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

2. Antibodies

Vertebrates possess two types of adaptive immunity based on the components the
immune system uses to mediate immunity, namely humoral immunity and cell-mediated
immunity (Fig.7). Humoral immunity is mediated by antigen-specific blood proteins
named antibodies. Antibodies are secreted only by plasma cells, the daughter cells of
bone marrow-derived B lymphocytes. Humoral immunity protects against circulating
extracellular antigens such as bacteria, microbial exotoxins, and viruses in their
extracellular phase since antibodies interact with circulating antigens but are unable to
penetrate living cells. Cell-mediated immunity is mediated by antigen-specific cells called
thymus-derived lymphocytes. There are at least two main subpopulations of T cells,
namely T helper cells (Tx) and T cytotoxic cells (Tc). Cell-mediated immunity protects
against intracellular intruders, such as viruses, participates in the defence mechanism
against cancer, and plays an important role in transplant rejection. Activated, antigen-
specific B and T lymphocytes are referred to as effector cells. B cell-derived plasma cells
act as effector cells by producing antibodies, while Ty cells release communication
molecules (cytokines) and T¢ cells kill target cells. Both humoral and cellular immune
responses are evoked and cooperate during an antigenic attack, although one of them
predominates depending on the challenge.

Antibodies belong to a family of globular proteins named immunoglobulins (Ig).
They are recognition proteins found in serum and other body fluids of vertebrates that
bind specifically to the antigens that induce their formation. In the late 1950s and early
1960s, Rodney Porter of Great Britain and Gerald Edelman of the United States elucidated
the chemical structure of antibodies. Edelman’s and Porter’s approaches to the
characterisation of the immunoglobulin G (IgG) molecule were different. Edelman
defined IgG molecules using chemical solvents, whereas Porter employed protein-
degrading enzymes. Our understanding of antibody structure draws from both of the
methods and results. Porter and Edelman shared the 1972 Nobel Prize in Medicine for

their structural studies of antibodies.
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Figure 7. The two types of adaptive immunity: humoral and cell-mediated. From: Elgert 2009.

IgG is used as the prototype antibody to explain the basic structure of all
antibodies (Fig.8). The molecular weight of an IgG molecule is ~150 kDa and consists of
two Fab fragments (antigen-binding) and one Fc fragment (crystallisable). In an intact
molecule, the Fab region binds the antigenic determinant (epitope), whereas the Fc
region determines the biological properties of the immunoglobulin, such as serum half-
life, interaction with cellular Fc receptors, and the ability to activate complement. The
larger antibody subunit (50 kD) is called heavy chain (HC) and the smaller subunit (23
kD) is referred to as the light chain (LC). Each chain consists of a large region that is
constant in different types of antibodies, even from unrelated species, and a similar-sized
region that is highly variable. The constant region (C) in the carboxyl-terminal end of the
chain consists of an amino acid sequence that is almost identical among the majority of
immunoglobulins. The opposite amino-terminal end of the chain shows great variability
in amino acid sequences and is called the variable (V) region. This demonstrates that
antibodies binding different ligands must have different V light (VL) and V heavy (VH)
regions. Because the amino acid sequence dictates the three-dimensional structure of a

33| Page

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

protein, the unique sequence of amino acid residues for each V region leads to the
enormous structural diversity, which accounts for the antibody specificity. The variability
of the aminoacid sequences in the variable regions is not random but precisely organised.
It is localised within certain sections of the variable region of a chain, with the sections
having substantial sequence variation from immunoglobulin to immunoglobulin. The
greatest variability in the light chain is around residues 28-34, 50-56, 89-97, and around
31-35, 50-65, 95-102 for the heavy chain. These areas are called hypervariable regions
or complementarity-determining regions (CDRs), and moving from the amino-terminal
end they are referred to as CDR1, CDR2, and CDR3. Each CDR is about 10 amino acid
residues long. Intervening sequences between the CDRs have restricted variability and
show little difference in amino acid sequence between chains. These invariant segments
make up the framework residues which equal approx. 85% of the variable region. The
variable region folds so that the CDRs are exposed on the surface of the immunoglobulin
chain. When the light and heavy chains are joined, the CDRs form a cleft that serves as the
antigen-binding site of the antibody. Since the amino acid sequences of the CDRs
determine the shape and ionic properties of the antigen-binding site, the CDRs are the

ones that define the specificity of an antibody (Elgert 2009).

Disulphide
bond

Fc region
Fc region

C3

Figure 8. Immunoglobulin G1 structure. Adapted from: Beck et al., 2010.
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The numerous possible combinations of available monosaccharides, variable
linkages, branching, and lengths, together with a high degree of flexibility of many
glycans, require antibodies to use a variety of strategies for carbohydrate recognition.
The majority of the observed immunoglobulin diversity stems from the formation of
nascent B lymphocytes, where the genes encoding the VH and VL domains are
constructed from a limited repertoire of inherited gene segments. These consist of V
(variable), D (diversity) and J (joining) gene segments for the heavy chain, and V]
segments for the light chain that are located on a separate chromosome and can be either
k or A type (Fig.9). The recombination events can be quite variable, and substitutions are
often incorporated between the gene segments that result in either productive or non-
productive immunoglobulins. V(D)] recombined genes encoding VH and VL domains are
further paired with constant gene segments. Following translation, the antibody
polypeptides are modified at glycosylation sites, particularly in the constant regions
where these carbohydrate moieties are involved in modulation of effector functions
(Haji-Ghassemi et al., 2015).

Edelman showed that each antibody chain has a tandem series of repeating
homology units of approx.110 amino acid residues in length called immunoglobulin
domains, which fold independently into a compact globular structure. The light chain of
IgG has two domains, VL and CL. The heavy chain of IgG has four domains, one VH and
three in the CH region; CH1, CHZ, and CH3. The heavy-chain V unit shows similarity to the
V part of the light chain, while the three C-region units show strong homology to each
other and the C region of the light chain. When heavy and light chains are brought
together to form an IgG molecule, extensive noncovalent interactions occur between VL
and VH, CL and CH1, CH2 and CH2, and CH3 and CH3 domains. Antibodies demonstrate
segmental flexibility, which means that the two Fab portions can move relative to one
another upon antigen binding. The angle varies from 60 to 180 degrees. This flexible
region where the arms meet the stem is called the hinge region and is located between
the CH1 and CHZ domains. The proline-rich hinge region is responsible for the rotational

flexibility of the Fab domains.
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Figure 9. The origin of antibody diversity. From: Elgert 2009.

Humans express five antibody classes, namely IgG, IgA, IgM, IgD, and IgE (Fig.10),
which differ in their physicochemical (charge, size, and solubility) and serologic
properties (in vitro reactions with antigens). Human IgG has four subclasses, named IgG1,
IgG2, 1gG3, and IgG4, numbered according to their serum concentrations. Two subclasses
have also been identified for human IgA: IgA1 and IgA2

IgG (150 kDa), primarily induced by protein antigens, constitutes about 80% (12.5
mg/mL) of serum antibodies. The four polypeptide chains, two heavy and two light, are
covalently held together by disulphide bonds. The four IgG subclasses have 90-95%
identity with each other in the C-region domains. The main distinguishing characteristic
among the four IgG subclasses is the pattern of interchain linkages in the hinge region.
The heavy chain is made up of four domains, one in the variable region and three in the
constant region. On the CH2 domain, at position Asn-297, of all IgG heavy chains, a

carbohydrate that controls the quaternary structure of this domain is attached. IgG is the
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main antibody found in the blood. Nevertheless, it is able to penetrate tissue spaces and
coat antigens (opsonisation), which accelerates antigen phagocytic uptake by
macrophages and neutrophils and promotes killing by immune cells. IgG is the only
antibody class that can cross the placental barrier since only the CH1 and CH3 domains
of the IgG heavy chain can bind to placental cells. The human foetus and newborns have
limited immune responses. Mechanisms of acquired immunity are not at full strength
until some time after birth. The maternal IgG consequently provides some degree of
immune protection to the developing foetus. These molecules also are secreted into the
mother’s milk and, once they have been ingested by an infant, can be transported into the
blood, where they confer immunity.

IgA (160 kDa subunit) constitutes 13% (2.1 mg/mL) of human serum antibodies
but is the predominant class found in extravascular secretions, where it acts as the first
line of defence against pathogens invading the entrances of the body. The IgA present in
secretions, such as tears, saliva, nasal secretions, bronchial and digestive tract mucus, and
mammary gland secretions, is referred to as secretory IgA. Maternal IgA present in breast
milk neutralises pathogens in the infant’s gut. IgA1 is the most widespread form in serum,
but IgA2 is slightly more prevalent in secretions. The heavy chain is made up of one
variable domain and three constant domains. IgA occurs as a dimer joint by a joining
chain, a 15 kDa polypeptide consisting of 129 amino acid residues. It is synthesised by
plasma cells and attached to IgA, or IgM, either before or at the time of secretion. The ]
chain attaches to the carboxyl-terminal penultimate cysteine via disulphide bridges to
stabilise the multimeric structure of the heavy chain. Dimeric IgA binds to the blood side
of the epithelial cells through Fc receptors. Bound IgA is internalised and moves through
the cytoplasm of the epithelial cells.

IgD (175 kDa) constitutes less than 1% (40 mg/mL) of human serum antibodies.
The constant region of the heavy chain is divided into three domains and consists of 383
amino acid residues. The hinge region contains 64 amino acid residues and is longer than
in any other antibody class. IgD is an antibody whose function remains unknown, even
though it is one of the main receptors on antigen-naive mature B cells. As B cells develop,
IgD is replaced by other immunoglobulins. IgD is thought to be a regulator of immune

responses through its role in antigen internalisation and antigen-triggered B cell growth.
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IgE (190 kDa) makes up less than 0.003% (0.4 mg/mL) of human serum
antibodies. The heavy chain contains four C-region domains. IgE binds through its Fc part
to mast cells or basophils. On subsequent exposure to the same antigen, mast cells and
basophils bind the antigen with membrane-bound IgE and trigger allergic reactions. IgE

protects against parasites by releasing mediators that attract eosinophils (Elgert 2009).

(d) IgA (dimer) (e) IgM (pentamer)

Figure 10. Immunoglobulin classes. From: https://microbenotes.com/antibody-introduction-
structure-and-classes/
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2.1. Immunoglobulin M

I[gM (190 kDa subunit), primarily induced by polysaccharide antigens, is the
largest antibody. Secreted IgM is a 950 kDa pentamer that makes up approx. 8% (1.25
mg/mL) of human serum antibodies. The five monomeric molecules are arranged
radially, with the Fab regions pointing outward and the Fc portions pointing to the centre
of the circle (Fig.11). The IgM heavy chain consists of 576 amino acid residues, with 452
making up the C region. The heavy chain has four C-region domains with interchain
disulphide bridges occurring in the CHZ, CH3, and CH4 domains at Cys-337, Cys-414, and
Cys-575, respectively (Fig.12). Light chains are attached to Cys-136 in the CH1 domain.
The CHZ domain of the heavy chain is equivalent to the hinge regions as only IgG, IgA, and
IgD molecules have hinge regions. The lack of a hinge region confers a more rigid
structure on IgM compared to other immunoglobulin classes. The heavy chains of IgM
and IgA possess additional ~18 amino acid residues on the carboxyl-terminal end of the
CH4 domain. These areas, called tail pieces, permit immunoglobulin interactions and
multimeric molecules formation. The polymerisation of IgM requires Cys-575 located on
the tail piece. In contrast to the Ig domains, the tail piece has no defined secondary or
tertiary structure. Multimeric IgM also bears a polypeptide joining chain, which is
disulphide-linked to the tail pieces and stabilises the multimeric structure. The ] chain is
attached via Cys-14 and Cys-68 to the penultimate amino acid of two heavy chains in
pentameric IgM (Cys-575). In the absence of a ] chain during polymerisation, cells secrete
solely hexameric IgM (Fig.12). The ] chain also binds to the poly-Ig receptor, which
mediates epithelial transcytosis (Akhouri et al,, 2016; Arnold et al., 2005; Casali 1998;
Hiramoto et al., 2018; Li et al., 2020; Miiller et al.,, 2013).

There are five N-linked glycosylation sites on the heavy chain. Asn-171, Asn-332,
and Asn-395 are occupied by complex glycans, whereas Asn-402 and Asn-563 are
occupied by oligomannose glycans. The | chain contains a single N-linked glycosylation
site at Asn-48. The glycans in these sites terminate predominantly in sialic acid and
galactose, but a small population terminates in GlcNAc or mannose. The light chains
contain no conserved N-linked glycosylation sites. The carbohydrates enhance the

solubility of IgM in aqueous solutions and stabilise their tertiary structure by preventing
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their aggregation. Glycosylation is crucial for IgM secretion and B cell surface

presentation (Arnold et al., 2005; Li et al., 2020).

@ Cysd414
@ Cys575

U J chain

Figure 11. Schematic representation of the conventional pentameric IgM model, a star-shaped
symmetric pentagon. The disulphide bonds are depicted in black connecting Cys414 on the CH3
domains and Cys575 on the tail pieces. Adapted from: Hiramoto et al., 2018.
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Figure 12. Schematic representation of hexameric (left) and monomeric (right) IgM structures.
Heavy chains are depicted in blue and light chains in orange. Green circles indicate glycosylation
sites. Red lines represent intersubunit disulphide bridges. The cysteine residues form interdomain
disulphide bridges between the CH2 domains (C337) and covalently link the IgM hexamer in CH3
(Cys414) and the C-terminal tail piece (tp) (C575). From: Miiller et al., 2013.
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IgM is the first line of defence during an immune response to infection (from
bacteria, virus, fungi, and parasites) and altered/malignant self-components (e.g. cancer
cells) by mediating agglutination reactions, which highlights its role in maintaining
immune homeostasis (Fig.13). IgM is the first antibody to be formed by a developing
foetus. Early IgM antibodies are secreted before B cells have undergone somatic
hypermutations and therefore tend to be of low affinity. To compensate for the reduced
binding efficiency of the monomers, IgM forms multimers whose multiple antigen-
binding sites confer high overall avidity. Because of its many antigen-binding sites, IgM
can quickly clump antigens and directly neutralise them or induce the complement
opsonisation of pathogens or apoptotic host cells leading to clearance by phagocytosis
without causing an overexuberant inflammatory response. However, hexameric IgM is
twenty times more efficient at activating the complement cascade compared with the
pentameric form. [gM complement activation is attributed to complement protein C1q
binding. The charged residues Asp-417, Glu-418, and His-420 in the CH3 domain of IgM
have been proposed as the binding site for C1q. Deficiency in either IgM or the early
complement components C1, C4, or C2 causes failure in silent clearance and is strongly
linked to autoimmune diseases, such as systemic lupus erythematosus (Boes 2000; Casali
1998; Kaveri et al., 2012; Lintner et al., 2016).

The initial result in nascent B lymphocytes is IgM glycoprotein of a specific
sequence. Each B lymphocyte display multiple copies of its particular membrane-bound
antibody and IgM in its monomeric form acts as one of the main receptors on the surface
of mature B cells, along with IgD. The membrane form of IgM has a different carboxyl-
terminal end and is made up of 41 additional amino acid residues, 25 of which form a
highly hydrophobic transmembrane segment followed by hydrophilic amino acid
residues (Casali 1998; Elgert 2009).

Electron microscopy studies have revealed that considerable conformational
changes occur in the I[gM pentamer upon antigen binding. In solution, I[gM complexes may
adopt large stellate structures but upon binding to surface-exposed antigens take the
form of staple-like arrangement (Sharp et al., 2019). The widely accepted conventional
structural model of pentameric IgM is primarily based on negative-stain electron
microscopy (EM) images (Feinstein et al., 1969; Davis et al., 1988), which suggested a
star-shaped, symmetric pentagonal structure. More recently, in 2009, Czajkowsky et al.

have proposed an improved three-dimensional model based on analysis from cryo-
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atomic force microscopy demonstrating that the IgM pentamer is a non-planar,

mushroom-shaped molecule with a flexural bias.

Natural IgM
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Figure 13. IgM regulates the tissue homeostasis and acts as the firstline of defence against invading
pathogens by shaping the subsequent immune response. The role of IgM in tissue homeostasis is
the activation of complement pathways and prevention of inflammation, autoimmunity, and
malignancy. These functions include recognition of apoptotic cells and promoting their clearance
by phagocytic cells such as dendritic cells (DCs) and macrophages (MO), clearance of altered or
malignant cells or misfolded proteins, and regulation of the disease-associated IgG and B cell clones.
IgM can confer protection against invading pathogens through their direct neutralisation,
activation of classical complement pathways, opsonisation of pathogens and phagocytosis by DCs
and MO, and transportation of antigens to lymphoid organs for initiating the immune responses by
innate immune cells. In addition, nIgM can also regulate the immune response to pathogens by
influencing the T cell polarisation and B cell class-switch. From: Kaveri et al., 2012.
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2.2. Mannitou antibody

Mannitou is a monoclonal IgM of murine origin, previously termed Laz6-189, that
was raised against a specific 130 kDa glycoprotein from leech central nervous system
(CNS) (Bajt et al,, 1990; Flaster et al., 1983; Zipser et al., 1981). Mannitou antibody has
been characterised as being able to specifically recognise the trimannosidic
paucimannose glycoepitopes (Zipser et al., 2012).

Using indirect immunohistochemistry anti-paucimannosidic Mannitou antibody
was employed to inspect the paucimannosidic N-glycosylation in mouse and human
tissues. Compared to controls, Mannitou antibody stained all tumour tissues available for
analysis, namely human metastatic brain adenocarcinomas, pancreatic adenocarcinoma,
lymphomas, and carcinomas of the breast, colon, kidney, liver, ovary, and prostate, as well
as human adult pancreatic stem cells and the exocrine ducts of the inflamed mouse
pancreas. The cytological localisation of paucimannose was studied in colon carcinoma
where Mannitou stained both, intracellular and extracellular granular structures.
Intracellularly, paucimannose was associated with vesicles congregated at the apical
surface of epithelial cells that represent exocytotic vesicles with similar structures found
in the extracellular space, specifically within the colonic ducts. The human pancreatic
duct cancer cell line Panc-1 also exhibited strong staining for paucimannose both
intracellularly and on the cell surface (Zipser et al., 2012).

The paucimannose-specific Mannitou antibody can modulate cell functions as it
was demonstrated to inhibit the proliferation of NPCs in vivo. Detection with specific
secondary antibodies revealed that Mannitou was incorporated into live human
glioblastoma A172 cells and its staining was comparable with that of paucimannose
structures. The inhibitory effect of Mannitou might, therefore, be attributed to
downregulation or blocking of paucimannosidic glycoepitopes at the cell surface.
However, an intracellular action of Mannitou after its internalisation cannot be excluded.
Nevertheless, cell viability was not affected by the Mannitou application in vitro (Dahmen
etal, 2015).

In addition to altered cell proliferation, changes in cell migration and invasion are
hallmarks of tumour aggressiveness. Mannitou antibody significantly reduces cell

proliferation, cell migration, and invasion. Cell migration and invasion are highly dynamic
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processes that rely on an active actin reorganisation. Consequently, in cells treated with
Mannitou antibody actin cytoskeletal rearrangements take place. Another hallmark of
cancer and a regulatory module of cell migration and invasion into surrounding tissues
is cell adhesion. Cell adhesion is significantly reduced in the presence of Mannitou
antibody compared to the corresponding controls. Despite all these findings, the exact
mode of action of Mannitou antibody remains unknown. It can be speculated that its
introduction may simply block paucimannosidic glycoepitopes thereby preventing
interaction with still unidentified cis- or trans-ligands, or it may activate signal
transduction pathways within the cells downstream of the paucimannose carrying

proteins (Becker et al., 2019).
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OBJECTIVES

The aim of this study was to produce Mannitou IgM using hybridoma technology
to obtain a full-length monoclonal antibody, as well as to generate Mannitou antigen-
binding fragments by means of cloning and expression in mammalian cells. These
different length antibody structures were required to perform various recognition
studies with Mannitou antibody and paucimannose N-glycans in order to extract detailed
information about the binding interaction. Microarrays were employed to screen among
135 potential oligosaccharide ligands. Surface plasmon resonance enabled kinetic
analysis and established the binding affinity of Manniotu antibody towards
paucimannosidic N-glycans. The thermodynamic parameters of these intermolecular
interactions determined by isothermal titration calorimetry provided a detailed insight
into the binding mechanism. The mapping of the ligand binding epitope was made
possible by saturation transfer difference nuclear magnetic resonance spectroscopy. The
next goal was to characterise the structure of Mannitou IgM applying diverse approaches,
including homology modelling studies, cryo-electron microscopy, and crystallisation.

The last objective was to investigate the recognition of Neisseria meningitides
serogroup X capsular oligosaccharides by anti-MenX mAb and Fab. The performed
surface plasmon resonance studies contributed to determining the minimal
oligosaccharide structure required to mimic the antigenic activity of the native MenX

polysaccharide.
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Chapter 1.

Mannitou antibody production

I. Generating Mannitou mAb using

hybridoma technology
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INTRODUCTION

Upon exposure to an antigen, stimulated B-cells give rise to plasma cells which
produce highly specific and homogeneous species of immunoglobulins called monoclonal
antibodies (mAbs). Back in 1975 George Kohler and Cesar Milstein, working at the
Laboratory of Molecular Biology in Cambridge, UK, found a way of mimicking this process
to generate large amounts of monoclonal antibodies of predefined specificity. They fused
mouse myeloma cells with spleen cells from a mouse immunised with sheep red blood
cells and showed that some of the resulting hybrids secreted homogeneous antibodies
against the immunising antigen. These hybridoma cells grew continuously in culture, thus
"immortalising" a particular antibody, and formed tumours when injected into syngeneic
mice. A high titer of the homogeneous antibody was present in the serum and ascites fluid
of the tumour-bearing mice (Koéhler et al, 1975). The production of monoclonal
antibodies by hybridoma technology was a significant milestone in immunology and
biomedicine allowing the generation of therapeutic antibodies. The contribution made by
Kohler and Milstein was formally recognised in 1984 when they were presented with the
Nobel Prize in physiology or medicine.

Hybridoma cells development (Fig.14) begins with retrieving spleen cells from
mice that have been immunised with a specific antigen when reaching a sufficient
antibody titer in serum. The antibody-producing splenocytes are then fused with cells
derived from an immortal tumour of lymphocytes (myeloma) that cannot produce
immunoglobulins of their own, so they do not interfere with the production of antibodies
by B cells. Mouse spleen cells are mixed with myeloma cells in a ratio of roughly 10:1 in
the presence of polyethylene glycol (PEG) to change membrane permeability and allow
cell fusion. Since cell fusion is a random process, the cell culture contains a mixture of
myeloma-spleen, myeloma-myeloma, and spleen-spleen cell fusions, as well as single
myeloma and single spleen cells (Fig.15). The selection of only myeloma-spleen cell
fusions is accomplished by culturing the cell mix in hypoxanthine-aminopterin-
thymidine (HAT) medium. Aminopterin is a folic acid analogue that blocks the de novo
biosynthesis of purines and pyrimidines that are vital for DNA synthesis. Myeloma cells
used in hybridoma production lack the hypoxanthine-guanine

phosphoribosyltransferase (HGPRT) and therefore cannot incorporate exogenous
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hypoxanthine to synthesise purines by the salvage pathway. In HAT medium, single
myeloma cells and myeloma-myeloma cell fusions die during the first week. Although
single spleen cells and splenocyte-splenocyte fusions express HGPRT and therefore are
not selected against by HAT medium, these cells naturally die in culture within two weeks
because of their lack of immortal growth potential. Only hybridomas resulting from the
fusion of HGPRT+ splenocytes with myeloma cells can grow in HAT medium, as they
inherit both, the splenocytes ability to synthesise the enzyme, and the immortal growth
properties of myeloma cells. It is important to note that the myeloma-spleen cell fusions
may emerge as specific antibody producers, nonspecific antibody producers, or
nonproducers. The development of appropriate antibody screening assays is thus
mandatory for the efficient identification and selection of the specific hybridoma
subpopulation in the fusion plate. Culture supernatants from the fusion plates are initially
screened for positive hybridoma clones by a number of different immunoassays. While
immunofluorescence flow cytometry is often applied to particulate antigens such as
whole cells, an enzyme-linked immunosorbent assay (ELISA) is used for soluble antigens
such as proteins or polypeptides, and immunohistochemistry (IHC) is developed for
tissue antigens. The antibody-secreting hybridoma cells are commonly identified with
ELISA. The antigen that was used to immunise the mice with is coated onto the wells and
supernatants from each of the clones are poured into the plates. After incubation, an
enzyme-coupled anti-mouse antibody is added to the wells. After further incubation, the
wells are washed to remove unbound antibodies, and a substrate for the enzyme is added.
If the wells contain antibodies bound to the test antigen, the substrate is hydrolysed and
a brightly coloured reaction product develops. The degree of colour development
indicates the quantity of antibody bound by the antigen. Hybridoma cells from fusion
plates further require subcloning to achieve a truly monoclonal population that produces
a monospecific antibody. Under the initial conditions in the fusion plates, a well most
probably contains no hybridoma clone or more than one hybridoma clone, with or
without the ability to produce antibodies. While some hybridoma cells may be genetically
unstable at an early stage, the stable clones must be identified and selected as soon as
possible. Hybridoma cloning is a time-consuming step in the generation of mAbs.
However, it can be accelerated by limiting dilution and microscopic selection of single-

cell colonies (Elgert 2009; National Research Council 1999; Price 1985; Zhang 2012).
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Figure 14. Conventional antibody production compared to monoclonal antibody production. The
main difference between the two strategies is the resulting preparations, one is heterogeneous,
while the other is homogeneous. B-cell-derived hybridomas can be separated into individual clones
and grown indefinitely. One clone gives rise to identical daughter cells, all producing one antibody
idiotype directed against a specific antigenic determinant (epitope), a monoclonal antibody. From:
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Figure 15. Multiple cell types generated by the fusion of splenocytes with myeloma cells. PEG-
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MATERIALS & METHODS

1. Hybridoma culture

For the production of the monoclonal Mannitou IgM different hybridoma culturing
techniques have been applied. The cells, deposited by Birgit Zipser, were obtained from
the Developmental Studies Hybridoma Bank created by the NICHD of the NIH and
maintained at The University of l[owa, Department of Biology, lowa City, IA 52242, USA.

The first method consists of culturing the cells at 37°C, 95% humidity, and 5% CO-
in Roswell Park Memorial Institute RPMI 1640 medium (Gibco by Life Technologies, USA)
supplemented with L-glutamine, 1% penicillin-streptomycin mixture and descending
concentrations of fetal bovine serum (FBS). Every second day, the medium is replaced
with one having less FBS - 10% FBS, 8% FBS, 6% FBS, 4% FBS, and 2% FBS respectively
(Fig.16A). After ten days, the added medium contains no FBS and the cells are left in the
incubator for two more weeks. Subsequently, the whole content of the culturing flasks is
collected and centrifuged at 200 x g for 5 min. The supernatant containing the Mannitou

IgM is skimmed off from the pellet and stored at 4°C for further purification.

2 days 2 days 2 days

4%FBS 6%FBS 8%FBS 10%FBS

2 days
2 days

2 weeks

g N < Gathering supernatant

2%FBS 0%FBS
B 2 days
= . 2 weeks X
g o Gathering supernatant
10%FBS 0%FBS

Figure 16. Production of Mannitou IgM by hybridoma cells using RPMI 1640 medium containing
descending concentrations of FBS (A) and no FBS (B).
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The second culturing technique involves growing the hybridomas at 37°C, 95%
humidity, and 5% CO: for 2 days in RPMI 1640 medium containing 10% FBS and 1%
penicillin-streptomycin. Subsequently, the medium is replaced with 0% FBS RPMI 1640
and the cells are cultured for two more weeks (Fig.16B). Next, the whole content of the
culturing flasks is collected and centrifuged at 200 x g for 5 min. The supernatant
containing the Mannitou IgM is skimmed off from the pellet and stored at 4°C for further
purification.

For a higher yield production, a modified approach has been introduced (Fig.17).
The method is based on initially culturing the cells at 37°C, 95% humidity, and 5% CO: in
RPMI 1640 medium (Gibco by Life Technologies, USA) supplemented with 10% FBS and
1% penicillin-streptomycin. The medium is changed each week until the cells reach the
recommended density. Once this is achieved, they are transferred to one-litre Wheaton
spinner flasks and the medium is replaced with Hybridoma-SFM (Serum-Free Medium)
containing L-glutamine (Gibco by Life Technologies, USA). The hybridoma cells are
cultured for three weeks for the monoclonal antibody production. Subsequently, the
content of the spinner flasks is collected and centrifuged at 200 x g for 5 minutes. The

harvested supernatant containing the Mannitou IgM is stored at 4°C for further

purification.
‘\-<§\__};‘ ’
\
\ /
Sk Gathering supernatant

N containing Mannitou

\ !
10%FBS RPMI 1640 e )

SFM

Figure 17. Production of Mannitou IgM by hybridoma cells in Wheaton spinner flask using SFM.
The flask features an adjustable paddle blade impeller for better mixing and aeration. The addition
of the bottom dimple improves circulation and reduces the accumulation of cells in the centre
of the flask.
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2. Mannitou mAb purification

Many purification approaches have been adopted, including affinity
chromatography, anion-exchange chromatography, size-exclusion chromatography, and
(NH4)2S04 precipitation.

Affinity chromatography separates biomolecules on the basis of a reversible
interaction between a protein in the mobile phase and a specific ligand attached to the
chromatographic matrix. The sample is applied under conditions that favour the specific
binding of the target protein to the complementary binding substance (ligand). Elution is
performed specifically, using a competitive ligand, or non specifically, by changing the pH,
ionic strength or polarity. Several affinity columns have been used including HiTrap
Protein A, HiTrap Protein L, and HiTrap IgM.

HiTrap Protein A is designed for purification and isolation of monoclonal and
polyclonal IgG from ascites, serum and cell culture supernatants. Protein A consists of six
different regions, five of which show strong, specific binding for the Fc part of IgG.
Purified protein A is coupled to highly cross-linked agarose beads by the N-
hydroxysuccinimide activation method. Immobilised protein A can bind at least two
molecules of IgG per molecule.

HiTrap Protein L allows capturing a broad selection of mouse and rat antibodies
and antibody fragments, such as Fab, scFv, and Dab. It exploits the ability of the protein L
ligand to bind the variable region of an antibody’s kappa light chain. Recombinant protein
L has four binding domains and has an affinity for three of four kappa light chain subtypes
in humans (1, 3, and 4) and kappa 1 in mice. Since no part of the heavy chain is involved
in the binding interaction, protein L binds a wider range of antibody classes than protein
A or G. Protein L binds to representatives of all antibody classes, including IgG, IgM, IgA,
IgE, and IgD.

HiTrap IgM is designed for purification of monoclonal IgM from hybridoma cell
cultures. The columns are packed with a thiophilic adsorption medium with 2-
mercaptopyridine coupled to Sepharose High Performance (cross-linked agarose beads).
Thiophilic adsorption is based on the ability of some proteins, particularly
immunoglobulins, to bind to an immobilised ligand that contains a sulfone group near a
thioether. Salts that interact with water molecules, such as potassium and ammonium

sulfate, promote this binding by driving the protein into close proximity with the ligand.
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The interaction between protein and ligand has been suggested to result from a combined
electron donating and accepting action of the ligand, or alternatively as a mixed-mode
hydrophilic-hydrophobic interaction.

lon exchange chromatography is based on the reversible binding of charged
sample molecules to oppositely charged groups attached to an insoluble matrix.
Substances are bound to ion exchangers when they carry a net charge opposite to that of
the ion exchanger. Conditions are then altered so that bound substances are eluted
differentially. The elution is usually performed by increases in salt concentration or
changes in pH. The pH value at which a biomolecule carries no net charge is called the
isoelectric point (pI). When exposed to a pH below its pl, the biomolecule will carry a
positive net charge and will bind to a cation exchanger (SP). At pH’s above its pl the
biomolecule will carry a negative net charge and will bind to an anion exchanger (Q).
HiTrap Q is an anion exchange column. The resin has long chains of dextran coupled to a
robust, 6% highly cross-linked agarose matrix.

Size-exclusion chromatography is a method in which molecules in solution are
separated by their molecular size as they pass through a resin packed in a column.
Samples are eluted isocratically. Buffer composition does not directly affect resolution.

Ammonium sulfate precipitation is a method used to separate proteins by altering
their solubility in the presence of a high salt concentration. In solution, proteins form
hydrogen bonds with water molecules through their exposed polar and ionic groups.
When high concentrations of small, highly charged ions such as NH4* and SO4?- are added,
these groups compete with the proteins to bind to the water molecules. This removes the
water molecules from the protein and decreases its solubility, resulting in precipitation.

The purification procedures have been executed on AKTA Pure chromatography
system (GE Healthcare, USA). The successful purification has been performed under 0.5
mL/min flow on a 1 ml HiLoad 16/600 (GE Healthcare, USA) and 1 mL HiTrap NHS-
activated HP (GE Healthcare, USA) affinity column, on which a 5 mM amino octyl mannose
ligand (AOM) (Fig.18A) has been immobilised. A buffer containing 200 mM NaHCOz and
500 mM NaCl pH=7.8, serves as a coupling buffer. The elution has been performed with a
solution of 100 mM heptyl mannose (HM) (Fig.18B).
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The cell culture has been maintained by S. Robakiewicz. During the secondements
and other absences, the culture has been maintained by J. Bouckaert and C. Bridot. HiTrap
Protein A, HiTrap Protein L, HiTrap IgM, HiTrap Q, and (NH4)2SO4 precipitation have been
used to purify Mannitou antibody by S. Robakiewicz. During the secondements, J.
Bouckaert and C. Bridot have purified the mAb using HiLoad 16/600 and HiTrap NHS-

activated columns.

OH OH

2 %
HO
Ho "Ro

O~ VR O~
AOM HM

Figure 18. A: Amino octyl mannose structure. B: Heptyl mannose structure.
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RESULTS

The Mannitou secreting hybridoma cells have been developed by intraperitoneal

immunisation of female Balb/c mice with homogenised material from green horse leech

Haemopis marmorata nerve cords, containing primary neurones and glia. The antigen has

been emulsified with Freund’s adjuvant. Spleen cells of the immunised mice have been
fused with SP-2 myeloma cells to create the Mannitou mAb producing hybridomas (Bajt

et al, 1990; Flaster et al., 1983; Zipser et al,, 1981). The line used in this study was
obtained from the Developmental Studies Hybridoma Bank.
Many purification

approaches have been adopted, including affinity

chromatography, anion-exchange chromatography, size-exclusion chromatography, and
(NH4)2S04 precipitation. Several columns have been used, namely HiTrap Protein A
(Fig.19), HiTrap Protein L (Fig.20), HiTrap IgM (Fig.21), and HiTrap Q (Fig.22).

Unfortunately, none of these approaches has proved successful.
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Figure 19. Mannitou IgM purification attempt using HiTrap Protein A.
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Figure 21. Mannitou IgM purification attempt using HiTrap IgM.
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Mannitou IgM has been successfully purified from the hybridoma cell culture
supernatant employing HiLoad 16/600 (Fig.23) and HiTrap NHS-activated HP affinity
column on which amino octyl mannose has been immobilised (Fig.24). To identify the
elution peak of Mannitou IgM, the standard ultraviolet UV detection wavelengths have
been changed to 218 nm (maximum absorbance for Mannitou) and 246 nm (higher
absorbance for heptyl mannose, minimal absorbance for the antibody). Indeed, in what
seems to be the Mannitou IgM elution peak, the UV value at 218 nm (violet) is the highest
compared to the UV values at 280 nm (blue) and 246 nm (red) (Fig.24 left). For assessing
the nature of the eluted product, SDS-PAGE analysis under reducing conditions has been
performed. Two bands representing the heavy (75 kDa) and light (25 kDa) chains are
visualised on a polyacrylamide gel (Fig.24 right). The excised bands have been subjected
to a final validation by sequencing using MALDI-TOF MS Fingerprinting. The results
reveal the presence of Mannitou heavy and light chains in the purified sample (Fig.25),
confirming both the authenticity and purity of the antibody.
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Figure 23. Mannitou IgM purification employing size-exclusion chromatography. The antibody has
been purified on a HiLoad 16 /600 column.
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Figure 24. Mannitou IgM purification employing affinity chromatography. Left: Chromatography
elution profile of Mannitou IgM. The antibody has been purified on a HiTrap NHS-activated HP
column using 100 mM solution of heptyl mannose (HM) for elution. Right: Reducing SDS-PAGE
confirmed the presence of both heavy (75 kDa) and light (25 kDa) chains.

[Accession] Description [ sCoverage[ =i Proteins[=# Unique Peptides| = Peptides] z# PsMs [Score A(2,4)|Coverage A(2,4)[# Peptides A(2,4] PsM A(2,4)]# AAs[MW [kDa]] calc. p1]
ManHC  Mannitou IgM Heavy OS=XXxxx GN=MannLC PE=2 SV=  46.75 1 8 8 60 1891.30 8 60 231 25.7 7.81
POAA27 Thioredoxin-1 OS=Escherichia coli 0157:H7 GN=trxA F  33.94 1 3 3 8 143.68 33.94 3 109 11.8 488
F2QZP3  Thioredoxin OS=| phaffii (strain ATCC 762 11.76 1 1 1 1 56.24 11.76 1 1 102 113 493
F2QY66 Superoxide dismutase [Cu-Zn] OS=Komagataella phaffii ~ 8.44 1 1 1 1 58.31 8.44 1 1 154 15.7  6.40
X2GM95  Serum albumin (Fragment) OS=Cervus nippon PE=2 S\  3.60 1 2 2 2 78.01 3.60 2 2 583 66.1 5.67
F2QNU8  Cerevisin OS=Komagataella phaffii (strain ATCC 76273 2.50 1 1 1 1 56.38 2.50 1 1] 559 59.1  6.39
Tse8GST ToxinaGST OS=xxxx GN=TOXGST PE=1 SV=2 - [TSE8  1.18 1 1 1 1 32.36 1.18 1 1 844 91.9 5.63
[accessior] Description [sCoverage] s+ Proteins]# Unique Peptides[z+# Peptides| 5 PsMs[score A(2,4)|coverage A(2,4)[# Peptides A(2,4)]# PsM A(2,4)]# AAs[MW [kDa]]calc. pi]
ManLC  Mannitou IgM Light OS=XXxxx GN=MannLC PE=2 SV=: 58.64 1 8 8 54 2032.26 58.64 8 54 220 24.3| 7.74
ManHC  Mannitou IgM Heavy OS=XXxxx GN=MannLC PE=2 SV=  28.57 1 5 5 6 298.60 28.57 5 6 231 25.7 7.81
P69777 Major outer membrane lipoprotein OS=Escherichia coli ¢ 15.38 1 1 1 1 48.63 15.38 1 1 78 83 9.25
F2QTN6 Uncharacterized protein OS=Komagataella phaffii (strain ~ 14.93 1 1 1 1 73.53 14.93 1 1 134 147 4.92
F2QZP3 Thioredoxin OS=Komagataella phaffii (strain ATCC 762° 11.76 1 1 1 1 59.74 11.76 1 1 102 11.3| 4.93
POAA27 Thioredoxin-1 OS=Escherichia coli 0157:H7 GN=trxA F  11.01 1 1 1 1 53.24 11.01 1 1 109 11.8 4.88
F2QY66 Superoxide dismutase [Cu-Zn] OS=! phaffii ~ 8.44 1 1 1 1 50.63 8.44 1 1 154 15.7  6.40
B7NRM8 tRNA1(Val) (adenine(37)-N6)-methyltransferase OS=Est  3.67 1 1 1 1 21.17 3.67 1 1| 245 273  5.05
F2QNU8 Cerevisin OS=Komagataella phaffii (strain ATCC 76273 2.50 1 1 1 1 46.61 2.50 1 1 559 59.1  6.39

Figure 25. MALDI-TOF MS Fingerprinting results. Top: Mannitou IgM heavy chain sample. Bottom:
Mannitou IgM light chain sample.
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DISCUSSION

Before the establishment of the hybridoma technology, investigators could
generate only polyclonal serum antibodies. This required large numbers of immunised
animals and did not provide continuous antibody expression by immortalised cells,
which in turn required repeated animal use. The development of the hybridoma
technique has significantly reduced the number of lab animals needed to obtain a given
antibody. The major advantage of using the continuous hybridoma cultures for mAb
production, rather than the conventional route, is almost the unlimited supply of identical
antibodies directed toward a single, specific epitope. In general, mAbs are present either
in the medium supporting the in vitro hybridomas growth or the ascitic fluid in the
peritoneal cavity of a mouse inoculated with the hybridoma cells into the abdomen. The
huge interest in the mAb production technique derives from two fundamental factors.
Firstly, the mAbs generated by an isolated clone are well-defined, unlike the
heterogeneous antibody mixture in antiserum. Secondly, the method is ideally suited for
the preparation of pure antibodies using non-purified antigens (Milstein et al., 1979).

The in vitro growth of hybridoma cultures in batches is technically relatively easy
to perform. This technology has low start-up costs, with a similar start-to-finish time to
the mouse ascites method, and enables the generation of mAb quantities comparable to
those produced by the ascites method. Traditional cell culture media supplemented with
serum contain a considerable level of immunoglobulins of animal origin which are
difficult to separate from the murine mAbs during purification. Hence, media containing
low serum levels (descending concentrations of FBS) and serum-free media are used to
cultivate the hybridomas for in vitro generation of mAbs. In most cases, hybridoma cells
growing in 10% FBS can be adapted within four passages (8-12 days) to grow in less than
1% FBS or FBS-free media. Still, this adaptation can take longer and in 3-5% of the cases,
the cells will never adapt to the low FBS levels. Luckily, in the case of Mannitou hybridoma
line, low-serum media, as well as serum-free media, have been well-tolerated in terms of
viability. However, it cannot be assessed whether this interference does not affect the
mAb generation ability of the cells. It has been noted that some cell lines that appear to
be maintained adequately in low-serum or serum-free media, as assessed by viability,

reach up to 10% lower antibody titers compared to when being maintained in higher-
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serum media. Additionally, the quality of serum can vary between manufacturers and
even batches. After the adaptation procedure, in order to maximise the yield of mAbs in
the culture supernatant, hybridoma cells are allowed to incubate under standard growth
conditions almost until the medium is depleted of nutrients. The culture conditions in the
absence of animal immunoglobulins and at low levels of other proteins, make the
purification of mAbs from the hybridoma supernatant much more effective and
expedient. When the cells reach saturated density and the medium turns yellow, the
culture supernatant is collected for antibody purification. This approach yields mAbs at
concentrations that are typically below 20 pg/mL. Methods that raise the concentration
of dissolved oxygen in the medium may increase cell viability and density at which the
cells grow, and therefore boost mAb production. For that reason, throughout the course
of the study, conventional cell-culture flasks were replaced with spinner flasks to keep
the culture medium in constant circulation, and thus permit a more even distribution of
nutrients and gases. All these methods can increase productivity substantially. However,
antibody concentrations remain in the range of a few micrograms per millilitre. Even
though the in vitro approach generates mAbs from over 90% of hybridomas, there is a
considerable failure rate. If one faces the inability of a hybridoma line to grow and express
mAbs in vitro, the only way to obtain adequate amounts of the antibody for experimental
studies from such cells is to use the ascites method (National Research Council 1999).
One of the main disadvantages of the batch cell-culture method is the large
volumes of culture media that need to be processed. This, in turn, leads to low mAb
concentration levels and some mAbs are denatured during concentration or purification
steps (Lillau et al,, 1996), which significantly decreases the antibody’s activity and
changes its affinity towards the antigen. During the course of this study, several Mannitou
purification approaches were applied, including affinity and size-exclusion
chromatography, as to minimise the possibility of its denaturation. Studies can be
seriously confounded by purification procedures that alter the native structure of a mAb
and result in a loss of activity. Immunoglobulin M often undergoes denaturation during
in vitro purification techniques, resulting in the loss of complement-binding activity
(Roggenbuck et al., 1994). Random antibodies of other isotypes exhibit similar quirks.
OKTS3 is an excellent example of a mAb with a prominent therapeutic application that
cannot be adequately purified from culture supernatant and retain its full function at the

same time, so it is produced by the ascites method (Goldstein 1987). Some of these in
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vitro culture limitations have been overcome by using either semipermeable-membrane-
based systems (Marx 1998) or hollow-fibre reactors (Jackson et al., 1996) to produce
mAbs in concentrations often as high as those found in ascitic fluid but free of its
contaminants, such as mouse immunoglobulins and other proteins. The use of a barrier,
either a hollow-fibre or a membrane, with a low-molecular-weight cut-off (10,000-
30,000 kD), has been implemented in several devices to permit cells to grow at high
densities. Growth of hybridoma cells to higher densities results in greater amounts of
mAbs that can be harvested from the culture medium. The objective of the
semipermeable-membrane approach is to isolate the cells and the expressed mAbs from
the culture medium by creating compartmentalisation. Nutrients and cell waste products
can easily diffuse across the barrier allowing the culture to be supplemented with factors
that help to optimise the growth of hybridomas. Depleted medium in the larger reservoir
can be replaced without losing cells or mAbs. Similarly, cells and mAbs can be harvested
independently of the growth medium. In the hollow-fibre bioreactor, the medium is
continuously pumped through a circuit that consists of a hollow-fibre cartridge, gas-
permeable tubing that oxygenates the media, and a medium reservoir. The hollow-fibre
cartridge is composed of multiple fibres that run through a chamber containing
hybridoma cells growing at high density. These fibres are semipermeable and serve a
purpose similar to that of membrane-based systems. The hollow-fibre bioreactor is
designed to provide total yields of 500 mg mAb or more. However, it is technically the
most difficult in vitro system, as well as the most expensive one. For those reasons,
hollow-fibre reactors are used only if large quantities of mAbs are crucially needed.
When a pure product is not necessary for research purposes but the maintenance
of high affinity and biological activity is vital, the mouse ascites method is often the
preferred alternative to obtain mAbs. The sophisticated eukaryotic machinery ensures
the complement-fixing activity of an antibody and natural patterns of post-translational
modifications such as glycosylation. In vitro hybridoma culture technology may
sometimes yield populations of mAbs that are glycosylated at positions different from
those expressed in mouse ascites fluid, thereby influencing their antigen-binding capacity
and other important biological functions (Spearman et al., 2011). The loss of proper
glycosylation might make the antibody product unsuitable for in vivo experiments
because of increased immunogenicity, reduced binding affinity, or accelerated clearance.

In 1995, Leibiger et al. described in vitro production of an IgG mAb that contained
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terminal mannose moieties at all glycosylation sites. In some cases, such glycosylation
substantially affected the antibody, whereas, in other, it was irrelevant. The authors
attribute this unusual property to the in vitro culture conditions and speculate that the
increased in vivo clearance of such antibodies was due to binding to mannose receptors
(Leibiger et al., 1995). Since IgM is a potent complement-fixing antibody generated early
in the human immune response in many infectious diseases, it is advisable to produce
this mAb so that its biological activity and high affinity toward the antigen determinant
are preserved. However, despite the low concentration levels of Mannitou reached by the
presented hybridoma in vitro technique, and all previously raised concerns and
limitations, the purity of the antibody has always been the crucial determinant.
Therefore, for the purpose of this study the in vitro hybridoma culture approach was
chosen. It ensured the synthesis of a pure Mannitou IgM, free of mouse ascetic fluid
contaminants such as immunoglobulins and other proteins. This antibody was later used
for numerous assays including microarray screening, surface plasmon resonance, cryo-
EM characterisation, and crystallisation. Last but not least, the in vitro method was
favoured as it does not use lab animals, unlike the in vivo approach that causes significant
distress and pain to mice.

The identification of specific, high-quality hybridoma clones and subsequent mAb
generation is a labour-intensive process. It requires a profound knowledge of multiple
disciplines and practice of versatile technical skills, starting from animal handling (for
immunisation and sample collection), through immunology (for immunoassays and
antibody characterisation), to cellular and molecular biology (cell fusion for hybridoma
generation, protein sequencing analysis for antigen preparation, and cell-based assays
for hybridoma screening). Hybridoma technology has long been a powerful and
indispensable platform for the generation of high-quality monoclonal antibodies.
Hybridoma-derived mAbs have not only served as potent tool reagents but have also
emerged as the most rapidly expanding class of therapeutics with the establishment of
humanised and fully human mAbs (Fig.26) with reduced immunogenicity, destined for
clinical application in humans. With the breakthrough in molecular engineering, mAb
biopharmaceuticals have been used to aid in successful organ transplantation (Smith
1996), as well as to treat infectious diseases (Meissner et al.,, 1999), inflammatory

diseases (Chan et al,, 2010), and cancer (Blattman et al., 2004).
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Mouse Chimeric Humanised Human
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Figure 26. Schematic representation of the progressive humanisation of mAbs. To reduce the
immunogenicity of murine antibodies a chimeric mAb has been generated (Boulianne et al., 1984).
It consists of human constant regions (blue) and mouse variable regions (red) to retain its
specificity. Grafting the complementarity-determining region from a mouse antibody onto a human
variable region framework has led to the creation of a humanised mAb (Jones etal., 1986). The drive
to reduce immunogenicity by decreasing the mouse content in a mAb culminated in the production
of a fully human antibody (Green et al., 1994). The chimeric, humanised and fully human mAbs are
much less immunogenic than the original murine antibodies but human anti-antibody responses
have still been observed in patients. It should be noted that immunoglobulin sequences are highly
homologous across species, thus a fully murine antibody is still relatively close in sequence to a
fully-human one.
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Chapter 1.

Mannitou antibody production

[I. Generating Mannitou Fab by
cloning and transient expression

in HEK293T cells
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INTRODUCTION

Recombinant antibodies are highly specific detection tools used in research (i.a.
immunoblot assay, flow cytometry, immunohistochemistry), diagnosis of pathogens and
toxins, and the fastest-growing class of therapeutic agents, primarily targeting
inflammation sources or tumours (Eisenberg 2012). In order to meet these highly
demanding needs, a variety of recombinant protein production systems have been
developed over the years.

Immunoglobulin G is a heterotetrameric molecule consisting of two heavy and two
light chains connected via disulphide bonds. Moreover, the heavy and light chains are
stabilised by intramolecular disulphide bonds as well. These structural properties
require a sophisticated folding apparatus as well as an oxidising environment for the
generation of disulphide bonds. As a result, many traditionally established expression
hosts do not provide these mechanisms for the efficient formulation of IgGs.
Consequently, smaller antibody fragments have been developed, which combines both
easier and cheaper production, and antigen-binding capacity of a full-length

immunoglobulin (Frenzel et al., 2013; Saeed et al., 2017).

VHH/ VH Fab scFv scFv-Fc diabody
scFv-CH3 ,minibody" scFab scFv-zipper

Figure 27. Various recombinant antibodies configurations for different applications. VH: variable
region of the heavy chain; VL: variable region of the light chain; CHx: x domain of the heavy-chain
constant region; CL1: first domain of the light-chain constant region; in red: variable regions; in
blue: constant regions; green: artificial peptide linkers; yellow: dHLX represents amphiphatic
helices used for dimerisation of scFv fragments. Adapted from: Frenzel et al., 2013; Nelson 2010.
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The smallest antibody fragments are heavy chain antibodies (HCAbs) which are
single-domain antibodies (sdAb) (Tang et al., 2013). These antibodies have a single
variable domain, called VHH for camelids (Pant et al., 2006) and V-NAR for sharks (Flajnik
et al, 2011). These fragments combine the high affinity and specificity of mAbs with the
stability and ease of production of small molecules and also can be administered by
means other than injection. In turn, the smallest antigen-binding unit with its complete
antigen-binding site is the Fv (variable fragment) which consists only of variable regions.
A short, flexible, and soluble peptide linker is used to connect the variable regions to form
an scFv (single-chain variable fragment) (Bird et al., 1988). scFv are highly soluble, with
strong affinity and binding specificity to their target antigen. By combining scFv with the
first constant domains of the heavy and light chains, a Fab (antigen-binding fragment) is
formed. All these smaller antibody fragments have several advantages over full-length
ones, namely better tissue and tumour penetration, rapid blood clearance, short
retention time, and reduced immunogenicity (Saeed et al., 2017). Other antibody formats
produced in prokaryotic and eukaryotic cells include disulphide-bond stabilised scFv (ds-
scFv) (Schmiedl et al., 2000), single-chain Fab (scFab) combining scFv and Fab properties
(Hust et al., 2007), as well as multimeric antibody formats like dia-, tria-, or tetra-bodies
(Hudson et al., 1999), minibodies (miniAbs) comprising different formats consisting of
scFvs linked to oligomerisation domains like immunoglobulin CH3 domain (Hu et al,,
1996), leucine zipper, helix turn, helix motif streptavidin, or scFv-scFv tandems
(Pliickthun et al, 1997) (Fig.27). Depending on their structure and application,

recombinant antibodies can be produced in prokaryotic or eukaryotic hosts.
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1. Prokaryotic hosts for rAb production

1.1. Gram-negative bacteria

The key step in generating a functional Fv is the secretion of both variable regions
to the periplasmic space of Escherichia coli where the oxidising environment allows for
the correct formation of disulphide bonds (Skerra et al, 1988). The production of
recombinant antibodies in the reducing environment of cytoplasm results mainly in non-
functional aggregates. Recovering functional antibody fragments from cytoplasmic
inclusion bodies by complete denaturation and refolding is usually not efficient
(Martineau et al., 1998). For Fab expression in E. coli, bicistronic vectors with the first
cistron encoding the light chain and the second cistron encoding the Fd fragment are
optimal. Proteus mirabilis is used for the formation of miniAbs (Kujau et al., 1998) and
scFv (Rippmann et al., 1998). Recently, scFv has been produced in Pseudomonas putidas

(Dammeyer et al., 2011).

1.2. Gram-positive bacteria

Due to the absence of an outer membrane, gram-positive bacteria directly secrete
proteins into the medium, which facilitates the production of antibody fragments. Bacillus
brevis has been applied in the production of scFv (Inoue et al,, 1997) and Fab (Shiroza et
al., 2003), Bacillus subtilis for obtaining scFv (Wu et al., 1998), and Bacillus megaterium
for both, scFv and Fab (Jordan et al, 2009). So far, Lactobacillus zeae/casei (Krtiger et al.,
2002) and Lactobacillus paracasei (Marcotte et al., 2006) have been used for the

production of scFv.

2. Eukaryotic hosts for rAb production

Eukaryotic cells possess an advanced folding, post-translational, and secretion
apparatus, which enhances the secretory production of antibodies, including full-length

immunoglobulins.
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2.1. Yeasts

Yeasts combine the properties of eukaryotic cells, short generation time and ease
of genetic manipulation, with the robustness and simple medium requirements of
unicellular microbial hosts. Furthermore, yeasts do not secrete toxins as bacteria do.
Pichia pastoris is the main yeast strain used for recombinant antibody production
(Buckholz et al., 1991), including scFv (Eldin et al., 1997), scFv-Fc (Liu et al,, 2003), and
IgG (Potgieter et al., 2010). Other strains like Saccharomyces cerevisiae have also been
employed in the expression of llama VHH (Frenken et al., 2000), Fab, and IgG (Horwitz et
al, 1988). Hansenula polymorpha, Schizosaccharomyces pombe, Schwanniomyces
occidentalis, Kluyveromyces lactis, and Yarrowia lipolytica are also sometimes applied but
they do not play such a significant role (Frenzel et al., 2013). Engineered yeast cells are
increasingly being used since yeasts cannot efficiently secrete larger heterologous
proteins (>30 kDa), perform proteolysis during high-cell density fermentation, and
appropriately glycosylate human glycoproteins. Yeasts tend to hyper glycosylate
heterologous proteins even at positions not glycosylated in the native mammalian host.
This is very likely to affect the activity of antibodies and is a potential source of
immunogenicity and adverse reactions in human patients. The IgG obtained in
glycoengineered P. pastoris strains, that have been designed to produce humanised
glycosylation patterns, are able to mediate antibody effector functions (Hamilton et al,,

2003).

2.2. Filamentous fungi

Aspergillus niger subgenus A. awamori has been employed in the production of
llama VHH (Joosten et al., 2005), scFvs and antibody fusion proteins (Joosten et al., 2003).
Efficient heterologous expression and secretion of llama VHH have been achieved in
Aspergillus oryzae (Okazaki et al., 2012). Fab can be obtained in Trichoderma reesei

(Nyyssonen et al., 1993).

2.3. Protozoa

Recently, Leishmania tarentolae has been explored as an expression system for
different recombinant proteins (Niimi et al., 2012). The main advantage of this protozoa

is its ability to perform O-glycosylation as well as N-glycosylation (Klatt et al., 2013).
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2.4. Insectcells

Insect cells can be efficiently transfected with insect-specific viruses from the
Baculoviridae family, particularly the Autographa californica nuclear polyhedrosis virus
(AcNPV). The flexible envelope of Baculoviruses enables the packing of large
heterologous gene sequences (>20 kb). Baculoviral protein expression is usually
performed in insect cell lines Sf-9 and Sf-21 of Spodoptera frugiperda, DS2 cells of
Drosophila melanogaster, or High Five cells of Trichopulsia ni. In comparison to Sf-9, High
Five cells secrete up to 25-fold higher protein levels, have a shorter doubling time, adapt
faster to serum-free medium, and grow in suspension culture. In contrast, Sf-9 and Sf-21
cell lines are recommended for high-titer viral stock production, due to higher
transfection efficiency (Frenzel et al., 2013). scFv (Kretzschmar et al., 1996), as well as
IgG capable of mediating effector functions such as complement binding (Zu Putlitz et al.,
1990) and ADCC (Edelman et al., 1997), have been produced in insect cells. Alternatively
to baculoviruses, Schneider 2 (S2) cells of D. melanogaster can be transfected with

expression vectors in a transient or stable manner (Frenzel et al., 2013).

2.5. Mammalian cells

Currently, almost 70% of all recombinant protein pharmaceuticals and 95% of the
therapeutic antibodies are obtained from mammalian cells despite relatively high
production costs. Nevertheless, the advanced mammalian folding, assembly and post-
translational apparatus are capable of generating antibodies that are not only
indistinguishable from those produced in the human body but are also non-immunogenic.
Moreover, mammalian cell expression system is highly efficient for the secretion of large
and complex IgG. All these features allow the generation of high-quality proteins.
Nowadays, industrial IgG production levels often exceed 12 g/L, as a result of improved
high-producer cell lines, optimised expression media, and prolonged incubation time at
high-cell densities. Producer cell lines have been genetically engineered regarding
product homogeneity, improved metabolism, reduced apoptosis, and inducible cell cycle
arrest, which allows prolonged production time for almost three weeks at high-cell
density and viability. The most commonly used mammalian lines are the Chinese hamster
ovary cells CHO, human embryonic kidney cells HEK293, baby hamster kidney cells
BHK21, mouse myeloma NSO cells, and embryonic retinal cell line Per.Cé (Frenzel et al.,

2013).
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2.5.1.Stable antibody production

The generation of stable master cell lines is a prerequisite for the manufacture of
biopharmaceutical immunoglobulins in order to guarantee long-term production
stability. The main advantages compared to transient expression systems are the high
degree of batch-to-batch consistency and the potential of large-scale production. Chinese
hamster ovary cells (CHO) are the most widely used host cells for stable antibody
expression. The antibody gene expression cassettes have to be stably integrated into the
host cell genome. Strong promoters, like the cytomegalovirus (CMV) immediate-early
promoter, or the translation elongation factor EF-1a promoter, and polyadenylation sites
from the simian virus 40 (SV40), or the bovine growth hormone (BGH) for improved
mRNA stability and translation efficiency, are usually implemented into the expression
vector. For proper IgG expression, two different genes must be stably transfected into one
cell clone, either by co-transfection, or using “double gene” vectors (combining complete
expression cassettes for the heavy and light chains on a single plasmid) or by bicistronic
expression vectors, since the ratio between the light and heavy chains has a great impact
on the secretion level of a functional immunoglobulin. The bicistronic set-up combines
the heavy and light chains in a single expression cassette and contains an internal
ribosomal entry site (IRES). IRES allows the translation of two or more cistrons from the
same transcript. With bicistronic vectors, both chains are encoded on a single mRNA,
which leads to a balanced supply of both polypeptides. A different technology requiring
both chains to be encoded as a single polypeptide allows the co-expression of the heavy
and light chains from a single open reading frame (ORF) (Jostock 2011). In order to
overcome the negative effects of the integration site, protective cis-regulatory elements
including insulators, boundary elements, scaffold/matrix attachment regions (S/MARs),
chromatin opening elements, and antirepressor elements are introduced into the vector.
This reduces the influence of heterochromatin and stabilises the transgene expression

(Frenzel et al., 2013).

2.5.2. Transient antibody production

Establishing a stable producer cell line is still very expensive, time-consuming and
laborious for research applications. In the case of small-scale production, transient
antibody expression is much more suitable since it enables fast manufacturing without

the need to generate producer cell lines, and therefore is also cost-effective. The human

71|

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

embryonic kidney cell line HEK293 has been widely used for transient antibody
expression as it is highly transfectable and capable of episomal replication. Moreover,
HEK293 express the adenoviral E1A transactivator which is a general transcription
enhancer. Chinese hamster ovary cells CHO are also gaining popularity, although typically
lower yields are achieved. Apart from these two cell lines, African green monkey kidney
(COS) cells and baby hamster kidney (BHK) cells may be occasionally employed. Two
variants of episomal replicating derivatives are well established: HEK293-T and HEK293-
EBNA. In HEK293-T cells the large T antigen of SV40 is constitutively expressed which
supports extrachromosomal maintenance of plasmids containing an SV40 origin of
replication (SV40ori) and facilitates high amplification rates of these vectors. In HEK293-
EBNA cells the copy number of vectors after episomal replication is considerably lower
and driven by the EBNA1 transactivator and oriP from Epstein-Barr virus (EBV).
Nevertheless, due to high plasmid retention, long transgene expression periods are
achieved. Besides those two episomal replication-competent HEK293 derivatives, HKB-
11 (HEK293 fusion with a lymphoma-derived cell clone) and 293-F (293 Freestyle) cells
are commonly used for transient expression of antibodies and other proteins (Geisse et
al,, 2009; Jostock 2011).

Whether a transient expression system yields high production values depends on
the transfection efficiency. Transient transfection of plasmid DNA in HEK293 cells can be
performed with calcium phosphate, cationic liposomes, or polymers like
polyethyleneimine (PEI). With many transfection methods, small vectors reach higher
gene transfer rates than large ones. Moreover, large vectors tend to result in instabilities
and low yields. Thus, for transient expression, minimal vector backbones with only the
most essential elements are recommended. In order to introduce into the host cell both
heavy and light chain of an antibody, different strategies can be applied (Fig.28). Co-
transfection with individual plasmids encoding each chain has the advantage of
comparably small vector size and the possibility to change the ratio of heavy to the light
chain. Alternatively, both chains can be provided from one plasmid with a monocistronic
“tandem” (both cassettes have the same orientation and are positioned sequentially) or
“sandwich” set-up (the cassettes are in opposed orientation). Both heavy and light chains
can be also produced by bicistronic expression vectors with an internal ribosomal entry

site or by a monocistronic single open reading frame set-up (Jostock 2011).
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2.6. Transgenic organisms

2.6.1.Plants

Not only can up-scaling be achieved much more easily but also the manufacturing
costs are more than ten times lower compared to other expression systems. The
generation of a stable genetically modified dicotyledonous plant requires several months
of transformation and special regeneration protocols. In principle, it is done by
transferring the expression cassette of the transgene with the help of Agrobacterium
tumefaciens. The gene of interest is cloned into the T-DNA of a binary plasmid (Hoekema
et al,, 1983). In most cases, the expression of the transgene is under the control of
cauliflower mosaic virus (CaMV), a constitutive promoter widely used in plants for
recombinant protein synthesis. Alternatively, transient expression systems are
implemented that allow achieving time-saving production. Nicotiana benthamiana can be
transducted with a tobacco mosaic virus TMV-based vector for the secretion of different
scFv for the treatment of non-Hodgkin’s lymphoma (McCormick et al., 2003). Regardless
of the expression system, differences in the glycosylation pattern between plants and
mammals are one of the main obstacles to overcome when developing therapeutic
antibodies in plant cells. Although plants are able to perform complex glycosylation, these
differences, in particular $1,2-xylose and a1,3-fucose, can lead to immunogenicity of the
synthesised proteins. For this purpose, different strategies have been developed for
recombinant proteins expression with mammalian-like glycosylation patterns. The first
approach is the retention of the proteins in the endoplasmic reticulum as ER-associated
N-glycosylation leads to the generation of oligomannose-type N-glycans, which are
identical in plant and mammalian cells (Gomord et al., 2005). Another method involves
using glycoengineered plants. In most cases, RNA interference (RNAi) is used for down-
regulation of endogenous [31,2-xylosyl transferase and a1,3-fucosyl transferase leading
to the reduction of the xylosylated and core-fucosylated N-glycans (Schéhs et al., 2007).
The second type of glycoengineering in plants is the co-expression of genes that facilitate
the generation of human-like N-glycans (Vézina et al, 2009) or even protein sialylation by
the co-expression of six mammalian genes (Jez et al., 2013). Generally, plantibodies are
produced in tobacco (N. tabacum or N. benthamiana), but there are also systems using
Arabidopsis thaliana, Medicago sativa, Lemnaminor (duckweed), rice, lettuce, maize,
wheat, tomato, potato and banana. Moreover, monoclonal BY-2 tobacco cells growing in

suspension have been developed (Frenzel et al., 2013; Kodati et al,, 2016).
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2.6.2.Animals

As the humanisation of hybridoma-derived antibody therapeutics is still a
laborious and time-consuming procedure, the popularity of human antibody expression
in transgenic animals is increasing. Furthermore, antibodies generated in mice or rats
may elicit an immune response in human patients. One method for the generation of fully
human binders is the antibody phage display technology. Moreover, several transgenic
animals have been developed for the production of human monoclonal and polyclonal
antibodies. Transgenic cattle carrying human immunoglobulin heavy and kappa light
chain loci have been used for the immunisation with an anthrax protective antigen. The
resulting polyclonal antibody mixture consisted of entirely human and chimeric
immunoglobulins that showed high activity and were protective in vivo mouse models
(Kuroiwa et al., 2009). Rabbits and cattle have been used for the expression of a bispecific
scFv targeting the melanoma-associated proteoglycan and the human CD28 molecule on

T cells (Grosse-Hovest et al., 2004).
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Figure 28. A schematic representation of possible vector set-ups for the transient expression of both
antibody chains in mammalian cells. The HC and LC positions can be swapped. The heavy and light
chains can be encoded on separate plasmids or combined in single vector with a monocistronic,
bicistronic or single ORF set-up. P: promoter, pA: poli(A) tail, IRES: internal ribosomal entry site,
2A: self-processing 2A sequence motive of viral origin. Adapted from: Jostock 2011.
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MATERIALS AND METHODS

1. Sequence determination

The genomic sequences of the variable regions (VL and VH domains) of Mannitou
antibody have been determined by Fusion Antibodies Ltd by total RNA extraction from
hybridoma cells (Laz6-189/Mannitou Ab) and cDNA synthesis by RT-PCR. The positive
PCR products are identified by agarose gel electrophoresis. These are then analysed by
DNA sequencing on an ABI3130xl Genetic Analyzer (Applied Biosystems, CA, USA). The
constant regions have been obtained from GenBank: LC085625.1 (Ojima-Kato et al,,
2016) for the light chain, and from UniProtKB: locus A24976 (Schreier et al., 1986) for
the heavy chain (Fig.S1).

2. Cloning

The first step in producing the Fab is to obtain the genes encoding its sequence. It
has been done by providing the Fab amino acid sequence to the company responsible for
the gene synthesis and generation of the construct (GenScript, NJ, USA). For the purpose
of this study, two different sequences have been designed - one for the light chain (LC),
and one for the heavy-chain Fd (comprising the heavy-chain variable domain VH together
with the 15t domain of the heavy-chain constant region CH1; later referred to as HC)
carrying a hexahistidine tag (Fig.29). The genes encoding the L.C and HC have been codon-

optimised, synthesised and subcloned into a pUC57 E. coli expression vector.
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Mannitou Fab light chain aa sequence:
DVVVTQTPLSLPVSFGDQASISCRSSQSLVNSYGSTYLSWYLHRPGQSPQLLIYGISNRFSGVPD
RFSGSGSGTDFTLTIRTIKPEDLGMYYCLQGTHQPWTFGGGTKLEIKKRADAAPTVSIFPPSSE
QLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDE
YERHNSYTCEATHKTSTSPIVKSFNRKEC

Mannitou Fab heavy chain aa sequence:
EVKLLESGGGLVQPGGSLKLSCAASGFDFSTYWMSWVRQAPGKGLEWIGEINPDSSTINYTPSL
KDKFIISRDNAKNTLYLQMSKVRSEDSVLYYCVRPGTWGYFDYWGQGTTLTVSSASQSFPNVF
PLVSCESPLSDKNLVAMGCLARDFLPSTISFTWNYQNNTEVIQGIRTFPTLRTGGKYLATSQVL
LSPKSILEGSDEYLVCKIHYGGKNRDLHVPIPAVA

Figure 29. Mannitou Fab amino acid sequence. Green: variable region, Pink: constant region. The
sequence is composed of the variable regions, determined by sequencing, and the constant regions
obtained from GenBank: LC085625.1 (light chain) and UniProtKB: locus A24976 (heavy chain). 7
additional amino acids from the CH2 domain (black) and 6 histidine residues (yellow) have been
added to the heavy chain sequence.

2.1. DNA amplification by PCR
Once the constructs are generated, the DNA of interest is amplified by PCR. The
primers have been designed using SnapGene 4.1.9 software (GLS Biotech LLC) (Table 1).

The PCR is performed under the following conditions:

10 pl Q5 Reaction Buffer 98°C 30 sec initial denaturation
1 pl dNTPs solution mix 98°C 10 sec

2,5 pl forward primer (10 pM) 55°C 30 sec 35 cycles

2,5 pl reverse primer (10 uM) 72°C 60 sec

1 pl DNA template 72°C 2 min final extension

0,5 ul polymerase
32,5 ul nuclease-free H20

HC_FP GAC TAG TAC CGG TGA GGT GAA GCT TCT CGA GTC TGG
HC_RP GAC TAG TGG TAC CTT AGT GAT GGT GAT GG

LC_FP GAC TAG TAC CGG TGA TGT TGT GGT GAC TCA AACTCC ACT C
LC_RP GAC TAG TGG TAC CTT AAC ACT CTT TCC TGT TG

Table 1. The PCR primers used for the amplification of the HC and LC. FP - forward primer, RP -
reverse primer.
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2.2. DNArecuperation

Following validation of the presence and size of the inserts by electrophoresis, the
DNA is recuperated from the agarose gel using Wizard® SV Gel and PCR Clean-Up System
(Promega, USA). The DNA bands are excised from the gel and placed in microcentrifuge
tubes. 10 pl Membrane Binding Solution is added per 10 mg of gel slice. The content is
vortexed and incubated at 50-65°C until the gel slices completely dissolve. An equal
volume of Membrane Binding Solution is added to the PCR product. SV Minicolumn is
inserted into the Collection Tube. The dissolved gel mixture and the PCR product are
transferred to the Minicolumn assembly, incubated at room temperature for 1 minute
and centrifuged at 16 000 x g for 1 minute. The flowthrough is discarded, 700 pl
Membrane Wash Solution is added and then centrifuged again at 16 000 x g for 1 minute.
The flow-through is discarded, 500 pl Membrane Wash Solution is added and centrifuged
at 16 000 x g for 5 minutes. The flowthrough is discarded, and the column assembly is
recentrifuged for 1 minute with the microcentrifuge lid open to allow evaporation of any
residual ethanol. The Minicolumn is carefully transferred to a clean microcentrifuge tube.
50 pl nuclease-free water is added to the Minicolumn, incubated at room temperature for

1 minute, and then centrifuged at 16 000 x g for 1 minute. The DNA is stored at -20°C.

2.3. DNA ligation into pHL-sec vectors

Before subsequent ligation of the genes into the suitable vector, restriction
enzymes have been applied to introduce sticky ends at both the vector and the insert.
Agel and Kpnl are endonucleases, therefore the fragments amplified by PCR need to be
~6 bp longer than the actual genes of interest, to allow the restrictases to cleave the
phosphodiester bonds within the sequences. The formation of sticky ends is performed
at 37°C for 4 hours including the following reagents: 2 pul 10x CutSmart Buffer, 1 pl Agel,
1 pl Kpnl, 2 pl DNA and 14 pl nuclease-free H20. After amplifying and purifying the DNA
fragments of the LC and HC using Wizard SV Gel and PCR Clean-Up System (Promega,
USA), they are inserted into “empty” pHL-sec vectors. The ligation lasts for 1 hour at room
temperature using the following reagents: 5 pl 2x Rapid Ligation Buffer, 1 pl T4 DNA
Ligase, 2.5 pl pHL-sec vector, 1.5 pl insert. The ligation results in obtaining the expression

vectors ready to be transfected into cells.
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2.4. Vector amplification

Once the vectors are obtained, they are amplified in competent DH5a E. coli cells.
The preparation starts with inoculating 2-3 mL culture in LB and shaking it at 180 rpm
for 15 hours at 37°C. On the following day, 1:100 dilution is made in LB and left at 37°C
until the cells reach the exponential phase - ODsgo = 0.3-0.4, which usually takes 2-3 hours.
The cells are then centrifuged at 10 000 x g for 20 minutes at 4°C. After pouring off the
supernatant, the pellet is resuspended in 1/10 of the initial volume in ice-cold 100 mM
CaClz. The mix is left on ice up to 30 minutes and afterwards centrifuged at 5 000 x g for
5 minutes at 4°C. 10 pl of the ligation product (1-50 ng) is added to 100ul of the n
competent DH5a cells and everything is left on ice for 30 minutes. In order to enable the
DNA to enter the cells, they are subjected to heat shock: the mix is put in a 42°C water
bath for 45 seconds and then immediately on ice for another 2 minutes. Next, 1 mL of LB
medium is added and the whole mix is shaken at 250 rpm for 1 hour at 37°C for
phenotypic expression. Finally, 200ul of the transformed bacteria are streaked onto
already prepared agar plates containing the appropriate selective antibiotic (40 pl

ampicillin or carbenicillin/100 pl LB) and left to grow overnight at 37°C (Fig.30).
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On the following day, to verify if the appearing colonies contain the plasmids of
interest, colony PCR is performed. Random colonies from each plate are picked up and

placed at 95°C for 5 minutes to release their DNA. The colony PCR required the following

conditions:

10 pl GoTaq G2 Green Master Mix 95°C 2 min initial denaturation
2 ul forward primer (10 uM) 95°C 30 sec

2 pl reverse primer (10 uM) 50°C 30sec 30 cycles

2 ul DNA template 72°C 1 min

4 ul nuclease-free H20 72°C 5 min final extension

Once the colonies containing the plasmids of interest are determined, a single
colony is picked up to inoculate a starter liquid bacteria culture (in 200 mL LB medium
supplemented with 200 pl ampicillin/ carbenicillin). The cultures are left to grow
overnight in a thermostatic shaker at 250 rpm at 37°C. On the following day, the cells are

harvested and the DNA is purified using EndoFree Plasmid Kit (Qiagen, Germany).

2.5. DNA purification

The bacterial DNA has been purified using EndoFree Plasmid Kit (Qiagen,
Germany). The harvested bacterial cultures are centrifuged at 6 000 x g for 15 minutes at
40°C. Then, the pellet is resuspended in 10 mL Buffer P1, and another 10 mL of buffer P2
is added and mixed by inverting 5 times. The mix is incubated for 5 minutes at room
temperature and 10 mL of pre-chilled Buffer P3 is added and mixed by inverting 5 times.
The solution is incubated on ice for 20 minutes and afterwards centrifuged at 20 000 x g
for 30 minutes at 4°C. In the meantime, a QIAGEN-tip 500 is equilibrated by applying
10 mL Buffer QBT and allowing the column to empty by gravity. Next, the supernatant is
poured and allowed to enter the resin by gravity flow. The QIAGEN-tip is washed twice
with 30 mL of Buffer QC. The DNA is eluted with 15 mL pre-warmed (65°C) Buffer QF into
a clean vessel. The DNA is further precipitated by adding 10,5 mL room-temperature
isopropanol and the mixture is centrifuged at 15 000 x g for 30 minutes at 4°C. After
carefully decanting the supernatant, the DNA pellet is washed with 5 mL room-
temperature 70% ethanol and centrifuged at 15 000 x g for 10 minutes. After carefully
decanting the supernatant, the pellet is left to air-dry for 10 minutes and then redissolved

in 1 mL of endotoxin-free Buffer TE, pH=8.
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2.6. Control digestion

To verify the sequences of the purified plasmids, control digestion is set up at 37°C
for 1 hour using 2 pl 10x Fast Digest Green Buffer, 1 ul Fast Digest Hind 111, 1 pl Fast Digest
Pvu II, 1 pl DNA and 15 pl nuclease-free Hz0. A simulation of the activity of Hind III and

Pvu Il restriction enzymes has been done using SnapGene version 4.1.9.

3. Transient expression in human embryonic kidney HEK

293T cells

3.1. Small-scale transfection

Trial transfection has been set up to estimate the best DNA to HEK293T cells ratio.
To begin with, a vial of HEK293T cells is rapidly thawed in a water bath at 37°C. The
content of the vial is suspended in 4mL Dulbecco’s Modified Eagle’s Medium DMEM
(Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS) and
centrifuged at 800 x g for 5 minutes. The supernatant is discarded and the pellet is
resuspended in 5 mL 10% FBS DMEM. The cells are transferred to a 175cm? flask
containing 20 mL 10% FBS and incubated at 37°C in a 5%CO02 environment. When the
cells reach approx. 80% confluence, they are transferred to a 6-well plate. Three days

after the passage of the cells, the confluence is approx. 100%.

3.1.1. Transfection

To every well, 2 mL of 2% FBS DMEM is added. To the 1st column, 4 pg of DNA is
introduced to each of the two wells - 2 pg of the vector encoding the heavy chain and 2
ug of the vector encoding the light chain. To the 274 column, 2 pg of DNA is added to each
of the two wells - 1 pg of the HC vector and 1 pg of the LC vector. The two wells in the last
column are treated as controls and therefore no DNA has been added there. All of the
conditions are tested in two repeats. Before the DNA transfection, a mixture of DNA-PEI
is made in 1:2 ratio. Thus, for 2 pg of DNA, 4 pg of PEl is used, and for 4 ug of DNA, 8 pg of
PEI is used. The transfection cocktail is suspended in 50 pl serum-free DMEM and
incubated for 10 minutes before transfecting the cells (Fig.31). The cells are incubated at

37¢C for 3 days, and the secreted products are harvested by spinning the media at 6 000
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x g for 20 minutes. The supernatant is then purified by means of Immobilised Metal-lon

Affinity Chromatography (IMAC).

Mannitou Fab (HC + LC)

4ug DNA 2ug DNA control
adherent HEK293T cells | :; :; :;
| 50 pl SF DMEM 50 pl SF DMEM
10 min incubation | 8 ug PEI 4 ug PEI

L2pugHC+2pglC 1pugHC+1pglLC

2 ml 2% FBS DMEM 2 ml 2% FBS DMEM 2 ml 2% FBS DMEM

Figure 31. Trail co-transfection of HEK293T cells using two different DNA concentrations
to establish the optimal transfection conditions.

3.1.2. SDS-PAGE and Western Blot

After the purification, a verification of the transfection efficacy has been
performed by Western Blot analysis. The homogeneity and purity of the Fab have been
examined by reducing SDS-PAGE using gradient NuPAGE 4-12% Bis-Tris Protein Gels
(Life Technologies, USA). The samples are heated for 10 minutes at 70°C before loading.
After running the gels for approx. 1h at 180V, one of it is stained with GelCode Blue Safe
Protein Stain (Thermo Fisher Scientific, USA). Following reducing SDS-PAGE, the other
gel is transferred into Towbin buffer (25mM Tris base, 192 mM glycine, 25% methanol)
for 15-minute incubation. In the meantime, Immun-Blot PVDF Membrane for Protein
Blocking (Bio-Rad, USA) is activated by soaking the membrane in methanol for 2-3
seconds and then incubating in Towbin buffer for 5 minutes. The blotting pads (VWR,
USA) also requires soaking in Towbin buffer. The layers are then assembled in the
following order: blotting-pad, membrane, gel, blotting-pad. The assembly is run at 15V
for 30 minutes. Next, the membrane is washed with 1x PBS and incubated in the blocking
buffer (0.1% Tween-20, 2.5% milk, 1xPBS) for 1 hour at room temperature on a rocking

platform. The primary monoclonal mouse Penta-His Antibody (QIAGEN, Germany) is
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diluted 1:3000 in the blocking buffer and poured on the membrane for overnight
incubation at 4°C on a rocking platform. On the following day, the membrane is briefly
rinsed with two changes of the washing buffer (0.1% Tween-20, 1xPBS) and then washed
twice for 5 minutes with the washing buffer. The secondary goat anti-mouse polyclonal
antibody Peroxidase AffiniPure Goat Anti-Mouse IgG, Fcy fragment specific (Jackson
ImmunoResearch Laboratories, Inc., USA) is diluted 1:2000 in the blocking buffer and
transferred to the membrane for 1-hour incubation at room temperature on a rocking
plate. Afterwards, the membrane is briefly rinsed with two changes of the washing buffer
and then washed twice with the washing buffer for 5 minutes. The Amersham ECL Prime
Western Blotting Detection Reagent (GE, USA) is left to equilibrate at room temperature
for 20 minutes. The detection solutions A (luminol) and B (peroxide) are mixed in 1:1
ratio. The washed membrane is placed protein-side up and the detection reagent is
added. The membrane, completely covered with the detection reagent, is incubated for 5

minutes at room temperature.

3.2. Big-scale transfection

3.2.1. Medium composition
To every 500 mL bottle of HyClone DMEM High Glucose (GE Healthcare Life
Sciences, UK) medium, 5mL of MEM non-essential amino acids NEAA (1:100) (Gibco Life
Technologies, USA) and 5 mL of HyClone L-Glutamine 200mM (1:100) (GE Healthcare
Life Sciences, UK) is added. Glutamine is an alternative energy source that supports the
rapid division and growth of cells having high energy demands and synthesising large
amounts of proteins. Adding supplements of non-essential amino acids, including L-
alanine, L-asparagine, L-aspartic acid, L-glycine, L-serine, L-proline, and L-glutamic acid,

both stimulates the growth and prolongs the viability of the cells in culture.

3.2.2. Cell progression
Used media are discarded from each 175 cm? flask and the cells are washed with
5 mL PBS. 5 mL trypsin solution is added to induce cell detachment from the surface.
15 mL of DMEM supplemented with 10% FBS is added to stop the reaction after 5
minutes. 5 mL of the cell solution is then transferred to anew 175 cm? flask and 20 mL of

10% FBS DMEM is added.
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3.2.3. Transfection

The content of every 175 cm? Nunc EasyFlask (Thermo Fisher Scientific, USA) is
transferred to a 2125 cm? CELLMASTER (Greiner Bio-One, Austria) expanded-surface
polystyrene roller bottle. 200 mL of 10% FBS DMEM is poured into all bottles. The bottles
are incubated at 37°C in a roller bottle incubator. After three-day culture, the old media
are replaced with 200 mL of 2% FBS DMEM. In one tube, 25 mL of serum-free DMEM and
500 pg of DNA (250 pg of the vector encoding the heavy chain and 250 pg of the vector
encoding the light chain) are mixed. In another tube, 25 mL of serum-free DMEM and 1
mg of PEI are mixed. To ensure proper transfection efficiency, the PEI solution is slowly
poured into the DNA solution and incubated for 10 minutes at room temperature, to allow
the formation of the DNA-PEI complex. The 50 mL transfection cocktail is added to each
roller bottle and the cells are placed back in the incubator at 37°C. To serve as a negative
control, one bottle is left non-transfected with the DNA-PEI complex. The cells are grown
for 7 days until the medium starts turning yellow. The cells are monitored for any unusual
behaviour, e.g. cells peeling off, medium changing colour etc. The secreted products are
harvested by centrifuging the collected media at 6 000 x g for 20 minutes. The
supernatant is filtered through a 0.45 pm bottle top membrane, diluted threefold with

PBS and stored at 4°C until purification.

3.2.4. Immobilised Metal-Ion Affinity Chromatography (IMAC)

The IMAC has been performed using Chelating Sepharose Fast Flow (GE
Healthcare, USA) with Ni2* which selectively retains proteins with exposed histidine.
Chelating Sepharose Fast Flow consists of iminodiacetic acid groups coupled to
Sepharose 6 Fast Flow by stable ether linkages via a 7-atom spacer. The beads are built
of highly cross-linked agarose and their size ranges from 45 to 165 pm. A 0.2 M solution
of the desired metal ion (Ni2*/Co?%*) is prepared in distilled water. The column is washed
with 2 column volumes (CV) of distilled water. Approx. 0.2 CV of the metal ion solution is
applied and the column is washed again with at least 5 CV of distilled water to remove
the excess of metal ions. The column is equilibrated with 2 CV of the chosen binding buffer
(300 mM NaCl, 50 mM NaH;PO4, pH=8.0). The prepared resin is then added to the
supernatant, previously filtered through a 0.45 p bottle top filter and diluted x4 in PBS.
After incubating at 4°C while gently stirring for 2-3 hours, the mix is poured into a

chromatography column and the resin is allowed to sink to the bottom. Once the whole
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liquid passed through the column, the resin is washed with 50 mL of the binding buffer.
Next, two consecutive washes with ascending concentrations of imidazole (10 mM and
then 30 mM) are performed to eliminate as many impurities as possible. Eventually,
approx. 5mL of the elution buffer (300 mM NaCl, 50 mM NaH;P04, 250mM imidazole
pH=7.0) is added and left on the column. After a 15-minute incubation, the elution

fractions are collected and their absorbance is measured.

3.2.5. Size-Exclusion Chromatography (SEC)

Superose 6 Increase 10/300 GL column (GE Healthcare, USA) with 10 pm particle
size has been used in this final step of Mannitou Fab purification employing size-exclusion
chromatography. The procedure has been executed on the AKTA Pure chromatography
system (GE Healthcare, USA) under 0.3 mL/min flow. A buffer consisting of 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 150 mM NaCl, pH=7.4

serves as a running buffer.

The Fab sequence determination has been financed by S. Savvides. The sequence
has been designed by S. Robakiewicz and J. Bouckaert. The cloning has been performed
by S. Robakiewicz in the lab of S. Savvides with the help of K. Verstraete and A.
Dansercoer. The Fab expression and purification have been done by S. Robakiewicz in the

labs of ]. Jimenez-Barbero and N. Abrescia with the help of S. Delgado and D. Charro.
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RESULTS

To determine the approximate end of the CH1 (15t domain of the heavy-chain
constant region), and therefore the optimal length of the construct, the Mannitou Fab
model has been superimposed onto an already unravelled IgG1l Fab structure (PDB:
5L9D) (Fig.32). The superimposition revealed that the heavy chain should be elongated
with approx. 7 amino acids. The VPIPAVA motif has been taken from the beginning of the
CH2 domain sequence of “Ig mu chain C region (allele b) - mouse” (UniProtKB: locus

A24976).
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Figure 32. A model of Manniotou Fab HC elongated with 7 additional amino acids (orange),
superimposed on mouse IgG1l HC (blue) to determine the expected end of the CH1 domain for
Mannitou Fab. The superimposition has been visualised using Chimera 1.12 software.

Following the generation of the constructs, the genes of interest have been
amplified by PCR and agarose gel electrophoresis has been performed to confirm their

presence and size (Fig.33).

1000 bp

800bp

Figure 33. The DNA fragments encoding the HC and LC amplified by PCR and visualised on an
agarose gel. The size of the inserts is the following: HC (left) - 702 bp, LC (right) - 663bp.
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Subsequent ligation of the gene inserts into “empty” pHL-sec plasmids results in

obtaining the desired expression vectors (Fig.34), ready for cell transfection.
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Figure 34. pHL-sec vectors with the gene insert encoding the sequences of the heavy (left) and light
chains (right). The vector maps have been generated with SnapGene 2.3.2 software.

To ensure sufficient quantity of the desired vectors, their amplification is
effectuated in competent DH5a E. coli cells that are capable of taking up exogenous
genetic material. The transformed bacteria are allowed to grow overnight on agar plates
with ampicillin as the selective antibiotic. As the pHL-sec vectors contain the ampicillin
resistance gene, only the cells with the appropriate plasmids should show growth
(Fig.35). On the day following the transformation, to verify if the appearing colonies
contain the vectors of interest, colony PCR has been performed. The PCR products

visualised on agarose gel confirm the presence of the right plasmids in the selected

colonies (Fig.36).

Figure 35. DH5a colonies grown on ampicillin- containing agar plates (40 pl ampicillin /100 ul LB
medium) after transformation with vectors encoding the HC (left) and LC (right).
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HC LC empty
pHL-sec

1000 bp
800 bp

Figure 36. Plasmid inserts amplified by colony PCR and visualised on an agarose gel.

In order to verify the sequences of the purified plasmids, control digestion has
been set up. Meanwhile, a simulation of the enzymatic activity of Hind III and Pvu II is
performed. The DNA fragments of the digested plasmids visualised on agarose gel
correspond to the predicted patterns, which proves that both transfection vectors
contain the correctly ligated inserts (Fig.37). Furthermore, to confirm the authenticity of
the amplified gene sequences, the resulting clones have been sequenced by ACGT Inc DNA
Sequencing Services. The sequencing results confirm the previous findings, as the vectors

contain the desired DNA inserts encoding the heavy and light chains of Mannitou Fab.
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Figure 37. Left: Simulation of the enzymatic activity of Hind III and Pvu II. Lane 1: HC digested with
Hind III and Pvu II. Lane 2: LC digested with Hind III; Right: The actual digestion products visualised
on an agarose gel. Lane 1&2: HC digested with Hind III and Pvu II. Lane 3&4: LC digested with Hind
111
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Trial transfection has been set up to estimate the best DNA to HEK293T cells ratio.
The results of the Western Blot visualising the products of the small-scale transfection
clearly indicate a presence of a His-tagged protein around the expected size (~25 kDa)
for each of the preparations of Mannitou Fab (Fig.38). It is assumed that the appearing
bands represent the Hise-tagged heavy chain, since the control (lane 11), containing only
the supernatant from non-transfected cells, does not show any signal that would result

from the binding to the primary, and subsequently to the secondary antibody.

25kDa

M=oy -~ -

Figure 38. Western Blot analysis after reducing SDS-PAGE showing Mannitou Fab heavy chain. MW:
molecular-weight size marker; 1. cell pellet from 2 pg DNA transfection; 2. supernatant from 2 pg
DNA transfection (I); 3. supernatant from 2 ug DNA transfection (II); 4. beads supernatant from 2
ug DNA transfection (I); 5. beads supernatant from 2 ug DNA transfection (II); 6. cell pellet from 4
ug DNA transfection; 7. supernatant from 4 pg DNA transfection (I); 8. supernatant from 4 ug DNA
transfection (II); 9. beads supernatant from 4 pg DNA transfection (I); 10. beads supernatant from
4 ng DNA transfection (I); 11. control: supernatant from non-transfected cells. The image has been
taken by CCD camera Image Quant™ LAS 4000 (GE, USA).

Following the big-scale transfection, Mannitou Fab has been subjected to two-step
purification procedure employing both IMAC and SEC techniques. IMAC exploits the
molecule’s affinity for chelated metal ions. Histidine residues present at the N-terminus
of Fab heavy chain form complexes with transition metal ions, such as Co?*, Cu?*, Fe3+,
Ni?* and Zn?*. The strength of binding is affected by the buffer’s pH and the metal ion
selected. Once the purification is completed, SDS-PAGE analysis under reducing
conditions is run to check the presence of the anticipated protein. Already after the IMAC,
two distinguishable bands appear at the expected size (~25 kDa), suggesting the
existence of both heavy and light chains (Fig. 39A). The transformed HEK293Tcells have
been cultured for another seven days (14 day-culture in total), to find out whether higher
quantities of Mannitou Fab can be generated over time. Once the IMAC finishes and the

results are visualised by reducing SDS-PAGE, it becomes clear that the protein production
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significantly drops after subsequent 7 day-culture. This is probably due to the fact that
over time the cells lose the DNA vector they have been transfected with (Fig. 39B).

25kDa HC

LC 25 kDa

Figure 39. SDS-PAGE results visualising the fractions collected after the IMAC purification. A)
Mannitou Fab samples purified using Ni2+ after 7-day culture. B) Mannitou Fab samples purified
using Ni2* after 14-day culture.

The size-exclusion procedure is the final step of separating the Fab of interest from
the other proteins present in the culture medium, i.a. BSA, proteins produced by the cells.
Size-exclusion is a chromatographic method in which molecules in solution are separated
by their size and molecular weight. When an aqueous solution is used to transport the
sample through the column, the technique is known as gel-filtration chromatography.
Various columns packed with highly cross-linked, porous beads composed of dextran
(Sephadex, Superdex), agarose (Sepharose, Superose), or polyacrylamide (Sephacryl,
BioGel P) are available, depending on the nature of the purified protein. In this study, an
agarose column has been used, as Mannitou antibody has a high affinity to dextran which
results in precipitation of the protein on the column. The chromatographic elution
profiles suggest that a well-folded protein has assembled into a Fab, as the peak appears
at the expected elution volume, following residual serum albumin (Fig. 40A). After
successfully separating Mannitou Fab, SDS-PAGE assay under reducing conditions is run
in order to confirm the presence of the anticipated protein. At this stage, mainly the two
bands standing for the heavy and light chain distinctly appear on the gel (Fig. 40B). The
theoretical molecular weights have been calculated by the ProtParam tool on the ExPASy
Server (Gasteiger et al., 2005) and are predicted to be the following: Mannitou Fab MW =
49983, HC MW = 25686, LC MW= 24315. Due to the attached Hise-tag, the heavy chain is
slightly larger than the light chain, and therefore two separate bands can be distinguished
on the polyacrylamide gel (Fig. 40B).
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Figure 40. Size-exclusion chromatography of Mannitou Fab. A) Chromatography elution profile of
Mannitou Fab. The IMAC-purified antibody (500 pl, 3 mg/mL) has been further purified under 0.3
mL/min flow, using 20 mM HEPES + 150 mM NaCl buffer, pH=7.4, on a Superose 6 Increase 10/300
GL column. B) SDS-PAGE results of the fractions collected from the gel filtration. Both HC and LC are
present at the expected height.

The excised bands have been sent for final validation by sequencing using MALDI-
TOF MS Fingerprinting. The results reveal the presence of Mannitou Fab heavy chain as
well as the light chain in the purified samples (Fig. 41), confirming the proper expression

and the authenticity of the antibody.

[Accession] Description [Coverage] =# Proteins [ 2# Unique Peptides | 5# Peptides | £# PsMs] score A(2,4)[ Coverage A(2,4) | # Peptides A(2,4) | # PSM A2,4) | # AAs| MW [kDa) ] calc. pi |
ManHC  Mannitou IgM Fab Heavy OS=XXxxx GN=MannLC PE=2 SV=1- 46.75 i 8 8 55 1657.95 46.75 8 55 231 25.7 7.81
ManLC Mannitou IgM Fab Light 0S=XXxxx GN=MannLC PE=2 SV=1-[ 43.18 i 5 5 7 251.81 43.18 5 7 220 24.3 7.74
POAA27  Thioredoxin-1 OS=Escherichia coli 0157:H7 GN=trxA PE=1 SV  25.69 1 2 2 2 129.04 25.69 2 2 109 11.8 4.88
B7NGA6  RNA-binding protein Hfq OS=Escherichia coli 017:K52:H18 (st 15.69 2 1 1 7 103.22 15.69 1 7 102 11.2 7.65
F2QTN6  Uncharacterized protein O! phaffii (strain ATCC 15.67 1 2 2 2 109.17 15.67 2 2 134 14.7 4.92
K6ZY70  Uncharacterized protein (Fragment) OS=Phleum pratense OX=1 12.50 6 1 1 1 46.57 12.50 1 1 80 8.9 4.12
F2QZP3  Thi in O! phaffii (strain ATCC 76273 / CB¢  11.76 1 1 1 1 63.58 11.76 1 1 102 11.3 4.93
X2GM95  Serum albumin (Fragment) OS=Cervus nippon PE=2 SV=1-[X 11.32 1 7 7 7 238.89 11.32 7 7 583 66.1 5.67
F2QS01 408 ribosomal protein S17-A OS=Komagataella phaffii (strain A 8.82 1 1 1 1 35.58 8.82 1 1 136 157 10.30
F2QY66 ide di [Cu-zn] O phaffii (strain _ 8.44 1 1 1 1 61.52 8.44 1 1 154 157 6.40
POAG6F5 60 kDa chaperonin OS=Escherichia coli (strain K12) GN=groL P 4.74 2 1 1 1 42.55 4.74 1 1 548 57.3 4.94
XXXX Pseudomonas prot 0S=Sulf PE=1 SV=1 - [DAV_DAV] 4.39 2 1 1 6 124.50 4.39 1 6 569 60.5 5.08
F2R087  Elongation factor EF-1 gamma subunit OS=Komagataella phaffii  4.16 1 1 1 1 41.66 4.16 1 1 409 47.1 6.48
F2QVV6  N-acetyltransferase eco OS=Komagataella phaffii (strain ATCC7  3.65 1 1 1 1 28.86 3.65 1 1 301 32.2 5.06.
|Accession| Description |ZCoverage|Z# Proteins|2# Unique Peptides| # Peptides[z# PSMs‘Score A(2,4)| Coverage A(2,4)|# Peptides A(2,4)| # PSM A(Z,4)|# AA5| Mw [kDa]|caIcA pI|
ManLC  Mannitou IgM Fab Light 0S=XXxxx GN=MannLC PE=2 SV=1 52.27 1 6 6 14 572.67 52.27 6 14 220 24.3| 7.74
ManHC  Mannitou IgM Fab Heavy OS=XXxxx GN=MannLC PE=2 SV= 30.30 1 5 5 5 264.50 30.30 5 5 231 257 7.81
K6Z7K6 GTP-binding nuclear protein (Fragment) OS=Phleum pratens ~ 9.17 0 1 1 1 39.06 9.17 1 120 136 771
C4R707 Histone H2A OS=Komagataella pastoris (strain GS115 / ATC ~ 6.82 2 i 1 1 58.99 6.82 1 1 132 143 10.45
F2QR99 Peroxiredoxin (Alkyl hydroperoxide reductase subunit C) 0S:  5.64 2 1 1 1 44.53 5.64 1 1 195 214 494
X2GM95  Serum albumin (Fragment) OS=Cervus nippon PE=2 SV=1-  5.15 1 3 B] B 85.37 5.15 B 3 583 66.1 5.67
F2QRV5  Uncharacterized leucine-rich repeat-containing protein C926.(  1.24 1 1 1 1 42.77 1.24 1 1 724 80.6 8.79

Figure 41. MALDI-TOF MS Fingerprinting results. Top: Mannitou Fab heavy chain sample. Bottom:
Mannitou Fab light chain sample.
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DISCUSSION

Antibodies have been selected during evolution for their ability to bind with high
affinity and specificity to a wide range of molecules. Because of their stability, they
seemed ideal as targeting agents, until it became clear that they might cause serious
problems when administered as therapeutics. The first mAbs were of murine origin and
upon injection into humans, they were recognised as foreign agents, leading to their
elimination by the patient’s immune system. Moreover, to be effective, antibodies often
need to interact with certain elements of the immune system, such as receptors displayed
on effector cells or the complement cascade. Because of their murine nature, these early
antibodies did not interact properly with some components of the human immune system
and their biological efficacy was severely restricted. In the early 90s, developments in
molecular biology made it possible to clone the mAb genes of interest from the parent
hybridoma into eukaryotic expression vectors and re-express them i.a. in the format of a
Fab. In this way, recombinant versions of any mAb could be obtained from various cell
lines in a reproducible fashion. This solved production issues caused by the instability of
many hybridoma lines. Cloning antibody genes was the first step towards the
modification of antibodies by subcloning, random or directed mutagenesis and molecular
evolution procedures, which made it possible to optimise recombinant antibodies
generation and introduced the age of antibody engineering (Chames et al., 2009).

The smaller size of antibody fragments enables their penetration into tissues
otherwise inaccessible to full-length mAbs. As previously noted, antibody fragments may
prove easier and less costly to manufacture, due to relatively small size, which permits
the use of both prokaryotic and eukaryotic expression systems. However, they lack the
Fc domain that both stabilises full-length mAbs and allows FcR-mediated recycling. As a
consequence, antibody fragments are rapidly degraded in humans and have short cir-
culating half-lives. Several effective strategies have been developed to extend their serum
half-life, one of them being the chemical addition of polyethylene glycol residues, which
considerably increase the size of the fragments. Alternatively, the fusion of recombinant
antibody fragments to human serum albumin (HSA) can be used to increase the serum
half-life without affecting the binding and activity of the fragments, unlike PEGylation.

For most therapeutic applications, a longer half-life is desirable as it decreases the need
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for repetitive injections of the molecule to achieve a therapeutically relevant serum
concentration (Nelson 2010).

Except in the case of haematological malignancies and diseases, therapeutic
antibodies need to penetrate tissues and the extracellular matrix to reach the target cells.
Tissue penetration, especially in the case of solid tumours, is a crucial parameter, most of
the time severely limiting the overall efficiency of the treatment. Tumours are
characterised by heterogeneous and tortuous vasculature, high interstitial fluid pressure
and high viscosity of the blood supply. Consequently, mAbs must diffuse against this
pressure gradient to penetrate tumours. The major determinant of the speed of diffusion
is the molecular size. The rate of diffusion is approximately inversely proportional to the
cube root of molecular weight. Consequently, large macromolecules such as mAbs diffuse
poorly through larger tumour masses. As a result, solid tumours are more difficult to treat
by mAb therapy. mAbs directed against tumour-specific antigens largely remain in the
blood and no more than 20% of the administered dose typically interacts with the tumour
itself (Beckman et al., 2007; Chames et al., 2009). Strikingly, among the more than 100
mAbs designated as drugs, only fifteen are targeting solid tumours. This clearly reflects
the current limitations of mAb treatment considering that over 85% of human cancers
are solid tumours (Chiavenna et al., 2017). Because of their reduced size, antibody
fragments, such as Fab, usually penetrate tumours more rapidly and efficiently than full-
length mAbs. Thanks to their conjugation to either PEG or HAS, the overall tumour uptake
of a Fab is not decreasing over a short time.

Expression of the cloned heavy-chain Fd and light-chain genes in Escherichia coli
offers a simple, rapid, and cheap way of synthesising a recombinant Fab. Nevertheless,
successful expression and secretion of correctly folded functional forms of many
antibodies from these cells are affected by the variable region sequence. By contrast,
mammalian cells contain the appropriate chaperones that enable the proper expression
of Fabs, irrespective of their variable region sequence. As most recombinant antibodies
are complex molecules that need to be post-translationally modified for full bioactivity,
mammalian cells have become the main expression host, as such modifications are only
accurately performed by eukaryotic based systems. Pharmaceutical companies routinely
create recombinant cell lines that constitutively produce recombinant proteins for
extended cultivation times. The stable gene expression is achieved through the insertion

of the recombinant gene(s) into the host genome. However, the establishment of a stable
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mammalian cell line is a time-consuming and costly process. Faster approaches to
recombinant antibody expression are often preferred in research practice. To overcome
these difficulties, transient gene expression that can generate Fabs suitable for functional
and structural studies serves as a reasonable and convenient alternative. In contrast to
stable gene expression, the transient method involves short-term protein production,
typically for up to 10 days post-transfection, in the absence of genetic selection of the
plasmid DNA. The transient gene expression provides for the successful assembly of the
membrane, intracellular, and secreted proteins. One of the few disadvantages of this
technology is the fact that new cells have to be transfected for every batch of protein
required (Hartley 2012; Wurm 2004).

Different expression vectors, both viral and non-viral, have been designed for
transferring the foreign genes into mammalian cells. Fundamental elements of a typical
non-viral transient gene expression (TGE) vector include: (1) a constitutive or inducible
promoter; (2) a transcription terminator; and (3) a prokaryotic cassette with a
replication origin and a selection marker for vector production in bacteria. Most of the
commonly used strong constitutive promoters are from viral genomes, including the
human cytomegalovirus (HCMV) immediate early promoter, the SV40 early promoter,
and Rous sarcoma virus long terminal repeat promoter. Cellular promoters, such as that
of the human EF-1a gene, have been shown to be similar in strength to the HCMV
promoter. Although most cDNAs can be expressed at high levels from a strong
constitutive promoter, insertion of an intron between the promoter and the 5’-end of the
cDNA has been shown to increase the recombinant protein expression levels. Mammalian
cells expressing the Epstein-Barr virus nuclear antigen 1 (EBNA1) or the SV40 large-T
antigen, support the episomal amplification of vectors carrying the EBV or the SV40
origin of replication, respectively. This strategy improves the recombinant protein
production levels by increasing the plasmid copy number in the transfected cell
population. Semliki Forest virus (SFV) is the most widely used viral expression vector for
TGE using mammalian cells. Baculovirus vectors have also been applied in recombinant
protein production in both insect and mammalian cells. The disadvantage of using insect
cells is that they are unable to produce fully active recombinant mammalian
glycoproteins due to the absence of sialylation. Therefore, efforts have been made to
engineer the baculovirus expression system that allows the production of humanised

recombinant glycoproteins in insect cells. For the expression of recombinant proteins in
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mammalian cells, baculovirus vectors have numerous advantages, including the absence
of viral replication, lack of cytotoxicity, technical simplicity of vector production, and the
large DNA insert capacity (up to 38 kb) allowing the delivery of multiple genes from a
single vector. Vaccinia virus vectors have also been used to produce recombinant
proteins, like the nerve growth factor, Factor VIII, and human pro-thrombin. The
infectious nature of viruses is a major concern, thus to reduce safety risks, less infectious
strains such as the modified vaccinia virus Ankara (MVA) have been introduced (Baldi et
al,, 2007).

Several cell lines have been employed for transient expression of recombinant
proteins, but only a few of them present the advantages of high transfectability with
common methods, ease of adaptation to suspension cultivation in serum-free conditions,
and cost-effective scalability. Created in 1977 by the transformation of primary human
embryonic kidney cells with sheared fragments of adenoviral DNA (Ad5), HEK 293 is one
of the most commonly used cell lines for transient transfection that constitutively express
the adenovirus E1A and E1B genes. In the attempt to specifically improve TGE through
promoting episomal replication of the exogenous plasmid DNA, HEK 293 derivatives have
been generated. HEK 293-T cells used in this study constitutively express from stably
transfected gene the SV40 large T antigen. (Graham et al., 1977).

A multitude of physical and chemical techniques have been developed for the
transfer of DNA into cultivated mammalian cells. The physical gene transfer methods
including microinjection, electroporation and ballistics, bypass the cellular barriers and
deliver naked plasmid DNA directly to the nucleus. However, these methods have not
been yet successfully adapted to large-scale TGE. The chemical agents used for
transfection can be classified into inorganic compounds (e.g. CaPi-DNA coprecipitation),
cationic polymers (e.g. polyethylenimines), and cationic lipids. Calcium phosphate (CaPi)
is considered one of the most efficient DNA delivery agents, as it allows the transfer of
plasmid DNA to approximately 80-90% HEK 293 cells. Although it is inexpensive and
does not interfere with protein recovery, its time-sensitive formation of the coprecipitate
makes transfection of larger volumes technically challenging. Our approach involves
using linear 25 kDa PEI as it is moderately cytotoxic and currently the most widely used
DNA delivery agent. Transfections with linear 25 kDa PEI have been the most productive

to date with reported IgG yields up to 80 mg/1 in HEK 293 cells (Baldi et al., 2007).
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The major improvements in TGE have come via the formulation of serum-free
media that support high-density cultivation of cells and efficient transfection methods.
Currently, serum-free cultures are the standard for growing mammalian cells in
suspension. This stems down from the need to minimise animal-derived components in
the production processes, both for biosafety reasons and to facilitate the expression and
purification of recombinant proteins. The group of Aricescu found that HEK293T cells
surprisingly well tolerate a sudden post-transfection serum depletion. Even the complete
absence of fetal bovine serum in the medium added after transfection did not appear to
significantly reduce the yields of secreted proteins. This eliminates the main source of
protein contamination and enables the possibility of setting up crystallisation screens
following a highly simplified purification and concentration protocol. It should be noted
that residual bovine serum albumin and other proteins, possibly secreted by cells or
resulting from dead cells, are still present but in very small amounts (Aricescu et al,,
2006).

The HEK293T transient transfection system chosen to obtain Mannitou Fab is
probably best-suited for the generation of secreted proteins intended for structural
studies. A protein is best expressed in its native cell type under physiological conditions,
where a multitude of molecular systems work together for efficient production and
quality control at various stages. This includes synthesis and folding, post-translational
modifications, and subcellular targeting. Efficient post-translational processing in the
secretory pathway, including the endoplasmic reticulum, Golgi apparatus, vesicles
travelling in between them, cell membrane, and lysosomes, is vital for the correct
glycosylation and folding, and therefore the full bioactivity of such proteins. Currently,
almost all therapeutic antibodies are still produced in mammalian cell lines in order to
reduce the risk of immunogenicity due to altered, non-mammalian glycosylation patterns
(Aricescu et al., 2006). Another significant advantage of the system is the possibility of
co-transfection experiments, which provides a convenient opportunity for high-level
expression of protein complexes. Two different vectors encoding the heavy and light
chain sequences have been introduced into the cells. Even though the heavy and light
chains are expressed separately, the Fab assembles within the endoplasmic reticulum
prior to secretion from the cells (Kalwy et al., 2006). The heavy and light chain sequences
have been cloned into pHL-sec expression vector which supplies a signal sequence and

adds a C-terminal hexahistidine tag for detection and purification. A Hise-tag has been
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introduced to the heavy chain fragment to enable the purification by means of IMAC. For
polymeric structures composed of heavy and light chains, in the absence of the light chain,
the heavy chain is retained in the ER and eventually degraded (Klausner et al., 1990).
Since the heavy chain can only be secreted in association with the light chain, exclusively
a fully-assembled Fab can be detected. Histidine is strongly involved in the co-ordinate
bond with metal ions. When the His-tagged Fab is brought into contact with a carrier on
which a metal ion is immobilised, the histidine tag chelates the ion and binds to the
carrier. As other proteins do not bind to the carrier, or bind very weakly, the His-tagged
Fab can be easily eluted by washing the carrier with an appropriate buffer (Porath 1992).
Having validated the homogeneity, purity and the expected dimeric assembly of the
generated Fab by MALDI-TOF MS, the next goal was to perform molecular recognition

studies using Mannitou antibody.
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Chapter 2.
Molecular recognition studies

using Mannitou antibody

I. Ligand screening with

microarrays of defined N-glycans

97 |Page

lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

INTRODUCTION

Information contained in the mammalian glycome is decoded by glycan-binding
proteins (GBPs) that mediate diverse functions including host-pathogen interactions, cell
trafficking, and transmembrane signalling. Glycan-binding proteins are involved in
biological processes that require recognition of selected sets of oligosaccharide ligands.
Although the information on the biological role of GBPs is rapidly expanding, challenges
remain in identifying the carbohydrate sequences within the glycome that are bound by
GBPs, as well as characterising their impact on GBP function. Difficulties arise due to the
glycome being generated post-translationally through non-template synthesis directed
by over 200 glycosyltransferase genes, whose differential expression and combined
specificities determine the unique spectrum of carbohydrate structures produced by a
given cell. Lack of tools to interrogate the ability of a protein to bind oligosaccharide
ligands or for assessing the detailed specificity of a protein already known to bind
carbohydrates has severely limited the pace of biological discovery for GBPs. Recent
advances in the construction of glycan microarrays that display diverse glycan libraries
directly address these limitations by allowing the specificity of a GBP to be assessed for a
wide range of potential oligosaccharide ligands simultaneously. The advances have
occurred on two fronts: the generation of glycan libraries to be arrayed on the chip and
methods for their attachment to the chip surface (Paulson et al.,, 2006; Taylor et al., 2009).

The utility of a glycan array depends on an appropriate match between the types
of glycan structures it contains and the specificity of the GBP being analysed. The ideal
array would contain the entire glycome of an organism on a single chip so that any GBP
could be assessed. In reality, however, current arrays are limited to displaying libraries
of natural and synthetic glycans that can be practically assembled. Unlike proteins and
nucleic acids, it is challenging to chemically synthesise oligosaccharides for microarrays.
This is due to the fact that some oligosaccharide chains are linear, others are branched,
the monosaccharide building blocks are in a or $ anomeric configurations, and adjacent
monosaccharides are linked via different carbon atoms in their sugar rings. Multiple
strategies are employed to generate oligosaccharides for arraying, namely synthetic
approaches (chemical or enzymatic syntheses) and isolation from natural sources.

Chemical strategies for glycan elongation include traditional solution-phase chemical
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synthesis, automated solid-phase synthesis, and one-pot reactivity-based glycosylation.
Chemically obtained compounds are pure and homogeneous. Furthermore, the glycans
are usually synthesised to contain a reactive linker that enables site-directed
immobilisation. The solid-phase synthesis technique has the advantage of avoiding
intermediate isolation and purification steps. An automated solid-phase method that
includes selective protection and deprotection steps has been introduced and applied to
the synthesis of several glucose- and mannose-containing oligosaccharides (Plante et al.,
2001). An alternative synthetic approach is the programmable one-pot method, in which
an oligosaccharide of interest is generated by sequential addition of building blocks
(thioglycosides) that are either fully protected or have one hydroxyl group exposed
(Zhang et al., 1999). Apart from chemical synthesis, oligosaccharides can be prepared by
enzyme-catalysed reactions. In nature, there are two classes of enzymes involved in
oligosaccharide production: glycosyltransferases catalysing the formation of glycosidic
bonds, and glycosidases that hydrolyse these bonds. The biggest advantage of enzymatic
synthesis of oligosaccharides is that substrates are used in their natural form. No
protecting groups are needed to direct the regio- or stereo-specificity of glycosidic bond
formation. Another approach for carbohydrate generation is the isolation from natural
sources such as cultured pathogens, plant material, or animal tissues. Despite the samples
being readily accessible, isolation procedures can be tedious. Even after extensive
purification, sample microheterogeneity owing to carbohydrate diversity may remain
and must be taken into account during data analysis. Nevertheless, oligosaccharides with
reducing termini are ideal for derivatisation so that they can be immobilised. Free
reducing oligosaccharides may be isolated from human or animal milk and urine, or they
may be in the form of N-linked glycoprotein oligosaccharides released by the peptide-N-
(N-acetyl-b-glucosaminyl) asparagine amidase (PNGase F) and endo-b-N-
acetylglucosaminidase F (Endo F) (Tarentino et al., 1994), or by hydrazinolysis (Takasaki
et al,, 1982). O0-linked glycoprotein oligosaccharides may be released by mild alkaline
hydrolysis (Chai et al., 1997) or hydrazinolysis (Patel et al., 1993). Various chemical
approaches may be used to obtain oligosaccharide fragments from bacterial and plant
polysaccharides, including acid or alkaline hydrolysis, acetolysis, and Smith degradation
(Feizi et al., 2003; Paulson et al., 2006).

Multiple different platforms have been described for the display of glycans using

arange of immobilisation strategies. These include both non-covalent attachment, as well
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as various types of covalent linkages to the surface through the oligosaccharides reducing
ends. Glycan array formats based on noncovalent attachment include direct
immobilisation of unmodified bacterial polysaccharides and proteoglycans on
nitrocellulose or oxidised polystyrene (Wang et al., 2002); binding of lipid-conjugated or
linked to alkyl chains glycans to nitrocellulose, polystyrene, polyvinylidene fluoride
membranes (Fukui et al,, 2002), or coated glass slides; association of glycans linked to
fluorous tags with fluoroalkylsilane-coated glass slides (Ko et al., 2005); and affinity
adsorption of biotinylated glycans to streptavidin-coated surfaces (Leteux et al., 1999).
Array formats using glycans with functionalised spacers that react with a complementary
activated surface to form a covalent attachment to plastic, gold, or glass include thiol-
maleimide (Park et al., 2002), alkyne-azide (Fazio et al.,, 2002), NHS-amine (Blixt et al,,
2004), benzoquinone-cyclopentadiene coupling (Houseman et al., 2002), and aryl-CF3
diazarine-carbene insertion (Angeloni et al., 2005). With so many alternatives for
construction of glycan arrays, it is not possible to conclude that one format is superior to
the others. However, many practical issues are ultimately considered during the
development of large-scale carbohydrate arrays. From the chemistry perspective, the
ease of generating a diverse functionalised glycan library and the efficiency of the
coupling reaction are major factors, particularly for small pg quantities of glycans
obtained from biological sources. The surface to which the glycans are attached is also
critical for the subsequent interrogation with labelled GBP, as a low background is
essential for specific binding to be detected. The nature of the spacer between the glycan
and the surface can also affect the interaction with GBPs (Feizi et al., 2004; Paulson et al,,
2006; Taylor et al.,, 2009).

In general, GBPs have a rather low affinity (Kq from mM to pM) for their glycan
ligands and would not be expected to bind with sufficient avidity to withstand the
extensive washing steps needed to remove unbound molecules. For this reason, binding
to arrays is generally enhanced through mimicking naturally occurring multivalent
interactions (engagement of multiple binding sites) which leads to improved array
sensitivity. Many GBPs are oligomeric, with each subunit typically having a single
carbohydrate-recognition domain, and show multivalent interactions with their glycan
ligands. Thus, although the CRD within a GBP may have a particular affinity for a ligand,
the multivalency enhances binding through increased avidity and allows ligand cross-

linking. Typically, higher valency is achieved through the use of labelled secondary
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antibodies (Fig.42). After incubation with the fluorescent reagent, the bound fluorophore
is detected and fluorescence intensities can be quantified (Cummings et al., 2017; Mende

etal, 2019).
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Figure 42. GBP staining. Non-labelled GBPs, antibodies, or pathogens are detected with an overlay
of a labelled secondary antibody. Overlaying precomplex GBP with a labelled secondary antibody
leads to a higher degree of valency for stable binding. Fluorescently labelled GBPs are detected after
staining using a confocal slide scanner or plate reader. Next, the data obtained from the image
analysis generate a two-dimensional bar chart to reveal relative signals for each glycan on the array.
Adapted from: Paulson et al., 2006.

Since the introduction of the first glycan arrays in 2002, their application for
analysis of the specificities of diverse GBPs has rapidly grown. Several array platforms
that display diverse glycan libraries have been developed, including The Consortium for
Functional Glycomics (CFG) that has produced a mammalian glycan library comprising
over 600 synthetic and isolated compounds, with most samples obtained by

chemoenzymatic synthesis.

101|Page

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

MATERIALS & METHODS

1. Equipment

In this study, NEXTERION Slides H (Schott, Germany) manufactured from high
quality, low-fluorescence glass covered by a low-fluorescence coating have been used.
The coating consists of a cross-linked, multi-component, thin polymer layer, activated
with N-hydroxysuccinimide (NHS) esters to provide high covalent immobilisation
capacity. The microarray slides have been engineered to exhibit a very low intrinsic non-
specific background, without the need for blocking, and high probe loading capacity. The
polymer surface has a three-part structure (Fig.43). NHS-ester reactive groups are
attached to the cross-linked hydrophilic polymer layer via long, flexible spacers. The
terminal amino group of the amino-modified glycans react immediately and irreversibly
with the NHS-ester groups to form a covalent amide bond. The flexible spacers tether the
immobilised bio-molecules in a quasi-liquid environment that maintains the molecule
specificity and chemical conformation. The high accessibility of the tethered
biomolecules facilitates interactions with their binding partners in solution. The robust

coating matrix is compatible with all common microarray printers and scanners.
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Figure 43. NEXTERION Slide H coating.
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2. Microarray preparation and ligand screening

50 uM ligand solutions (1.25 nL, 5 drops, 250 pL drop volume) in 300 mM NaAc,
(0.005% Tween-20, pH=8.4) have been spatially arrayed employing a robotic non-
contact piezoelectric spotter (SciFLEXARRAYER S11, Scienion, Germany) onto NHS-
activated Nexterion Slides H. After printing, the slides are placed in a 75% humidity
chamber for 18 hours at 25°C. The remaining NHS groups are quenched with 50 mM
solution of ethanolamine in 50 mM sodium borate buffer pH=9.0, for 1 hour. The slides
are washed with PBST (PBS with 0.05% Tween-20), PBS, and water, then dried in a slide
spinner and stored at -20°C until use. Mannitou mAb has been diluted to 25 pg/mL in PBS
(1% BSA, 0.01% Tween-20). The antibody solution (200 upL) is incubated on the
microarrays for 1 hour at RT. The slides are then washed with PBST and PBS. Next, they
are incubated with Alexa Fluor 555 Goat Anti-Mouse IgM (1:1000) (Thermo Fischer
Scientific, USA) in PBS (1% BSA, 0.01% Tween-20) for 1 hour in the dark. The microarrays
are washed from the unbound secondary antibody with PBST, PBS, and water, and
subsequently dried in a slide spinner. The fluorescence measurements are performed on
Agilent G2565BA Microarray Scanner (Agilent Technologies, USA) at 10 um resolution.
The quantification of fluorescence is done using ProScanArray Express software (Perkin
Elmer, USA) employing an adaptive circle quantification method from 50 pm (minimum
spot diameter) to 300 pm (maximum spot diameter). Average RFU values with local
background subtraction of four spots and the standard deviation of the mean are

reported using Microsoft Excel and GraphPad Prism software.

The arrays have been prepared and interrogated with the antibody by B.

Echeverria, S. Serna, and N. Reichardt.
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RESULTS

Microarrays consisting of 135 different glycan structures (Fig.44) have been
interrogated with several different preparations of Mannitou mAb at 25 pg/mL (Fig. 45).
One of the samples has been tested in two-, four-, and eight-fold dilution (12.5 pg/mlL,
6.25 pg/mL, and 3.12 pg/mL) to investigate the effect of concentration on the binding
pattern (Fig.46, Fig.S2). The screening reveals that the minimum binding epitope is
Manal-3Man31-4GlcNAcB1-4GlcNAcf1-N (G40). The results clearly show that the
binding increases towards the pentasaccharide core of Manal-3(Manal-6)Manf31-
4GlcNAcf1-4GlcNAcB1-N (G41). Substitutions in the Mana1-6 branch are well tolerated
(G4, G23, G27, G34, G43, G74, G134), as well as core Xyl31-2 (G2, G7, G9, G10), and
core Fucal-3 (G9, G72, G90, G134), and Fucal-6 (G14, G70) in the reducing end GlcNAc.
However, any substitution in the Mana1-3 branch inhibits binding (G5, G42, G54, G55),
and so does core Fucal-3 in the distal GIcNAc of the chitobiose core of N-glycan (G83).

This binding pattern is conserved for all the batches and concentrations used (Fig.47).
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Figure 44. A: N-Glycan structures included on the microarrays. B: Glycosidic bond nature of the N-
glycan structures on the microarrays.
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Figure 45. Four different preparations of Mannitou mAb at 25 pg/mL incubated on the microarrays.
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Figure 46. Four different concentrations of one of the Mannitou mAb preparations incubated
on the microarrays.
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Figure 47. Binding pattern to selected N-glycan structures after Mannitou antibody incubation on
the microarray (25 pg/mL). Each histogram represents the mean RFU (relative fluorescence unit)
values for four spots with the SD (standard deviation) of the mean.
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DISCUSSION

Glycan arrays are very well suited for the analysis of antibodies directed against
glycans or glycopeptides. Natural antibodies against carbohydrates are found in humans
and other mammals. Their origin is a matter of debate, but exposure to microbial
carbohydrates is believed to play a major role in their formation. Naturally acquired anti-
glycan antibodies vary greatly between individuals. Unusual levels of anti-glycan
antibodies in serum are associated with infection, cancer, or autoimmune disease
(Muthana et al, 2014). Therefore, anti-glycan antibodies are promising potential
biomarkers of pathophysiological condition, and glycan arrays represent a powerful and
high-throughput approach to analyse interactions between these antibodies and a broad
spectrum of potential carbohydrate antigens. In addition to soluble proteins, whole
viruses, bacteria, yeasts, parasites, or mammalian cells can be screened as well if needed
(Geissner et al., 2016).

Ideally, any method for characterising protein-carbohydrate interactions would
require minimal amounts of material, allow the analysis of many samples, and be
compatible with the rather weak binding affinity between the two agents. The microarray
format addresses all these issues, as with relatively little antibody quantities parallel
screening of many potential ligands can be simultaneously performed in a single
experiment. The array allows screening of far more ligands than could be undertaken in
any other analysis, including structural studies. Furthermore, features of presentation,
such as density and orientation of the oligosaccharides displayed on the surface, can be
controlled as to create a high avidity multivalent interaction between naturally
oligomeric proteins with multiple binding sites, such as the pentameric Mannitou IgM,
and their oligosaccharide antigens (Kiessling et al.,, 2002). It has to be noted that the
affinity for glycans results from a complex balance between entropy costs of immobilising
larger saccharides, with resulting favourable interactions, and steric exclusion.
Additionally, the chip surfaces are designed to prevent non-specific adsorption of
proteins and ensure a homogeneous environment for carbohydrate presentation so that
all immobilised glycans have an equal chance of recognition by the interrogating protein

(Houseman et al., 2002).
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Preferential binding to glycans bearing two GalNAc residues and preferably three
Man residues, that are either unsubstituted or substituted only at the al-6 position has
been observed after an interrogation with Mannitou mAb. The fact that the binding gives
strong signals with a few structurally related glycans, after which a sharp drop-off in
signal is observed, indicates that the association is dependent on the presence of a specific
binding epitope. It is very important to point out that glycan array screening at higher
antibody concentration reveals binding to the same ligands as at lower concentrations,
and this pattern has been reproduced in multiple screens of the array with several
different antibody preparations. Glycan array results indicating highly selective binding
to a group of glycans can reflect the presence of a pre-formed conformational feature of
the ligands, which provides an extended surface for local interactions with the antibody
surface at minimal entropy cost associated with glycan immobilisation (Taylor et al,,
2009).

These findings are consistent with previously described experiments by Zipser et
al. from 2012, where Mannitou antibody was screened against the glycan array 4.0 of The
Consortium for Functional Glycomics that comprises 442 mammalian glycans coupled via
amino functional groups to amino reactive glass slides. It demonstrated highly restricted
specificity for the trimannosyl core of N-linked glycans called paucimannose. The affinity
of Mannitou was found to be the highest for the Man3GIlcNAc; structure, which has been
subsequently confirmed by the present study. Adding monosaccharides at the non-
reducing end of the Manal-3 branch, led to an almost complete loss of reactivity
compared to the initial Man3GlcNAc, structure (1% of reactivity), which has been
observed again during this screening.

Owing to the complexity and heterogeneity of glycans, the chemical similarity of
their monosaccharide subunits and the possibility of many different types of linkages
between them, a single analytical method will rarely provide a full reliable compositional,
structural, and interaction analysis. Existing glycan array libraries still contain only a
small fraction of the carbohydrate diversity found in nature. Therefore, further advances
in methods for the synthesis, isolation, and characterisation of glycans are required to
expand the currently available glycan libraries. Moreover, glycan presentation on array
surfaces can considerably impact the binding interaction, as steric hindrance may
prevent binding to some ligands. Lastly, as different formats and standards are used to

analyse array information obtained from different laboratories, different array platforms
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can yield different results. For these reasons, multiple approaches have been employed
to validate glycan array specificity, most commonly involving surface plasmon resonance
or isothermal titration calorimetry. Both of these techniques along with STD-NMR have
been applied to study the molecular recognition of paucimannose N-glycans by Mannitou
antibody. SPR defines kinetic parameters associated with the interaction, ITC provides
quantitative thermodynamic data, and STD-NMR identifies ligand moieties crucial for the
binding. Based on these microarray screening results, Man3GIlcNAc; (G41) and the
corresponding al-6 core fucosylated structure (G70) have been selected for further
analysis, as ManzGlcNAc2 manifests one of the strongest interactions with Mannitou, and
fucose is an important residue recognised by a multitude of protein receptors. In
mammals, core fucose is found exclusively as al-6-linked to the reducing N-
acetylglucosamine moiety of the chitobiose core (Kobata 1992; Sernaetal., 2011; Tjondro
et al., 2019). f1-2-linked xylose and a1-3-linked fucose structures have been excluded
from further analyses for being immunogenic glycan motifs from plants and
invertebrates but never present in mammals (Brzezicka et al., 2015; Clausen et al., 2017;

Paschinger et al,, 2009; Tjondro et al., 2019).
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Chapter 2.
Molecular recognition studies

using Mannitou antibody

[I. Kinetic analysis using Surface
Plasmon Resonance and

Isothermal Titration Calorimetry
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INTRODUCTION

Molecular recognition refers to the process in which biological macromolecules
interact with each other through non-covalent interactions to form a specific complex.
This process has two important defining characteristics, namely specificity and affinity.
Virtually all biological processes depend critically on the binding of ligands by specific
proteins such as enzymes, antibodies, receptors, lectins, and transport proteins, and the
determination of binding affinities for such molecular recognition processes is therefore
of central importance.

Protein-ligand binding kinetics describes the process underlying the association
between a protein and ligand, particularly focusing on the rate at which these two
partners bind to each other. In a simple example, when a protein molecule P and a ligand
molecule L with mutual affinity are mixed in a solution, the time-dependent reversible
association between them can be formulated as:

P+L=PL
PL - the protein-ligand complex
At equilibrium, the forward binding reaction should be balanced by the reverse
unbinding reaction:
Kon [P][L] = Kot [PL]
kon/ka— association rate constant [1/(M*s)]; concentration-dependent
kott/kq — dissociation rate constant [1/s]; concentration-independent
The binding affinity is the strength of the interaction between two molecules that bind
reversibly. It is translated into physico-chemical terms in the dissociation constant Kj,
proportional to the number of occupied binding sites at equilibrium.
Ka = Kon/Koft = [PL]/[P][L] = 1/K4
Ka - equilibrium association/binding constant [1/M]
Kq - equilibrium dissociation constant [M]
Therefore, a fast binding rate accompanied by a slow dissociation rate will give a high
association (and respectively low dissociation) constant and, hence, a high binding

affinity.
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A protein-ligand-solvent system is a thermodynamic system composed of the
solute (i.e., the protein and ligand molecules) and the solvent (i.e., liquid water and buffer
ions). In such a system, the heat exchange among these substances and how heat transfer
is related to various energy changes are dictated by the laws of thermodynamics. As a
result, the driving forces that dictate the association between the protein and the ligand
are a synthetic result of various interactions and energy exchanges among the protein,
ligand, water, and buffer ions. Gibbs free energy is one of the most important
thermodynamic quantities for the characterisation of the driving forces. AG can be
regarded as an approximation of the chemical potential that measures the capacity of a
thermodynamic system to do maximum or reversible work at a constant temperature and
pressure (isothermal, isobaric). In analogy with any spontaneous process, protein-ligand
binding occurs only when the AG is negative and the Gibbs free energy of the system is
minimised, when the system reaches an equilibrium state at constant pressure and
temperature. Because the protein-ligand association extent is determined by the
magnitude of the negative AG, it can be considered that the change in free energy
determines the stability of any given protein-ligand complex, or alternatively, the binding
affinity of a ligand to a given protein. It should be noted that the free energy is a state
function of the states of a system, and therefore independent of the path leading from one
state of the system to another and defined only by the initial and final thermodynamic
states.

The standard binding free energy AG°, which refers to the free energy change
measured under the conditions of 1 atm pressure, a temperature of 298 K, and the
effective reactant (protein and ligand) concentrations of 1 M, is related to the binding
affinity constant K, by the Gibbs relationship. It is apparent that the higher the association
constant K,, the more negative the standard free energy of binding, indicating that the
kinetic parameters determine the thermodynamic properties of the complex.

AGe = - RTInKa
R - the universal gas constant [8.314 2] /(K*mol)]
T - the absolute temperature [K]
The binding free energy AG at any moment in time during an association is given by:

AG = AG® + RTInQ
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Q - thereaction quotient, which is defined as a ratio of the concentration of the protein-
ligand complex to the product of the concentrations of the free protein and free ligand at
any moment in time; when Q = K, an association reaction is at thermodynamic
equilibrium, and AG = 0. AG can also be parsed into its enthalpic and entropic
contributions.

AG = AH - TAS
AH - change in enthalpy of the system upon ligand binding
AS - change in entropy of the system upon ligand binding
T - temperature [K]

Enthalpy is a measure of the total energy of a protein-solvent system. It is the sum
of the internal energy (i.e., the energy required to create the system) and the amount of
energy required to make room for the system by displacing its environment and
establishing its volume and pressure. Enthalpy is a quantifiable state function but the
total enthalpy of a protein-solvent system cannot be measured directly. However, the
change in enthalpy can be measured when it is expressed as the change in a system’s
energy. For a binding process, the enthalpy contribution reflects the energy change of the
system when the ligand binds to the protein, resulting from the formation and disruption
of various non-covalent interactions (hydrogen bonds, ion pairs, van der Waals contacts,
electrostatic interactions, dipole-dipole interactions etc.) at the binding interface.
However, the change in enthalpy upon binding is a global property of the entire
thermodynamic system, including contributions not only from the solute but also from
the solvent. Binding enthalpy AH is negative in exothermic processes when a formation
of energetically favourable non-covalent interactions between atoms occur, and positive
in endothermic processes when disruptions of energetically favourable non-covalent
interactions happen.

Entropy is a measure of how evenly the heat energy is distributed over the whole
thermodynamic system. Such a concept is central to the second law of thermodynamics
which states that thermal energy always flows spontaneously from regions of higher
temperature to regions of lower temperature. This reduces the state of order of the initial
system, and, therefore, entropy could also be viewed as a measure of the disorder among
atoms and molecules in a system. When a protein-solvent system is under constant
temperature and pressure, the origin of entropy is the heat energy stored in atoms or

molecules within the system. Entropy is a spontaneous process of the transfer and
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diffusion of thermal energy among various system constituents leading ultimately to an
as homogeneous as possible energy distribution over the system. Entropy cannot be
measured directly, but entropy change can be measured quantitatively when it is
considered as a change in the degrees of freedom of a system. AS is a global
thermodynamic property of a system. Positive net entropy indicates the overall increase
in the degree of freedom of the system, contributing favourably to the binding free
energy. Negative net entropy indicates the overall decrease in the degree of freedom of
the system, which contributes unfavourably to the binding free energy. The total entropy
change associated with binding may be divided into three entropic terms:
AS = ASsolv + AScont+ ASy

ASso1y represents the solvent entropy change arising mainly from surface burial that
results in solvent release upon binding, ASconr represents the conformational entropy
change reflecting the changes in the conformational freedom of both the protein and
ligand upon association, AS,/:represents the loss of rotational and translational degrees
of freedom of the protein and ligand upon complex formation (Bundle et al., 1994, Du et
al,, 2016; Li et al., 2014).

The binding enthalpy primarily reflects the strength of non-covalent
intermolecular interactions between the ligand and the target protein relative to those
existing with the solvent. The change in enthalpy upon binding results principally from 1.
the disruption of many individual interactions between the protein and the solvent (loss
of hydrogen bonds and van der Waals contacts), and between the ligand and the solvent;
2. the formation of interactions between the protein and the ligand (salt bridges and van
der Waals contacts); 3. the solvent reorganisation near the complex surface. These
individual components may either contribute favourably or unfavourably, and the net
enthalpy change is a result of their combination. The entropy change, on the other hand,
mainly reflects two contributions, changes in solvation entropy ASsov and changes in
conformational entropy AScont. Upon binding, structured water molecules are released
from the interacting antibody and carbohydrate surfaces into the bulk solvent. As
desolvation (burial of water-accessible surface area) occurs, gain in solvent entropy is
observed. This effect is probably the major driving force for the binding, e, and can be
optimised, if needed, by the precise and close fit between the epitope and the binding
pocket. This gain in solvent entropy is particularly important for hydrophobic groups

since water molecules are less mobile near such regions. When the protein-ligand
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complex is formed, water molecules are released into the bulk solvent and gain mobility.
However, the positive entropy change gets compensated by loss in enthalpy owing to
enthalpically weaker hydrogen bonds in bulk water. At the same time, the ligand and
certain protein side-chains lose conformational freedom, resulting in a negative change
in conformational entropy. The magnitudes of the enthalpy and entropy changes for this
process tend to be roughly equal and are the source of the enthalpy-entropy
compensation. Such compensation, although frequently observed, is not a requirement.
If it was, meaning that changes in AH were always compensated by opposing changes in
TAS, optimisation of binding affinities would not be possible, which is not the case

(Bronowska 2011; Bundle 1994; Dragan et al.,, 2017; Leavitt et al., 2001).

1. Surface Plasmon Resonance principle

Surface Plasmon Resonance is an optical-based and label-free method enabling to
understand the structure-function relationship by measuring in real time the binding
kinetics and affinity of molecular interactions. An SPR instrument consists of a sensor
surface made out of a thin gold film, forming the floor of a flow cell through which an
aqueous solution flows continuously. The ligand molecules are immobilised on the sensor
surface and using a microfluidics system the analyte solution is passed over the modified
surface. As the analyte binds the ligand in a time-dependent manner, a proportional
increase in the refractive index at the surface is observed. This change, expressed in
response units RU and measured in real-time, is proportional to the change in mass
concentration on the sensor surface (1 RU = 1 pg/mm? for protein). After a certain
association time, when the binding phase is complete (all binding sites are occupied), a
solution containing no analyte is injected over the sensor surface and the analyte
dissociates from the ligand. As this happens, a decrease in RU is observed. The time-
dependent RU changes result in binding curves. Various concentrations of the analyte are
used to obtain sensorgram data which is later fit to a suitable binding model in order to
calculate the kinetic rate constants kon and kofr, and the equilibrium constants of the
interaction K, and Kq (Besenicar et al., 2006; Myszka 1997).

Surface Plasmon Resonance is a phenomenon that occurs in thin conducting films
at an interface between media of different refractive index (Fig.48 top), as the refractive

index of a solution varies depending on the solute content. Under conditions of total

115 |

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

internal reflection, the light leaks an electric field intensity called an evanescent wave
field across the interface into the medium of lower refractive index, without actually
losing net energy. The amplitude of the evanescent field wave decreases exponentially
with distance from the surface, and the effective penetration depth is about half the
wavelength of the incident light. This distance is small (~300 nm) in relation to the
volume of sample used, so effectively SPR measures the refractive index at the sensor
surface. At a certain combination of the angle of incidence and energy (wavelength), free
electrons at the metal surface absorb light photons and generate plasmons (electron
charge density waves), creating a coherent plasmon oscillation. Under these resonance
conditions, a sharp drop in the intensity of the reflected light is observed (Fig.48 bottom).
The angle of incidence at which minimum reflection occurs is defined as the SPR angle,
which is strongly dependent on the refractive index of the material near the metal surface.
Because the evanescent wave field penetrates the solution, conditions for this resonance
effect are very sensitive to the refractive index of the solution within the effective
penetration depth of the evanescent field. The characteristics of the phenomenon in
terms of angle and wavelength of the incident light and the shape of the reflectance
minimum vary according to the nature and thickness of the conducting film (Jonsson et

al,, 1991; Lundstrém 1994; Zhou et al., 2018).
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Figure 48. Representation of the Surface Plasmon Resonance principle. From: Biacore Sensor
Surface Handbook.

A sensor chip consists of a glass slide coated with a uniform thin layer of gold,
approx. 50 nm thick. These components, together with the docking system for mounting
the sensor chip in the optical system, provide the conditions required for the generation
of an SPR signal. Gold gives a well-defined reflectance minimum at easily handled visible
light wavelengths, and is also amenable to covalent bonding of surface matrix layers at

the same time, as the metal is largely inert in physiological buffer conditions. To provide
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a suitable environment for studying molecular interactions, the gold surface is covered
by a linker layer and, on most sensor chip types, a matrix of carboxymethyl dextran. The
presence of carboxyl groups in the matrix allows reproducible and generally applicable
immobilisation of a wide range of ligands. This dextran matrix not only provides high
freedom of rotation to closely mimic solution binding interactions but also extends the
surface on which the interactions occur, thus providing better accessibility and
increasing instrument sensitivity, It is the surface matrix that determines the properties
of the sensor chip with respect to ligand attachment and molecular interaction (Jonsson
1992; Myszka 1997).

In broad terms, there are two main approaches to attaching macromolecular
ligands to the sensor chip surface, covalent immobilisation and high-affinity capture. The
choice of method depends on the properties of the substance. The immobilisation
approaches may exploit the available amine (-NH2), thiol (-SH), aldehyde (-CHO),
hydroxyl (-OH), or carboxyl (-COOH) functional groups on the ligand, to capture nucleic
acids, peptides, proteins, antibodies, or carbohydrates. Amine coupling chemistry is the
most widely applicable approach for covalently attaching biomolecules to the sensor
surface (Fig.49). With this method, a fraction of the carboxyl groups on the dextran
matrix is first activated with a mixture of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to give reactive N-
hydroxysuccinimide esters. The ligand dissolved in a low-ionic-strength buffer, at a pH
below its isoelectric point, is flown over the activated surface. The electrostatic attraction
between the positively charged ligand and the negatively charged carboxyl groups in the
matrix facilitates the ligand concentration on the matrix. During this process, the NHS
esters react with amino groups and other nucleophilic groups (the thiol group of cysteine,
and to some extent the imidazolium group of histidine and the phenoxy group of tyrosine)
to link the ligand covalently to the dextran. Finally, ethanolamine is passed over the
sensor chip to inactivate the remaining excess groups by transforming them into amides.
Additionally, the solution weakens the electrostatic interaction between the ligand and
the matrix and thus removes electrostatically bound material from the surface (Johnsson

etal, 1991).
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Figure 49. Schematic representation of amine coupling of a ligand to the sensor chip surface. From:
Biacore Sensor Surface Handbook.

2. Isothermal Titration Calorimetry principle

[sothermal titration calorimetry is a solution-phase technique directly detecting
the absorbed or released heat (binding enthalpy change AH) accompanying a binding
interaction. It is a titrimetric method in which the titration is performed at constant
pressure and temperature. Heat is released or absorbed as a result of the redistribution
and formation of non-covalent bonds when the interacting molecules go from free to
bound state. An ITC apparatus consists of two identical cells composed of a highly
efficient thermal conducting material (Hastelloy or gold) (Fig.50). The reference cell
usually contains water, while the sample cell contains one of the binding partners (the
sample) and a stirring syringe which holds the other binding partner (the ligand). As
modern instruments operate on the heat compensation principle, the response
(measured signal) is the time-dependent input of power (ucal/s), applied to the cell
heaters, necessary to maintain equal temperatures in the sample and reference cells, as
the binding partners are mixed. During the injection of the ligand into the sample cell,
heat is absorbed or released depending on whether the macromolecular association
reaction is endothermic or exothermic. For an exothermic reaction, the temperature in
the sample cell will increase, and the feedback power will be deactivated. For
endothermic reactions, the feedback circuit will increase power to the sample cell to
maintain the same temperature. The heat absorbed or released during a calorimetric
titration is proportional to the fraction of bound ligand. Each ligand injection results in a
heat pulse that is integrated with respect to time and normalised for concentration to
generate a titration curve of kcal/mol vs molar ratio (ligand/sample). The resulting

isotherm is fitted to a binding model to generate the enthalpy (AH), affinity (Kq4), and
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stoichiometry of interaction (n), from which the binding free energy (AG) and
subsequently entropy (AS) can be computed (Leavitt et al., 2001; Pierce 1999).

It is important to highlight that the heat exchange detected by an ITC experiment
is the total heat effect in the sample cell upon ligand titration, including not only the heat
absorbed or released during the binding interaction but also the heat effects arising from
dilution of the ligand and protein, mixing two solutions of different compositions,
temperature differences between the sample cell and the syringe etc. As a result, control
experiments need to be performed to determine these non-specific heat effects and
obtain only the heat exchange during the complex formation (Bronowska 2011; Perozzo

etal, 2004).
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Figure 50. Schematic representation of the working principle of an ITC instrument. The measured
signal between the reference and sample cells is the power needed to maintain a zero temperature
difference, AT ~ 0.
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MATERIALS & METHODS

1. SPR measurements

1.1. Equipment

The SPR studies between Mannitou mAb/Fab and selected paucimannose N-
glycans have been conducted using the Biacore 3000 and Biacore T200 instruments (GE
Healthcare Life Sciences, UK). The system allows getting a reliable real-time insight into
biological processes in small-scale interaction analysis, providing information on binding
specificity, kinetics, affinity, and concentration analysis. It contains all key functionalities
needed to define the structure-function relationships and understand the dynamics of
molecular pathways. The ligands have been immobilised by amine coupling on a Biacore
Sensor Chip CM5 (GE Healthcare Life Sciences, UK) (Fig.51). The CM5 chip carries a
matrix of carboxymethylated dextran covalently attached to a gold surface, required for
the generation of the surface plasmon resonance response. The flexible dextran matrix
extends ~100 nm from the gold surface, allowing relatively free movement of the
attached ligand molecules and creates a hydrophilic environment suitable for a wide
variety of protein interactions. Its high immobilisation capacity permits a broad range of
capture densities and the surface stability provides accuracy and precision, allowing

repeated analysis in the same surface conditions.
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Figure 51. Schematic illustration of the structure of the Biacore Sensor Chip CM5 surface (GE
Healthcare Life Sciences, UK). From: Biacore T200 Getting Started.
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1.2. Ligand immobilisation

Amine coupling chemistry is one of the most common techniques for covalent
immobilisation of a wide range of molecules. This approach results in the formation of a
stable bond between the ligand and the sensor surface. Determination of the binding
kinetics and affinity between Mannitou mAb/Fab and the studied paucimannose N-
glycans starts with the CM5 chip surface activation using a mixture of 0.4M 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 0.1M N-hydroxysuccinimide (NHS). The
reagent solutions have been equilibrated at room temperature and mixed shortly before
use.

The chip for Mannitou Fab experiment has been prepared by immobilising a
glycoprotein carrying Man3GIlcNAc;. The 1st flow cell (Fc=1) serves as a reference surface,
so it is blocked immediately after activation (blank immobilisation). In the 2nd flow cell
(Fc=2) AXT/FT Nicotiana benthamiana plant-produced helminth glycoprotein omega-1
with Man3GlcNAc; N-glycan attached (Strasser et al., 2008) is immobilised at 400 RU (400
pg ligand/mm? sensor surface) using 10 mM NaAc pH=4.5 as immobilisation buffer. 1M
ethanolamine-HCL pH=8.5 is used to inactivate excess reactive groups.

The chip for Mannitou mAb (non-purified and purified) multi-cycle analysis has
been prepared by direct immobilisation of Man3GlcNAcz and Man3GlcNAcz(al-6)Fuc. The
1st and 3™ flow cells (Fc=1, Fc=3) serve as a reference surface, so they are blocked
immediately after activation (blank immobilisation). In the 2nd flow cell (Fc=2)
Man3zGlcNAc: is covalently immobilised at 237 RU (237 pg ligand/mm? sensor surface)
using 10 mM NaAc pH=4.5 as immobilisation buffer. In the 4t flow cell (Fc=4)
Man3zGlcNAcz(al-6)Fucis covalently immobilised at 163 RU (163pg ligand/mm? sensor
surface) using 10 mM NaAc pH=4.5 as immobilisation buffer. 1M ethanolamine-HCL
pH=8.5 is used to inactivate excess reactive groups.

The chips for Mannitou mAb (non-purified) single-cycle analysis have been
prepared by immobilising a glycoprotein carrying the N-glycan of choice. The 15t flow cell
(Fc=1) serves as a reference surface, so it is blocked immediately after activation (blank
immobilisation). In the 2nd 3rd and 4t flow cell (Fc=2, Fc=3, Fc=4) AXT/FT Nicotiana
benthamiana plant-produced helminth glycoprotein omega-1 with Man3z(f31-
2)XylGlcNAcz(al-3)Fuc, ManzGlcNAcz, MansGlcNAcz(al-6)Fuc, or ManszGlcNAcz(al-
3)Fuc N-glycan attached (Strasser et al.,, 2008) is immobilised using 10 mM NaAc pH=4.5
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as immobilisation buffer. 1M ethanolamine-HCL pH=8.5 is used to inactivate excess
reactive groups.

The chips for Mannitou mAb (purified) single-cycle analysis have been prepared
by immobilising 10 pg/ml of the glycoprotein carrying the N-glycan of choice. The 1stflow
cell (Fc=1) serves as a reference surface, so it is blocked immediately after activation
(blank immobilisation). In the 21d flow cell (Fc=2) AXT/FT Nicotiana benthamiana plant-
produced helminth glycoprotein omega-1 with Man3GIlcNAc; N-glycan attached (Strasser
et al., 2008) is immobilised at 2300 RU (2300 pg ligand/mm? sensor surface) using 10
mM NaAc pH=4.5 as immobilisation buffer. In the 3rd flow cell (Fc=3) Man3GlcNAcz(a1-
6)Fucis covalently immobilised at 2000 RU (2000 pg ligand/mm? sensor surface) using
10 mM NaAc pH=4.5 as immobilisation buffer. In the 4t flow cell (Fc=4) Man3GIcNAcz(a1-
3)Fucis covalently immobilised at 2500 RU (2500 pg ligand/mm? sensor surface) using
10 mM NaAc pH=4.5 as immobilisation buffer. 1M ethanolamine-HCL pH=8.5 is used to

inactivate excess reactive groups.

1.3. Binding Kinetics and affinity analysis

The binding interactions have been studied using HBS-EP, pH=7.4 (10 mM HEPES,
150 mM NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20), and 200 mM NaHCO3 500 mM
NaCl, pH=7.8, as running buffers, at a flow rate of 30 pul/min at 10°C. Both experiments
(using Mannitou mAb and Mannitou Fab) begin with three start-up cycles to allow surface
stabilisation.

In the multi-cycle analysis using Mannitou Fab, each sample injection (1.5 min
contact time) is followed by 10 min dissociation time to allow the bound analyte to
dissociate spontaneously from the surface-attached ligand. The Fab has been used
injected with increasing concentrations from 0 nM (no analyte), 158 nM, 315 nM, 630 nM,
to 1260 nM.

In the multi-cycle analysis using non-purified Mannitou mAb, each sample
injection (3 min contact time, 6 min dissociation time) is followed by regeneration with
50mM NaOH to remove the bound analyte from the surface-immobilised ligand. The mAb
has been used in 0 nM (no analyte), 2.3 nM, 7.2 nM, 15.9 nM, 31.9 nM, 64.1 nM, 132 nM,
249 nM, 452 nM, 739 nM, and 925 nM concentrations.

In the multi-cycle analysis using purified Mannitou mAb, each sample injection (1

min contact time, 6.5 min dissociation time) is followed by regeneration with 50mM
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NaOH to remove the bound analyte from the surface-immobilised ligand. The mAb has
been used in 0 nM (no analyte), 0.8 nM, 0.16 nM, 0.33 nM, 0.66 nM, 1.31 nM, 2.63 nM, 5.25
nM, 10.5 nM, 21 nM, 42 nM, 84 nM, 168 nM, and 336 nM concentrations.

In the single-cycle analysis using non-purified Mannitou mAb each sample
injection (1.5 min contact time) is followed by 2.5 min dissociation time. The mAb has
been used in 13.2 nM, 26.3 nM, 52.6 nM, 105.3 nM, and 210.5 nM concentrations for
Man3zGlcNAcz and Man3GlcNAcz(al-3)Fuc ligands, and in 19.7 nM, 39.5 nM, 78.9 nM,
157.9 nM, and 315.8 nM concentrations for Manz(1-2)XylGlcNAcz(al-3)Fuc and
Man3zGlcNAcz(al-6)Fuc ligands.

In the single-cycle analysis using purified Mannitou mAb each sample injection (3
min contact time) is followed by 4 min dissociation time. The mAb has been used in
59.375 nM, 118.75 nM, 237.5 nM, 475 nM, 950 nM concentrations. Data analysis is

performed with BIA Evaluation Software.

The chip preparation and SPR measurements have been made by S. Robakiewicz
(single-cycle analysis), often with the help of Z. Lens, and by ]. Bouckaert and C. Bridot

(multi-cycle analysis).

2. ITC measurements

Equipment

The ITC measurements have been performed using MicroCal PEAQ-ITC (Malvern
Panalytical, UK). MicroCal PEAQ-ITC is a highly sensitive and precise, low volume
isothermal titration calorimeter for the label-free in solution study of biomolecular
interactions. The system directly measures the heat released or absorbed during binding
events, from which it calculates binding enthalpy (AH), affinity (Ka), stoichiometry (n),
free energy (AG), and entropy (AS). The wide affinity range enables highly reproducible
analysis of weak to high-affinity binders (Kq from 10-2 to 10-° M) in a single experiment.
High signal-to-noise ratio gives more confidence in accessing data quality and relevance
of the generated affinity and thermodynamic parameters. MicroCal PEAQ-ITC has a wide
range of applications as it enables characterisation of molecular interactions of small

molecules, nucleic acids, lipids, proteins, enzymes, and antibodies.
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Binding and Kinetic analysis

Prior to the assay, Mannitou Fab has been dialysed against HEPES buffer (20 mM
HEPES, 150 mM NaCl) pH=7.4. The same buffer is also used to dissolve the ManzGlcNAc>
glycan serving as the ligand. 2 pL injections of 3 mM ManzGlcNAc; are titrated at 150 s
intervals from a computer-controlled 40 pL syringe into the sample cell containing 35 pM
Mannitou Fab solution, that is constantly stirred at 750 rpm at 25°C, a condition at which
the antibody is considered to be in its native folding state. The heat peaks, generated by
the complex association, are integrated to obtain the binding enthalpy change AH. The
equilibrium dissociation constant Kq4 is obtained from the slope of the resulting curve
fitted to the data points. The data calculation is performed using the Microcal Peaq-ITC

Analysis software.

The ITC experiment has been conducted by S. Robakiewicz with the help of A.

Gimeno in the lab of . Jimenez-Barbero.
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RESULTS

1. Surface Plasmon Resonance

When studying biological problems at the molecular or cellular level using
recombinant antibodies, like Mannitou Fab, it is important to be able to show that the
recombinant protein has the same structure and activity as its native counterpart. This is
most easily done by confirming that the recombinant antibody binds its natural ligands.
Because such interactions involve multiple residues, which are usually far apart in the
primary amino acid sequence, they require a correctly folded antibody.

The capacity of SPR to measure the real-time binding data makes it well suited to
analyses of kinetics and affinity. Quantitating how macromolecules assemble into
complexes and break down over time is required to define the mechanism of binding.
This kinetic information is pivotal in relating the structure of biological macromolecules
to their function (Myszka 1997). Kinetics and affinity measurements on the sensor
surface determine the binding characteristics between the ligand and the analyte.
Kinetics deals with time-dependent events and describes how fast molecules bind and
dissociate. The kinetics of interaction determines how much complex is formed in a given
time. Affinity describes the strength of interaction, independently of time. The affinity of
interaction determines how much complex is formed when a mixture of interactants has
reached equilibrium. A full kinetic profile can be generated by measuring the interaction
as a function of time over a range of analyte concentrations and then fitting the whole
data set to a mathematical model describing the interaction mechanism. Kinetic
parameters are determined from the association and dissociation phases of the
sensorgram. Affinity can be established either from the kinetic rate constants or by
measuring the steady-state binding levels of the analyte. The analyte concentrations may
be introduced in separate cycles with surface regeneration after each sample injection
(multi-cycle analysis) or sequentially in a single cycle with no regeneration between
sample injections (single-cycle analysis). In this study, the both multi-cycle (Fig.52,
Fig.53, Fig.54) and single-cycle approach (Fig.55, Fig.56) is applied and the affinity is
assessed from the kinetic parameters. Different kinetic experiments have been

performed using Mannitou Fab (Fig.52) and Mannitou mAb (Fig.53, Fig.54, Fig.55, Fig.56)
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respectively. The simplest interaction model that is consistent with the experimental
system has been chosen, as the complex that forms follows pseudo-first-order kinetics
and it is assumed that the binding is equivalent and independent for all binding sites. 1:1
Langmuir binding model has been fitted to the experimental data from both the
association and dissociation phases, after subtracting the reference. A background
response will also be generated if there is a difference in the refractive indices of the
running and sample buffers. This background response must be subtracted from the
sensorgram to obtain the actual binding response. The background response is recorded
by injecting the analyte through the reference cell which has no ligand immobilised to the
sensor surface.

Mannitou Fab - Man3GIcNAc; experiment yields Kq [M] = 4.8 x 105 + 1.57 x 10-5.
The established kinetic rate constants are k. [1/Ms] = 7.247 x 10 * 1.101 x 10, and
kq[1/s]=3.48x103+1.73x104

The kinetic parameters determined from the multi-cycle analysis using Mannitou
mAb (non-purified) - ManzGlcNAc; are the following: ki [1/Ms] = 8.074 x 103 *
1.916 x 10, kq [1/s] = 3.979 x 104 £ 3.02 x 106, K¢ [M] = 4.929 x 108+ 1.576 x 1077.
The kinetic parameters generated from the Mannitou mAb (non-purified) -
Man3zGlcNAcz(al-6)Fuc multi-cycle analysis are the following: k, [1/Ms] = 1.368 x 104 +
3.807x10,ka[1/s] =4.325x 104+ 5.03x 106, Kq[M] =3.162x 108+ 1.321 x 10".

The kinetic parameters determined from the multi-cycle analysis using Mannitou
mAD (purified) - ManzGlcNAc; are the following: ka [1/Ms] = 3.008 x 105+ 2.142 x 103,
kq [1/s] = 2.066 x 103+ 1.72 x 10, Kq [M] = 6.868 x 102 + 8.03 x 10-°. The kinetic
parameters generated from the Mannitou mAb (purified) - Man3GlcNAcz(a1-6)Fuc multi-
cycle analysis are the following: k. [1/Ms] = 5.045 x 105 * 3.827 x 103,
kq[1/s] =3.052x 103+ 2.15x 105 K¢ [M] =6.05x 10+ 5.62 x 10-°.

The single-cycle analysis for the Mannitou mAb (non-purified) - Manz(f1-
2)XylGlcNAcz(al-3)Fuc interaction has resulted in Kq [M] = 1.861 x 108+ 1.079 x 10-8.
The obtained kinetic rate constants are k. [1/Ms] = 4.19 x 104 % 3.095 x 107,
and kq [1/s] =7.796 x 104 £ 3.338 x 10-6. The single-cycle analysis for the Mannitou mAb
(non-purified) - ManzGlcNAc; interaction has resulted in Kq [M] = 5.61 x 10 + 3.254 x
10-%. The obtained kinetic rate constants are k. [1/Ms] = 2.188 x 10> + 3.426 x 103,
and kq [1/s] =1.227 x 103 + 1.115 x 10->. The single-cycle analysis for the Mannitou mAb
(non-purified) - ManzGlcNAcz(al-6)Fuc has resulted in Kq [M] = 8.721 x 109+ 4.171 x
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10-°. The obtained kinetic rate constants are ka [1/Ms] = 9.59 x 10% + 4.998 x 103,
and kq [1/s] =8.364 x 104 + 2.085 x 10->. The single-cycle analysis for the Mannitou mAb
(non-purified) - ManzGlcNAcz(al-3)Fuc has resulted in Kq [M] = 1.084 x 10-8 £ 5.299 x
10-°. The obtained kinetic rate constants are k, [1/Ms] = 5.62 x 10% + 2.272 x 103,
and kq [1/s] = 6.094 x 10-4 £ 1.204 x 10-5.

The single-cycle analysis for the Mannitou mAb (purified) - Man3GlcNAc; has
resulted in Kq [M] = 1.052 x 107 + 4.399 x 10-8. The obtained kinetic rate constants are
ka[1/Ms] =3.628x10% +1.875x10% and kq [1/s] =3.818 x 10-* £ 8.245 x 10-6. The single-
cycle analysis for the Mannitou mAb (purified) - Man3GIlcNAcz(al-6)Fuc has resulted
in Kq[M]=7.654x108+ 3.716 x 10-8. The obtained kinetic rate constants are k, [1/Ms] =
4.056 x 103 + 2.983 x 102, and kq [1/s] = 3.104 x 10* + 1.109 x 10->. The single-cycle
analysis for the Mannitou mAb (purified) - ManzGlcNAcz(a1-3)Fuc has resulted in Kq [M]
=1.067 x 107 £ 4.735 x 10-8. The obtained kinetic rate constants are ki [1/Ms] = 4.374 x
103 +3.878x 102, and kq [1/s] =4.667 x 104+ 1.836 x 10-5.

There are two major tools for assessing the significance of the reported constants:
the closeness of fit between the fitted and experimental curves, and the statistical
significance of the parameters. Visual inspection of the fitted curves overlaid on the
experimental data gives an indication of the closeness of the fits. All assays result in
relatively well-fitted curves overlaid onto the experimental data. The chi-square value is
a quantitative measure of the closeness of fit, and in an ideal situation will approximate
to the square of the short-term noise level. The chi-square value for the Mannitou Fab -
Man3zGlcNAc; experiment is 14.07. The chi-square value for the multi-cycle analysis using
non-purified Mannitou mAb - Man3GIlcNAc; is 32.33, and for Mannitou mAb -
Man3zGlcNAcz(al-6)Fuc itis 3.96. The chi-square value for the multi-cycle analysis using
purified Mannitou mAb - Mans3GIcNAc; is 26.86, and for Mannitou mAb -
Man3zGlcNAcz(al-6)Fucitis 0.53. The chi-square value for the single-cycle analysis using
non-purified Mannitou mAb - Manz(1-2)XylGIcNAcz(al-3)Fuc is 27.66, for Mannitou
mAb - Man3GlcNAc; it is 8.02, for Mannitou mAb - Man3GIlcNAcz(al-6)Fucitis 552.2, and
for Mannitou mAb - Man3GlcNAcz(al-3)Fuc it is 233.14. The chi-square value for the
single-cycle analysis using purified Mannitou mAb - Man3zGlcNAc: is 4.96, for Mannitou
mAb - Man3GlcNAcz(al-6)Fucitis 16.02, for Mannitou mAb - Man3GlcNAc2(al-3)Fuc it
is 11.56. Fitting experimental data to a mathematical interaction model will return values

for all parameters in the model, regardless of whether they are significant or not. The
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significance of the parameter values returned by the fitting procedure is indicated by the

standard error. The higher the standard error, the less significant the parameter is.
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Figure 52. Global fitting of the SPR sensorgram (Fc2-Fc1) representing the Kinetic experiments
using a concentration series of Mannitou Fab (purified). Global fitting finds the best fit for all of the
sensorgrams simultaneously. Selected parameters such as rate and affinity constants are
constrained to have a single value for all sensorgrams in the data set. Multi-cycle analysis. The
surface-immobilised glycoprotein is a plant-produced omega-1 with Man3zGlcNAc:z N-glycan.
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Figure 53. Global fitting of the SPR sensorgrams (Fc2-Fc1) representing the kinetic experiments
using a concentration series of Mannitou mAb (non-purified). Multi-cycle analysis. Top: The
surface-immobilised N-glycan is Man3GlcNAcz. Bottom: The surface-immobilised N-glycan is
MansGlcNAcz(a1-6)Fuc.
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Figure 54. Global fitting of the SPR sensorgrams (Fc2-Fc1) representing the kinetic experiments
using a concentration series of Mannitou mAb (purified). Multi-cycle analysis. Top: The surface-

immobilised N-glycan is MansGlcNAc:. Bottom: The surface-immobilised N-glycan is
MansGlcNAcz(a1-6)Fuc.
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Figure 55. Global fitting of the SPR sensorgrams (Fc2-Fc1) representing the Kkinetic experiments
using a concentration series of Mannitou mAb (non-purified). Single-cycle analysis. A: The surface-
immobilised glycoprotein is a plant-produced omega-1 with Man3(1-2)XylGlcNAcz(al-3)Fuc N-
glycan. B: The surface-immobilised glycoprotein is a plant-produced omega-1 with ManzGlcNAc: N-
glycan. C: The surface-immobilised glycoprotein is a plant-produced omega-1 with
MansGlcNAcz(a1-6)Fuc N-glycan. D: The surface-immobilised glycoprotein is a plant-produced
omega-1 with Man3zGlcNAcz(a1-3)Fuc N-glycan.
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Figure 56. Global fitting of the SPR sensorgrams (Fc2-Fc1) representing the kinetic experiments
using a concentration series of Mannitou mAb (purified). Single-cycle analysis. A: The surface-
immobilised glycoprotein is a plant-produced omega-1 with ManzGlcNAcz N-glycan. B: The surface-
immobilised glycoprotein is a plant-produced omega-1 with Man3GlcNAcz(al-6)Fuc N-glycan. C:
The surface-immobilised glycoprotein is a plant-produced omega-1 with Man3GlcNAcz(a1-3)Fuc N-
glycan.
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2. Isothermal Titration Calorimetry

The binding affinity of Mannitou Fab to ManzGlcNAc; has been further verified by
means of Isothermal Titration Calorimetry. ITC is considered a gold standard for
analysing intermolecular interactions. Apart from the accurate measurement of the
equilibrium constants and bringing a highly precise evaluation of the binding
stoichiometry of the interaction (molar ratio of reactivity), it provides valuable
thermodynamic information represented by binding enthalpy and entropy change. A
typical ITC experiment includes ligand titration into a solution containing the bio-
macromolecule of interest (e.g., antibody); measurement of the heat released or absorbed
upon binding; processing and fitting of the primary ITC data to obtain the dissociation
constant (Kg), stoichiometry (n), binding enthalpy (AH) and entropy (AS), and binding
free energy (AG) (Fisher etal., 1995).

The primary data is the power applied to the sample cell as a function of time
(Fig.57 top) and consists of a series of peaks, with each peak corresponding to the thermal
energy released upon binding of Man3GlcNAc; to Mannitou Fab. During the first ligand
injections, relatively large exothermic heat pulses are observed. After each successive
injection, the magnitude of the pulses progressively decreases, until only peaks
corresponding to dilution are observed, as ultimately all the binding sites on the antibody
become occupied. The transformation of the raw ITC data results in obtaining the
differential binding curve representing the heat change per mole injectant as a function
of the molar ratio ligand/antibody (Fig.57 bottom). The interpretation of the ITC data
involves fitting the binding isotherm to a standard single-site binding model, that
assumes the antibody is not undergoing ligand-induced changes in self-association or
thermal unfolding, to yield the parameters from a single experiment. Integration of the
heat signals generates the binding enthalpy AH equal to - 7.12 + 0.225 kcal/mol. The
obtained enthalpy change combined with the binding affinity Kq = 5.4 x 105 + 3.24 x 10-¢
M and stoichiometry of the interaction n = 1, allow the calculation of the free energy of

binding AG = -5.82 kcal/mol and entropy change -TAS = 1.3 kcal/mol.

136 |

© 2020 Tous droits réservés. lilliad.univ-lille.fr



04—

DP (ucal/s)
T

-0.5+

-0.6+

Theése de Stefania Robakiewicz, Université de Lille, 2020

AH (kcal/mol)
T

1
N
I

1

™

(%]
|

10 15 20 25 30 35 40
Time (min)

Molar Ratio

Figure 57. ITC data for titration of MansGlcNAc: into Mannitou Fab. Top: Baseline-substracted raw
data thermogram showing power in pcal/s versus time in min. Each downward spikes corresponds
to injection of 2l of the glycan (3 mM) into the antibody solution (35 uM). All available binding sites
on Mannitou Fab are saturated by the ligand after approx. 10 injections. Bottom: Integration of the
spikes gives kcal/mole of the injected MansGlcNAc:z, plotted versus the molar ratio of MansGlcNAc:
added per mole of Mannitou Fab in the sample cell. The derived binding isotherm represents best-
fit of the data to a standard single-site binding model.
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DISCUSSION

SPR technology has various advantages including real-time measurements of
kinetic parameters of a wide range of interactants (small peptides to viruses), label-free
format, small sample consumption, and high sensitivity to detect small molecular weight
analytes (<500 Da), even at low-affinity interactions (Kq from 10-3to 10-12 M). The
regeneratable biosensor surface allows the use of the same sensor chip multiple times
(Helmerhorst et al., 2012; McDonnell 2001).

When studying interactions between high molecular weight and low molecular
weight substance, it is advantageous to immobilise the low molecular weight component
(the glycan antigen) and let the other (the antibody) contribute to the detected mass
change, as SPR technology senses changes in the refractive index which correlate with
changes in mass concentration on the sensor surface. (Karlsson et al, 1991). A
fundamental problem introduced when a ligand is immobilised on a surface is that it is
physically separated from the analyte in the bulk solution. In a laminar flow cell, the
transport of substance to the sensor surface has to pass the unstirred layer where only
diffusion controls the mass transfer. It is crucial to ensure that the supply of analyte to
the surface-attached ligand is not limited, otherwise, the analyte concentration near the
sensor surface will be different from the bulk concentration, which can hinder the ability
to determine rate constants for fast-binding interactions. The mass transport limitation
occurs when the binding of the analyte to the ligand is faster than the diffusion of the
analyte to the sensor surface. However, surface capacity and flow rate are two
experimental parameters that can be adjusted to reduce mass transport effects. High flow
rates reduce the height of the unstirred solvent layer, increasing the transport rate of the
analyte to and from the sensor surface, and thus limiting the chance of analyte re-binding.
Nevertheless, higher flow rates lead to increased sample consumption and for this
reason, may not be very practical. The use of low-capacity surfaces, in turn, decreases the
demand for the analyte, minimising concentration gradients in the flow cell, the
aggregation, avidity, and crowding effects on the sensor surface. Measuring binding
interactions on low-capacity surfaces, however, inherently leads to a lower signal-to-
noise ratio and may not yield a reliable response. For a detailed kinetic analysis, it is

important to improve the quality of the response data by removing as many instrument
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artefacts as possible. Matrix effects, refractive index changes, non-specific binding, and
instrument drift can all be corrected by using a reference surface, as during the Mannitou
antibody - paucimannose N-glycans recognition studies. Another potential drawback of
the SPR method is that the surface-attached ligand may alter the thermodynamics of
binding by constraining the molecule’s rotational and diffusional freedom. Additionally,
the ligand may not maintain its native configuration upon immobilisation on the sensor
chip surface, or alternatively, its non-homogenous orientation may sterically hinder
analyte association. To overcome such incidents, the ligand glycan has been also
immobilised on the sensor surface in the form of a glycoprotein carrying Man3GIlcNAc;.
Furthermore, this approach limits the possibility of non-specific binding, as Mannitou
antibody has been found to manifest affinity to dextran. When injected on an empty flow
cell, without prior activation and deactivation, a signal is detected, implying an
interaction between the antibody and the chip surface. Moreover, the affinity of Mannitou
to dextran has also been observed when using the Sephadex column for size-exclusion
chromatography. In addition, several attempts have been made to immobilise the studied
glycans/glycoproteins on other sensor chips, including Sensor Chip CM4 having a lower
degree of carboxymethylation (30% compared to CM5) for decreased immobilisation
capacity, and Sensor Chip C1 with a flat carboxylated surface without dextran matrix. The
carboxyl groups are directly attached to the surface linker layer which restricts the
mobility of the attached ligand and thus reducing the avidity effects observed with
multivalent analytes, such as IgM. Unfortunately, all these efforts have been unsuccessful
as no adequate immobilisation level has been achieved (Helmerhorst et al, 2012;
Malmqvist 1993; Myszka 1997; Rich et al,, 2002). Lastly, if a full-length antibody is used
as the analyte, just like in the Mannitou mAb - Man3GlcNAc; and Mannitou mAb -
Man3zGlcNAcz(al-6)Fuc experiments, the multivalency of the antibody might be an issue.
The most common and widely applied binding model is the 1:1 Langmuir model, where
the association and dissociation phases of a real-time binding curve are fitted to two
separate single-exponential equations. However, with this simple model, the derived
interaction parameters may be significantly different from those obtained from solution-
based methods such as isothermal titration calorimetry, due to the assumption that there
is only one binding site on the antibody (Sun et al., 2017). The adoption of one-to-one
binding model, together with possible avidity effects, might explain the significantly

lower Kq values for the experiments using the full-length Mannitou antibody compared
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to the Fab. All these restraints may raise concerns over the calculated kinetic values and
therefore, it has been of crucial importance to compare the obtained SPR parameters
against values generated for the same interaction studied with a solution-based
technique. For this purpose, Mannitou Fab - Man3GlcNAc; analysis has been performed
employing isothermal titration calorimetry.

[sothermal Titration Calorimetry has gained a wide range of applications in the
field of biophysics, biochemistry, biotechnology, protein engineering, and drug discovery,
design and development (Bouchemal 2008; Ghai et al., 2012; Krell 2008; Rajarathnam et
al, 2014), as a powerful tool to characterise interactions of biomolecules in a broad
spectrum of binding affinities. The structural and dynamic data alone, even when coupled
with the most sophisticated computational methods, cannot provide information about
the complete thermodynamic profiles consisting of the binding free energy, enthalpy, and
entropy, and therefore may notaccurately predict the binding affinity (Chaires 2008). ITC
is the only technique able to provide quantitative thermodynamic data that is extremely
valuable to study the complex stability and elucidate the forces driving the binding
process. In addition to its high precision, sensitivity, and reproducibility allowing analysis
of weak to high-affinity interaction (Kq from 10-2 to 10-° M), itis a non-destructive method
that requires no immobilisation, modification, or labelling of the binding partners,
allowing the reactants to be studied in their native form and eliminating the risk of any
perturbations of the delicately balanced functional chemistry of the biological
macromolecules. Additionally, ITC does not set any molecular weight limitations.
Moreover, reactants and products do not have to be physically separated after binding
equilibrium has been reached as the separation step can perturb the position of
equilibrium, especially if off-rates are fast. Furthermore, ITC ensures direct and accurate
measurements of equilibrium constants, as opposed to kinetic procedures that access
these indirectly, based on interpretation of on- and off-rate processes (Doyle 1997; Doyle
etal, 1997).

Nevertheless, there are yet certain disadvantages to the ITC approach. Since heat
is a universal signal and each process contributes to the measured global heat effect, the
evaluation of the contribution from the binding can be complicated and control
experiments need to be performed. Despite the high sensitivity, challenges still exist for
extracting heat effects upon complex formation when the binding interaction exhibits a

rather small enthalpy change (e.g. non-covalent complexes), resulting in a relatively low
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signal to noise ratio. Additionally, when a kinetic process is very slow, it may be
overlooked (Doyle 1997; Doyle et al., 1997). The main drawback of ITC when studying
Mannitou - paucimannose N-glycan interactions, however, is that rather high
concentrations of the reactants are needed as the binding affinities are only moderate.
This considerably limits the technique’s application as it has been extremely time-
consuming to prepare both Mannitou Fab and mAb in larger quantities. Moreover, higher
concentrations also lead to a probability that self-association of the antibody may occur
(Wang et al.,, 2018). Therefore, it has been very problematic to conduct a reliable ITC
experiment with the whole pentameric Mannitou IgM, as no adequate concentration level
could be achieved.

If the concentrations of both the protein and the ligand are known, ITC can
determine the binding stoichiometry (n) from the molar ratio of the interacting partners
at the equivalence point. In data fitting, the parameter n can either be fixed as the number
of binding sites per macromolecule or be treated as an additional floating parameter
determined from iterative fitting (Perozzo et al., 2004).

The thermodynamic profile indicates the predominant forces that drive the
binding interaction. Since the protein-ligand binding event is induced by the decrease in
total Gibbs free energy of the system, the change in enthalpy and entropy are the driving
forces of this process. The contributions of AH and AS to AG are closely related. The ITC
results reveal that the association between Mannitou Fab and Man3GlcNAc; (AG = -5.82
kcal/mol) is an enthalpy-driven process (AH = -7.12 *+ 0.225 kcal/mol) counterbalanced
by an unfavourable contribution from entropy (-TAS = 1.3 kcal/mol). However, the
favourable negative enthalpy change is large enough to overcompensate for the entropic
cost and the total free energy of binding is still a negative value. The enthalpy-dominated
induced-fit model (Koshland 1958; Koshland 1959) is relatively realistic and highly
probably in the case of Mannitou Fab - MansGlcNAc; interaction since it takes into
account the protein conformational flexibility, especially the conformational changes
surrounding the binding site. For the binding to take place under the induced fit model,
the lack of perfect surface complementary between the binding partners requires
multiple tentative collisions to achieve the appropriate shape match between the
interacting sites. The initially established contacts between the imperfectly matched
surfaces, resulting in negative enthalpy change, should ensure enough strength and

longevity of the maturation complex. -, ultimately leading to maturation of the complex
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into a fully-bound complex. In addition, this process is accompanied by the release of
water molecules from the binding site upon the protein-ligand association. This results
in a positive enthalpy change, due to the desolvation energy penalty and the disruption
of the original non-covalent interactions surrounding the binding sites, but also in a
solvent entropy gain, that in turn contributes favourably to the stability of the newly-
formed complex. However, the net entropy change of binding is determined by three
entropic parameters, ASsolv, ASconf, and AS;/.. In the case of the induced-fit binding, it can
be speculated that the AScon value is negative since the formed favourable non-covalent
interactions between the binding partners restrict the conformational freedom of the
interacting interfaces. It is highly probable that the AS,/: value is also negative due to the
loss of rotational and translational degrees of freedom of the binding partners upon
association. An unfavourable AScns together with an unfavourable AS.,, tend to
compensate for the positive ASsorv value, ultimately leading to a relatively small net
entropy change compared to the net enthalpy change. Indeed, in most induced-fit binding
examples (Chang et al., 2004; Corbett et al., 2015; Hariharan et al,, 2014), the net entropy
changes are all negative values. Nevertheless, it is still possible that the net entropy
change could be a positive value contributing favourably to the lowering of the system’s
free energy. However, the magnitude of the net negative enthalpy change is larger, and
thus substantially contributing to the binding by lowering of the system free energy in
the induced-fit binding (Du et al,, 2016; Li et al., 2014).

In the induced-fit binding process, the formation of new non-covalent interactions
between the protein and the ligand are accompanied by the disruption of previous
interactions at the binding sites. In order to maintain a stable association of the binding
partners in the maturation complex, the favourable enthalpy contribution (negative AH),
resulting from the newly established interactions, should be large enough to
overcompensate for not only the positive enthalpy change, resulting from the disruption
of the original interactions, but also the possible unfavourable entropy contribution
(negative AS).

The thermodynamic parameters portray the molecular-level interactions that
drive binding and provide a more detailed insight into the mechanism than is available
from the binding affinity alone. One gains a great deal of validation when independent
methods, such as the applied SPR and ITC measurements, yield the same value for a

specific parameter. In the case of Mannitou Fab - ManzGlcNAc; binding event, the
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equilibrium dissociation constant calculated from the rate constants (Kq = 48 uM) agrees
well with the value determined in solution using titration calorimetry (Kq = 54 pM)
providing further support for the kinetic analysis. Additionally, medium micromolar
affinity is ideal to further STD-NMR experiments aimed at identifying the exact binding
epitope. High-quality data for the kinetic and thermodynamic parameters of
intermolecular interactions gives insight into the mechanisms of molecular binding
events, which is an essential complement to the structural data in rational drug design

and for the optimisation of lead compounds.
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Chapter 2.
Molecular recognition studies

using Mannitou antibody
III. Epitope mapping by Saturation
Transfer Difference Nuclear
Magnetic Resonance

Spectroscopy
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INTRODUCTION

Specific interactions between molecules in solution through non-covalent forces
are the fundamental basis of molecular recognition processes. In all cases, the specificity
relies on both structural and functional complementarities between the chemical groups
of the interacting molecules. Nuclear magnetic resonance (NMR) spectroscopy is an
extremely useful technique to investigate transient protein-carbohydrate interactions in
solution. It has become an essential tool for characterising events of molecular
recognition and obtaining valuable information about the interactions of low-molecular-
weight ligands with biologically significant macromolecules, such as antibodies (Angulo
etal, 2011).

Saturation transfer difference spectroscopy STD-NMR experiments are based on
the nuclear Overhauser effect (NOE) and the observation of the ligand resonance signals.
It can be applied as a ligand screening method, to determine in a qualitative manner the
binding activity of a compound towards a receptor protein, or as a medium for ligand
mapping, identifying moieties critical for binding. The hydrogen atoms of the ligand being
in closest contact with the receptor’s binding pocket upon attachment show the most
intense STD-NMR signals, enabling the mapping of the ligand binding epitope. STD-NMR
may be also employed to establish the dissociation constant Kq between the ligand and
the receptor. STD-NMR exploits the fact that for relatively weak binding interactions (Kq
from 10-3 to 10-8 M), there is a fast exchange between the free and the bound ligand state
leading to a very efficient build-up of saturation of the ligand molecules in solution. STD
experiments are very sensitive allowing the detection of very weak interactions, and thus
suitable for studying mAb-carbohydrate interactions (Viegas et al., 2011).

Macromolecules, like proteins, consist of a large system of protons tightly coupled
by dipole-dipole interactions. The longitudinal relaxation rate of protein protons is
dominated by the cross-relaxation rate ointra. By irradiation of the protein at a resonance
where no ligand signals are present, the intramolecular transfer of magnetisation within
the protein, called spin diffusion, leads to the fast and uniform saturation of the entire
protein (Kalk et al, 1976). When a protein becomes saturated, the intermolecular
transfer of magnetisation Ginter from the protein to the binding epitope of the ligand leads

to the progressive saturation of the ligand molecules bound to the protein. Upon
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dissociation, the saturation of the ligand is transported into the solution where it is
detected (Mayer et al., 1999; Mayer et al., 2001).

An STD analysis involves subtracting a spectrum in which the receptor (protein)
is selectively saturated (on-resonance spectrum) from a spectrum recorded without
protein saturation (off-resonance spectrum) (Fig.58). The on-resonance spectrum is
obtained by setting the irradiation frequency at a value where only resonances from the
protein nuclei and no resonances from the ligand nuclei are located. This is possible
because protein resonances have significant intensity even in the negative ppm region or
in the downfield region above 10 ppm outside of the spectral window of low-molecular-
weight molecules. The reference off-resonance spectrum is obtained under conditions of
thermal equilibrium by applying the irradiation pulse at a frequency where none of the
protons resonates, neither of the protein nor of the ligand. Subtraction of the on-
resonance from the off-resonance results in a difference spectrum in which only signals
of the ligand moieties that received progressive saturation transfer from the protein via
spin diffusion, through intermolecular NOE, will remain. Other compounds that may be
present in the mixture but do not bind to the receptor will not receive any saturation
transfer. Their signals will be of equal intensity in the on-resonance and the off-resonance
spectra and, as a consequence, after subtraction, no signals will appear in the difference
spectrum (Meyer et al,, 2003; Viegas et al.,, 2011). As saturation is exclusively transferred
to molecules bound to the protein, the difference spectrum contains only signals of
molecules with a binding affinity. For a molecule that binds to the receptor, only the
signals of the hydrogens that are in close contact with the protein and receive
magnetisation transfer will appear in the difference spectrum. From those, the ones that
are nearest to the protein will display more intense STD signals, owing to a higher degree
of saturation. The ligand protons that are further from the target surface will be saturated
to a lower degree and their STD intensities will be weaker. Provided that all ligand
hydrogens have similar relaxation rates, the degree of saturation received by individual
ligand protons reflects the relative proximity of these to the receptor’s binding site

(Angulo etal., 2011; Yan et al,, 2003).
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Figure 58. STD-NMR principle. From: Viegas et al., 2011
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MATERIALS & METHODS

TH-STD NMR experiments have been performed at 25°C on a Bruker AVANCE III
spectrometer operating at a proton frequency of 800 MHz and equipped with a
cryoprobe. The Mannitou Fab - Man3GlcNAc; and Mannitou Fab - Man3GlcNAc;(a1-6)Fuc
samples have been prepared in PBS buffer in D20 (pD=7.4) in 3 mm NMR tubes. The
measurements are taken using a 40:1 ligand to receptor molar ratio with a 1 mM
concentration of the respective oligosaccharide and a 25 pM concentration of the
antibody. Off-resonance irradiation frequency is set at 100 ppm, where no protein signals
are present. Two on-resonance irradiations of the protein are performed at a chemical
shift of 0.8 ppm (for the aliphatic region of the protein signals) and 6.9 ppm (for the
aromatic region of the protein signal). In order to achieve the desired selectivity and to
avoid side-band irradiation, protein saturation has been achieved with a train of
Gaussian-shaped pulses of 50 ms duration, with a total irradiation time of 2 s. STD spectra
are obtained by subtracting the on-resonance spectra from the off-resonance (reference)
spectrum. A separate STD spectrum has been acquired with the antibody alone, in the
absence of the glycan ligand, under the same conditions, and subtracted from the STD
spectra in the presence of the carbohydrate to obtain saturation transfer double-
difference (STDD) spectra. In this way, the resulting STDD spectra are free from the
antibody signals in the STD spectra and do not interfere with the analysis of the glycan
protons. STD spectra of the free oligosaccharides at 1 mm in D20 have been acquired as
well. These spectra have also been subtracted from the STD spectra of either of the
glycans in the presence of the Fab, to ensure that no direct irradiation of the ligand is
taking place. Data acquisition and processing are performed with TopSpin 3.0 software

(Bruker, Germany) and the figures are built using MestReNova v.8.0.2.

The STD-NMR analysis has been performed by S. Robakiewicz and A. Arda in the

lab of ].Jimenez-Barbero.
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RESULTS

1H-STD NMR experiments have been performed using two paucimannose N-
glycans selected from the microarray screening: Man3GlcNAc; and ManzGlcNAcz(al-
6)Fuc. For both the fucosylated and the non-fucosylated glycans, the STD spectra at the
aliphatic and the aromatic irradiation frequencies are essentially identical. At the same
time, both ligands display very similar STD spectra in which the same protons show
analogous STD effects (Fig.594, Fig.59B). For both of the ligands, the protons showing the
strongest STD effect are H1 and H2 of the Mana1-3 residue. On the other hand, the same
protons of the Manal-6 branch demonstrate no STD effect. H2 of the branched fMan
residue shows a weaker STD effect. In the more crowded region of 3.6 - 3.9 ppm, an STD
effect is also observed for H3, H4 and H5 protons of the aMan residue. Although these
protons resonate at the same frequency for Mana1-6 and Mana1-3 residues, the above-
mentioned results involving H1 and H2 suggest that they correspond to the Mana1-3
residue. Furthermore, while the Ac protons of the distal GlcNAc residue (GlcNAc2)
exhibited no STD effect, the Ac protons of the reducing end GlcNAc residue (GlcNAc1)
showed a weak STD effect, which probably results from the presentation of the glycan,
where the acetyl group of GIcNAc1 points to the same side as the Mana1-3 residue, while
the acetyl group of GIcNAc2 points in the opposite direction (Fig.59C). A lower relative
STD value indicates that this Ac is more distant from the antibody that the protons
directly involved in the binding. Interestingly, no STD effect was detected for the fucose
residue of the core fucosylated glycan, which is in full agreement with the observations

that its presence does not affect the binding interaction.
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Binding epitope

Figure 59. Binding epitope studied by 'H-STD-NMR. (A) H-STD experiment for a sample of
Mannitou Fab (25pM) with MansGlcNAcz (1mM). Top: STD spectrum, below: reference spectrum
(off-resonance). Protons of the ligand showing STD effect (top) are labelled in black, while some of
the protons (with non-overlapping signals) showing no STD are labelled in grey (below). * indicates
protons corresponding to both Manal-3 and Manal-6 residues (overlapping). (B) Same 'H-STD
experiment using a sample with the fucosylated N-glycan Man3GlcNAcz(a1-6)Fuc. The STD spectrum
is exactly the same as for the non-fucosylated N-glycan. (C) Schematic representation of the binding
epitope for ManszGlcNAcz(al-6)Fuc on a 3D structural model according to STD-NMR. All protons
belonging to the Mana1-3 residue show STD, with a very weak contribution of the Ac group on the
GlcNAc1 residue.
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DISCUSSION

Specific characterisation of which parts of the ligand are in direct contact with the
protein is currently left largely to X-ray analyses of co-crystallised ligand-receptor
complexes. The advantage of STD-NMR spectroscopy in comparison to other screening
techniques used, such as glycan arrays, SPR, or ITC, is the ability to identify the ligand
moieties directly involved in the binding to the receptor, the so-called binding epitope.
STD-NMR experiments are carried out in solution and can provide detailed and highly
relevant information about changes in the conformation of the carbohydrate ligand upon
binding to the antibody receptor. The use of STD-NMR allows obtaining information
about the binding specificity at the atomic level.

STD-NMR is an extremely sensitive method, therefore really small amounts of the
receptor are required. It allows using as little as 1 nmol of protein with a molecular weight
>10 kDa. In fact, there is no limit to the size of the protein as an increase of sensitivity is
observed along with the increase of the protein size due to a more efficient inter- and
intramolecular saturation transfer. STD-NMR technique is insensitive to ligand excess
and eliminates the risk of detecting false positive interactions since only saturation
transferred to the glycan through the protein can be detected. Additionally, neither the
ligand nor the receptor needs to be isotopically labelled or modified for the binding to be
detected. The only restrictions set are the long acquisition times and the need for ligand
excess. The excess of ligand molecules and longer irradiation/saturation time result in a
stronger STD signal, although even at short irradiation times the entire receptor is
efficiently saturated. When possible, higher field spectrometers should be used for
greater efficiency as sensitivity and spin diffusion increase with field strength (Mayer et
al,, 1999; Mayer et al., 2001).

STD-NMR effects depend largely on the off-rate. Effective mapping of the ligand
binding epitope is possible if the dissociation rate constant ko is greater than, or of the
same magnitude as the intermolecular saturation transfer rate within the bound ligand,
as the ligand has to leave the binding site before all magnetisation has been equally
distributed among all spins in the ligand. Very small ko rates (slow dissociation) of
strongly binding molecules cause the ligand to stay in the protein binding pocket for an
extended period of time causing the magnetisation to spread over many ligand protons,

which in turn results in low signal intensity and reduced sensitivity. If the kog value is
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high, the saturation is quickly transferred into the solution. When the ligand is used in
large excess, the saturation of free ligands in solution gets amplified because the
relaxation of small molecules is slower than the saturation transfer. Large saturation
transfer effects are therefore observed for high ko values and long relaxation times,
making the experiment more sensitive (Becker et al.,, 2018; Mayer et al.,, 2001; Meyer et
al,, 2003).

The micromolar binding affinity (Kq=48-54 pM) of Mannitou Fab to paucimannose
N-glycans, Manal-3(Manal-6)Manf31-4GlcNAcB1-4GlcNAcf1-N and Manal-3(Manal-
6)Manf31-4GlcNAcB1-4(Fucal-6)GlcNAcB1-N, established from the SPR and ITC
experiments is in the suitable range for an STD-NMR analysis. The performed
spectroscopic studies using solutions of Mannitou Fab with a 40-fold glycan excess
(Man3GlcNAcz or MansGlcNAcz(al-6)Fuc) has demonstrated the specificity of the
antibody for the Mana1-3 residue and, to a lesser extent, the acetyl group of GlcNAcl1,
revealing that in both cases the binding epitope is identical. Moreover, the STD intensities
are exactly the same, indicating that the interactions must be very similar also in terms
of affinity. This is in accordance with previous SPR results where Mannitou mAb has been
demonstrated to bind both Man3GIlcNAc; and Man3GlcNAcz(al-6)Fuc with nanomolar
affinity. Glycan protons that are nearest to the antibody binding site can be easily
identified in the difference spectrum as they obtain the highest degree of saturation
directly from the receptor. Since the hydrogens showing the strongest signal intensities
are H1 and H2 of the Mana1-3 residue, they are the ones being in closest contact with the
antibody, and therefore saturated to the highest degree. The H3, H4, and H5 protons of
Mana1-3 are also directly involved in the recognition of Mannitou Fab. However, because
of signal overlap, their individual contributions to the binding cannot be determined.
Finally, the acetyl group of the reducing end GIcNAc residue apparently forms a less
intense interaction with the antibody as it produces STD signals of relatively lower
intensity. These results presenting the Mana1l-3 residue as the main binding epitope,
which are in accordance with the previous glycan array analysis pointing to Mana1-3
branch as essential for the binding, explains why any substitution in Manal-3 arm
inhibits the interaction of paucimannose N-glycans with Mannitou antibody and confirm
that the minimal glyco-epitope recognised by the antibody is the Manal-3Manf1-
4GlcNAcB1-4GlcNAcB1-N structure.
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MATERIALS & METHODS

1. Homology modelling of Mannitou Fab

Mannitou Fab was modelled using Phyre? server for protein modelling, prediction
and analysis (Kelley et al., 2015). HC model has been based on c1clyH template (IgG Fab
(human IgG1, kappa). LC model has been based on c1igfM template (IgG1 kappa b13i2
Fab light chain).

Mannitou variable domains have been modelled using PIGSPro server (Lepore et
al., 2017). Templates for the heavy chain: for FRH - 1uz6, for H1 - 1uz6, for H2 - 1uz6,
for H3 - 1c5d. Templates for the heavy chain: for FRL - 1t66, for L1 - 1t66, for L2 - 1t66,
for L3 - 1t66.

2. N-glycosylation sites prediction

Potential N-glycosylation sites on the full-length monoclonal antibody as well as
on the antigen-binding fragment have been predicted using NetNGlyc server (Gupta etal,,

2004).

3. Single-particle reconstruction using Cryo-EM

In order to avoid particle overlap, 4pul of Mannitou mAb at 0.05mg/mL
concentration has been pipetted onto 200-mesh Quantifoil R 2/2 holey-carbon grids and
vitrified using Vitrobot Mark III (FEI Company, USA) in liquid ethane. The micrographs
are recorded on a JEM-2200FS/CR (JEOL Ltd, Japan) electron microscope operating at
200KkV (4K x 4K CCD camera; magnification 50 000 x; pixel size 2 A/pixel). The dataset
includes 153 733 picks from 610 cryo micrographs.
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4. Mannitou Fab crystallisation

Several different crystallisation trials have been set up.

The first crystallisation of Mannitou Fab was set up in July 2018 using five
different crystallisation conditions, namely AmSO4 (Fig.S3), Index (Fig.S4), Midas (Fig.S5),
Morpheus (Fig.S6), and PACT (Fig.S7). A concentration of 78.8 puM Mannitou Fab
(6.8 mg/mL) in 20 mM Tris 150 mM NaCl buffer, pH=7.4, has been reached. The set-ups
have been kept at 20°C in Crystal Farm and regularly checked for crystal formation.

The first crystallisation of Mannitou Fab - Man3zGlcNAc2 complex was preceded
with the Pre-Crystallisation Test (PCT) used to determine the appropriate antibody
concentration for crystallisation screening. The PCT involves testing four different
reagent conditions:

e Reagent Al - 0.1 M TRIS hydrochloride pH 8.5, 2.0 M ammonium sulphate

e ReagentB1 - 0.1 M TRIS hydrochloride pH 8.5, 1.0 M ammonium sulphate

e Reagent A2 - 0.1 M TRIS hydrochloride pH 8.5, 0.2 M magnesium chloride
hexahydrate, 30% w/v Polyethylene glycol 4,000

e Reagent B2 - 0.1 M TRIS hydrochloride pH 8.5, 0.2 M magnesium chloride
hexahydrate, 15% w/v Polyethylene glycol 4,000

The crystallisation of Mannitou Fab - Man3GlcNAcz was set up in November 2018
using Morpheus crystallisation conditions. A concentration of 82.3 pM Mannitou Fab
(7.1 mg/mL) in 20 mM HEPES 150 mM NacCl buffer, pH=7.4, has been reached. The set-
ups have been kept at 20°C in Crystal Farm and regularly checked for crystal formation.

Another co-crystallisation trial was performed using both ManzGlcNAc; and
Man3GlcNAcz(al-6)Fuc under five different crystallisation conditions, namely JCSG
(Fig.S8), MemGold (Fig.S9), Midas, PACT, and PEG. A concentration of 115.9 uM Mannitou
Fab (10 mg/mL) has been reached. The set-ups have been kept at 20°C and regularly
checked for crystal formation.

The last crystallisation of Mannitou Fab — Man3GlcNAc; complex was set up in June
2019 using two different crystallisation conditions, Morpheus and PACT. A concentration
of 130.9 uM Mannitou Fab (11.3 mg/mL) in 20 mM HEPES 150 mM NaCl buffer, pH=7 .4,
has been reached. The set-ups have been kept at 20°C in Crystal Farm and regularly

checked for crystal formation.
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The homology modelling and N-glycosylation sites prediction have been done by
S. Robakiewicz. The single-particle reconstruction using Cryo-EM has been attempted by
S. Robakiewicz, D. Charro, and N. Abrescia. The Mannitou Fab has been set up for
crystallisation by S. Robakiewicz with the help of A. Rojas, and simultaneously by ].

Bouckaert and C. Bridot.
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RESULTS

1. Homology modelling of Mannitou Fab

The homology modelling of the heavy chain of Mannitou Fab (Fig.60 top) revealed
that the predicted structure ends abruptly, in the middle of the B-strand. Therefore, for
the purpose of cloning and correct expression in HEK293T cells, the heavy chain
sequence has been elongated with seven additional amino acids from the beginning of the
CH2 domain sequence (Fig.61 bottom) and superimposed on an IgG1 Fab structure (PDB:
5L9D) (Fig.32) to determine if the elongation is sufficient. The sequence of the light chain
(Fig.60) remained intact as its sequence length is identical in mAb and Fab form. Only
when having the crystal structure, a validation of the predicted Mannitou Fab model can

be made.

Figure 60. Mannitou Fab light chain modelled with Phyrez.

158 |Page

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

Q/ ] \.

Figure 61. Mannitou Fab heavy chain modelled with Phyre2. Top: Mannitou Fab modelled using the
initial heavy chain sequence. Bottom: Mannitou Fab modelled after elongating the initial heavy
chain sequence with 7 additional amino acids.
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1.2. Variable domains structure prediction

The main chains of the light and heavy chain framework are modelled by
homology using, as a template, the corresponding domain from a similar immunoglobulin
(Fig.62). The L1-L3 and H1-H2 loops are modelled by inheriting their conformation from
an immunoglobulin with the same canonical structure (i.e. bearing in key positions the
same amino acids as the target protein). The H3 loop is modelled using loops with highest
sequence similarity to the target available. The heavy and the light chain are packed
together. The side chains of the molecule are predicted using classical methods for side-

chain conformation prediction such as SCWRL4 (Lepore et al., 2017).

Figure 62. Mannitou Fab variable domains modelled with PIGSPro. CDRs are visualised in colour.
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Heavy chain target - template alignment:

target:

EVKLLESGGGLVQPGGSLKLSCAASGFDFST------- YWMSWVRQAPGKGLEWIGEIN
TINYTPSLKDKFIISRDNAKNTLYLQMSKVRSEDSVLYYCVRPGTWGYF--------------------

DYWGQGTTLTVSS

template:

EVKLLESGGGLVQPGGSQKLSCAASGFDFSG------- YWMSWVRQAPGKGLEWIGEIN
TINYTPSLKDKFIISRDNAKNTLYLQMSKVRSEDTALYYCAREDGWNYF-----------nennmnmnm

DYWGQGTTLTVSS

Light chain target - template alignment:

target:

DVVVTQTPLSLPVSFGDQASISCRSSQSLVNSYGS----- TYLSWYLHRPGQSPQLLIY
NRFSGVPDRFSGSGSG-------- TDFTLTIRTIKPEDLGMYYCLQ
TFGGGTKLEIK---

template:

DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNGN-----TYLHWYLQKPGQSPKLLIY
NRFSGVPDRFSGSGSG-------- TDFTLKISRVEAEDLGVYFCSQ
TFGGGTKLEIKRAD
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2. N-glycosylation sites prediction

NetNGlyc predicts N-glycosylation sites in human proteins using artificial neural
networks (ANN) that examine the sequence context of Asn-X-Ser/Thr sequons (Blom et
al., 2004). N-glycosylation is known to occur on asparagines within the Asn-X-Ser/Thr
sequon, where X is any amino acid except proline. Proline following an asparagine residue
is known to preclude N-linked glycosylation in most cases by rendering the asparagine
inaccessible (conformational constraints). NetNGlyc has been programmed to ignore this
proline position. While the of Asn-X-Ser/Thr consensus sequence may be a requirement,
it is not always sufficient for the asparagine to be glycosylated. Interestingly, there are a
few known examples of N-glycosylation occurring within Asn-X-Cys, such as in the
leukocyte surface protein (CD69).

NetNGlyc attempts to distinguish glycosylated sequons from non-glycosylated
ones (Fig.63). In the sequence output, Asn-X-Ser/Thr sequons are highlighted in blue, and
N-glycosylated asparagines are red. Any potential crossing of the default threshold of 0.5
represents a predicted glycosylation site, as long as it occurs within the required Asn-X-
Ser/Thr sequon. The “potential” score is the averaged output of nine neural networks.
For further information, the “jury agreement” column indicates how many of the nine
networks support the prediction. When predicting N-glycosylation sites with high
specificity, only “++” predictions should be considered as asparagines likely to be
glycosylated. Taking into account the above-mentioned guidelines, the heavy chain of
Mannitou mAb is predicted to be glycosylated at the 329 and 560 positions. No potential
glycosylation sites have been found neither for the light chain (Fig.S10) nor for the heavy
chain of Mannitou Fab (Fig.S11), although its sequence contains two Asn-X-Ser/Thr

sequons.
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GFSGPAPRKSKLICEATNFTPKPITVSWLKDGKLVESGFTTDPVTIENKGSTPQTYKVISTLTISEIDWLNLNVYTCRVD 320
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VSLIMSDTGGTCY

SeqName Position Potential Jury agreement N-Glyc results
Mannitou mAb HC 59 NYTP 0.1852 (9/9)
Mannitou mAb HC 164 NNTE 0.5563 (6/9) +
Mannitou mAb HC 258 NFTP 0.1622 (9/9)
Mannitou mAb HC 329 NVSS 0.7359 (9/9) ++
Mannitou mAb HC 361 NLTC 0.5932 (8/9) +
Mannitou mAb HC 376 NISW 0.5957 (8/9) +
Mannitou mAb HC 399 NGTF 0.5976 (7/9) +
Mannitou mAb HC 560 NVSL 0.7030 (9/9) ++

Figure 63. Graph illustrating predicted N-glycosylation sites across the Mannitou mAb heavy chain.
The X-axis represents protein length from N- to C-terminal. A potential glycosylation position
(green vertical lines) crosses the threshold (red horizontal line at 0.5). Asn-X-Ser/Thr sequons are
shown in blue. Asparagines predicted to be N-glycosylated are shown in red. Note that not all
sequons are predicted to be glycosylated. ++ and + indicate predicted N-glycosylation sites, while -
-- stands for a negative site.
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3. Single-particle reconstruction using Cryogenic Electron

Microscopy

Both negative staining and cryo-electron microscopy are techniques used to
provide structural information about macromolecules and their complexes by imaging
non-crystalline specimens (single particles) absorbed on electron microscopy grids.
More than 153 000 images of Mannitou mAb have been taken at random orientations to
be later used to extract structural information (Fig.64). Having a high resolution of a 2D
or 3D reconstruction is very difficult, as it depends on many factors, i.a. sample of high
purity, having a homogeneous conformation, and forming stable complexes. All images
need to be aligned with one another. However, every individual electron micrograph is
very noisy and with unknown orientation, so an improvement of the signal-to-noise ratio
is performed by averaging a large number of individual projections (Boekema et al.
2009). Due to IgM high flexibility, 3D reconstruction seems impossible. An attempt at 2D
reconstruction has been made. The final 2D classification has been performed using 84

176 particles (Fig.65).
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0 x magnification using JEM-2200FS/CR transmission electron
microscope (JEOL) with an ULTRASCAN 4000 SP (4008 x 4008 pixels) cooled slow-scan CCD camera
(GATAN) show that Mannitou IgM appears in a very flexible pentameric form.
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Figure 65. Reference free 2D classifications made with 84 176 particles.
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4. Crystallisation of Mannitou Fab and Mannitou Fab -

paucimannose N-glycans complexes

The crystallisation of a protein requires the creation of a solution that is
supersaturated with the macromolecule but exhibits conditions that do not significantly
perturb its natural state by reaching the highest possible concentration without causing
aggregation or precipitation. The supersaturation is achieved by adding mild
precipitating agents, such as neutral salts or polymers, and by manipulating various
parameters, including temperature, ionic strength and pH (McPherson et al. 2013).
Introducing the sample to a precipitating agent promotes the nucleation of protein
crystals in solution, which can result in large three-dimensional crystals growing from
the solution. To produce crystals suitable for crystallographic studies, the macromolecule
(e.g. antibody, antibody-antigen complex) must be purified to homogeneity, or as close as
possible to homogeneity. The homogeneity of the preparation is a key factor in achieving
crystals that diffract to high resolution. Among the most widely used techniques to obtain
crystals are vapour diffusion, dialysis, batch and liquid-liquid diffusion (Dessau et al.
2011). The crystals provide the X-ray diffraction patterns that in turn serve as the raw
data which allow the direct visualisation of the macromolecules or their complexes that
the crystals are composed of.

Concentration is a significant crystallisation variable, as too concentrated samples
can result in an amorphous precipitate, while too diluted samples yield clear drops. The
PCT shows that A2 reagent provides suitable crystallisation conditions as a light granular
precipitate is observed (Fig.66). The rest of the drops remain clear after even after 24h.
Based on the PCT results, different crystallisation conditions, including AmSO4, Index,
Midas, Morpheus, and PACT have been employed to crystallise Mannitou Fab. Moreover,
Mannitou Fab - Man3GIlcNAc; and Mannitou Fab - Man3GlcNAcz(al-6)Fuc complexes
have been set up for crystallisation using Morpheus, PACT (Fig.67), JCSG, MemGold, and
Midas (Fig.68) conditions. Despite several crystallisation and co-crystallisation attempts

for over a year, no diffracting crystals have been obtained.
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Figure 67. Amorphous precipitation observed under Morpheus (left) and PACT (right) conditions.
Mannitou Fab (30 pl) has been used in 130.9 uM concentration and the glycan (1 pl) in 11.6mM
concentration.
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Midas MemGold

JCSG

Figure 68. Putative crystal structures of Mannitou Fab - Man3GlcNAcz (Midas, MemGold) and
Mannitou Fab - MansGlcNAcz(al-6)Fuc (JCSG) complexes. Mannitou Fab has been used in 115.9 pM
concentration.

168 | Page

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

DISCUSSION

A general problem in protein crystallisation is that the crystallisation conditions,
which include a combination of a right pH, ionic strength, temperature, protein
concentration, the presence of various salts, ligands or additives, the type of precipitant
and the actual crystallisation method to use (hanging drop, sitting drop, dialysis, etc.), are
practically impossible to predict in advance.

The flexibility of the hinge region of an intact immunoglobulin makes
crystallisation very difficult, especially when dealing with a pentameric structure like
Mannitou mAb. Structural studies are therefore generally carried out with antigen-
binding fragments, not only because they lack the hinge region but also because they are
much smaller and do not aggregate during purification or concentration like full-length
mAbs. However, crystallising Fabs with bound ligands is made difficult not only by the
low affinities of anti-carbohydrate antibodies but also by the packing of Fab molecules in
crystals where the constant region of one Fab often lies across the binding site of a
neighbouring one, blocking the access of ligands. This mode of crystal contact is
unfortunately too common in case of Fab crystallisation outcomes (Davies et al. 1990;
Haji-Ghassemi et al.,, 2015).

The majority of published crystal structures of naturally occurring glycoproteins
are derived from proteins that prior to crystallisation either had their glycosylation sites
mutated, or had their glycans partially or completely degraded. The practical reason for
such a drastic approach is that glycans are often heterogeneous and have a high range of
motion hampering the acquisition of an ordered crystal. Even if crystallisation proves
possible, the glycans are typically disordered within the resulting image. In instances
where glycans are left intact, the glycoproteins are often expressed in heterologous cells,
resulting in non-species-specific glycosylation. In turn, when glycosylation sites are
mutated or glycosylation is modified, there is a significant possibility that the folded form
defined by crystallography may not be the native state. Solving this technical problem
remains a major challenge for the future but techniques such as cryo-electron microscopy

often help (Varki 2017).
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Whereas the structure and assembly of IgG is well-established, for I[gM we largely
lacked detailed structural information until very recently. Previous studies employing
transmission electron microscopy (TEM) have revealed that soluble IgM is an individual
pentameric particle of variable shapes, ranging from round or elliptical to oblong. Fab
units as well as the core of IgM are flexible and therefore contribute to the multiple
conformations of IgM (Akhouri et al., 2016). The different conformations that IgM can
assume owing to its flexibility are likely one of the main reason why crystallisation trails
of the IgM pentamer have not been successful to date. Given that soluble IgM molecules
are dynamic and their conformations vary substantially, we have attempted to use cryo-
electron microscopy to obtain 2D and 3D structures of the whole murine Mannitou IgM.
Unfortunately, to this day all our efforts have not proven effective. However, based on the
negative-stain images, it can be concluded that [gMs are indeed rarely planar star-shaped
structures with a central circular region from which a number of arms project out
radially. Torsional stress due to the randomly oriented arms carrying Fab units could lead
to distorted IgM cores, which results in different conformations, including extended,
turtle-shaped, bell-shaped (Akhouri et al., 2016), and mushroom-shaped (Czajkowsky et
al., 2009), with the central portion formed by the C-terminal domains protruding out of
the plane formed by the Fab domains. Very recently, in 2018, using single-particle
negative-stain EM and reference-free 2D class average analysis, Hiramoto et al. have
presented IgM as an asymmetric pentagon with a ~ 50° gap (Fig.69). These findings have
been further investigated by a cryo-EM tomography study from Sharp et al. in 2019,
showing that the IgM pentamer is structurally equivalent to the hexamer with its five
arms separated by ~60° and one replaced by a J chain, forming a C6-symmetric dome-
shaped structure. These results have been fully confirmed a year later by Li et al., who
presented the I[gM-Fc pentamer as an asymmetric formation resembling a hexagon with

a missing triangle.
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Figure 69. Negative-stain EM image of monoclonal mouse IgM pentamer (left) and a schematic
representation of the image. Scale bar: 5 nm. The peripheral region corresponds to the Fab
structures (yellow dotted lines), which appears to be highly flexible and thus cannot be observed
clearly. Adapted from: Hiramoto et al., 2018.

Since many anti-carbohydrate antibodies cannot be crystallised with (or without)
their ligands, homology modelling studies are often necessary, especially when all other
alternatives, such as the above-mentioned Cryo-EM, fail. In a series of landmark papers,
Chothia and co-workers first demonstrated that the conformation of individual
complementarity-determining loops can be grouped into just a few “canonical forms”
based on the loop length and position/identity of key residues (Chothia et al., 1987;
Chothia et al. 1989, Chothia et al.,, 1992), and this work has since been expanded (Al-
Lazikani et al. 1997; Morea et al. 1997, North et al. 2011). Structural prediction based on
this information is limited by the difficulty in modelling the relative orientation of each
CDR or even of the heavy and light chain domains, and the highly variable nature of the
CDR H3 (Kuroda et al. 2008; Reczko et al. 1995). Further, the contribution of solvent is
generally ignored in such studies. The available on-line prediction servers compare the
query sequence to antibodies of known structure and select the closest homologs for each
CDR.

CDR H3 is the most important of the CDRs, reflecting its unique genetic origin from
the D gene segment. Its length and composition help to control the overall shape of the
site and contribute disproportionately to the binding of the antigen. There is a
considerable spread in lengths of the CDR H3, from 2 to 13 residues. There is no apparent
correlation between the size of the carbohydrate epitope and the length of the H3, and
while the majority of antibodies show cleft-shaped binding sites, the H3 length and

sequence cause wide variations in this feature (Morea et al., 1998; Xu et al., 2000).
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Chapter 4.
Neisseria meningitides

serogroup X (MenX)
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INTRODUCTION

Neisseria meningitidis is one of the main pathogens responsible for bacterial
meningitis in infants and adolescent having a significant mortality rate (Harrison et al,,
2009). Meningococcus is an aerobic, Gram-negative diplococcus present only in human
hosts and is not known to colonise any other animal or environmental niche (Feavers
2001). The bacteria isolated from the bloodstream or the spinal fluid are nearly always
coated with a polysaccharide capsule (PS) consisting of repeating sugar units (Yang et al.,
2001). Among the thirteen distinct meningococcal serogroups classified based on the
structure of their polysaccharide capsule, six of them (A, B, C, W135, Y, and X) are the
most common cause of outbreaks of invasive meningococcal disease, including
meningitis and septicaemia (Stephens 2009). The highest incidence of meningococcal
meningitis occurs in the meningitis belt of sub-Saharan Africa, extending from Senegal to
Ethiopia. Since records began, Neisseria meningitidis serogroup A (MenA) has been the
dominant cause of epidemics of meningococcal meningitis in that region (LaForce et al,
2009), but MenW (Decosas et al., 2002) and MenX (Boisier et al., 2007; Delrieu et al,,
2011; Gagneux et al.,, 2002; Mutonga et al., 2009) have also contributed significantly.
Higher case-fatality rates have been reported for meningitis caused by MenX compared
with MenA (Boisier et al., 2007; Mutonga et al., 2009), and children between 1-9 years
constitute the most affected age group (Boisier et al., 2007; Djibo et al., 2003).

The MenX PS was first characterised and defined as a distinct serogroup in the
1960s (Bories et al.,, 1966; Evan et al., 1968). It was later revealed the structure of MenX
PS to be a homopolymer of 1-4-linked 2-acetamido-2-deoxy-a-D-glucopyranosyl
phosphate residues (Bundle et al., 1973; Bundle et al., 1974) (Fig.70). No evidence for O-
acetylation of the polysaccharide has been found. In turn, it has been previously
documented that O-acetyl epitope is essential for inducing protective immunity directed
against the meningococcal polysaccharide of serogroup A (Xie etal., 2012).

The capsular polysaccharides of Neisseria meningitidis are attractive vaccine
candidates since they constitute the most highly conserved and most exposed bacterial-
surface antigens (Jennings 1990). Currently available meningococcal vaccines have been
developed using precisely the capsular polysaccharides of various strains of Neisseria

meningitides. A monovalent polysaccharide-tetanus toxoid conjugate vaccine against
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serogroup A meningococcal disease has recently been licensed under the name of
MenAfriVac™ (Frasch et al, 2012; Trotter et al, 2017). Three quadrivalent
meningococcal A, C, W135, and Y conjugate vaccines are currently on the market, the first
with diphtheria toxoid (Menactra™) (2005) as the carrier protein, the second with
CRM197, a non-toxic variant of Corynebacterium diphtheriae toxin (Menveo™) (2010), and
the third with tetanus toxoid (Nimenrix™) (Miller et al., 2011). Although polysaccharide-
protein conjugate vaccines against meningococcal serogroups A, C, W135, and Y are
already on the market, a vaccine that could protect against MenX has been developed only
at the preclinical level.

Initially, to eradicate infections caused by encapsulated bacteria polysaccharide
vaccines were introduced. Although these vaccines were effective in adults and older
children, only due to the T-cell independent immune response, they were ineffective in
younger children, below two years of age (Mond et al,, 1995). To overcome this issue,
glycoconjugate vaccines which are highly effective in both adults and children were
developed. Glycoconjugates are in general immunogenic from early infancy, induce a
longer-lasting immune response, and ensure immunological memory (Pace 2012).
Conjugation to a carrier protein provides enhanced immunogenicity by converting the PS
into a T-cell-dependent antigen (Costantino et al.,, 2011). The mechanism of action of
glycoconjugate vaccines is based on their uptake, internalisation, and processing by
antigen-presenting cells (APC). Subsequent presentation of peptides or glycopeptides on
APC surface in association with class [ major histocompatibility complex (MHCII) allows
the interaction with CD4+ T cells and signalling to B cells for their proliferation and
differentiation into antibody-producing and memory cells (Alberts et al, 2002).
Additionally, as documented for serogroups A and C, meningococcal conjugate vaccines
can reduce the nasopharyngeal carriage of Neisseria meningitides which leads to a
decrease in transmission (Kristiansen et al., 2013; Ramsay et al., 2003), whereas PS

vaccines have not been reported to provide substantial herd immunity (Plotkin 2014).
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Figure 70. Chair conformation of the serogroup X polysaccharide monomer. From: Xie etal., 2012
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MATERIALS & METHODS

1. Equipment

The SPR studies between MenX mAb/Fab and MenX DP15 (degree of
polymerisation) have been conducted using the Biacore X100 instrument (GE Healthcare
Life Sciences, UK). The system allows getting a reliable real-time insight into biological
processes in small-scale interaction analysis, providing information on binding
specificity, kinetics, affinity, and concentration analysis. It contains all key functionalities
needed to define the structure-function relationships and understand the dynamics of
molecular pathways. MenX DP15 has been immobilised by amine coupling on a Biacore
Sensor Chip CM5 (GE Healthcare Life Sciences, UK). The CM5 chip carries a matrix of
carboxymethylated dextran covalently attached to a gold surface, required for the
generation of the surface plasmon resonance response. The flexible dextran matrix
extends ~100 nm from the gold surface, allowing relatively free movement of the
attached ligand molecules. Its high immobilisation capacity permits a broad range of
capture densities and the surface stability provides accuracy and precision, allowing

repeated analysis in the same surface conditions.

2. Buffer pH scouting and ligand pre-concentration analysis

2.1. pH scouting using 20 mM NaAc buffer pH=4

HBS-EP pH=7.2 is used as running buffer. Two conjugates, MenX(DP15)-ADH-
CRM197 (Lot. EB 11Feb13-X) sacc. 108.5 pg/mL, protein 575.3 pg/mL, sacc/prot 0.2 w/w,
and MenX(PS)ox—-CRM197 (Lot. EB 19Apr12-PS) sacc. 163.1 pg/mL, protein 507.6 pg/mL,
sacc/prot 0.32 w/w, have been prepared in dilutions of 5, 10, 15 pg/mL in 20 mM NaAc
buffer pH=4.
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2.2. pH scouting using 10 mM NaAc buffer pH=5

HBS-EP pH=7.2 is used as running buffer. Two conjugates, MenX(DP15)-ADH-
CRM197 (Lot. EB 11Feb13-X) sacc. 108.5 pg/mL, protein 575.3 pg/mL, sacc/prot 0.2 w/w,
and MenX(PS)ox—-CRM197 (Lot. EB 19Apr12-PS) sacc. 163.1 pg/mL, protein 507.6 pg/mL,
sacc/prot 0.32 w/w, have been prepared in dilutions of 5, 10, 15 pg/mL in 10 mM NaAc
buffer pH=5, and subsequently in dilution of 30 pg/mL in 10 mM NaAc buffer pH=5.

3. Ligand immobilisation

The CMS5 chip surface is activated with a mixture of 0.4M 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 0.1M N-hydroxysuccinimide (NHS). The
reagent solutions have been equilibrated at room temperature and mixed shortly before
use. The 1st flow cell (Fc=1) serves as a reference surface, so it is blocked immediately
after activation (blank immobilisation). In the 2" flow cell (Fc=2) MenX(DP15)-ADH-
CRM197 (30 ug/mL) is covalently immobilised using 10 mM NaAc pH=5 as immobilisation
buffer. The target level is set at 500 RU. 1M ethanolamine-HCL pH=8.5 is used to
inactivate excess reactive groups. 50 mM NaOH is applied as a wash solution to remove

any remaining ligand molecules from the sensor chip surface.

4. Binding analysis

PBS Tween 0.005% pH=7.2 is used as running buffer for the binding analysis at
250°C. The experiment starts with three start-up cycles to allow surface stabilisation. Each
sample injection (120 s contact time, 300 s dissociation time) is followed by regeneration
with 3.5M MgCl> (120 s contact time) to remove the bound analyte from the ligand
immobilised on the chip surface. The MenX mAb (01 lot 005) has been used in three
concentrations, 0.65 uM, 1.3 uM, and 3.3 pM. The MenX Fab (01 lot 001, 01 lot 005) has

been used in 10 uM concentration.
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5. Kinetic analysis

PBS Tween 0.005% pH=7.2 is used as the running buffer for the kinetic analysis,
ata 45 pl/min flow rate at 25°C. The experiment starts with three start-up cycles to allow
surface stabilisation. Each sample injection (120 s contact time, 600 s dissociation time)
is followed by regeneration with 3.5M MgCl, (120 s contact time) ata 10 pl/min flow rate
to remove the bound analyte from the ligand immobilised on the chip surface. The MenX
mAb (01 lot 005) has been used in 0 pM (no analyte), 0.3125 pM, 0.625 uM, 1.25 pM, 2.5
uM, and 5 pM concentrations. The MenX Fab (01 lot 001) has been used in 0 uM (no
analyte), 0.625 pM, 1.25 uM, 2.5 pM, 5 pM, and 10 pM concentrations.

6. Inhibition assays

PBS Tween 0.005% pH=7.2 is used as the running buffer for the inhibition assays,
ata 45 pl/min flow rate at 25°C. The experiment starts with three start-up cycles to allow
surface stabilisation. Each sample injection (120 s contact time, 300 s dissociation time)
is followed by regeneration with 3.5M MgCl; (120 s contact time) to remove the bound
analyte from the ligand immobilised on the chip surface. 10 pM MenX mAb (01 lot 005)
has been used together with descending concentrations of DP5: 1000 pg/mL, 500 pg/mL,
250 pg/mL, 125 pg/ml, 62.5 pg/mL, 31.3 pg/mL, 15.6 pg/mL, 7.8 pg/mL, 3.9 ug/mlL, 2
pug/mkL, 1 ug/mkL, 0.5 pg/mL, 0 pug/mL (no analyte in the mAb solution). 10 uM MenX mAb
(01 lot 005) has been used together with descending concentrations of DP10: 1000
pug/mkL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, 31.3 pg/mL, 15.6 pg/mL, 7.8
pg/mkL, 3.9 pg/mL, 2 pg/mL, 1 pg/ml, 0.5 pg/mL, 0 ug/mL (no analyte in the mAb
solution). 10 uM MenX mAb (01 lot 005) has been used together with descending
concentrations of PS: 1000 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, 31.3
pug/mkL, 15.6 ug/mkL, 7.8 pg/mlL, 3.9 pg/mlL, 2 pg/mL, 1 pg/mL, 0.5 pg/mL, 0 ug/mL (no

analyte in the mAb solution).
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RESULTS

1. Buffer pH scouting and pre-ligand concentration analysis

The procedure has been performed to determine the optimal buffer pH and ligand
concentration for amine coupling. The approach involves testing several buffer pH and
ligand concentrations prior to direct immobilisation. While the general recommendation
to immobilise proteins at pH=5 works adequately in many cases, the coupling conditions
frequently need to be optimised for best results. In order to determine the suitable amine
coupling conditions without permanently modifying the sensor chip surface, the ligands
are injected over a surface that has not been activated with EDC/NHS. Electrostatic pre-
concentration of the ligand on the surface is seen as an increase in response and gives an
indication of whether the conditions are suitable. Pre-concentration is generally more
efficient when the pH of the ligand solution is below the isoelectric point of the ligand so
that the ligand carries a net positive charge, but above the pKa (3.5) of carboxyl groups
on the surface, so that the surface is negatively charged (Jonsson et al., 1991). However,
since amine coupling chemistry requires uncharged amine groups, the immobilisation is
more efficient at higher pH. The highest pH conditions that give an adequate response
should be therefore applied. In this study, two buffers have been tested: 20 mM NaAc
pH=4 (Fig.71) and 10 mM NaAc pH=5 (Fig.72), as low ionic strength favours the
electrostatic attraction, and buffers with 10-20 mM total cation concentration are
generally recommended. Although 10 mM NaAc pH=5 provides a slightly better binding
pattern, when a satisfactory electrostatic pre-concentration cannot be obtained at any
pH, the ligand concentration should be increased. Two different ligands, MenX(DP15)-
ADH-CRM197 and MenX(PS)ox—CRM197, have been examined in various concentrations: 5
pg/mkL, 10 pg/mL, 15 pg/mL, and 30 pg/mL. Best binding is observed at 30 pg/mL
concentration of MenX(DP15)-ADH-CRM197 (Fig.72 bottom). No binding is detected for
the MenX(PS)ox-CRM197 ligand, regardless of its concentration or immobilisation buffer

pH.
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Figure 71. pH scouting results using 20 mM NaAc buffer pH=4.
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Figure 72. pH scouting results using 10 mM NaAc buffer pH=5.
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2. Ligand immobilisation

Amine coupling chemistry is one of the most common techniques for covalent
immobilisation of proteins and involves an irreversible chemical attachment of the ligand
to the sensor surface. Following this method, carboxyl groups of the dextran matrix are
first activated with a mixture of EDC and NHS to create highly reactive N-
hydroxysuccinimide esters. The ligand is then passed over the surface and the esters
react spontaneously with the amine and other nucleophilic groups on the protein to
covalently link the ligand to the dextran matrix. This approach results in the formation of
a stable bond between the ligand and the sensor surface (Johnsson et al, 1991).
MenX(DP15)-ADH-CRM197 has been directly immobilised on a CM5 chip at 30 pg/mL
concentration in a 10mM NaAc buffer pH=5. As many proteins show limited stability in
low ionic strength solutions and at low pH, the ligand solution has been, therefore,
prepared directly before use. The target immobilisation level has been set at 500 RU and
the final immobilisation achieved is 458 RU (Fig.73). The amount of immobilised ligand
only gives an indication of the potential binding capacity. Therefore, a newly prepared
surface should always be tested by injection of the analyte to evaluate the functional

integrity of the immobilised ligand.
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3. Binding analysis

When studying biological problems at the molecular or cellular level using
recombinant antibodies, like the Fab directed against MenX, it is important to be able to
show that the recombinant protein has the same structure and activity as its native
counterpart. This is most easily done by confirming that the recombinant antibody binds
its natural ligands. Because such interactions involve multiple residues, which are usually
far apart in the primary amino acid sequence, they require a correctly folded antibody.
The binding analysis has been performed to determine which lots of MenX mAb and MenX
Fab are active and can be used for further kinetic analysis. Direct measurement is suitable
for macromolecular analytes, with molecular weight >5000 Da, which gives an easily
measured response even at low molar concentrations. The duration of the sample
injection should ideally be long enough to allow the sensorgrams to flatten out to some
extent, although it is not necessary for the binding to reach a steady state. If the injections
are too short, the sensitivity of the assay may be impaired. The 120 s of contact time in
the conducted experiments have been sufficient to reach the required plateau. Although
the reference-subtracted sensorgrams (Fc=2-1) show the actual binding response, it is
important to inspect the sensorgrams from both the reference (Fc=1) and active (Fc=2)
surfaces, as the sensorgrams from the reference surface may, for example, reveal non-
specific binding. MenX mAb (Men X 01 lot 005) shows binding to the surface-attached
ligand, even at the lowest concentration of 0.65 pM (Fig.74). In turn, two different lots of
MenX Fab (01 lot 001 and 01 lot 005), both applied in concentrations of 10 pM, have
demonstrated different interaction patterns (Fig.75). Binding to the immobilised ligand
occurs when Men X Fab 01 lot 001 is used as the analyte. No binding interaction is
observed for MenX Fab 01 lot 005. For this reason, Men X mAb 01 lot 005 and Men X Fab

01 lot 001 have been employed for further experiments.
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Figure 74. Sensorgrams representing the binding experiments using concentration series (0.65 pM,
1.3 uM, 3.3 uM) of MenX mAb (MenX 01 lot 005). Top: Fc=2-1 Bottom: Fc=1, Fc=2.
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Figure 75. Sensorgrams representing the binding experiments using two different lots of MenX Fab
(MenX 01 lot 001 and MenX 01 lot 005) in 10 uM concentration. Top: Fc=2-1 Bottom: Fc=1, Fc=2.
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4. Kinetic analysis

Kinetics and affinity measurements on the sensor surface determine the binding
characteristics between the ligand and the analyte. Kinetics deals with time-dependent
events and describes how fast molecules bind and dissociate. The kinetics of interaction
determines how much complex is formed in a given time. Affinity describes the strength
of interaction, independently of time. The affinity of interaction determines how much
complex is formed when a mixture of interactants has reached equilibrium. Kinetics is
analysed by monitoring the interaction as a function of time over a range of analyte
concentrations, and then fitting the whole data set to a mathematical model describing
the interaction mechanism. Kinetic parameters are determined from the association and
dissociation phases of the sensorgram. Affinity is established either from the kinetic rate
constants or by measurement of steady-state analyte binding levels. The analyte
concentrations may be introduced in separate cycles with surface regeneration after each
sample injection (multi-cycle analysis) or sequentially in a single cycle with no
regeneration between sample injections (single-cycle analysis). In this study, the multi-
cycle approach has been applied and the affinity is assessed from the kinetic parameters.
Two different kinetic experiments have been performed using MenX Fab (Fig.76) and
MenX mAb (Fig.77) respectively. The simplest interaction model that is consistent with
the experimental system has been chosen, namely 1:1 Langmuir binding model. The
kinetic parameters determined from the analysis using MenX Fab are the following: k,
[1/Ms] =3.195x 103+ 1.8 x102,kq [1/s] =3.957 x 103 £ 2x 104 Kq[M] = 1.238 x 106+
1.11 x 10-6. The kinetic parameters determined from the MenX mAb experiment are the
following: ka [1/Ms] =4.7 x 103 + 2.3 x 102, kq [1/s] =3 x 103+ 8 x 10-5, K4 [M] = 6.383 x
107+ 3.48x107.

There are two major tools for assessing the significance of the reported constants:
the closeness of fit between the fitted and experimental curves, and the statistical
significance of the parameters. Visual inspection of the fitted curves overlaid on the
experimental data or the residual plots (Fig.78, Fig.79) gives an indication of the
closeness of the fits. Ideally, the residuals scatter randomly around zero over a range that
corresponds to the short-term noise in the detection system (approximately 1 to 2 RU).
Both assays, using MenX Fab and MenX mAb, result in well-fitted curves overlaid onto the

experimental data, as well as plots showing residuals scattered around zero (* 2RU). The
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chi-square value is a quantitative measure of the closeness of fit, which describes the
deviation between the experimental and fitted curves, and in an ideal situation will
approximate to the square of the short-term noise level. The chi-square value for the
MenX Fab analysis is 1.95, and for the MenX mAb experiment, it is 3.12. Fitting
experimental data to a mathematical interaction model will return values for all
parameters in the model, regardless of whether they are significant or not. The
significance of the parameter values returned by the fitting procedure is indicated by the
standard error or T-value. A high standard error or low T-value indicates that the
parameter has little significance. For the 1:1 binding model, an additional indicator of the
parameter significance is the U-value. This parameter represents the uniqueness of the
calculated rate constants, determined by testing the dependence of fitting on correlated
variations between selected variables. Lower values (<25) indicate greater confidence in
the reported kinetic constants. The U-value for the MenX mAb experiment is 12, and for

the MenX Fab, itis 7.
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Figure 76. Sensorgrams representing the Kinetic experiments using a concentration series of MenX
Fab. Top: Fc=2-1 Bottom: Fc=1, Fc=2.
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Figure 77. Sensorgrams representing the Kinetic exepriments using a concentration series of MenX

mAb. Top: Fc=2-1 Bottom: Fc=1, Fc=2.
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Figure 78. Top: Sensorgram showing a global fitting to the entire set of experimental data (all
concentration curves) for MenX Fab. Global fitting finds the best fit for all of the sensorgrams
simultaneously. Selected parameters such as rate and affinity constants are constrained to have a
single value for all sensorgrams in the data set. Bottom: Residual plot from the global fit.
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Figure 79. Top: Sensorgram showing a global fitting to the entire set of experimental data (all
concentration curves) for MenX mAb. Global fitting finds the best fit for all of the sensorgrams
simultaneously. Selected parameters such as rate and affinity constants are constrained to have a
single value for all sensorgrams in the data set. Bottom: Residual plot from the global fit.
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5. Inhibition assays

Inhibition assays also called solution competition, exploit the ability of the analyte
(DPx) to inhibit the binding of the high molecular weight detecting molecule (MenX mAb)
to the ligand attached to the chip surface (MenX(DP15)-ADH-CRM197). Obviously, the
detecting molecule carrying the bound analyte cannot be able to bind to the surface-
attached ligand. Ideally, the detecting molecule should be monovalent for this reason.
However, monoclonal antibodies are commonly used as detecting molecules, despite
their bivalent binding properties. Even though both antigen-binding sites must be
occupied to effectively inhibit the binding of the antibody to the surface, the inhibition
assay principle still works reliably. An equal amount of 10 uM MenX mAb has been mixed
with various concentrations of DP5, DP10, or PS and incubated to reach equilibrium.
Subsequently, the solution mix is injected over the sensor surface. The SPR signal
obtained is an indirect measure of the number of free detecting molecules, which is
inversely related to the concentration of the analyte in the sample (Lundstrom 1994). The
results of the inhibition assays (Fig.S12, S13, S14) have been analysed and show that the
most efficient inhibition is achieved, as expected, with the whole polysaccharide capsule
component: 45. 2% inhibition at a 1000 pg/mL PS concentration. The 2 best choice as
a MenX mAb inhibitor is DP5: 32.9% inhibition ata 1000 pg/mL DP5 concentration. The
lowest inhibition levels are reached when using DP10: 22.4 % inhibition ata 1000 pg/mL
DP10 concentration (Fig.80).
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Inhibitor concentration ug/mL

MenX PS MenX DP10 MenX DP5
Concentration ug/mL %Inhibition Concentration ug/mL %Inhibition Concentration ug/mL %Inhibition
1000 45.2 1000 22.4 1000 32.9
500 37.7 500 19.1 500 29.8
250 29.9 250 6.0 250 23.8
125 19.9 125 8.7 125 19.7
62.5 7.8 62.5 9.0 62.5 12.5
31.25 6.9 31.25 0.0 31.25 8.8
15.63 2.8 15.63 0.0 15.63 5.6
7.81 0.0 7.81 0.0 7.81 0.0
3.91 0.0 3.91 0.0 3.91 4.4
1.95 0.0 1.95 0.0 1.95 4.4
0.98 0.0 0.98 0.0 0.98 5.3
0.49 0.0 0.49 0.0 0.49 7.5
Inhibition assay
50.0
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Figure 80. Inhibition assay results using solutions of 5 uM MenX mAb and a wide range of analyte
(DP5, DP10, or PS) concentrations. Percentage of inhibition is plotted against the inhibitor (analyte)
concentration in pg/mL
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DISCUSSION

Systems based on surface plasmon resonance technique can be used to study
interactions involving, in principle, any kind of molecule, from organic drug candidates
to nucleic acids, proteins, glycoproteins, and even viruses and whole cells. Since the
response is a measure of the change in mass concentration, it is proportional to the
molecular weight. Smaller molecules give lower molar responses and the practical lower
limit for detection is approx. 100 Da. Measurements can be performed on purified
interactants, as well as on complex mixtures such as cell culture supernatants or cell
extracts. A range of interaction characteristics can be determined from an SPR
experiment, including kinetics and affinity assessment (van der Merwe 2001).

Kinetics are analysed by monitoring the interaction as a function of time over a
range of analyte concentrations and then fitting the whole data set to a mathematical
model describing the interaction. The rate constants reported by the kinetic evaluation
have been determined based on a 1:1 Langmuir interaction model and are only valid in
that context. If the interaction mechanism is not a simple 1:1 binding, the fitted curves
will deviate to some extent from the experimental data and the reported constants will
not be a true representation of the interaction kinetics. Moreover, for precise kinetic
analysis, the amount of surface-immobilised ligand should not be very hight, so that the
maximum response from the analyte binding would be in the region of 100 RU. In this
study, the maximum response was recorded at ~ 60 RU during the binding analysis. The
main reason for this approach is that low ligand levels help to reduce the rate-limiting
effects of mass transfer. Mass transfer is the diffusion-controlled supply of analyte
molecules to the surface from the bulk solution. With a high ligand density, the rate at
which the analyte binds the ligand may exceed the rate at which the analyte is delivered
to the surface. If the transfer is slow in relation to the association rate, the observed
binding will be a measure of the diffusion process and not the interaction rates.
Consequently, the analysis of association rate under mass transport limited conditions
will yield an apparent ko, that is slower than the real association rate constant. During
the association phase, there is a simultaneous association and dissociation of the analyte,
and equilibrium is reached when the association rate equals the dissociation rate. Under

ideal experimental conditions, during the dissociation phase, only dissociation of the
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analyte should occur. In reality, following the dissociation, before diffusing out of the
matrix and being washed from the flow cell, some re-binding of the analyte to the
unoccupied ligand may follow. As a consequence, the measured dissociation rate constant
would be slower than the real kof. Because mass transport may hinder binding, it is
essential to use the lowest density of ligand that gives an adequate level of analyte
binding. For this study, the lowest ligand density offering a satisfactory binding level has
been established to be ~450 RU. Furthermore, to reduce mass transfer limitation, the
characterisation of the antibody-antigen interaction should be run at moderate flow rates
and could be slightly increased when needed. All the experiments have been performed
at a relatively high flow rate of 45 pl/min. Obtaining accurate kinetic data is a very
demanding and time-consuming task, and requires a thorough understanding of binding
kinetics and the potential sources of artefacts. Values for affinity constants have been
derived from the kinetic measurements. These values, just like the values for rate
constants, are only valid in the context of the model used to analyse the binding data.
More complex binding mechanisms do not always give straightforward relationships
between affinity and kinetics (van der Merwe 2001). Micromolar Kq (M) values for both
MenX Fab (1.238 x 106+ 1.11 x 10-¢) and MenX mAb (6.383 x 107+ 3.48 x 10-7) indicate
a medium-strength binding interaction.

The recent removal of meningococcal serogroup A strains from the population in
most meningitis belt countries may give an advantage to MenX, previously less able to
compete with the more virulent serogroup A. Indeed, a recent study on the MenA
conjugate vaccine in Burkina Faso found a significant increase in Neisseria meningitidis
serogroup X carriage following the introduction of the vaccine (Kristiansen et al., 2013).
Although the need for a vaccine against the meningococcal serogroup X has been
recognised, no appropriate conjugate has been formulated yet.

The inhibition assay performed with three different saccharides indicate that DP5
is the shortest and most efficient (32.9% inhibition at a 1000 pg/mL concentration)
polymer to inhibit binding of MenX mAb to the immobilised MenX(DP15)-ADH-CRM97.
This finding might finally provide the long-awaited candidate for a MenX conjugate
vaccine since more knowledge on the minimal glyco-epitope required for the
immunological activity of MenX PS is still needed. Several attempts to reveal the minimal
glyco-epitope have been made in recent years. In a study from 2013 by Micoli et al., three

different glycoconjugates were prepared by coupling Neisseria meningitidis serogroup X
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oligosaccharides of varying chain length to CRM197 as the carrier protein, namely MenXox-
CRM197, MenX-NH>-SIDEA-CRM197, and MenX-ADH-SIDEA-CRM197. The average degree
of polymerisation (avDP) was of 15-20 and 80-100. All glycoconjugates induced high anti-
MenX PS IgG titers in mice following immunisation and generated functional antibodies
when tested against African Men X isolates. A step further was a subsequent study in the
following year by Morelli et al. in which three fully synthetic MenX PS oligomers
(monomer, dimer, and trimer) were conjugated to CRM197. Following immunisation with
the obtained glycoconjugates, it was demonstrated that the minimal structure possessing
immunogenic activity is the conjugated trimer. While the CRM197 conjugates of the
monomer and the dimer did not induce polysaccharide specific IgG titers in mice, the
conjugated trimer elicited significant anti-MenX PS IgG titers. Nevertheless, its
immunogenicity towards the native polysaccharide was shown to be significantly lower
to the one achieved with the pentadecamer (avDP15) obtained from the native polymer
and conjugated to the same protein carrier, both in terms of IgG levels generated and
functionality of the induced antibodies. Importantly, all the conjugates induced very low
anti-MenX IgM titers, but the trimer and the pentadecamer antigen conjugates enabled
immunoglobulin class switching from IgM to IgG, which is characteristic of the T-cell
dependent response. In 2015 Harale et al. reported that a conjugate of a tetrameric
repeating unit of MenX PS and the tetanus toxoid (TT) protein was synthesised. It was
demonstrated that the tetramer conjugate, as well as the tetrasaccharide alone, were
antigenic and able to neutralise the rabbit antiserum against Neisseria meningitidis
serogroup X, indicating the immunogenic potential of the candidate. Both compounds
inhibited the binding of antibodies to the bacterial MenX polysaccharide but the
unconjugated tetramer showed lower inhibition (up to 68% inhibition) compared to its
conjugate formulation (up to 89% inhibition) at all different concentrations tested (10-
1000 mg/mL). Unsurprisingly, the capsular polysaccharide of serogroup X demonstrated
the highest inhibition compared to the test candidates at all respective antigen
concentrations used. These difference may indicate the need for a slightly bigger
molecule to be able to neutralise antibodies.

The use of shorter saccharides has allowed the production of more defined and
less cross-linked conjugates, with advantages in relation to reproducibility and vaccine
characterisation. Parameters including conjugation chemistry (random against selective

carbohydrate modification), linker used for coupling, and saccharide chain length, can

195 |

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Stefania Robakiewicz, Université de Lille, 2020

also have an impact on the immunogenicity of the corresponding conjugate vaccine
(Micoli et al., 2013).

All the above-mentioned findings suggest that oligomers a little longer than three
or four repeating units are probably needed to mimic the antigenic activity of the native
MenX polysaccharide. As the minimal PS portion which can confer protection against
meningococcal serogroup X infections is still unknown, this study presents DP5 as a
promising candidate for the development of a glycoconjugate vaccine. It would be
advisable to further confirm the kinetics measurements using e.g. ITC, that could
additionally determine thermodynamic binding parameters. Moreover, employing STD-
NMR spectroscopy might help identify the binding epitope of the ligand, shining further
light on the minimal oligosaccharide structure required for the immunological activity of

the MenX PS antigen.
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CONCLUSIONS

Pure monoclonal antibodies with preserved immunoreactivity are not only
needed for research applications but are also employed to treat various diseases and for
diagnostic purposes. The use of pure antibodies is critical since any non-specific protein
present in the antibody solution may affect the outcome. Monoclonal antibodies of the
IgG class are commonly applied, thus many effective purification schemes have been
established for them. In turn, due to the particular structure and oligomerisation of IgM
antibodies, they behave differently and it has been much more difficult to efficiently
purify them. In addition, IgMs are generally less soluble in buffers as they tend to
aggregate, and are also poorly soluble in solutions of high or very low salt. Moreover, their
behaviour is strictly individual and varies significantly among different I[gMs depending
on the species of origin, source, preparation, oligomerisation, and the buffers used.
Therefore each IgM is truly unique and purification procedures have to be adjusted to
best suit the IgM of interest (Mahassni et al., 2009).

Glycan structures are heterogeneous and diverse because of the possible
combinations of available monosaccharides, linkages, branching, and variable lengths of
glycan chains. This diversity combined with the difficulty in stabilising the flexible
branched structures makes that characterisation of the glycoproteome challenging and
time-consuming. Furthermore, the non-template synthesis of carbohydrates
considerably limits their generation in large quantities needed for analysis.
Consequently, the development of fast and sensitive techniques for glycosylation analysis
has been crucial for research (Feizi et al.,, 2003).

The overall weak binding of carbohydrates is usually accompanied by relatively
fast kon and koffrates. Suitable on- and off-rates for the antigen-antibody interaction are
critical for the successful implementation of these methods, which otherwise may result
in poor signal-to-noise ratios, thus making it difficult to distinguish the free from the
bound state. There are different techniques that can be employed to unravel the features
of protein-carbohydrate interactions. Generally, the experimental data collected from
biophysical techniques, such as surface plasmon resonance or isothermal titration

calorimetry, is complemented with information acquired from structural studies,
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including NMR spectroscopy, cryo-electron microscopy, and X-ray crystallography.
Additionally, molecular modelling methods are frequently used to provide a full picture
of the structure under investigation.

The glycan array screening revealed the minimal glyco-epitope to be
Man>GlcNAcz, whereas Man3GlcNAc; manifested one of the strongest interactions with
Mannitou antibody. Surface plasmon resonance measurements established a micromolar
binding affinity of Manniotu Fab towards Man3GlcNAc; (Kqa = 48 uM), with the value
subsequently confirmed by isothermal titration calorimetry (Kq = 54 pM). Additionally,
the calorimetric data indicates an enthalpy-driven process (AH =-7.12 + 0.225 kcal /mol)
with an unfavourable entropic contribution (-TAS = 1.3 kcal/mol). The mapping of the
binding epitope by saturation transfer difference NMR demonstrated Mana1-3 as the
main residue involved in Mannitou antibody recognition, with a notable contribution
from BMan and the acetyl group of GIcNAc1. All these findings are consistent with each
other and point to Manal-3 branch as the main binding epitope, explaining why any
substitution in this arm inhibits the recognition of paucimannose N-glycans by Mannitou
antibody.

From the attempts to characterise Manniotu applying approaches, such as
homology modelling, cryo-electron microscopy, and crystallisation, it was concluded that
this IgM, as any other immunoglobulin M investigated so far, is an incredibly flexible
formation. Moreover, it cannot be ruled out that upon binding some part of the
oligosaccharide may sustain significant flexibility in the antibody-carbohydrate complex.
Elucidation of the molecular basis of the formation of the complexes also requires
consideration of the balance between the enthalpic and entropic contribution involved in
the binding. The lower affinities observed for carbohydrate-specific antibodies derive
from the binding not being driven only by enthalpic factors and emphasise the relative
importance of entropic considerations. All this, combined with the difficulties to produce
high quantities of pure and active Mannitou IgM makes it incredibly challenging to extract
detailed structural information on the antibody and its complexes. Indeed, one of the
main reasons for the slow progress in translating the basic research findings on natural
[gM to clinical application is the issue inherent to the nature of the molecules themselves.
The existence of IgM in either monomeric, pentameric, or hexameric forms presents a
dilemma regarding the identification of the structure of the therapeutic molecule that will

achieve the highest profiles for efficacy, tolerability, and safety. The pentameric form
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poses further potential challenges regarding the stability of such manufactured IgM-
based therapeutics. Similar to IgG, the glycosylation pattern of IgM can also play a critical
role in its effector functions. These specialised effector functions of IgM provide clinical
opportunities but also pose challenges for the purification of well-characterised
homogeneous preparations that are required for therapeutic applications.

The upregulation of paucimannosylation in pathophysiological conditions makes
it an attractive biomarker for disease states, where Mannitou antibody may serve as a
potential diagnostic and therapeutic agent. The evidence that Mannitou antibody inhibits
cell proliferation and shows strong staining in metastatic prostate cancer tissue, as
compared to weak staining in well-differentiated tissues, makes Mannitou a promising
candidate for application in cancer research (Becker et al.,, 2019; Zipser et al., 2012). The
wide repertoire of methods for studying protein-glycan interactions can be used to

evaluate the immune response to preventative or therapeutic carbohydrate vaccines.
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APPENDIX

Mannitou mAb light chain aa sequence:
DVVVTQTPLSLPVSFGDQASISCRSSQSLVNSYGSTYLSWYLHRPGQSPQLLIYGISNRFSGVPD
RFSGSGSGTDFTLTIRTIKPEDLGMYYCLQGTHQPWTFGGGTKLEIKKRADAAPTVSIFPPSSE
QLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDE
YERHNSYTCEATHKTSTSPIVKSFNRKEC

Mannitou mAb heavy chain aa sequence:
EVKLLESGGGLVQPGGSLKLSCAASGFDFSTYWMSWVRQAPGKGLEWIGEINPDSSTINYTPSL
KDKFIISRDNAKNTLYLQMSKVRSEDSVLYYCVRPGTWGYFDYWGQGTTLTVSSASQSFPNVE
PLVSCESPLSDKNLVAMGCLARDFLPSTISFTWNYQNNTEVIQGIRTFPTLRTGGKYLATSQVL
LSPKSILEGSDEYLVCKIHYGGKNRDLHVPIPAVAEMNPNVNVFVPPRDGFSGPAPRKSKLICE
ATNFTPKPITVSWLKDGKLVESGFTTDPVTIENKGSTPQTYKVISTLTISEIDWLNLNVYTCRV
DHRGLTFLKNVSSTCAASPSTDILTFTIPPSFADIFLSKSANLTCLVSNLATYETLNISWASQSGE
PLETKIKIMESHPNGTFSAKGVASVCVEDWNNRKEFVCTVTHRDLPSPQKKFISKPNEVHKHP
PAVYLLPPAREQLNLRESATVTCLVKGFSPADISVQWLQRGQLLPQEKYVTSAPMPEPGAPGF
YFTHSILTVTEEEWNSGETYTCVVGHEALPHLVTERTVDKSTGKPTLYNVSLIMSDTGGTCY

Figure S1. Mannitou mAb amino acid sequence. Green: variable region, Pink: constant region. CH1
domain is underlined. The sequence is composed of the variable regions, determined by
sequencing, and the constant regions obtained from GenBank: LC085625.1 (light chain) and
UniProtKB: locus A24976 (heavy chain).
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Figure S2. Glycan microarray results using different concentrations of Mannitou antibody. A: 500
nM, B: 250 nM, C: 125 nM, D: 62.5 nM. The pattern of behaviour is maintained among the applied
concentrations. Each histogram represents the mean RFU (relative fluorescence unit) values for

four spots with the SD (standard deviation) of the mean.
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The AmSO, Suite Composition Table

Cat. no.

(Refill-Hit Solution,

Number Salt Buffer Precipitant 4 x 12.5 ml tubes)
1 2.2 M Ammonium sulfate 134401

3 0.2 M Ammaonium chloride 2.2 M Ammonium sulfate 134403

5 0.2 M Ammonium fluoride 2.2 M Ammonium sulfate 134405

7 0.18 M tn-Ammonium citrate 2.2 M Ammonium sulfate 134407

9 0.2 M Ammonium iodide 2.2 M Ammonium sulfate 134409

11 0.2 M di-Ammonium farfrate 2.2 M Ammonium sulfate 134411

13 0.2 M Cadmium sulfate 2.2 M Ammonium sulfate 134413

15 0.2 M Cesium sulfate 2.2 M Ammonium sulfate 134415

17 0.2 M Lithium acetate 2.2 M Ammonium sulfate 134417

19 0.2 M tn-Lithium citrate 2.2 M Ammonium sulfate 134419

21 0.2 M Lithium sulfate 2.2 M Ammonium sulfate 134421

23 0.2 M Potassium bromide 2.2 M Ammonium sulfate 134423

25 0.2 M fri-Potassium citrate 2.2 M Ammonium sulfate 134425

27 0.2 M Potassium fluonde 2.2 M Ammonium sulfate 134427

29 0.2 M di-Potassium phosphate 2.2 M Ammenium sulfate 134429

31 0.2 M Potassium nitrate 2.2 M Ammenium sulfate 134431

33 0.2 M Potassium sulfate 2.2 M Ammonium sulfate 134433

35 0.2 M Sodium acetate 2.2 M Ammonium sulfate 134435

37 0.2 M Sodium chloride 2.2 M Ammonium sulfate 134437

3% 0.2 M Sodium phosphate 2.2 M Ammonium sulfate 134439

41 0.2 M Sodium formate 2.2 M Ammonium sulfate 134441

43 0.2 M Sodium iodide 2.2 M Ammonium sulfate 134443

45 0.2 M Sodium nitrate 2.2 M Ammonium sulfate 134445

47 0.2 M di-Sodium tarirate 2.2 M Ammonium sulfate 134447
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Cat. no.

{Refill-Hit Solution,

Number Salt Buffer Precipitant 4 x 12.5 ml tubes)
4% 0.1 M Citric aad pH 4.0 0.8 M Ammonium sulfate 134449

31 0.1 M MES pH 6.0 0.8 M Ammenium sulfate 134451

53 2.1 M Tris pH 8.0 0.8 M Ammonium sulfate 134453

55 0.1 M Citnic acid pH 4.0 1.6 M Ammenium sulfate 134455

a7 0.1 M MES pH 6.0 1.6 M Ammenium sulfate 134457

59 0.1 M Tris pH 8.0 1.6 M Ammonium sulfate 134459

&1 0.1 M Citric acid pH 4.0 2.4 M Ammonium sulfate 134461

63 0.1 M MES pH 6.0 2.4 M Ammonium sulfate 134463

65 2.1 M Tris pH 8.0 2.4 M Ammonium sulfate 134465

&7 0.1 M Cifric acid pH 4.0 3.2 M Ammonium sulfate 134467

&9 0.1 M MES pH 6.0 3.2 M Ammonium sulfate 134469

71 0.1 M Tris pH 8.0 3.2 M Ammonium sulfate 134471

0.5 M Ammonium sulfate;
73 0.1 M fri-Sodium citrate 1.0 M Lithium Sulfate 134473

75 0.1 M Sodium acelate pH 4.6 1.0 M Ammonium sulfate 134475

77 0.1 M Tris-HCI pH 8.5 1.0 M Ammonium sulfate 134477

1.5 M Ammonium sulfate;
7 0.1 MTns-HCI pH 8.5 15% {w/v) Glycerol 134479

81 1.0 M Lithium sulfate 1.6 M Ammonium sulfate 134481

1.6 M Ammonium sulfate;
83 0.1 M HEPES sodium salt pH 7.5 2% {w/v) PEG 1000 134483

85 2.0 M Sodium chloride 2.0 M Ammenium sulfate 134485

2.0 M Ammonium sulfate;
87 0.1 M MES sodium salt pH 6.5 5% [wjv) PEG 400 134487

B89 2.2 M Ammonium sulfate 134489

21 0.1 M fri-Sodium citrate 2.4 M Ammonium sulfate 134491

3.0 M Ammonium sulfate;
23 10% (wifv} Glycerol 134493

25 0.1 M MES sodium salt pH 6.5 3.5 M Ammonium sulfate; 1% w/v) MPD 1344595

Figure S3. The AmSO4 composition table.
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Index™ HR2-144 Reagent Formulation
Tube Salt Tub Buffer ¢ Tube Precipitant
# # -
1. None 1. 0.1 M Citric acid pH 3.5 1. 2.0 M Ammonium sulfate
2. None 2. 0.1 M Sodium acetate trihydrate pH 4.5 2. 2.0 M Ammonium sulfate
3. None 3. 01MBIS-TRISpH55 3. 2.0 M Ammonium sulfate
4. None 4. 01MBIS-TRISpH 6.5 4. 2.0 M Ammonium sulfate
5. None 5. 01MHEPESpH 75 5. 2.0 M Ammonium sulfate
6. None 6. 01MTispH85 6. 2.0 M Ammonium sulfate
7. None 7. 0.1 MCitric acid pH 3.5 7. 3.0 M Sodium chioride
8. None 8. 0.1 M Sodium acetate trihydrate pH 4.5 8. 3.0 M Sodium chioride
9. None 9. 0.1MBIS-TRISpH 55 9. 3.0 M Sodium chloride
10. None 10. 0.1 MBIS-TRIS pH 6.5 10. 3.0 M Sodium chioride
11. None 11. 0.1 MHEPESpH7.5 11. 3.0 M Sodium chloride
12. None 12. 01 MTispH85 12. 3.0 M Sodium chioride
13. None 13. 01 MBIS-TRISpH 5.5 13. 0.3 M Magnesium formate dihydrate
14. None 14. 01 MBIS-TRISpH 6.5 14. 0.5 M Magnesium formate dihydrate
15. None 15. 0.1 MHEPESpH 7.5 15. 0.5 M Magnesium formate dihydrate
16. None 16. 0.1 MTrispH85 16. 0.3 M Magnesium formate dihydrate
17. None 17. None-pH 56 17. 1.26 M Sodium phosphate monobasic monohydrate
0.14 M Potassium phosphate dibasic
18. None 18. None-pH 6.9 18. 0.49 M Sodium phosphate monobasic monohydrate
0.91 M Potassium phosphate dibasic
19. None 19. None-pH82 19. 0.056 M Sodium phosphate monobasic monchydrate
1.344 M Potassium phosphate dibasic
20. None 20. 0.1 MHEPESpH 7.5 20. 1.4 M Sodium citrate tribasic dihydrate
21. None 21. None 21. 1.8 M Ammonium citrate tribasic pH 7.0
22. None 22. None 22. 0.8 M Succinic acid pH 7.0
23. None 23, None 23. 21 M DL-Malic acid pH 7.0
24. None 24, None 24, 2.8 M Sodium acetate trihydrate pH 7.0
25. None 25. None 25. 3.5 M Sodium formate pH 7.0
26. None 26. None 26. 1.1 M Ammonium tartrate dibasic pH 7.0
27. None 27. None 27. 2.4 M Sodium malonate pH 7.0
28. None 28, None 28. 35% viv Tacsimate™ pH 7.0
29. None 29. None 29. 60% viv Tacsimate™ pH 7.0
30. 0.1 M Sodium chloride 30. 0.1 MBIS-TRISpH 6.5 30. 1.5 M Ammonium sulfate
31. 0.8 M Potassium sodium tartrate tetrahydrate ~ 31. 0.1 MTrispH 8.5 31, 0.5% wiv Polyethylene glycol monomethyl ether 5,000
32. 1.0 M Ammonium sulfate 32. 01MBIS-TRISpH 5.5 32. 1% wiv Polyethylene glycol 3,350
33. 1.1 M Sodium malonate pH 7.0 33. 0AMHEPESpHT.0 33. 0.5% viv Jeffamine® ED-2001 pH 7.0
34. 1.0 M Succinic acid pH 7.0 34. 04MHEPESpHT.0 34, 1% wiv Polyethylene glycol monomethyl ether 2,000
35. 1.0 M Ammonium sulfate 35. 0.1 MHEPESpH 7.0 35. 0.5% wiv Polyethylene glycol 8,000
36. 15% viv Tacsimate™ pH 7.0 36. 0.1 MHEPESpHT7.0 36. 2% wiv Polyethylene glycol 3,350
37. None 37. None 37, 25% wiv Polyethylene glycol 1,500
38. None 38. 0.1 MHEPESpPH7.0 38.  30% viv Jeffamine® M-600@ pH 7.0
39. None 39. 0.1 MHEPESpPH7.0 39.  30% viv Jeffamine® ED-2001 pH 7.0
40. None 40. 0.1 M Citric acid pH 3.5 40. 25% wiv Polyethylene glycol 3,350
41. None 41. 0.1 M Sodium acetate trihydrate pH 4.5 41. 25% wiv Polyethylene glycol 3,350
42. None 42. 0.1 MBIS-TRISpH5.5 42, 25% wiv Polyethylene glycol 3,350
43. None 43. 0.1 MBIS-TRISpH 6.5 43, 25% wiv Polyethylene glycol 3,350
44, None 44, 01MHEPESPHT75 44, 25% wiv Polyethylene glycol 3,350
45. None 45. 0.1 MTris pH 8.5 45, 25% wiv Polyethylene glycol 3,350
46. None 46. 0.1 MBIS-TRISpHB.5 46.  20% wiv Polyethylene glycol monomethyl ether 5,000
47. None 47. 01MBIS-TRISpHBE.5 47.  28% wiv Polyethylene glycol monomethyl ether 2,000
48. 0.2 M Calcium chloride dihydrate 48. 0.1 MBIS-TRIS pH 5.5 48, 45% viv (+/-)-2-Methyl-2,4-pentanediol
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Index™ HR2-144 Reagent Formulation
Tube Salt Tube Buffer o Tube Precipitant
# # #
49. 0.2 M Calcium chloride dihydrate 49. 0.1 MBIS-TRISpH 6.5 49, 45% viv (+/-)-2-Methyl-2,4-pentanediol
50. 0.2 M Ammonium acetate 50. 0.1 MBIS-TRIS pH 5.5 50. 45% viv (+/-)-2-Methyl-2,4-pentanediol
51. 0.2 M Ammonium acetate 51. 0.1 MBIS-TRIS pH 6.5 51, 45% viv (+/-)-2-Methyl-2,4-pentanediol
52. 0.2 M Ammonium acetate 52. 0.1 MHEPESpH75 52. 45% viv (+/-)-2-Methyl-2,4-pentanediol
53. 0.2 M Ammenium acetate 53. 0.1 MTris pH 8.5 53. 45% viv (+/-)-2-Methyl-2 4-pentanediol
54. 0.05M Calcium chloride dihydrate 54. 0.1 MBIS-TRISpH6.5 54.  30% viv Polyethylene glycol monomethyl ether 550
55. 0.05 M Magnesium chloride hexahydrate 55. 0.1 MHEPES pH 7.5 55.  30% viv Polyethylene glycol monomethyl ether 550
56. 0.2 M Potassium chloride 56. 0.05 MHEPES pHT7.5 56. 35% viv Pentaerythritol propoxylate (5/4 PO/OH)
57. 0.05 M Ammonium sulfate 57. 0.05MBIS-TRIS pH 6.5 57.  30% viv Pentaerythritol ethoxylate (15/4 EQ/OH)
58. None 58. 0.1 MBIS-TRISpH6.5 58.  45% viv Polypropylene glycol P 400
59. 0.02 M Magnesium chloride hexahydrate 59. 0.1 MHEPES pH 7.5 59. 22% wiv Poly(acrylic acid sodium salt) 5,100
60. 0.01 M Cobalt{ll) chlcride hexahydrate 60. 0.1 MTris pH 8.5 60. 20% wiv Polyvinylpyrrolidone K 15
61. 0.2 M L-Proline 61. 0.1 MHEPESpH75 61.  10% wiv Polyethylene glycol 3,350
62. 0.2 M Trimethylamine N-oxide dihydrate 62. 0.1MTrspH 85 62. 20% wiv Polyethylene glycol monomethyl ether 2,000
63. 5% viv Tacsimate™ pH 7.0 63. 0.1 MHEPES pH 7.0 63. 10% wiv Polyethylene glycol monomethyl ether 5,000
64. 0.005 M Cobalt{|l) chloride hexahydrate 64. 0.1 MHEPESpH75 64. 12% wiv Polyethylene glycol 3,350
0.005 M Nickel(l) chloride hexahydrate
0.005 M Cadmium chloride hydrate
0.005 M Magnesium chloride hexahydrate
85. 0.1 M Ammonium acetate 65. 0.1 MBIS-TRISpH 5.5 65. 17% wiv Polyethylene glycol 10,000
66. 0.2 M Ammonium sulfate 66. 0.1 MBIS-TRISpH5.5 66. 25% wiv Polyethylene glycol 3,350
67. 0.2 M Ammenium sulfate 67. 0.1 MBIS-TRISpHES5 67. 25% wiv Polyethylene glycol 3,350
68. 0.2 M Ammonium sulfate 68. 0.1 MHEPESpHT7.5 68. 25% wiv Polyethylene glycol 3,350
69. 0.2 M Ammonium sulfate 69. 0.1 MTris pH 8.5 89. 25% wiv Polyethylene glycol 3,350
70. 0.2 M Sodium chloride 70. 0.1 MBIS-TRIS pH 5.5 70. 25% wiv Polyethylene glycol 3,350
71. 0.2 M Sodium chloride 71. 0.1 MBIS-TRISpH 6.5 T1.  25% wiv Polyethylene glycol 3,350
72. 0.2 M Sodium chloride 72. 01 MHEPESpPH75 72. 25% wiv Polyethylene glycol 3,350
73. 0.2 M Sodium chloride 73. 0.1MTrispH 85 73.  25% wiv Polyethylene glycol 3,350
74. 0.2 M Lithium sulfate monohydrate 74. 0.1 MBIS-TRISpH5.5 74. 25% wiv Polyethylene glycol 3,350
75. 0.2 M Lithium sulfate monohydrate 75. 0.1 MBIS-TRISpH 6.5 75. 25% wiv Polyethylene glycol 3,350
76. 0.2 M Lithium sulfate monohydrate 76. 0.1 MHEPESpH 7.5 76.  25% wiv Polyethylene glycol 3,350
77. 0.2 M Lithium sulfate monohydrate 77. 0.1 MTris pH 8.5 77. 25% wiv Polyethylene glycol 3,350
78. 0.2 M Ammonium acetate 78. 0.1 MBIS-TRISpH5.5 78.  25% wiv Polyethylene glycol 3,350
79. 0.2 M Ammonium acetate 79. 0.1 MBIS-TRISpH 6.5 79. 25% wiv Polyethylene glycol 3,350
80. 0.2 M Ammonium acetate 80. 0.1 MHEPESpHT7.5 80. 25% wiv Polyethylene glycol 3,350
81. 0.2 M Ammonium acetate 81. 0.1 MTrispH 8.5 81. 25% wiv Polyethylene glycol 3,350
82. 0.2 M Magnesium chloride hexahydrate 82. 0.1 MBIS-TRISpH55 82. 25% wiv Polyethylene glycol 3,350
83. 0.2 M Magnesium chloride hexahydrate 83. 0.1 MBIS-TRISpH 6.5 83. 25% wiv Polyethylene glycol 3,350
84. 0.2 M Magnesium chloride hexahydrate 84. 0.1 MHEPESpH 7.5 84. 25% wiv Polyethylene glycol 3,350
85. 0.2 M Magnesium chloride hexahydrate 85. 0.1 MTris pH 8.5 85. 25% wiv Polyethylene glycol 3,350
86. 0.2 M Potassium sodium tartrate tetrahydrate 86. None 86. 20% wiv Polyethylene glycol 3,350
87. 0.2 M Sodium malonate pH 7.0 87. None 87. 20% wiv Polyethylene glycol 3,350
88. 0.2 M Ammonium citrate tribasic pH 7.0 88. None 88. 20% wiv Polyethylene glycol 3,350
89. 0.1 M Succinic acid pH 7.0 89. None 89. 15% wiv Polyethylene glycol 3,350
90. 0.2 M Sodium formate 90. None 90. 20% wiv Polyethylene glycol 3,350
91. 0.15M DL-Malic acid pH 7.0 91. None 91.  20% wiv Polyethylene glycol 3,350
92. 0.1 M Magnesium formate dihydrate 92. None 92. 15% wiv Polyethylene glycol 3,350
93. 0.05M Zinc acetate dihydrate 93. None 93. 20% wiv Polyethylene glycol 3,350
94, 0.2 M Sodium citrate tribasic dihydrate 94. None 94, 20% wiv Polyethylene glycol 3,350
95. 0.1 M Potassium thiocyanate 95. None 95.  30% wiv Polyethylene glycol monomethyl ether 2,000
96. 0.15 M Potassium bromide 96. None 96. 30% wiv Polyethylene glycol monomethyl ether 2,000

Figure S4. The Index composition table.
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MIDAS™ Box 1 of 2 MD1-59
| Tube No. % conc Precipitant % conc Salt/ Additive pH J conc Buffer

14 50 % viv polypropylene glycol 400 5% dimethyl suffoxide (i} 01M HEPESNaOH
12 12 % wiv polyvinyl pyrrolidone K15 - - 55 0.1M MES- NaCH
13 45 % wiv polyacrylate 2100, sodium salt = N 6.5 01M HEPESNaOH
14 14 % viv acryiic acid/maleic acid copolymer (50:50), sodium salt - - - - -
15 12.5% wiv polyacrylate 2100, sodium salt 05M ammonium phosphate - - -
16 19 % viv acrylic acid/maleic acid copolymer (50:50), sodium salt - - 85 0.1M Tris-HCI
17 10 % viv polypropylene glycol 400 - - - - -
18 5 % wiv polyacrylate 2100, sodium salt = - - - -
19 25 % viv pentaerythritol propoxylate (5/4 PO/OH) - - G 0.1M MES- NaOH
110 24 % wiv polyvinyl pyrrolidone K15 01M sodium sulfate - - -
1411 35 % viv pentaerythritol ethoxylate (15/4 EQ/OH) 02M calcium chloride 6.5 01M HEPES-NaOH
112 35 % viv polypropylene glycol 400 - - 7 0.1M K/Na Phosphate
113 20% viv Jeffamine D2000 02M sodium chloride 55 01M MES- NaOH

10 % viv Jeffamine M2005 - - - - -

114 15 % viv pentaerythritol propoxylate (5/4 PO/OH 02M sodium thiocyanate 7 01M HEPES-NaOH
1415 5 % wiv polyvinyl alcohol type I 02M potassium acetate 7 01M HEPESNaOH
10 % viv Jeffamine T403 - - - - -

116 45 % viv pentaerythritol propoxylate (5/4 PO/OH) 02M sodium chloride [ 01M MES- NaOH
147 8 % wiv polyvinyl alcohol type 1l 10 % viv 1- propanol 7 4 01M HEPESNaOH
118 30 % wiv polyvinyl pyrrolidone K15 01M lithium sulfate 7 0.1M HEPESNaOH
119 40 % viv polypropylene glycol 400 02M imidazole 4 - -
120 8 % wiv acrylic acid/maleic acid copolymer (50:50), sodium salt 006 M lithium sulfate 75 01M HEPESNaOH
3% wiv pentaerythritol ethoxylate (3/4 EQ/OH) - - - - -
1-21 35 % viv Jeffamine SD2001 0o1M sodium chloride 8 01M Tris-HCI
122 30 % viv Jeffamine M600 10 % viv dimethyl sufoxide - - -
123 20 % viv polypropylene glycol 400 10 % viv 1-propanol - - -
124 28 % wiv acrylic acid/maleic acid copolymer (50:50), sodium salt - - 6.5 0.1M HEPES-NaOH
125 15 % wiv Jeffamine ED2003 10 % viv ethanol - - -
126 30 % wiv Jeffamine ED2003 02M sodium chloride 6 0.1M MES- NaOH
127 25 % viv Jeffamine SD2001 01M sodium malonate 55 01M MES- NaOH
128 15 % viv pentaerythritol propoxylate (5/4 PO/OH) 02M sodium chloride ] 0.1M MES- NaOH
129 35 % viv pentaerythritol ethoxylate (3/4 EQ/OH) 02M Magnesium chloride - -
1-30 40 % viv pentaerythritol propoxylate (5/4 PO/OH) 15 % viv ethanol - - -
1-31 50 % viv pentaerythritol propoxylate (5/4 PO/OH) - - 8 0.1M Tris-HCI
132 12.5% wiv polyvinyl pyrrolidone K15 02M sodium chloride 8 0.1M Tris-HCI
10 % wiv PEG 4000 - - - - -
133 25 % viv pentaerythritol propoxylate (5/4 PO/OH) 01M sodium chloride - - -
10 % viv dimethyl sulfoxide, - - - - -
134 35 % wiv polyacrylate 2100, sodium salt 0z2M ammonium sulfate 75 01M HEPESNaOH
1-35 30 % viv pentaerythritol ethoxylate (15/4 EQ/OH) 01M magnesium formate B85 0.1M Tris-HCI
1-36 20 % viv Glascol W13 02M sodium sulfate 75 0.1M HEPES-NaOH
137 60 % viv polypropylene glycol 400 - - 8 0.1M Tris-HCI
1-38 30 % viv pentaerythritol ethoxylate (15/4 EQ/OH) - - 75 01M HEPES-NaOH
6 % wiv polyvinyl pyrrolidone K15 - - - - -
1-39 45 % viv polypropylene glycol 400 10 % viv ethanol - - -
140 10 % viv pentaerythritol ethoxylate (3/4 EQ/OH) 10 % viv 1-butanol - - -
141 12.5% wiv polyacrylate 2100, sodium salt = = 7 0.1M HEPESNaOH
6 % wiv Jeffamine SD2001 - - - - -
142 6 % wiv polyvinyl pyrrolidone K15 - - 6.5 01M HEPESNaOH
143 20 % wiv Jeffamine ED2003 - - 65 0.1M HEPES-NaOH
144 20 % viv glycerol ethoxylate 10 % viv tetrahydrofuran 80 01M Tris-HCI
145 25 % viv Jeffamine D2000 02M imidazole 7 - -
146 30 % viv Jeffamine SD2001 02M potassium chloride 6.5 0.1M HEPES-NaOH
147 30 % viv polypropylene glycol 400 01M sodium chloride - - -
148 20 % viv Jeffamine SD2001 15 % viv 1-propanol - - -
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" id MIDAS™ Box 2 of 2 MD1-59
Tube No. % conc Precipitant % conc Salt/ Additive pH % conc Buffer
21 25 % viv Jeffamine T403 02M lithium sufate 8 01M Tris-HCI
22 35 % viv pentaerythritol propoxyiate (5/4 PO/OH) 02ZM potassium acetate - - -
23 20% viv pentaerythritol ethoxylate (15/4 EQ/OH) 02ZM potassium chloride 95 01M Glycine
24 40 % viv pentaerythritol propoxyiate (5/4 PO/OH) 02Mm sodium thiocyanate 7 01M HEPES-NaOH
25 15 % viv Jeffamine T403 02M potassium chloride 65 01M HEPES-NaOH
15 % viv Jeffamine ED2003 - - - - -
246 15 % viv pentaerythritol ethoxylate (15/4 EQ/OH), 02Mm potassium acetate 6 01M MES- NaOH
3% v Jeffamine T403 - - - - -
27 30 % wiv polyacrylate 2100, sodium salt 01M sodium malonate 7 01M HEPES-NaOH
28 10 % viv Jeffamine D2000 10 % viv ethanol - - -
10 % viv Jeffamine M2005 - - - - -
249 25 % wiv Jeffamine ED2003 01M lithium sufate 8 01M Tris-HCI
2-10 10 % viv Jeffamine T403 - - 8 01M Tris-HCI
10 % wiv Jeffamine ED2003 - - - - -
2-11 25 % wiv polyacrylate 2100, sodium salt 01M lithium sufate 65 01M HEPES-NaOH
212 15 % wiv polyacrylate 2100, sodium salt 02M magnesium chloridle 7.5 01M HEPES-NaOH
213 40 % viv Jeffamine D2000 - - 65 01M HEPES-NaOH
2-14 10 % wiv polyacrylate 2100, sodium salt 05M sodium chloride 8 01M Tris-HCI
215 14 % viv Jeffamine EDS00 - - 7 01M K/Na Phosphate
11 % viv Jeffamine SD2001 ~ = — = =
2-16 20 % wiv polyacrylate 2100, sodium salt 02M sodium chloride 9 01M Bicine
2417 20 % viv Jeffamine D2000 02Mm sodium malonate 55 01AM MES- NaOH
2-18 30 % viv Jeffamine M2070 02M potassium chloride 8 01M Tris-HCI
2-19 20 % viv Jeffamine M2070 20 % viv dimethyl suffoxide - - -
220 40 % wiv pentaerythritol propoxyiate (17/8 PO/OH)  02M magnesium chloridle 55 01M MES- NaOH
221 20 % wiv polyacrylate 5100, sodium salt - - 8 01M Tris-HCI
222 28 % viv poly(ethyiene imine) branched - - 7 01M HEPES-NaOH
2-23 20 % viv Sokalan® CP 7 01M ammonium formate 7 01M HEPES-NaOH
2-24 20 % wiv Sokalan® HP 56 gz2m sodium sulfate a 01M Tris-HCI
225 25 % viv Sokalan® CP 7 01M potassium chloride 7 01M HEPES-NaOH
226 20 % viv Sokalan® CP 5 03Mm ammeonium formate 7 01M HEPES-NaOH
227 40 % viv glycerol ethoxylate - - - - -
228 30 % viv ghycerol ethoxylate - - 85 01M Tris-HCI
229 15 % viv Sokalan® HP 66 K - - 7 01M HEPES-NaOH
3% viv poly(ethylens imine) - - - - -
230 35% wiv ghycerol ethoxylate 02M lithium citrate - - -
2-31 30 % wiv giyceral ethoxylate 02ZM ammonium acetate 6.5 01M MES- NaOH
232 20 % viv Sokalan® CP 42 5% viv methanol 8 01M Tris-HCI
233 25% viv Sokalan® CP 42 10 % viv tetrahydrofuran 7 01M Tris-HCI
234 20 % viv Sokalan® CP 42 01M lithium acetate 6 01M Bis-Tris- NaOH
225 15 % viv Sokalan® CP 12 S 01Mm lithium citrate 55 01M Bis-Tris- NaOH
2-36 15 % viv Sokalan® CP 5 - - 6 01M Bis-Tris- NaOH
237 25 % viv Sokalan® CP 42 - - 6 01M Bis-Tris- NaOH
238 25 % viv Sokalan® HP 66 K 02M ammonium acetate 7 01M HEPES-NaOH
239 20 % viv ghycerol ethoxylate - - 85 01M Tris-HCI
3% viv poly(ethylene imine) - - - - -
240 25 % viv giyceral ethoxylate 02M ammonium chloride 7.5 01M HEPES-NaOH
241 40 % viv Glascol® W13 02M potassium citrate - - -
242 30 % wiv polyacrylate 5100, sodium salt 10 % viv ethanol 6 01M MES- NaOH
243 15 % viv Sokalan® CP 42 02Mm potassium citrate - - -
244 30 % wiv Sokalan® CP 42 - - 85 04AM Tris-HCI
245 25 % wiv Sokalan® HP 56 02Mm ammonium acetate 7 01M HEPES-NaOH
246 25 % viv Sokalan® CP 5 - - 85 01M Tris-HCI
247 10 % wiv poly{vinyl pymolidone ) K15 02M ammonium formate - - -
20 % wiv PEG 4000 - - - - -
248 15 % wiv poly(vinyl pymolidone) K15 - - 8 01M Tris-HCI
25 % wiv PEG MME 5000 - - - - -

Figure S5. The Midas composition table.
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Table 5- MD1-46 (MD1-47 HT) Morpheus™ Conditions 1-48 (A1-D12)

Well Tube Ligand stock Conc. buffer stock Conc. pH @ (20°C) precipitant stock Conc.
A1 1-1 Divalents 0.06M  Buffer 1 0.1M 65 P550MME_P20K 30.0%
A2 1-2 Divalents 0.06M  Buffer 1 0.1M 65 EDO_P8K 30.0%
A3 1-3 Divalents 0.06M  Buffer 1 0.1M 65 GOL_P4K 30.0%
Ad 1-4 Divalents 0.06M  Buffer 1 0.1M 65 MPD_P1K_P3350 37.5%
A5 1-5 Divalents 0.06M  Buffer 2 0.1M 75 P550MME_P20K 30.0%
A6 1-6 Divalents 0.06M  Buffer 2 01M 75 EDO_P8K 30.0%
A7 1-7 Divalents 0.06M  Buffer 2 01M 75 GOL_P4K 30.0%
A8 1-8 Divalents 0.06M  Buffer 2 0.1M 75 MPD_P1K_P3350  37.5%
A9 1-9 Divalents 0.06M  Buffer 3 0.1M 85 P550MME_P20K 30.0%
A10 1-10 Divalents 0.06M  Buffer 3 0.1M 85 EDO_P8K 30.0%
A11  1-11 Divalents 0.06M  Buffer 3 0.1M 85 GOL_P4K 30.0%
A12  1-12 Divalents 0.06M  Buffer 3 0.1M 85 MPD_P1K_P3350  37.5%
B1 1-13 Halogens 0.09M  Buffer 1 0.1IM 65 P550MME_P20K 30.0%
B2 1-14 Halogens 0.09M  Buffer 1 0.1IM 65 EDO_P8K 30.0%
B3 1-15 Halogens 0.09M  Buffer 1 0.1M 65 GOL_P4K 30.0%
B4 1-16 Halogens 0.09M  Buffer 1 0.1IM 65 MPD_P1K_P3350 37.5%
B5 1-17 Halogens 0.09M  Buffer 2 0.1IM 75 P550MME_P20K 30.0%
B6 1-18 Halogens 0.09M  Buffer 2 0.1M 75 EDO_P8K 30.0%
B7 1-19 Halogens 0.09M  Buffer 2 01M 75 GOL_P4K 30.0%
B8 1-20 Halogens 0.09M  Buffer 2 0.1IM 75 MPD_P1K_P3350 37.5%
B9 1-21 Halogens 0.09M  Buffer 3 0.1IM 85 P550MME_P20K 30.0%
B10 1-22 Halogens 0.09M  Buffer 3 0.1M 85 EDO_P8K 30.0%
B11 1-23 Halogens 0.09M  Buffer 3 0.1M 85 GOL_P4K 30.0%
B12 1-24 Halogens 0.09M  Buffer 3 0.1IM 85 MPD_P1K_P3350 37.5%
C1 1-25 NPS 0.09M  Buffer 1 0.1M 65 P550MME_P20K 30.0%
c2 1-26 NPS 0.09M  Buffer 1 0.1M 65 EDO_P8K 30.0%
c3 1-27 NPS 0.09M  Buffer 1 0.1M 65 GOL_P4K 30.0%
c4 1-28 NPS 0.09M  Buffer 1 0.1M 65 MPD_P1K_P3350 37.5%
C5 1-29 NPS 0.09M  Buffer 2 0.1M 75 P550MME_P20K 30.0%
cé 1-30 NPS 0.09M  Buffer 2 01M 75 EDO_P8K 30.0%
c7 1-31 NPS 0.09M  Buffer 2 0.1M 75 GOL_P4K 30.0%
cs 1-32 NPS 0.09M  Buffer 2 0.1M 75 MPD_P1K_P3350 37.5%
co 1-33 NPS 0.09M  Buffer 3 0.1M 85 P550MME_P20K 30.0%
c10 1-34 NPS 0.09M  Buffer 3 0.1M 85 EDO_P8K 30.0%
C11 1-35 NPS 0.09M  Buffer 3 0.1M 85 GOL_P4K 30.0%
C12 1-36 NPS 0.09M  Buffer 3 0.1M 85 MPD_P1K_P3350 37.5%
D1 1-37 Alcohols 0.12M  Buffer 1 0.1M 65 P550MME_P20K 30.0%
D2 1-38 Alcohols 0.12M  Buffer 1 0.1IM 6.5 EDO_P8K 30.0%
D3 1-39 Alcohols 0.12M  Buffer 1 0.1M 65 GOL_P4K 30.0%
D4 1-40 Alcohols 0.12M  Buffer 1 0.1M 65 MPD_P1K_P3350 37.5%
D5 1-41 Alcohols 0.12M  Buffer 2 0.1M 75 P550MME_P20K 30.0%
D6 1-42 Alcohols 0.12M  Buffer 2 0.1M 75 EDO_P8K 30.0%
D7 1-43 Alcohols 0.12M  Buffer 2 01M 75 GOL_P4K 30.0%
D8 1-44  Alcohols 0.12M  Buffer 2 0.1M 75 MPD_P1K_P3350 37.5%
D9 1-45 Alcohols 0.12M  Buffer 3 0.1M 85 P550MME_P20K 30.0%
D10 1-46  Alcohols 0.12M  Buffer 3 0.1M 85 EDO_P8K 30.0%
D11  1-47  Alcohols 0.12M  Buffer 3 0.1M 85 GOL_P4K 30.0%
D12  1-48 Alcohols 0.12M __ Buffer 3 0.1M 85 MPD_P1K _P3350  37.5%
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Well Tube Ligand stock Conc. Buffer stock Conc. pH @ (20°C) Precipitant stock Conc.
E1 2-1 Ethylene Glycols  0.12M Buffer 1 0.1M 65 P550MME_P20K 30.0%
E2 2-2 Ethylene Glycols  0.12M Buffer 1 0.1M 65 EDO_P8K 30.0%
E3 2-3 Ethylene Glycols  0.12M Buffer 1 01M 65 GOL_P4K 30.0%
E4 2-4 Ethylene Glycols  0.12M Buffer 1 01M 65 MPD_P1K_P3350 37.5%
E5 2-5 Ethylene Glycols  0.12M Buffer 2 01M 75 P550MME_P20K 30.0%
E6 2-6 Ethylene Glycols  0.12M Buffer 2 01IM 75 EDO_P8K 30.0%
E7 2-7 Ethylene Glycols  0.12M Buffer 2 01M 75 GOL_P4K 30.0%
ES8 2-8 Ethylene Glycols  0.12M  Buffer 2 01MM 75 MPD_P1K_P3350  37.5%
E9 2-9 Ethylene Glycols  0.12M Buffer 3 0.1M 85 P550MME_P20K 30.0%
E10 2-10 Ethylene Glycols 0.12M Buffer 3 01M 85 EDO_P8K 30.0%
E11 2-11 Ethylene Glycols  0.12M Buffer 3 0.1M 85 GOL_P4K 30.0%
E12 2-12 Ethylene Glycols  0.12M Buffer 3 0.1M 85 MPD_P1K_P3350  37.5%
F1 2-13  Monosaccharides 0.12M Buffer 1 0.1IM 65 P550MME_P20K 30.0%
F2 2-14  Monosaccharides 0.12M Buffer 1 0.1M 6.5 EDO_P8K 30.0%
F3 2-15 Monosaccharides 0.12M Buffer 1 0.1M 6.5 GOL_P4K 30.0%
F4 2-16  Monosaccharides 0.12M Buffer 1 01M 65 MPD_P1K_P3350  37.5%
F5 2-17  Monosaccharides 0.12M Buffer 2 01M 75 P550MME_P20K 30.0%
F6 2-18 Monosaccharides 0.12M Buffer 2 0:AM 7.5 EDO_P8SK 30.0%
F7 2-19  Monosaccharides 0.12M Buffer 2 0.1M 75 GOL_P4K 30.0%
F8 2-20  Monosaccharides 0.12M Buffer 2 01M 75 MPD_P1K_P3350 37.5%
F9 2-21  Monosaccharides 0.12M Buffer 3 0.1M 85 P550MME_P20K 30.0%
F10 2-22 Monosaccharides 0.12M Buffer 3 01M 85 EDO_P8K 30.0%
F11 2-23  Monosaccharides 0.12M Buffer 3 01M 85 GOL_P4K 30.0%
F12 2-24 Monosaccharides 0.12M Buffer 3 0.1M 85 MPD_P1K_P3350  37.5%
G1 2-25  Carboxylic acids 0.10M Buffer 1 0.1IM 65 P550MME_P20K 30.0%
G2 2-26 Carboxylic acids 0.10M Buffer 1 0.1M 65 EDO_P8K 30.0%
G3 2-27  Carboxylic acids 0.10M Buffer 1 0.1M 6.5 GOL_P4K 30.0%
G4  2-28 Carboxylic acids 0.10M Buffer 1 0.1M 65 MPD_P1K_P3350  37.5%
G5  2-29 Carboxylic acids 0.10M Buffer 2 01M 75 P550MME_P20K 30.0%
G6 2-30 Carboxylic acids 0.10M Buffer 2 01 75 EDO_P8K 30.0%
G7 2-31 Carboxylic acids 0.10M Buffer 2 0.1M 75 GOL_P4K 30.0%
G8 2-32 Carboxylic acids 0.10M Buffer 2 01M 75 MPD_P1K_P3350  37.5%
G9 2-33 Carboxylic acids 0.10M Buffer 3 0.1M 85 P550MME_P20K 30.0%
G10 2-34 Carboxylic acids 0.10M Buffer 3 0.1M 85 EDO_P8K 30.0%
G11 2-35 Carboxylic acids 0.10M Buffer 3 0.1M 85 GOL_P4K 30.0%
G12 2-36 Carboxylic acids 0.10M Buffer 3 01M 85 MPD_P1K_P3350 37.5%
H1 2-37  Amino acids 0.10M Buffer 1 0.1M 65 P550MME_P20K 30.0%
H2 2-38  Amino acids 0.10M Buffer 1 0.1IM 65 EDO_P8K 30.0%
H3 2-39  Amino acids 0.10M Buffer 1 0.1M 65 GOL_P4K 30.0%
H4 2-40  Amino acids 0.10M Buffer 1 0.1M 65 MPD_P1K_P3350  37.5%
H5 2-41  Amino acids 0.10M Buffer 2 0.1M 75 P550MME_P20K 30.0%
Hé 2-42  Amino acids 0.10M Buffer 2 01M 75 EDO_P8K 30.0%
H7 2-43  Amino acids 0.10M Buffer 2 01M 75 GOL_P4K 30.0%
H8 2-44  Amino acids 0.10M Buffer 2 0.1M 75 MPD_P1K_P3350  37.5%
H9 2-45  Amino acids 0.10M Buffer 3 0.1M 85 P550MME_P20K 30.0%
H10 2-46 Amino acids 0.10M Buffer 3 01M 85 EDO_P8K 30.0%
H11 2-47 Amino acids 0.10M Buffer 3 0.1Mm 85 GOL_P4K 30.0%
H12 2-48 Amino acids 0.10M Buffer 3 0.1M 85 MPD_P1K_P3350  37.5%

Figure S6. The Morpheus composition table.
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PACT premier™ MD1-29

Tube No. Buffer/Salt Buffer/Salt pH Precipitant

Pi-1 0.1 M SPG buffer None 4.0 25 % w/v PEG 1500
Pi-2 0.1 M SPG buffer None 5.0 25 % w/v PEG 1500
P1-3 0.1 M SPG buffer None 6.0 25 % w/v PEG 1500
Pi-4 0.1 M SPG buffer None 7.0 25 % w/v PEG 1500
P1-5 0.1 M SPG buffer None 8.0 25 % w/v PEG 1500
Pi1-6 0.1 M SPG buffer None 9.0 25 % w/v PEG 1500
Pi-7 0.2 M sodium chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi-8 0.2 M ammonium chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi-9 0.2 M lithium chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi-10 0.2 M magnesium chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi-11 0.2 M calcium chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi-12 0.01 M zinc chloride 0.1 M sodium acetate 5.0 20 % w/v PEG 6000
Pi1-13 0.1 M MIB buffer None 4.0 25 % w/v PEG 1500
Pi-14 0.1 M MIB buffer None 5.0 25 % w/v PEG 1500
P1-15 0.1 M MIB buffer None 6.0 25 % w/v PEG 1500
Pi-16 0.1 M MIB buffer None 7.0 25 % w/v PEG 1500
P1-17 0.1 M MIB buffer None 8.0 25 % w/v PEG 1500
Pi-18 0.1 M MIB buffer None 9.0 25 % w/v PEG 1500
Pi-19 0.2 M sodium chloride 0.1 M MES 6.0 20 % w/v PEG 6000
Pi-20 0.2 M ammonium chloride 0.1 M MES 6.0 20 % w/v PEG 6000
Pi-21 0.2 M lithium chloride 0.1 M MES 6.0 20 % w/v PEG 6000
Pi1-22 0.2 M magnesium chloride 0.1 M MES 6.0 20 % w/v PEG 6000
P1-23 0.2 M calcium chloride 0.1 M MES 6.0 20 % w/v PEG 6000
Pi1-24 0.01 M zinc chloride 0.1 M MES 6.0 20 % w/v PEG 6000
P1-25 0.1 M PCTP buffer None 4.0 25 % w/v PEG 1500
P1-26 0.1 M PCTP buffer None 5.0 25 % w/v PEG 1500
P1-27 0.1 M PCTP buffer None 6.0 25 % w/v PEG 1500
P1-28 0.1 M PCTP buffer None 7.0 25 % w/v PEG 1500
Pi1-29 0.1 M PCTP buffer None 8.0 25 % w/v PEG 1500
P1-30 0.1 M PCTP buffer None 9.0 25 % w/v PEG 1500
Pi-31 0.2 M sodium chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
P1-32 0.2 M ammonium chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
P1-33 0.2 M lithium chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
Pi-34 0.2 M magnesium chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
P1-35 0.2 M calcium chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
P1-36 0.01 M zinc chloride 0.1 M HEPES 7.0 20 % w/v PEG 6000
Pi1-37 0.1 M MMT buffer None 4.0 25 % w/v PEG 1500
P1-38 0.1 M MMT buffer None 5.0 25 % w/v PEG 1500
Pi1-39 0.1 M MMT buffer None 6.0 25 % w/v PEG 1500
Pi-40 0.1 M MMT buffer None 7.0 25 % w/v PEG 1500
Pi1-41 0.1 M MMT buffer None 8.0 25 % w/v PEG 1500
Pi-42 0.1 M MMT buffer None 9.0 25 % w/v PEG 1500
P1-43 0.2 M sodium chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
Pi-44 0.2 M ammonium chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
P1-45 0.2 M lithium chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
Pi1-46 0.2 M magnesium chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
Pi-47 0.2 M calcium chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
P1-48 0.002 M zinc chloride 0.1 M Tris 8.0 20 % w/v PEG 6000
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moleculardimensions.com

A7 45 g S
FepoF N

PACT premier™ MD1-29

Tube No.  Salt Buffer System pH  Precipitant

p2-1 0.2 M sodium fluoride None 20 % w/v PEG 3350
p2-2 0.2 M sodium bromide None 20 % w/v PEG 3350
p2-3 0.2 M sodium iodide None 20 % w/v PEG 3350
p2-4 0.2 M potassium thiocyanate None 20 % w/v PEG 3350
P2-5 0.2 M sodium nitrate None 20 % w/v PEG 3350
P2-6 0.2 M sodium formate None 20 % w/v PEG 3350
p2-7 0.2 M sodium acetate None 20 % w/v PEG 3350
P2-8 0.2 M sodium sulfate None 20 % w/v PEG 3350
p2-9 0.2 M potassium/sodium tartrate None 20 % w/v PEG 3350
pP2-10 0.02 M sodium/potassium phosphate  None 20 % w/v PEG 3350
p2-11 0.2 M sodium citrate None 20 % w/v PEG 3350
p2-12 0.2 M sodium malonate None 20 % w/v PEG 3350
P2-13 0.2 M sodium fluoride 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-14 0.2 M sodium bromide 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
pP2-15 0.2 M sodium iodide 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-16 0.2 M potassium thiocyanate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
p2-17 0.2 M sodium nitrate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-18 0.2 M sodium formate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-19 0.2 M sodium acetate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-20 0.2 M sodium sulfate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
p2-21 0.2 M potassium/sodium tartrate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
p2-22 0.02 M sodium/potassium phosphate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
p2-23 0.2 M sodium citrate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-24 0.2 M sodium malonate 0.1 M Bis Tris propane 6.5 20 % w/v PEG 3350
P2-25 0.2 M sodium fluoride 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-26 0.2 M sodium bromide 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
p2-27 0.2 M sodium iodide 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
p2-28 0.2 M potassium thiocyanate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
p2-29 0.2 M sodium nitrate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-30 0.2 M sodium formate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-31 0.2 M sodium acetate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-32 0.2 M sodium sulfate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-33 0.2 M potassium/sodium tartrate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-34 0.02 M sodium/potassium phosphate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
pP2-35 0.2 M sodium citrate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
P2-36 0.2 M sodium malonate 0.1 M Bis Tris propane 7.5 20 % w/v PEG 3350
p2-37 0.2 M sodium fluoride 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-38 0.2 M sodium bromide 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-39 0.2 M sodium iodide 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-40 0.2 M potassium thiocyanate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-41 0.2 M sodium nitrate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
p2-42 0.2 M sodium formate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-43 0.2 M sodium acetate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-44 0.2 M sodium sulfate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-45 0.2 M potassium/sodium tartrate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
P2-46 0.02 M sodium/potassium phosphate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
p2-47 0.2 M sodium citrate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350
p2-48 0.2 M sodium malonate 0.1 M Bis Tris propane 8.5 20 % w/v PEG 3350

Figure S7. The PACT composition table.
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JCSG-plus HT-96 Rows A- D MD1-40
Tube # Salt Buffer pPH Precipitant
Al 0.2 M lithium sulfate 0.1 M sodium acetate 45 50 % v/v PEG 400
A2 None 0.1 M Citrate 5.5 20 % w/v PEG 3K
A3 0.2 M di-ammonium hydrogen None - 20 % wjv PEG 3350
citrate
A 0.02 M calcium chloride 0.1 M Sodium acetate 4.6 30 % v/v MPD
A5 0.2 M magnesium formate None - 20 % wjv PEG 3350
A6 0.2 M lithium sulfate 0.1 M phosphate/citrate 4.2 20 % w/v PEG 1K
A7 MNone 0.1 M CHES 95 20 % w/v PEG 8K
A8 0.2 M ammonium formate None - 20 % wjv PEG 3350
A9 0.2 M ammonium chloride None - 20 % wyv PEG 3350
A10 0.2 M potassium formate None - 20 % w/v PEG 3350
All 0.2 M ammonium dihydrogen 0.1 M Tris 8.5 50 % v/v MPD
phosphate
Al12 0.2 M potassium nitrate None - 20 % wjv PEG 3350
Bl None 0.1 M Na Citrate 4.0 0.8 M ammonium sulfate
B2 0.2 M sodium thiocyanate None - 20 % wjv PEG 3350
B3 None 0.1 M Bicine 9.0 20 % wjv PEG 6K
B4 None 0.1 M HEPES 7.5 10 % w/v PEG 8K/ 8 % v/v Ethylene
glycol
B5 None 0.1 M sodium cacodylate 6.5 40 % v/v MPD/ 5 % w/v PEG 8000
B6 None 0.1 M phosphate/citrate 4.2 40 % v/v Ethanol/ 5 % w/v PEG 1000
B7 None 0.1 M sodium acetate 46 8 % w/v PEG 4K
B8 0.2 M magnesium chloride 0.1 M Tris 7.0 10 % w/v PEG 8K
B9 None 0.1 M Na citrate 5.0 20 % w/v PEG 6K
B10 0.2 M magnesium chloride 0.1 M sodium cacodylate 6.5 50 % v/v PEG 200
Bl1 None None 6.5 1.6 M tri-sodium citrate
B12 0.2 M tri-potassium citrate None - 20 % w/v PEG 3350
Cc1 0.2 M sodium chloride 0.1 M phosphate/citrate 4.2 20 % w/v PEG 8K
c2 1.0 M lithium chloride 0.1 M Na citrate 4.0 20 % w/v PEG 6K
c3 0.2 M ammonium nitrate None - 20 % wjv PEG 3350
c4 None 0.1 M HEPES 7.0 10 % w/v PEG 6K
c5 None 0.1 M Na HEPES 7.5 0.8 M sodium dihydrogen phosphate
0.8 M potassium dihydrogen phosphate
C6 None 0.1 M phosphate/citrate 4.2 40 % vfv PEG 300
c7 0.2 M zinc acetate 0.1 M sodium acetate 4.5 10 % wjv PEG 3K
c8 None 0.1 M Tris 8.5 20 % v/v Ethanol
9 None 0.1 M Na/K phosphate 6.2 25 % vjv 1,2-propanediol
10 % v/v Glycerol
C10 None 0.1 M Bicine 9.0 10 % w/v PEG 20,000/ 2% v/v Dioxane
C11 None 0.1 M sodium acetate 46 2.0 M ammonium sulfate
C12 None None = 10 % w/v PEG 1000/ 10 % w/v PEG
8000
D1 None None = 24 % w/v PEG 1500/ 20 % v/v Glycerol
D2 0.2 M magnesium chloride 0.1 M Na HEPES 7.5 30 % v/v PEG 400
D3 0.2 M sodium chloride 0.1 M Na/K phosphate 6.2 50 % vjv PEG 200
D4 0.2 M lithium sulfate 0.1 M sodium acetate 45 30 % w/v PEG 8K
D5 None 0.1 M HEPES 7.5 70 % v/v MPD
D6 0.2 M magnesium chloride 0.1 M Tris 8.5 20 % w/v PEG 8K
D7 0.2 M lithium sulfate 0.1 M Tris 8.5 40 % v/v PEG 400
D8 None 0.1 M Tris 8.0 40 % v/v MPD
D9 0.17 M ammonium sulfate None - 25.5 % wj/v PEG 4K/ 15 % v/v Glycerol
D10 0.2 M calcium acetate 0.1 M Sodium cacodylate 6.5 40 % v/fv PEG 300
D11 0.14 M calcium chloride 0.07 M Sodium acetate 4.6 14 % v/v 2-propanol/ 30 % v/v Glycerol
D12 0.04 M potassium dihydrogen None - 16 % w/v PEG 8K/ 20 % v/v Glycerol
phosphate
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JCSG-p/us HT-96 Rows E- H MD1-40

Tube Salt Buffer pH Precipitant
El None 0.1 M sodium cacodylate 6.5 1.0 M tri-sodium citrate
E2 0.2 M sodium chloride 0.1 M sodium cacodylate 6.5 2.0 M ammonium sulfate
E3 0.2 M sodium chloride 0.1 M HEPES 7.5 10 % v/v 2-propanol
E4 0.2 M lithium sulfate 0.1 M Tris 8.5 1.26 M ammonium sulfate
ES None 0.1 M CAPS 10.5 40 % v/v MPD
E6 0.2 M zinc acetate 0.1 M imidazole 8.0 20 % w/v PEG 3K
E7 0.2 M zinc acetate 0.1 M sodium cacodylate 6.5 10 % v/v 2-propanol
E8 None 0.1 M sodium acetate 4.5 1.0 M di-ammonium hydrogen phosphate
E9 None 0.1 M MES 6.5 1.6 M magnesium sulfate
E10 Naone 0.1 M Bicine 9.0 10 % wjv PEG 6K
El1l 0.16 M calcium acetate 0.08 M sodium cacodylate 6.5 14.4 % wjv PEG 8K/ 20 % vjv glycerol
E12 None 0.1 M imidazole 8.0 10 % wjv PEG 8K
F1 0.05 M caesium chloride 0.1 M MES 6.5 30 % v/v Jeffamine M-600
F2 None 0.1 M Na Citrate 5.0 3.2 M ammonium sulfate
F3 None 0.1 M Tris 8.0 20 % v/v MPD
F4 None 0.1 M HEPES 7.5 20 % v/v Jeffamine M-600
F5 0.2 M magnesium chloride 0.1 M Tris 8.5 50 % v/v ethylene glycol
F6 None 0.1 M Bicine 9.0 10 % v/v MPD
F7 None None 7.0 0.8 M succinic acid
F8 None None 7.0 2.1 M DL-malic acid
Fa Nane None 7.0 2.4 M sodium malonate
F10 1.1 M sodium malonate 0.1 M HEPES 7.0 0.5 % v/v Jeffamine ED-2001
F11 1.0 M succinic acid 0.1 M HEPES 7.0 1 % w/fv PEG 2000 MME
F12 None 0.1 M HEPES 7.0 30 % v/v Jeffamine M-600
Gl None 0.1 M HEPES 7.0 30 % v/v Jeffamine ED-2001
G2 0.02 M magnesium chloride 0.1 M HEPES 7.5 22 % w/v polyacrylic acid 5100 sodium salt
G3 0.01 M cobalt chloride 0.1 M Tris 8.5 20 % w/v polyvinylpyrrolidone K15
G4 0.2 M tri-methylamine N-oxide 0.1 M Tris 8.5 20 % wj/v PEG 2K MME
G5 0.005 M cobalt chloride 0.1 M HEPES 7.5 12 % wjv PEG 3350

0.005 M cadmium chloride

0.005 M magnesium chloride

0.005 M nickel chloride
G6 0.2 M sodium malonate None 7.0 20 % wjv PEG 3350
G7 0.1 M succinic acid None 7.0 15 % wjv PEG 3350
G8 0.15 M DL- malic acid None 7.0 20 % wjv PEG 3350
G9 0.1 M potassium thiocyanate None None 30 % wj/v PEG 2K MME
G10 0.15 M potassium bromide None None 30 % w/v PEG 2K MME
G11 None 0.1 M Bis Tris 5.5 2.0 M ammonium sulfate
G12 None 0.1 M Bis Tris 55 3.0 M sodium chloride
H1 None 0.1 M Bis Tris 5.5 0.3 M magnesium formate
H2 1.0 M ammonium sulfate 0.1 M Bis Tris 55 1 % w/v PEG 3350
H3 None 0.1 M Bis Tris 5.5 25 % wjv PEG 3350
H4 0.2 M calcium chloride 0.1 M Bis Tris 5.5 45 % v/v MPD
H5 0.2 M ammonium acetate 0.1 M Bis Tris 5.5 45 % v/v MPD
H6 0.1 M ammonium acetate 0.1 M Bis Tris 5.5 17 % wjv PEG 10K
H7 0.2 M ammonium sulfate 0.1 M Bis Tris 5.5 25 % wj/v PEG 3350
H8 0.2 M sodium chloride 0.1 M Bis Tris 5.5 25 % wjv PEG 3350
H9 0.2 M lithium sulfate 0.1 M Bis Tris 5.5 25 % wjv PEG 3350
H10 0.2 M ammonium acetate 0.1 M Bis Tris 55 25 % wjv PEG 3350
H11 0.2 M magnesium chloride 0.1 M Bis Tris 5.5 25 % wjv PEG 3350
Hi2 0.2 M ammonium acetate 0.1 M HEPES 7.5 45 % v/v MPD

Figure S8. The JCSG composition table.
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MemGold™
Tube# Conc. Salt
1-1 2.2 M Ammonium sulfate
1-2 1.2 M Sodium citrate tribasic dihydrate
1-3
1-4 0.36 M Sodium chloride
1-5 0.3 M Sodium chloride
1-6
1-7 0.1 M Ammonium sulfate
1-8 0.01 M Magnesium sulfate heptahydrate
0.02 M Sodium chloride
0.02 M Calcium chloride dihydrate
1-9 25 M Ammonium sulfate
1-10 1.1 M Sodium citrate tribasic dihydrate
-1 3.3 M Ammonium sulfate
1-12 0.1 M Magnesium acetate tetrahydrate
1-13 0.1 M Soduim chloride
1-14 0.1 M Sodium chloride
1-15 0.05 M Calcium chloride dihydrate
0.05 M Barium chloride dihydrate
1-16 0.05 M Sodium chloride
1-17 0.1 M Magnesium chloride hexahydrate
1-18 0.2 M Sodium chloride
1-19
1-20 0.1 M Sodium chloride
1-21 0.1 M Potassium chloride
1-22 0.05 M Magnesium chloride hexahydrate
1-23 0.2 M Potassium chloride
1-24
1-25 0.1 M Sodium chloride
1-26 0.1 M Magnesium chloride hexahydrate
1-27 0.04 M Sodium chloride
1-28 0.05 M Sodium chloride
0.02 M Magnesium chloride hexahydrate
1-29
1-30
1-31
1-32 0.1 M Sodium chloride
0.1 M Magnesium chloride hexahydrate
1-33 0.1 M Sodium chloride
0.1 M Magnesium chloride hexahydrate
1-34 0.2 M Sodium acetate trihydrate
0.2 M Potassium chloride
1-35 0.02 M Nickel(ll) sulfate hexahydrate
1-36 0.15 M Sodium chloride
1-37 0.2 M Calcium chloride dihydrate
1-38 0.05 M Magnesium acetate tetrahydrate
1-39
1-40 0.2 M Calcium chloride dihydrate
1-41 0.05 M Magnesium acetate tetrahydrate
1-42 0.2 M Calcium chloride dihydrate
1-43 0.1 M Potassium chloride
1-44 0.05 M Magnesium chloride hexahydrate
1-45 0.1 M Ammonium sulfate
1-46 0.15 M Sodium formate
1-47
1-48 0.2 M Potassium chloride
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Conditions 1-48 (Box 1)

Conc.  Buffer

0.08 M Sodium citrate
0.01 M Tris

0.015 M Tricine

0.015 M Sodium phosphate

0.01 M Tris
0.225 M MES/Bis-Tris
0.1 M HEPES

0.02 M MES

0.05 M HEPES
0.0665 M HEPES
0.15 M Potassium phosphate
0.1 M Sodium citrate
0.02 M Sodium citrate
0.02 M Sodium citrate
0.1 M Tris

0.1 M Sodium phosphate
0.03 M Tris-HCI
0.025 M HEPES
0.1 M HEPES
0.02 M KMES
0.02 M Tris
0.1 M Sodium cacodylate

0.1 M Sodium citrate
0.1 M Tris
0.02 M Tris
0.1 M Tris
0.04 M Tris
0.1 M Sodium citrate

0.1 M Sodium acetate

0.4 M Ammonium acetate
0.02 M Bis-Tris
0.02 M Tris

0.1 M HEPES
0.1 M HEPES

0.01 M HEPES
0.1 M Tris
0.1 M HEPES
0.05 M Sodium acetate
0.05 M HEPES
0.1 M Tris-HCI
0.05 M Sodium acetate
0.1 M MES
0.1 M Tris
0.1 M Glycine
0.1 M Glycine
0.1 M HEPES
0.2 M Sodium acetate
0.1 M MES

52
80
&5
7.0

80
6.6
7.5

6.5

7.5
75
6.5
5.8
5.6
5.6
82

6.2
82
7.5
75
6.7
7.0
6.7

55
80
7.0
7.5
80
6.0

55
80
7.0
7.5

80

7.0

7.0
80
7.5
5.0
7.5
80
54
6.5
85
9.0
38
7.2
6.8
6.5

Conc.

24 %w/fv
9.9 %w/iv
0.1 %w/v

27.5 %w/v
6.6 %w/v

12 %wiv

22 %vfv
7.7 %wfv

14 %wiv
11 %w)v
5.5 %w/iv
32 %v/v

16 % w/v
19 % w/v
13 %w/v
11 %w)v
6.6 %w/v
20 %w/v
6.6 %w/v
0.1 %w/fv
37 %vfv
5.5 %w/iv
7.7 %wfv
22 %vfv
27 %v/v
22 %v/v

8.8 %w/v
13 %w/v
15 % w/v
11 %w)v

11 %wiv
2 %wfv

33 %y
13 %w)v
53 %v/v
28 %v/v
2 %wiv
44 %vfv
24 %vfv
26 %v/v
39 %v/v
22 %vfv
28 %v/v
18 %w/v
88 %wiv
18 % w/v

MD1-39
Precipitant

PEG 4000
PEG 4000
Sodium azide
PEG 4000
PEG 6000
PEG 4000
Glycerol

PEG 1500

PEG 5000 MME
PEG 3350

PEG 3350

PEG 400

PEG 4000
PEG 4000
PEG 4000
PEG 3350
PEG 4000
PEG 4000
PEG 3350
Sodium azide
Pentaerythritol propoxylate (5/4 PO/OH)
PEG 4000
PEG 4000
PEG 400

PEG 350 MME
PEG 400

PEG 2000 MME
PEG 2000 MME
PEG 2000
PEG 1500

PEG 1500
PEG 3000

Jeffamine® M-600
PEG 6000

PEG 400

PEG 400

PEG 4000

PEG 400

PEG 400

PEG 350 MME

PEG 400

PEG 400
Triethylene glycol (TEG)
PEG 3350

PEG 6000

PEG 6000
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MemGold™

Tube# Conc. Salt

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
2-9

2-10
2-11

2-12
2-13
2-14

2-15
2-16
2-17

2-18
2-19
2-20

2-21
2-22
2-23

2-24
2-25
2-26
2-27

2-28

2-29

2-30
2-31
2-32

2-33
2-34
2-35

2-36
2-37
2-38
2-39

2-40
2-41
2-42
2-43
2-44
2-45
2-46
2-47

2-48

022 M

1om

0.05 M
02m
02ZM

01M
01m

0.05 M
005 M
01Mm
03M
012 M

01m
02m
01M
0.325 M
0.02 M
0.02 M
01Mm
0.005 M
02ZM
01m
0zZMm
0.02 M
0.07 M
02m

01M
01M
0.05 M
01M
0.05 M
02m
01Mm
0.05 M
03 M
01m

0.05 M
01M
015 M
005 M
01m
0.001 M
01m
01m
0.05 M

02ZM
01m
005 M
0zZM
1oMm

0.002 M
0.001 M
0.03 M
30Mm

Sodium citrate tribasic dihydrate
Lithium sulfate

Sodium chloride
Magnesium chloride hexahydrate
Magnesium chloride hexahydrate

Sodium chloride
Cadmium chloride hemi(pentahydrate)

Sodium sulfate

Lithium sulfate

Sodium chloride

Magnesium nitrate hexahydrate
Lithium sulfate

Sodium chloride

Sodium chloride

Sodium chloride

Sodium acetate trihydrate
Sodium citrate tribasic dihydrate
Potassium nitrate

Sodium chloride

Magnesium chloride hexahydrate
Caleium chloride dihydrate
Calcium chloride dihydrate
Ammonium sulfate

Sodium chloride

Sodium chloride

Ammonium sulfate

Magnesium chloride hexahydrate
Sodium chloride

Citric acid

Lithium sulfate

Sodium phosphate dibasic dihydrate
Magnesium chloride hexahydrate
Potassium chloride

Zinc acetate dihydrate

Magnesium nitrate hexahydrate
Sodium chloride

Sodium chloride

Lithium sulfate

Potassium citrate tribasic monohydrate
Lithium citrate tribasic tetrahydrate

Conc.  Buffer
01 M Tris
0.1 M Sodium acetate
0.02 M Tris
0.02 M Tris
0.02 M Glycine
01 M Tris
0.1 M Sodium cacodylate
0.64 M Sodium acetate
0.1 M Tris-HCI

0.1 M BICINE
0.05 M Tris

0.05 M Glycine

0.1 M Tris
0.02 M Tris

0.1 M Sodium citrate
0.12 M Tris

0.1 M HEPES

01 M Tris

0.08 M Sodium phosphate
0.03 M Potassium citrate
01 M Tris

0.1 M HEPES
0.1 M Tris
0.02 M Sodium acetate

0.05 M Sodium citrate
0.1 M Sodium acetate
0.05 M Glycine
0.1 M Tris

0.025 M Sodium citrate

0.05 M MES
0.1 M Tris
0.1 M MES

0.1 M Sodium citrate
0.1 M Glycine

Sodium phosphate monobasic monohydrate

Zinc sulfate heptahydrate
Sodium chloride

Sodium chloride

Zinc acetate dihydrate

Lithium sulfate

Sodium chloride

Lithium sulfate

Calcium chloride dihydrate
Sodium chloride

Zinc sulfate heptahydrate

Cadmium chloride hemi(pentahydrate)
Magnesium chloride hexahydrate
Sodium chloride

0.05 M HEPES

0.1 M Sodium phosphate
0.05 M BICINE

0.1 M Sodium cacodylate

0.1 M Sodium citrate
0.1 M Tris
01 M Tricine
0.1 M MES
0.1 M Sodium citrate
0.1 M HEPES
0.08 M HEPES
0.1 M MES

0.1 M Bis-Tris propane

Figure S9. The MemGold composition table.
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pH
80
a5
85
7.5
100
85
65
46
80

89
85

9.5
80
7.5
5.0
9.4
7.0
80

6.2
6.5
85

7.0
6.5
4.0

4.5
4.6
9.0
85

4.0

6.1
80
6.5

55
93

7.8
7.0
2.0
6.0

35
75
74
6.5
6.0
7.5
7.0
6.5

7.0
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Conditions 1-48 (Box 2)

Conc.

35 %wiv
17 % v/v
18 %w/iv
22 %vfv
33 %wiv
25 % w/v
31 %w/v
18 % w/v
33 %wfiv

31 %w/v
35 %w/v

33 %viv
23 %w/fv
20 % /v

20 % /v
22 %vfv
21 %v/fv

18 % w/v
7.7 %wjv
30 % w/v

33 %wv/iv
13 %w/iv
33 %w/iv

22 %vfv
28 %v/v
55 % v/v
33 %w/iv

19 %w/v

33 %y

11 %w/v
22 %wjv
33 %w/v

4 %vjv
26 % vfv
30 % v/v
22 %wfv

28 %w/v
33 %w/v
33 %v/v
6.6 %w/v
6 %v/v
28 %vfv
11 %w/v
7 %w/v
33 %v/v
28 %w/v
11 % w/v
25 %wv
30 % /v

MD1-39

Precipitant
PEG 400

PEG 400

PEG 8000
PEG 500 MME
PEG 1000
PEG 4000
PEG 2000
PEG 3350
PEG 400

PEG 2000
PEG 400

PEG 300
PEG 2000
PEG 300

PEG 400
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MetMGlyc 1.8: predicted M-glycosylation sites in Segquence
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EVKLLESGGGLVQPGGSLKLSCAASGFDFSTYWMSWVRQAPGKGLEWIGEINPDSSTINYTPSLKDKFIISRDNAKNTLY 80
LQMSKVRSEDSVLYYCVRPGTWGYFDYWGQGTTLTVSSASQSFPNVFPLVSCESPLSDKNLVAMGCLARDFLPSTISFTW 160
NYQNNTEVIQGIRTFPTLRTGGKYLATSQVLLSPKSILEGSDEYLVCKIHYGGKNRDLHVPIPAVAHHHHHH 240

Figure S10. The graph illustrating predicted N-glycosylation sites across the Mannitou Fab heavy
chain. X-axis represents protein length from N- to C-terminal. A potential glycosylation position
(green vertical lines) should cross the threshold (red horizontal line at 0.5). Asn-X-Ser/Thr sequons
are shown in blue. Asparagines predicted to be N-glycosylated would be shown in red.

MetMGlyc 1.8: predicted M-glycosylation sites in Segquence
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DVVVTQTPLSLPVSFGDQASISCRSSQSLVNSYGSTYLSWYLHRPGQSPQLLIYGISNRFSGVPDRFSGSGSGTDFTLTI 80
RTIKPEDLGMYYCLQGTHQPWTFGGGTKLEIKKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSE 160
RQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRKEC 240

Figure S11. The graph illustrating predicted N-glycosylation sites across the Mannitou light chain.
X-axis represents protein length from N- to C-terminal. A potential glycosylation position (green
vertical lines) should cross the threshold (red horizontal line at 0.5). Asn-X-Ser/Thr sequons would
be shown in blue. Asparagines predicted to be N-glycosylated would be shown in red.
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Inhibition assay sensorgram showing competition between DP5 and the surface-

attached ligand (MenX(DP15)-ADH-CRM197).

Figure S12.

261|Page

lilliad.univ-lille.fr

© 2020 Tous droits réservés.



Theése de Stefania Robakiewicz, Université de Lille, 2020

TWBNG"Z90LdAHANGXUSIN
WBNELEOLIA+HNNGXUSN —
wBNY'GL0LIQ+HANGXUSN —
WBNO00 L0 LIA+HANGXUSN ——
WBNG'Z 0LdAHANGXUBIN ——
WBNO0S 0bdHANGXUBIN —

wbNE'e 0Lda+HANGXUSN
BNz 0Lda+HANGXUSIN
TWBNOSZ 0bdAHANGXUBIN ——
wbn| 0Lda+HANGXUSIN —
wBNGZL 0LdA+ANGXUSIN —
wBNG'0 0LdA+AINGXUSN —

WNGXUsN —

0se
b

002
|

0S1
|

(ounjeseq = o) awny
001
;

0S

weibiosuas pajsnipy

001~

Log-

L 0o-

Lov-

Loz-

roc

T oy

T 09

08

- 001
nd

0) asuodsay

Inhibition assay sensorgram showing competition between DP10 and the surface-

attached ligand (MenX(DP15)-ADH-CRM197).
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Figure S13.
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Figure S14. Inhibition assay sensorgram showing competition between PS and the surface-attached

ligand (MenX(DP15)-ADH-CRM197).
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