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Abstract

Glycosylation is a complex and ubiquitous post-translational modification that critically
contributes to the structural and functional diversity of proteins and lipids. It occurs when
glycans are enzymatically linked to specific amino acid residues on proteins, influencing
folding, structural stability and function. In glycoconjugates, sialylation has been often
shown to be an essential feature for molecular recognition and immune regulation,
meanwhile altered sialylation patterns have been linked to cancer, infectious diseases, and
neurological and inflammatory disorders. The molecular factors that determine whether
sialylation has activating or inhibitory effects remain poorly defined. This thesis addresses
this knowledge gap by exploring at the atomistic level of detail the impact of sialylation in
a variety of molecular systems linked to different biological pathways and responses, key
to human health and disease. To do this I used molecular dynamics (MD) simulations, a
powerful computational approach that allows users to determine the structure, dynamics
and energetics features underpinning molecular recognition and function through sampling
and statistical thermodynamics principles. The results of the MD simulations I present are
used to guide and/or to support experimental methods, leading to a common, clear rationale
of the biological event examined. Through the studies I present in this thesis, I demonstrate
that the effects of sialylation depend on its position, whether on receptors, peptide ligands,
or glycolipids, and on its mode of presentation, such as monovalent or multivalent, and in
soluble or in membrane-anchored constructs. I show that sialic acids can act as local
inhibitors, for example by introducing steric hindrance that reshapes ligand preference at
the endocytic receptor LRP1, which is relevant to neurodegenerative disease. Conversely,
hypersialylation can function as a structural switch that promotes and stabilises high-
avidity interactions, as observed in the CD52-HMGBI1-Siglec-10 immune signalling
pathway. Recognition by immunomodulatory receptors, such as Siglec-6, depends on the
combined influence of the sialylated epitope and its orientation with respect to the lipid
membrane. Sialylation of N-glycans is ultimately controlled by upstream modifications,
such as the bisecting GIcNAc motif, which, as a stop codon, can halt further glycan
maturation.

By providing an atomistic view, the work in this thesis reveals that sialylation behaves in
complex and context-dependent ways. When factors such as local environment, valency

and the 3D shape of the sialylated epitope are considered, sialic acids emerge as active



determinants of recognition rather than passive terminal caps. These results link the crucial

role of sialylation to disease-relevant mechanisms and offer a structural framework to guide

future glycan-focused therapeutic strategies.
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Chapter 1. Introduction

Complex carbohydrates (glycans) are one of the four major classes of biological
macromolecules, together with nucleic acids, proteins, and lipids. These macromolecules
are essential for life and at the core of biology and medicine!. Although proteins, lipids,
and nucleic acids have been central to structural and molecular biology teaching and
research, glycans have received less attention in the past, as they are non-templated
(heterogeneous) and structurally flexible, while they are crucial to all processes regulating

cellular function in health and disease®>.

Monosaccharides are the basic units of glycans and chemically are polyhydroxylated
aldehydes or ketones, present in nature primarily in their cyclic (closed) form.
Monosaccharides can be classified into two configurations, D and L, depending on the
orientation of the hydroxyl group at the chiral centre farthest from the carbonyl carbon.
In aqueous solution, monosaccharides mainly adopt cyclic hemiacetal or hemiketal forms,
produced by intramolecular nucleophilic attack of a hydroxyl group on the carbonyl
carbon (C1 in aldoses and typically C2 in ketoses). The ring closure forms a new
stereocentre, known as anomeric carbon, resulting in either five-membered (furanose) or
six-membered (pyranose) rings. In their cyclic form, monosaccharides can exist in two
anomeric configurations, a or 3, defined by the orientation of the hydroxyl group at the

anomeric carbon®.

According to the International Union of Pure and Applied Chemistry (IUPAC) definition,
glycans are compounds consisting of monosaccharides linked by glycosidic bonds’. Each
monosaccharide has several hydroxyl groups that can serve as acceptor sites for another
monosaccharide, which usually donates its anomeric centre to form the glycosidic
linkage. The identity of the monosaccharides, their furanose or pyranose ring forms, and
the position and o/f configuration of each glycosidic bond together enable even a small
set of monosaccharides to generate an enormous variety of linear and branched
oligosaccharide structures. To address this structural complexity, standard symbolic
notations, such as the Symbol Nomenclature for Glycans (SNFG)®, are used to represent

glycans (Figure 1).
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Figure 1.1 Left: ring structures of common mammalian monosaccharides (GlcNAc, Glc, GalNAc
and Gal) alongside their corresponding SNFG symbols. Right: example of a biantennary sialylated
N-glycan drawn using SNFG notation, with the corresponding International Union of Pure and
Applied Chemistry (IUPAC)-condensed sequence shown below.

Glycans are typically found as components of larger glycoconjugates, including
proteoglycans, glycoproteins containing N- and O-linked glycans, glycosphingolipids
such as gangliosides, and glycosylphosphatidylinositol (GPI) anchors’®. In mammals, the
largest concentration of free (unlinked) glycans are found in milk with a function and
diversity linked to raise immunity’. Glycoconjugates form the glycocalyx on the cell
surface, where glycans play critical roles in regulating receptor—ligand recognition, cell
adhesion, signalling, and immune surveillance'®. Recognising glycans as a major class of
biological macromolecules is therefore essential for developing accurate molecular

descriptions of cellular processes™!!.
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Figure 1.2. Major classes of cell-surface glycoconjugates. Proteoglycans, GPI-anchored
glycoproteins, N- and O-glycoproteins, glycosphingolipids, and O-GlcNAc-modified
glycoproteins together contribute to the glycocalyx at the plasma membrane. Adapted from
Essentials of Glycobiology, 4th edition (Varki et al., 2022).

Glycosylation is among the most abundant and functionally important post-translational
modifications (PTMs)'?. Protein glycosylation is broadly classified as N-linked or O-
linked, while glycolipids, including gangliosides, form a major class of glycosylated
lipids'®. In N-glycosylation, a pre-assembled oligosaccharide is transferred as a unit to
asparagine residues within a specific sequon, i.e. Asn-X(any aa but Pro)-Ser/Thr, in the
endoplasmic reticulum (ER)!*!'. This immature glycan is then extensively remodeled
along the ER and through the Golgi by enzymatically-driven trimming and elongation,
producing a range of oligomannose, hybrid, and complex structures, see Figure 1.3.a. In
O-GalNAc glycosylation, the most common type of O-glycosylation in mammals,
monosaccharides are added stepwise to serine or threonine residues in the Golgi. O-
GalNAc glycans have various core structures that can be further elongated and capped

with fucose, galactose, N-acetylglucosamine, and sialic acids, see Figure 1.3.b.
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Figure 1.3. Representative N- and O-glycan core structures shown with SNFG notation. a.
Oligomannose, complex, and hybrid N-glycans all share a conserved GlcNAc:Mans core linked
to asparagine (Asn), but differ in the composition and branching of their outer arms. b. Major
mucin-type (O-GalNAc) glycan core structures (cores 1-4) linked to Ser/Thr residues.

Although glycans are abundant and functionally important, they are often difficult to
characterise structurally. Their intrinsic flexibility and the heterogeneity make
determining their 3D structure challenging'®. The conformation of each glycosidic
linkage is primarily defined by a set of torsion (dihedral) angles (¢, v and, when relevant,
o; Figure 1.4), which populate multiple low-energy minima separated by energy barriers
interconvertible at room temperature. As a result, glycan chains exist as different structure
(3D) arrangements, called conformational ensembles, that are difficult or impossible to

capture experimentally'®.
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Figurel.4. Example of DNeup5Aca2-6DGalpNAc disaccharide in 3D representation illustrating
the glycosidic torsion angles ¢, y, and © that define the conformation of the glycosidic linkage
and underline the intrinsic flexibility of glycan chains.

Consequently, glycans present in protein structures deposited in the RCSB Protein Data
Bank (PDB) are largely incomplete, truncated, poorly resolved, but more often omitted
entirely. As a result, even high-resolution structures of glycoproteins often under-
represent the glycan component or lack sufficient detail to capture its dynamic behaviour.
However, it is this dynamic behaviour, i.e. how glycans move, reorganise, and transiently
interact with neighbouring residues, lipids, or receptors, that is key to their biological

functions.

All-atom molecular dynamics (MD) simulations offer a powerful approach to address
these challenges'”. MD simulations explicitly represent proteins, glycans, lipids, and
solvent, tracking their motion over time through the integration of Newton’s equation of
motion, where the potential energy that leads to the force propelling the atoms, is
represented by an appropriately chosen force field. This simulation method provides
access to conformational ensembles and timescales beyond the reach of most biochemical
or structural techniques'8, revealing how glycan flexibility, microheterogeneity and the
local environment influence molecular recognition. In this thesis, MD simulations are the
primary research tool I use for investigating how different glycosylation (and sialylation)

patterns affect the structure and interactions of glycoproteins and glycolipids'®2°.

Sialic acids are central to immune regulation and cell-cell communication among
vertebrate glycans?!?. N-acetylneuraminic acid (NeuSAc) and related sialic acids are
typically found as terminal monosaccharides in glycans, attached via a2—3, a2—6, or 02—
8 linkages to galactose or other sialic acid residues?’. As the terminal residue of N-

glycans, O-glycans, and gangliosides, sialic acids serve as key determinants of molecular
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recognition®®. Sialylation is closely linked to sialyltransferase and sialidase activity in the
glycosylation pathway, where adding a terminal sialic acid can halt further elongation of
specific glycan arms®*. In the Golgi, sialic acid is transferred to terminal galactose
residues by specific sialyltransferases, such as ST3Gal and ST6Gal isoforms®. In
mammalian N-glycans sialic acid can be only added to galactose, and thus the presence
of a terminal galactose determines whether an arm can be sialylated. Once galactose is
capped with sialic acid, that branch cannot undergo further elongation®®. Therefore, if an

N-glycan arm lacks terminal galactose, it cannot be sialylated: no galactose, no sialic acid.

1.1 Project aims

The central focus of this thesis is sialylation and its role within different glycoforms and
constructs. I will show that sialylation does not play a single universal role, yet that it can
inhibit or promote molecular recognition depending on where it is within a glycan
structure, in how many units, i.e. one or more sialic acids in a single glycan, and which
receptor surface it engages with. Sialic acids can therefore act as local inhibitors that block
productive contacts, as structural switches that reshape a peptide or glycan epitope, or as
multivalent, negatively charged keys that engage high-avidity binding sites on immune
receptors. Collectively, the systems examined in this thesis address a central question:
how does sialylation, in distinct molecular contexts, control recognition by specific
receptors? After a detailed description of the computational methods in Chapter 2, the
thesis presents a series of case studies illustrating how sialylation tunes molecular

recognition in different contexts.

Chapter 3 focuses on the endocytic receptor low-density lipoprotein receptor—related
protein 1 (LRP1) and examines how a core-1 sialylated O-glycan modulates receptor—
ligand binding. The LRPI is a critical multiligand receptor involved in the clearance of
amyloid beta (AP) and the trafficking of tau protein, relevant to neurodegenerative
disorders. Experimental work by our collaborators®’ revealed that the lack of GALNT11-
dependent O-glycans, which are atypically hyposialylated, on LRP1 CR linkers, led to
opposite ligand-specific effects: a decrease in tau uptake and an increase in A uptake.
Using RAP as a ligand model, we show through MD simulations of the LRP1:RAP
interface that the non-sialylated Core-1 O-glycan actively modulates the structure and
dynamics of the interface. This O-glycan folds back toward CR6, enabling transient

intramolecular interactions (CH—n stacking with Trp63) and forming hydrogen bonds
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with RAPd1 residues (Glu23/Glu30). Conversely, sialylation of core-1 O-glycan acts as
a local inhibitor. The added steric hindrance and negative charge prevent these accessory
contacts, thereby blocking the glycan from engaging the interface and keeping the linker
solvent-exposed. This hyposialylation-driven mechanism is proposed to finely modulate
the receptor's ligand preference. Here, sialylation acts as a negative modulator by

introducing steric clashes that inhibit receptor and ligand recognition.

Chapter 4 explores a contrasting scenario, where an N-glycan and an O-glycan in the
active form of the CD52 glycopeptide are both hyper-sialylated. In the context of the
CD52-HMGBI1-Siglec-10 immune signalling pathway, sialylation acts as a structural
switch that enables and stabilizes high-avidity interactions. We find that hyper-sialylation
of the soluble CD52 glycopeptide induces a conformational shift towards more extended
states. This extended architecture promotes the direct and stable binding of the doubly
sialylated core-2 O-glycan at T8 to HMGB1 Box B. This binding exhibits selectivity for
Box B over the highly similar Box A domain, explained by key non-conserved residues
in Box A. The formation of this complex exposes the hypersialylated N-glycan at Arg3
toward the solvent, making the epitope accessible for recognition by the inhibitory
receptor Siglec-10. MD simulations further revealed that Siglec-10 uniquely utilizes a
dual-arginine in the binding pocket (the canonical Argl19 and the non-canonical Argl27)
to cooperatively engage multivalent sialylated epitopes, explaining its preference for

complex, hypersialylated ligands.

Chapter 5 places these findings in the broader context of the Siglec family, a group of
immunomodulatory receptors that recognise sialylated epitopes via a conserved arginine
in their binding (V-set) domain. In this chapter, the focus shifts from glycoproteins to
membrane-anchored ganglioside headgroups. By examining sialylated gangliosides as
ligands for Siglec-6, I show that a terminal sialic acid is necessary but not sufficient for
binding. Productive engagement requires insertion of the Trp127 side chain into the lipid
bilayer, supported by Lys126, which orients the V-set domain relative to the membrane.
Within this geometry, Siglec-6 selectively recognises GM1 because its terminal Gal can
engage the flexible C—C' loop while maintaining membrane contact, a configuration that
GM2 cannot achieve. This chapter therefore illustrates how Siglec-6 recognition of a
similar sialylated epitope is defined by the combined contributions of ganglioside

headgroup orientation and the Siglec-6—-membrane interface.



Chapter 6 examines the N-glycosylation pathway to assess how the presence of bisecting
N-acetylglucosamine (GlcNAc) affects the localization of sialylated epitopes on N-
glycans. Because sialic acids are incorporated at the final stage onto terminal galactose
residues, modifications that alter galactosyltransferase accessibility indirectly shape
sialylation patterns. The addition of a bisecting GIcNAc by MGAT3 restricts arm
elongation in bisected N-glycans and can prevent the formation of terminal galactose
residues, which are necessary for sialyltransferase activity. Thus, the bisecting GlcNAc
serves as a molecular “stop codon” for sialylation on specific branches. This mechanism
was clarified by comparing a bisected biantennary (A2B) N-glycan with a non-bisected
triantennary (A3) structure. Structural alignment of this A2B conformer with key
maturation enzymes, ol,6-fucosyltransferase (FUTS8) and p4-galactosyltransferase 1
(B4GalT1), showed that the bisecting GIcNAc creates steric clashes that prevent effective
substrate recognition by both enzymes. This structural constraint explains why bisection
suppresses further N-glycan maturation and limits the number and distribution of terminal
galactose residues available for sialylation. Overall, the results demonstrate that
branching and bisection act upstream of sialylation to define where terminal sialic acids

can be displayed on the N-glycans.

In the final chapter, Chapter 7, [ introduce the GlycoShape 3D database
(https://glycoshape.org), which I contributed to create and has supported my PhD research

from its initial creation through ongoing development and refinement. GlycoShape offers
curated 3D collections of biologically important glycans from the analysis of enhanced
sampling MD simulation and through the tool Re-Glyco serves as the main tool for

building, visualizing, and analyzing the glycan structures explored in my works.

By combining all-atom MD simulations across these systems, this thesis demonstrates
that sialylation does not serve a single universal role. Instead, it acts in distinct molecular
contexts, functioning either as a local inhibitor that blocks productive contacts or as a
structural modulator that reshapes an epitope to promote and stabilize high-avidity
binding. These findings show that the role of sialylation in recognition depends on its

location, relative 3D orientation, number of units, and the specific receptor involved.
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Chapter 2. Computational methods

The work presented in this thesis is based primarily on molecular dynamics (MD)
simulations to examine how N- and O-glycosylation influence protein structure and ligand—
receptor recognition, focusing on immune receptors and related signalling pathways. The
findings offer insight into how glycan and glycopeptide recognition affect immunity and

other biological processes.

Glycans are highly flexible and chemically heterogeneous molecules, and their
conformational ensembles are notoriously difficult to characterise experimentally!=.
Techniques such as X-ray crystallography and cryo-EM typically yield only static
snapshots, in which glycans are often only partially resolved or not visible’. NMR and other

spectroscopic methods yield averaged data that can be challenging to interpret structurally*.

Classical MD simulations can circumvent these limitations by explicitly modelling atomic
motion over time and across phase space, offering atomistic views of glycoproteins and
glycolipids in near-physiological conditions'. MD is well-suited to study glycan
conformational preferences, their coupling to protein dynamics, and the mechanisms of

glycan-mediated recognition’.

2.1 Theory Foundation of Molecular Dynamics Simulations

MD simulations have become increasingly common and a useful computational method
for studying the structure, dynamics, and energetics of biomolecular interactions at the
atomistic level of details®. MD approaches largely make use of classical mechanics as it
allows to cast very complex molecular systems in a relatively simple framework, which in
turn allows us to perform simulations and collect statistical sampling on thousands to
millions of atoms, with the technology available to date. In classical mechanics, atoms are
approximated as hard spheres with precise masses, radii, and finite charges and dispersion
potentials. Their motion is governed by Newton’s equations of motion®. For each atom, the
force, F, acting on it determines its acceleration a according to Newton’s second law (Eq.

2.1):

T
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3
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(1)
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where m is the mass of the atom. The force can also be expressed as the negative gradient

of the potential energy with respect to the atomic coordinates (Eq. 2.2):

2o o)
F=-20 @)

where V(7) is the potential energy of the system as a function of the positions 7 of all atoms.
Within the classical mechanics approximation, the potential energy can be defined by an

empirical force field, generally expressed by the functional form in Eq. 3:

V(r) = k,(r=ry) 24 D,k (0-0,)2
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The potential energy of the molecule, V(r), depends on the positions of the N atoms in the
system and is calculated as the sum of potential energy functions from bonded (covalent)

and non-bonded (non-covalent) interactions, as shown in Eq. 4.

Esystem = Ebonded + Enon—bonded (4)

The bonded contribution, Ep,q4eq includes potentials for bond stretching, angle bending,

and torsional (dihedral) rotations, usually represented by harmonic and periodic functions.

The non-bonded term, E,,,_ponded> accounts for van der Waals interactions, typically
modelled with a Lennard-Jones potential, and electrostatic interactions, modelled with a
Coulomb potential. The quality of an MD simulation therefore depends critically on both

the functional form of the force field and the accuracy of its parameters.

Additive, or non-polarisable, force fields are the most widely used in MD simulations®’;
in these, partial charges are fixed for each atom. In polarisable force fields, partial charges
are adjusted to explicitly account for electron polarisation effects from the surrounding
molecular environment. Several general biomolecular force fields have been developed,

including AMBER?®, CHARMM?®, and GROMOS®!°, each with distinct parameterisation
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strategies and balances of bonded and non-bonded terms. For glycans and glycoconjugates,
the most widely used parameter sets are AMBER/GLYCAMO6'' and
CHARMM/CHARMM36!2. GLYCAMO6 is specifically designed for carbohydrates and,
while complementary to AMBER, can be used independently with other force fields'!.
CHARMM36 provides specialised parameters for glycans, including glycosidic and
glycoprotein linkages, and is compatible with the broader CHARMM all-atom force fields,
supporting the modelling of glycoproteins, glycolipids, and other glycan-containing
systems. Other carbohydrate force fields includle GROMOS'?, which uses a united-atom
approach, OPLS-AA, an all-atom parameter set, and DRUDE, a polarisable force field that
extends CHARMM to include electronic polarisation effects'®!*. The parameterisation

protocols for these force fields are summarised in Figure 2.1.

( /Earbohydrate Force Field\‘
} Properties
Y Y | !
'Bonded Terms| ' Non-Bonded Terms | | Anomeric Effect |
\ J * \ 7 * N~ -
' Stretch | (Van der waal’s) (Electrostatics Anomeric Carbon
Bend e \ — | Treatment
| Torsion | + * ¥ v * F:V
(Fitto Quantam) | Adapted from| (14 Van der waals| [ 14 electrostatics. 'EmpiricaIIvFit“ |QM-REsP| | Different | | Different ‘
’N; E "janDuta| | general force scaling factor | | scaling factor | to reproduce fit Anomeric | | Anomeric
\MEDRNIGYAR) |*  fold | experimental | |averaged) (Carbon Types/ |Atom Charges

| i e L

[ opLs-AnsEl | (GRoMos 45a4] (cHaRMM |  (GLycamos S

Figure 2.1: Parameterisation protocols for various carbohydrate forcefields. Adapted from reference (Perez

et al. 2021).

In this thesis, I primarily used AMBER type force fields for soluble glycoprotein systems
and CHARMM36 for membrane-embedded systems. Proteins are described with the
AMBER ff14SB or AMBERI19SB force fields, while glycans are represented using
GLYCAMO6, which is optimised for N-, O-, and glycolipid-linked carbohydrates. For all
simulations that involved a membrane, I used the CHARMMS36 parameter set for all

species.

Although additive force fields are highly successful, they have limitations. For example,

they may underestimate weak interactions, such as CH—x stacking, and can over-stabilise

13



https://paperpile.com/c/X9W5gV/DBMr
https://paperpile.com/c/X9W5gV/WrMx
https://paperpile.com/c/X9W5gV/DBMr
https://paperpile.com/c/X9W5gV/bgj7
https://paperpile.com/c/X9W5gV/bgj7+lLlc

glycan—glycan contacts!. It is important to be aware of these limitations when running

simulations as these can be a source of bias.

Once the force field has been selected, the other key ingredient of an MD simulation is
time. The potential energy and forces tell us how atoms tend to move, but we still need a
practical way to follow how their positions change. Because Newton’s equations of motion
cannot be solved exactly for many-atom systems, time is divided into small steps At and
the trajectory is computed step by step using numerical integration schemes. In practice,
MD trajectories are generated by integrating Newton’s equations of motion (Eq. 2.2) with
Verlet-type integrators (Verlet, 1967). Two commonly used variants are the basic Verlet

integrator and its leapfrog form, shown in Eqs. 5 and 6, respectively.

|
r(t+ 6t) =r(t) + v(t)dtr + ;a(z)aﬂ
Q)
r(t — 6t) =r(t) — v(r)5r+%a(r)6r2
r(t+ 8t)=2r(t)—r(t—256t)+a(t) ét?
r(t+ 5r)=r(r)+v(r+i6r)5r
(6) 2

1 I
v(t+ 75r) =u( r—?ﬁt) +a(t)ot

The Verlet integrator shown in Eq. 5 updates atomic positions at time t+4t using the current
acceleration at time ¢ and previous positions at time ¢ - §z. The basic Verlet integrator does
not directly compute or store velocities, which can lead to inaccuracies over time. The
leapfrog integrator shown in Eq. 6, addresses this issue by computing velocities at half-
time steps ¢ + /% 8t and using them to compute positions at full-time steps ¢ + &¢. This
makes velocities directly available at each step, which is convenient for evaluating kinetic

energy and controlling the temperature of the system.

The choice of integration time step At is critical, because it must be much shorter than the
fastest motion in the system. In biomolecules, the fastest motions are bond vibrations

involving hydrogen atoms (e.g. C—H), which have characteristic periods of about 10 fs.
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Without any constraints, this limits the time step to around 1 fs. By constraining all bonds
involving hydrogen atoms using algorithms such as SHAKE'" or LINCS'S, these high-
frequency vibrations are effectively removed. This allows the time step to be increased to
2 fs without loss of accuracy, which in turn reduces the number of integration steps needed
to reach microsecond timescales and makes the simulations computationally more

efficient.

2.2 Simulation set-up

In this section, I outline the general workflow for setting up MD simulations of
glycoproteins under near-physiological conditions on high-performance computing (HPC)
resources. The procedure is summarised schematically in Figure 2.2 and consists of four
main stages: (i) structure generation, (ii) parametrisation, (iii) system building, and (iv)

minimisation, equilibration, and production.

System Prep Simulation
B 4
Structure Generation Production

Protein: PDB/Alphafold
Glycan: Glycam/Glycoshape

Data Collection

Parameterisation Equilibration
Protein: AMBER NVE: Temperature 0 - 300 K
Glycan : GLYCAMOG

Non-standard : GAFF NPT: Pressure 0 - 1 atm

y A
System Minimisation
Solvation e —_—

Steepest Descent
Adding Counterions

- ™

Figure 2.2: Workflow for setting up and running an MD simulation of a glycoprotein.
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2.2.1 Structure generation

The first step is to generate reliable three-dimensional structures for both the protein and
the glycan(s) of interest. For proteins, experimental structures can be sourced from the
RCSB Protein Data Bank (PDB)!”. When suitable experimental structures are unavailable
or incomplete, 3D models can be generated from the amino acid sequence using
AlphaFold'®!?. In both cases, the quality of the starting structure must be critically
evaluated in the context of the biological question the simulation addresses. For crystal
structures, this includes checking the resolution and B-factors, inspecting the completeness
of loops and termini, and verifying that key functional residues and domains are present.
For AlphaFold models, local confidence scores (pLDDT) are examined, and, where
possible, the models are compared with experimentally determined structures of the same
or homologous proteins to assess structural plausibility and identify flexible or uncertain

regions.

Glycan structures are obtained from two main sources. When available, pre-equilibrated
conformers are downloaded from the GlycoShape 3D structure database?’, which our group
has developed and curated, and contains MD-derived ensembles for more than 850 glycans.
Alternatively, initial glycan geometries can be generated with the GLYCAM Carbohydrate
Builder (www.glycam.org). In this case, it is important to note that the single conformer
produced does not necessarily correspond to a representative state of the glycan in solution,
and MD simulations in explicit solvent are required to characterise its equilibrium
conformational ensemble. Glycan conformers with populations greater than 10 % in
solution are deposited in GlycoShape; the development and application of this resource are

discussed in detail in Chapter 7.

Once individual protein and glycan structures are available, the next step is to link the
glycans to the protein at the relevant glycosylation sites. For simple cases, graphical tools
such as PyMOL (www.pymol.org) can be used to manually create the covalent bond
between the glycan and the side chain (e.g. Asn for N-glycans, Ser/Thr for O-glycans),
possibly using a glycan fragment present in the crystal structure as an alignment template.
In most of the systems described in this thesis, however, I use Re-Glyco, a tool of the

GlycoShape that automates glycoprotein building (https://glycoshape.org/reglyco). Re-

Glyco attaches pre-equilibrated glycan conformers from GlycoShape to specified sequons,
systematically optimises their orientation, and minimises steric clashes with the protein.
The resulting glycoprotein structures are exported in PDB format with atom names

consistent with AMBER/GLYCAM nomenclature, thus ready for parametrisation.
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2.2.2 Parametrisation and system building

The next step is to assign force-field parameters to each atom in the glycoprotein and embed

the molecule in an explicit solvent box. A lipid bilayer can be included if needed.

For solvated glycoproteins, [ used the AMBER software. Before parametrisation, the PDB
file can be processed with pdb4amber to correct common format issues and ensure
compatibility. Parameters are then assigned using the t/eap program, which loads the
selected force-field libraries and builds the complete system. Throughout this thesis,
protein atoms are described using the ff14SB protein force fields; carbohydrate atoms are
described using GLYCAMO6; non-standard residues (e.g. modified amino acids, small-
molecule ligands, or unusual glycan fragments not covered by GLYCAM) are parametrised
with the General AMBER Force Field (GAFF)?*2!. The final output of tleap is a pair of
files: a topology file, containing atom types and all bonded and non-bonded parameters,
and a coordinate file, containing the initial positions of all atoms. For systems where
membrane interactions are mechanistically important, such as Siglec-10 with GT1b and
Siglec-6 with GM1 or GM2 (discussed in Chapters 4 and 5), the glycoprotein is embedded
in a lipid bilayer using CHARMM-GUI Membrane Builder. The bilayer composition
mimics a simple plasma membrane, typically a symmetric bilayer of approximately 130 A
x 130 A, composed of 60% DSPC and 40% cholesterol. CHARMM-GUI generates
coordinate and topology files, as well as an initial equilibration protocol, which is

converted into AMBER input as needed.

After parametrising the system is solvated with explicit TIP3P water molecules and
neutralised with counterions. Additional salt is added as needed to achieve physiological

ionic strength (~0.15 M NaCl)

2.3 Equilibration, production and sampling protocols

Running MD simulations requires careful system setup, which can be automated by
generating the necessary input files and submission scripts for each simulation stage. Input
files specify control parameters such as the time step, simulation length, ensemble type
(NVT, NPT), restraints or constraints, temperature and pressure coupling, and output
frequency. Template files and tutorials are available on the AMBER website

(https://ambermd.org/), along with a comprehensive manual for parameter optimisation.
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Submission files are bash scripts that manage job execution on HPC clusters by requesting
computing resources, including CPU or GPU allocation and wall time, and listing the
commands for each simulation step. These scripts also handle input execution, output
generation, and error logging for monitoring and troubleshooting. Computing resources

differ across HPC clusters and should always be selected based on thorough benchmarking.

In a canonical ensemble (NVT), the number of particles (N), volume (V), and temperature
(T) are kept constant. NVT simulations require temperature regulation at equilibrium,
typically achieved by coupling the system to a thermostat that rescales or perturbs
velocities, such as the Berendsen??, Nosé-Hoover?®, or Langevin thermostats®*. The NVT
ensemble is mainly used when temperature must be controlled while keeping the simulation
volume fixed. The isothermal—isobaric (NPT) ensemble extends the NVT ensemble by
introducing a barostat to regulate the pressure (P), allowing the volume to fluctuate.
Common barostats include Berendsen, Parrinello-Rahman?’, and Monte Carlo?® schemes.
The NPT ensemble is widely used for solvated systems, as it mimics experimental
conditions by maintaining both temperature and pressure close to laboratory or

physiological values.

While specific details are tailored to each system, all simulations in this thesis follow a
general protocol. The process begins with energy minimisation to remove steric clashes
and high-energy contacts introduced during system building. Steepest-descent
minimisation, typically up to 500,000 steps, is performed, often with positional restraints
on heavy atoms in the initial stages. After minimisation, the system is equilibrated to room
temperature (298-300 K) and atmospheric pressure (1 atm or 1 bar). In AMBER,
equilibration is carried out in two main stages: first, NVT equilibration at constant
temperature, followed by NPT equilibration at constant pressure to match laboratory or

physiological conditions.

During NVT heating, the system is gradually warmed from 0 K to the target temperature
(usually 300 K) using Langevin dynamics. Heating is performed in two stages of several
hundred picoseconds each, with restraints on solute heavy atoms maintained to prevent
large structural distortions. The ensemble is then switched to NPT, and the system is
equilibrated until a stable density and box size are achieved. For membrane systems, semi-
isotropic pressure coupling is used so that the lateral and normal dimensions of the
simulation box can relax independently. During NPT equilibration, positional restraints on

proteins, glycans and, for membrane systems, lipids are gradually reduced in several steps.
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For example, restraints of 10 kcal mol™ A2 on heavy atoms may be decreased to 5 and

then 2.5 kcal mol™' A~ before being fully removed for production runs.

Unrestrained production simulations are then conducted in the NPT ensemble using a 2 fs
time step and SHAKE constraints on all bonds involving hydrogen atoms. Depending on
the system, trajectories range from hundreds of nanoseconds to several microseconds. To
ensure thorough sampling of conformational space, especially for flexible glycans, multiple
independent replicas are run. Each replica starts from the same equilibrated structure but
uses different initial velocity seeds to explore distinct regions of phase space. In some
cases, simulations are restarted from selected snapshots (for example, at 900 ns, as
described in Chapter 3) with reassigned velocities to extend sampling of specific
conformational states or to help overcome barriers related to weak interactions such as CH—

7 stacking.

In all simulations presented in this thesis, the number of particles remains constant, as
required for standard statistical ensembles in biomolecular MD (NVT and NPT).
Introducing hard walls to confine the system would create artificial interfaces and
unwanted interactions between the solute and the wall. Instead, periodic boundary
conditions (PBC) are used to address the finite size of the system?’. With PBC, the
simulation box is replicated in all directions to fill space, allowing each particle to interact
with atoms in both the primary box and its periodic images in neighbouring boxes. When
a particle exits one face of the unit cell, it re-enters from the opposite face at the
corresponding position. This approach keeps the number of particles constant, eliminates
surface effects, and enables the system to behave as if it were in an effectively infinite bulk

environment (Figure 2.3).
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Figure 2.3. 2D representation of Periodic Boundary Conditions. In the diagram, the unit cell (grey)
is replicated in all directions. If a particle leaves the unit cell (green), it will be replaced by its
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periodic image on the opposite side. This ensures a constant number of particles within the unit
cell.

2.4 System-specific sampling schemes

The general protocol described above was applied, with minor adaptations, to all studies
presented in this thesis. A key aspect common to all projects is the use of extended and
replicated sampling to adequately explore the conformational energy landscape of highly

flexible glycoproteins and glycans?®.

In classical MD, the potential energy function V(r) can be visualized as a landscape of hills
and valleys, with each point representing a possible atomic arrangement. Valleys, or local
minima, are stable conformations where small atomic changes increase the energy. The
aim of the simulations is therefore not to find a single “best” structure, but to sample as
many relevant low-energy minima as possible and build an ensemble of conformations.
This ensemble identifies the most favorable states for lowering system energy, such as
through ligand-receptor binding, multiple interaction networks, or protein adaptation to the

environment.

In Chapter 3, to examine the role of sialylation on the LRP1 receptor's recognition of the
RAP ligand, [ used an extended multi-replica sampling scheme for both sialylated and non-
sialylated core-1 systems. Two independent 1 ps replicas were run for each glycoform,
starting from the same equilibrated structure with different initial velocity seeds.
Additionally, a 1 ps restart trajectory was initiated from a 900 ns snapshot of a non-
sialylated replica with reassigned velocities. This approach addressed limitations of force
fields in modeling weak interactions, such as CH—n stacking between the core-1 Gal

residue and Trp63.

In Chapter 4, to characterise the conformational effects of hyper-sialylation and
desialylation on the CD52 glycopeptide, five independent 1 ps simulations were run for
each glycoform, starting from mutually decorrelated snapshots. The cumulative sampling
time for CDS52 systems is therefore 10 ps. This extended sampling allowed us to
demonstrate how sialylation shifts the conformational ensemble towards more extended

states, as quantified by the radius of gyration (Rg) and other structural descriptors.

In the Siglec systems described in Chapters 5 and 6, receptors were simulated in complex
with membrane-embedded gangliosides using CHARMM-GUI-generated bilayers. After
the standard six-step Membrane Builder equilibration protocol, long production
simulations were performed. For each complex, a weak distance restraint between the
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Neu5SAc carboxylate and the conserved arginine in the Siglec binding site was applied
during the initial simulation stage to stabilize a biologically realistic binding mode. In the
Siglec-6/GM1 system, after equilibration, it was shown that Siglec-6 binding does not
depend solely on this salt bridge; a single long 2.5 us trajectory was performed to capture

the detailed dynamics of the stabilized complex.

Finally, free O-glycans and ganglioside headgroups were simulated in explicit solvent as
isolated molecules. Multiple 500 ns replicas were run for each glycan, and the resulting
trajectories were analysed using torsional clustering (¢/y angles and relevant exocyclic
dihedrals) to identify the most populated conformers. Conformations with populations
above 10 % were deposited into the GlycoShape database and used as starting structures
or reference states in the protein- and membrane-bound simulations described in the later

chapters of this thesis.
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Chapter 3. Structural modulation of the LRP1-RAP: The role of O-
glycan sialylation revealed by molecular dynamics simulations

The work in this chapter is part of the following submitted manuscript:

Hintze J, Topaktas AB, Daugbjerg TM. , Shifa Jebari, D’Andrea S, Noortje de Haan,
Lasse H. Hansen, Rob Baars, Noé Quittot, Cesar Martin, Zhang Yang, Sergey Y.
Vakhrushev, Rebecca L. Miller, Dudley K. Strickland, Bradley Hyman, Elisa Fadda,
Katrine T. Schjoldager “The Ligand Preference of LRPI is Regulated by O-glycans”.
bioRxiv (2025) https://doi.org/10.1101/2025.10.23.684103

3.1 Introduction

Endocytosis is a fundamental cellular mechanism that allows cells to internalise
macromolecules from the extracellular environment'. The low-density lipoprotein
receptor (LDLR) family and LDLR-related proteins (LRPs) are central to this process.
LRPs are also crucial to cholesterol clearance, protein reabsorption, and for the transport
of neuronal and cerebrospinal fluid proteins'. Mutations in LRP genes are linked to
conditions such as dyslipidemia, Alzheimer’s disease, migraine, and kidney failure,

highlighting their physiological importance® .

Within the LRP family, the low-density lipoprotein receptor-related protein 1 (LRP1)
stands out as a large multiligand receptor (~600 kDa)’ expressed in different tissues,
including liver, lung, and brain®. LRP1 is also referred to as the Alpha-2-Macroglobulin
(A2M) receptor or Apolipoprotein E (ApoE) receptor.® Its a-subunit, exceeding 500 kDa’,
containing four ligand-binding cysteine-rich (CR) clusters (I-IV) with a total of 31 CR
repeats, enabling interaction with more than 50 structurally and functionally diverse
ligands® (Figure 3.1). LRP1 is critical in physiological processes relevant to
neurodegenerative disorders, particularly in the clearance of amyloid beta (AP) and the
trafficking of tau protein!®!! . A key factor influencing the function of these receptors is
glycosylation, particularly the presence of O-glycans found within the short linker regions
connecting their ligand-binding CR domains'2. Among the approximately 20 GALNT
1soenzymes, only GALNTI11 transfers the initiating GalNAc to the linker C6X3.5TC;

316 with a

sequence, and GALNTI1 knockout abolishes these linker O-glycans
significant impact on the binding of LDLR to LDL and LRP2!7 to albumin, with

implications to renal functionS,
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Figure 3.1. a) Schematic representation of full-coding LRPI, illustrating the ligand-binding
cysteine-rich (CR) domains (numbered 1-31) within clusters I-IV. All adjacent CRs are separated
by short linkers and those linker sequences that adhere to the C¢X3.sTC; motif have been indicated
by horizontal brackets. Linker O-glycans identified by O-glycoproteomic analyses of various
mammalian tissues and cell lines of wild-type and GALNTI 1"~ genotypes are marked by a filled
(GALNT!1 1-specific) or open (unkown specificity) circle. (Adapted from Hintze et al, submitted)
b) NMR structure of CR5 CR6 are shown in tan cartoon, the C¢X3.sTCi motif is highlighted in
ice-blue, with Thr44 displayed in sticks. Ca?" ions are shown as grey spheres, and the acidic
Ca**coordinating residues (Asp/Glu) are depicted in sticks. Disulfide bonds are visible along the
CR modules in yellow.

This study aims to determine how GALNTI1-initiated O-glycosylation affects the
function and specificity of the multiligand receptor LRP1. Using isogenic cell models
with and without GALNT11 enzyme, quantitative endocytosis assays, and glycoprofiling,
our collaborators, showed that the lack of GALNT11-dependent O-glycans on CR linkers
has ligand specific effects on LRP1 mediated endocytosis, specifically they observed a
decrease in tau uptake, and an increase in AP uptake. The uptake of the other ligands
tested, namely A2M, ApoE, and RAP remained unaffected to O-glycosylation. This
observation provides the rationale for using RAP as
a controlled model system to isolate the role of sialylation at the LRP1 interface, as its

binding is not dependent on the presence of O-glycans. In this way, the effect of
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sialylation can be specifically evaluated without shifting the focus to glycan-dependent

binding mechanisms.

This different behaviour suggested an investigation on the role of the O-glycan sequence
and structure and in particular on the dependence on the degree of sialylation of the O-
glycan on the CR linkers. It was discovered that the O-glycans introduced by GALNTI11
on LRP1 are selectively hyposialylated (undersialylated)!®, which is an atypical
characteristic compared to most secreted glycoproteins'?. In this study, we used RAP
(Receptor-Associated Protein) as a competitive receptor antagonist in the uptake assays
to suppress LRP mediated endocytosis, and structurally, as ligand in complex with the
LRP1 CR5-CR6 domains for MD simulations RAP is an ER chaperone that binds the CR
domains with high affinity. RAP acts in vitro as a competitive antagonist, occupying the
binding sites and selectively blocking LRP1-dependent endocytosis'®. Because the
uptake of RAP remains unchanged, in the isogenic cell models without GALNT11, the
primary receptor sites function independently of the O-glycan on the LRP1 CR linker.
Meanwhile, experimental evidence suggests that variations observed for tau and Af
uptake are determined by the glycosylation. Co-expression of RAP allowed an increase
in secretion of the soluble ectodomain (sLRP1) needed for glycoprofiling; this revealed a
predominance of non-sialylated core-1 O-glycans on the CR linkers, consistently with
previous studies reporting hyposialylation of the CR linkers of LRP1 and LRP2 compared
with typical secreted glycoproteins'®. To elucidate the structural and functional
implications of this hyposialylation and its potential influence on LRP1 interactions,
particularly at its interface with RAP, we performed MD simulations. More specifically,
we explored how the presence of O-glycans, both sialylated and non-sialylated, would
affect the conformation of the CR modules and their interactions with RAPd1. Results
from the MD simulations suggest that a non-sialylated corel O-glycan could form stable
interactions with the Trp63 residue of CR6 and with RAPdI1. Conversely, the presence of
a sialic acid residue sterically hindered such interactions. Based on these findings we
propose a mechanism by which the nature of the O-glycan actively modulates the

LRP1:RAP interface.

In this Chapter I present and discuss the analysis of the MD simulations and the
mechanism by which the sialylation state of the LRP1 O-glycan impacts inter- and
intramolecular interactions at the LRP1:RAP interface, providing a structural
understanding of the crucial role these glycans in modulating the receptor's binding

properties and overall function.
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3.2 Computational Methods

We used the 3D structure of non-glycosylated CR5-CR6 in complex with RAP domain 1
(RAPdI) obtained from NMR-guided molecular docking (PDB 2fyl) as the starting point
for all MD simulations. Core-1 (GlyTouCan ID G00032MO) and sialylated core-1 O-
glycans (GlyTouCan ID G720081Y) were added at Thr44 using GlycoShape and Re-
Glyco?. Three independent MD simulations were performed for the core-1-glycosylated
complex and two for the sialyl-core-1 glycosylated complex. Data was collected from
deterministic sampling over 1 ps trajectories, totaling 5 ps of cumulative sampling. All

simulations were performed under identical conditions using the protocol below.

We first prepared the system by running 500k steps of steepest descent energy
minimization with all heavy atoms on the protein and glycan restrained. This was
followed by a two-step heating phase in the NVT ensemble, from 0 K to 300 K over 1 ns
using Langevin dynamics. A 500 ps equilibration in the NPT ensemble followed, for the
system to reach an equilibrium pressure of 1 atm with a Berendsen barostat. All restraints
on the protein heavy atoms were then removed, and production MD was run at 300 K/1
atm. For the core-1 system, we performed two independent 1us replicas with distinct
velocity seeds, plus a third 1us restart trajectory initiated from the 900ns snapshot of
replica 1 to extend sampling along that conformational state. For the sialyl-core-1 system,
we performed two independent 1us replicas with different initial velocity seeds. The
simulations were run with AMBER 2018 on GPUs. The SHAKE algorithm restrained
hydrogen bonds, enabling a 2 fs time step. Long-range electrostatics were treated with the
Particle Mesh Ewald method, and an 11 A cutoff was applied for electrostatic and van
der Waals interactions. Topology files were generated with tleap’’, using GLYCAM_06j-
1 to represent carbohydrates, ff14SB?? to represent protein atoms and counterions, and
TIP3P as a water model. Backbone root means square deviation (RMSD) values and
distances between Gal (C1 atom) and W63 (CZ2 atom) were measured using Visual

Molecular Dynamics (VMD)?.
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3.3 Results

In the NMR-resolved structure of the non-glycosylated CR5-CR6 unit, which includes
the CsX3.sTC1 motif, in complex with RAPd1 (PDBid 2fyl), each CR domain has the
canonical complement-type repeat fold**, defined by three disulfide bonds and Asp/Glu
carboxylates that coordinate Ca**, as shown in Figure 3.1b. The non-glycosylated 3D
structure shows that the LRP1:RAPdI complex is stabilized by three salt-bridge networks
involving seven interfacial residue pairs between CR5—CR6 and RAPd1: D27-K24, D28-
K24, D27-K60, D28-K60, D66-K93, D68-K93, and D73-R34. The C¢X3.5TCa linker,
which connects CR5—CR6 and contains the Thr44 O-glycosylation site, is disordered and
extends away from the CR5-CR6:RAPd1 binding interface into the solvent, as shown in
Figure 3.2.

Figure 3.2. Left: LRP1 CR5-CRG6 is shown with cartoon rendering in tan with disulphide bonds
highlighted in yellow; RAPdI is shown in blue with a semi-transparent surface. The CsX3.5TC;
linker that hosts the O-glycosylation site at Thr 44 is labelled. Right: Residues that define the
Ca**-dependent acidic site and the seven interfacial salt-bridge pairs are displayed as sticks and
labelled as D27-K24, D28-K24, D27-K60, and D28-K60; D66-K93, D68-K93 and D73-R34.
Molecular rendering with VMD (https://www.ks.uiuc.edu/Research/vimd/).

The result of glycoproteomics and glycomics analysis shows that the O-glycans on the
CR linkers of LRP1 are hyposialylated. To assess the impact of sialylation of the O-
glycan at the Thr44 site on ligand interactions, we built systems with two LRP1
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glycoforms, one with a non-sialylated core-1 (GlyTouCan ID G00032MO) at Thr44 and
the other with a sialyl-core-1 (GlyTouCan ID G720081Y) at Thr44. We ran independent

MD simulations on these two systems in replicates using the same protocol.
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Figure 3.3 a) Backbone RMSD of CR5—CRG6 for three independent replicas (two started from the
NMR structure with different random velocities; one restarted from a 900 ns snapshot). b)
Backbone root mean square deviation (RMSD) values obtained for RAPd1 from the same three
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replicas. In panels a—b the traces reach a plateau, indicating global stability of the complex;
RMSD values computed on Ca atoms and plotted. ¢) Overall view of the CR5—-CR6:RAPd1
complex (PDB 2fyl) at frame 1000 ns. CR5—CR6 is shown with cartoon rendering in tan, RAPd1
in blue with a semi-transparent surface. The linker carries a core-1 O-glycan (GlyTouCan ID
G00032MO) in yellow. Top-left: SNFG symbol for core-1 (yellow circle, Gal, yellow square,
GalNAc). The boxed region highlights the orientation of Thr44, where the linker folds back
toward CR6 positioning the glycan for CH—n stacking against Trp63. d) Time graphic of the Gal—
Trp63 distance for the NMR-start trajectory (01 ps). The trace drops below the 5 A contact
threshold (dashed line) and remains in the stacked interaction. e) Close-up from a replica initiated
from a snapshot with the Trp63 stacked pose; in this trajectory the glycan shifts away from Trp63
and instead forms hydrogen bonds (dashed lines) with GIlu23 and Glu30 on RAPdI. f) Time
graphic for the velocity-reassigned replica showing Gal-Glu30 (teal) and Gal-Glu23 (coral)
distances, same processing as in panel d.

Analysis of three independent simulation replicas for the core-1 (GalB1-3GalNAc) system
at Thr44 demonstrates that the backbone RMSD of CR5—CR6 and of RAPd1 of CR5-
CR6 and RAPdI1 rapidly stabilises, as shown in Figure 3.3 a, b. In the presence of a core-
1 glycan (GlyTouCan ID G00032MO), the linker adopts conformations in which it folds
toward CR6, allowing the terminal Gal to approach the edge of the CR:RAP interface, as
illustrated in Figure 3.3 c. Monitoring the distance between Gal and Trp63 on CR6 shows
a shift from a solvent-exposed position to an intramolecular contact of less than 5A, as
illustrated in panel d. This finding supports a transient intramolecular CH—n stacking
interaction between the terminal Gal of the core-1/T O-glycan and Trp63. Because CH—
7 contacts are weak and may be underrepresented in additive force fields, we increased
sampling by restarting from this pose and reassigning velocities. In this trajectory, we
observed a state shift: the Gal-Trp63 distances increase (panel d), while Gal-Glu30/Gal-
Glu23 distances decrease (panel f), consistent with hydrogen bond formation with
Glu23/Glu30 residues on RAPd1, we observed a state shift from intramolecular stacking
(Gal-Trp63) to enhanced ligand contacts (Gal-Glu30/Gal-Glu23), as shown in Figure
3.3 panel e.

MD simulations with the sialylated core-1 at Thr44 show the opposite behavior. In two
independent 1pus replicas, the terminal NeuSAc prevents the linker from engaging with
the interface, preventing Gal-Trp63 stacking and stable RAPd1 contacts, as steric
hindrance and the negative charge block the glycan insertion. The analysis of the RMSD
values confirms that CR5/CR6 remains stable (Figure 3.4a) and that RAPd1 maintains
the same conformation in both runs, with contacts limited to CR5/CR6 and no linker

involvement, as illustrated in Figure 3.4.
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Figure 3.4 a) Backbone RMSD of CR5—CR6 for two independent replicas started from the NMR
structure with different random velocities b) Backbone RMSD values of RAPd1 for the same two
replicas. ¢) CR5—CR6 are shown as a tan cartoon, RAPd1 in blue with a semi-transparent surface.
Thr44 with sialylated core-1 O-glycan (GlyTouCan ID G720081Y), depicted with SNFG at top
left (purple diamond, Neu5SAc, yellow circle, Gal, yellow square, GaINAc). In this snapshot the
glycan remains solvent-facing and does not insert into the interfacial region no CH—x stacking to
Trp63 and no stabilising H-bonds to RAPd1, the principal CR—RAP binding site unchanged.

3.4 Discussion

The LRPI receptor is a key multi-ligand receptor involved in cholesterol clearance and
protein trafficking in the cerebrospinal fluid. Its role in clearing beta-amyloid (AB) and

trafficking tau protein makes it particularly relevant to neurodegenerative disorders®.

Glycosylation, especially the presence of O-glycans in the linker regions between

cysteine-rich (CR) binding domains, is a major factor influencing LRP1 function.
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In Hintze et al., our collaborators used isogenic cell models (HEK and SH-SY5Y) with
and without GALNT11, along with quantitative endocytosis assays. They found that the
absence of GALNT11-dependent O-glycans on CR linkers produced ligand-specific and
opposing effects on LRP1 mediated endocytosis. A significant decrease in tau uptake was
observed. In cells lacking GALNTI11 (HEK-LRP1ATI11), tau uptake was consistently
reduced by 20% compared to isogenic clones with an unaltered GALNTI11 O-
glycosylation capacity. This reduction was even greater (up to 37%) for
hyperphosphorylated tau variants. In contrast, AP uptake increased by up to 30% in
GALNT11 knockout cells. The uptake of A2M, ApoE, and RAP remained unchanged in
GALNTI11 knockout cells. The differential behavior observed between the ligands
indicated the need to examine the influence of O-glycan sequence and structure, with
particular attention on the degree of sialylation on the CR linkers. To enable
glycoprofiling, RAP was co-expressed to enhance the secretion of the soluble LRP1

ectodomain (sLRP1), which is required for mass spectrometry analysis

Glycoprofiling showed that non-sialylated core-1 O-glycans are predominant on the CR
linkers. Specifically, mass spectrometry revealed that the non-sialylated core-1 is the most
abundant on sLRP1, with 30% relative abundance. This unexpected preference against
sialic acid capping prompted further structural and functional analysis of hyposialylation
at the LRP1:RAP interface. If these sites are poorly sialylated in vitro, it suggests that the
lack of sialic capping may allow specific accessory contacts that finely modulate
interactions between CR domains and ligands. We used MD simulations to clarify the
structural and functional effects of this atypical sialylation and to explain the observed
differences in tau and AP uptake. MD trajectories of 1 ps each revealed a potential
regulatory mechanism. The non-sialylated Corel O-glycan folded to form a stable intra-
molecular interaction with Trp63 of CR6 through CH-rn stacking between the terminal
Gal and Trp63. This conformation allowed the Gal residue to shift from stacking to form
hydrogen bonds with RAPd1 residues Glu23 and Glu30, enabling inter-molecular
interaction with the ligand. In contrast, sialylation of the Corel O-glycan introduced steric
hindrance, preventing these conformational changes, blocking stacking with Trp63, and
inhibiting contact with RAPd1. As a result, the linker remained disengaged. These MD
findings indicate that O-linked glycosylation regulates the conformation of ligand-
binding CR modules. We propose that the Corel O-glycan transferred by GALNT11
enables the linker to interact with the LRP1:RAP interface. This interaction may prevent
further glycan extension or sialylation while RAP remains bound to the receptor. Our

results highlight that low sialylation of linker O-glycans is a key factor in modulating
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LRP1 ligand preference. The non-sialylated O-glycan alters CR domain conformation,
which explains the observed differences in neurotoxic ligand uptake: tau uptake increases
in the presence of the glycan, while AP uptake decreases. These findings suggest that O-

glycans can differentially affect the progression of neurodegenerative diseases.

3.5 Conclusions

Our MD simulations indicate that O-glycans actively modulate the LRP1:RAP interface.
Hyposialylation of LRP1 CR linkers, resulting in a predominance of non-sialylated Core-
1 O-glycans, is essential. In this state, Core-1 acts as an accessory modulator, marginally
stabilizing the interface through secondary interactions such as CH—r stacking with Trp63
on CR6 or hydrogen bonding with Glu23/Glu30 on RAPdI1. These contacts restrict ligand
movement, leading to a more stable RAPd1 structure compared to the sialylated system.
In contrast, sialylation introduces steric hindrance and negative charge, preventing these
interactions and keeping the linker solvent-exposed. The sialylated interface relies on
primary contacts, including salt-bridge networks and the Ca**-dependent core that
stabilize the CR5/CR6 unit. This structural insight helps explain ligand-specific effects
observed for LRP1, such as decreased tau uptake and increased AP uptake. While RAP
uptake remains unchanged, allosteric modulation at the interface may account for

selective effects on other ligands.

In conclusion, sialylation of the LRP1 O-glycan linker locally modulates micro-contacts
at the interface without affecting the overall stability of the complex. This chapter
highlights the regulatory role of Neu5Ac in molecular recognition. In the next chapter,
we will apply this concept to the CD52/HMGBI1 system. We will directly compare
sialylated and non-sialylated forms on N- and O-glycans and assess how sialic acid

influences complex formation and downstream interactions, such as with Siglec-10.
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Chapter 4. Sialylation regulates CD52-HMGB1 binding and Siglec-
10 recognition

The work presented in this chapter is part of the following papers:

DeBono NJ, D’Andrea S, Bandala-Sanchez E, Goddard-Borger E, Zenaidee MA,
Moh ESX, Fadda E, Harrison LC, Packer NH. The molecular basis of
immunosuppression by soluble CD52 is defined by interactions of N-linked and O-
linked glycans with HMGB1 box B. Journal of Biological Chemistry (2025);
301(4):108350. doi:10.1016/1.jbc.2025.108350

Sobczak K, Antonana-Vildosola A, Valverde P, Travecedo MA, Jame-Chernaboo Z,
Schmidt EN, D’Andrea S, Valdaliso-Diez E, Oyenarte I, Laugieri ME, Joe M,
Mozaneh F, Lin S-Y, Bosch A, Moure MJ, Franconetti A, Lee SY, Etxaniz-Diaz de
Durana J, Pérez-Gutiérrez L, Palazén A, Marcelo F, Fadda E, Corzana F, Gimeno A,
Macauley MS, Jiménez-Barbero J, Ereno-Orbea J. The unique molecular recognition

features of Siglec-10: structural insights into sialoglycan and antibody interactions.
bioRxiv (2025) doi: 10.1101/2025.06.10.658867

4.1 Introduction

The immune response is the result of an equilibrium between activating and inhibitory
signals that control the activity of immune cells. Advances in oncology have led to the
identification and characterization of immune checkpoint receptors, which offer
opportunities for new strategies to enhance anti-tumor immunity. More recently, research

has increasingly focused on how glycans influence these immune processes'.

Aberrant glycosylation is a hallmark of cancer®. A prominent example is hypersialylation,
characterized by increased global expression of sialic acid in cancer cells, which

t>*. The human

profoundly alters interactions between tumour cells and their environmen
sialic acid-binding immunoglobulin-like lectins (Siglecs) are a family of 14 distinct
carbohydrate-binding proteins that play a key role in immune regulation. These receptors
recognize sialic acids through a conserved arginine in the N-terminal V-set Ig domain.
Members of the family share an overall similar architecture: an N-terminal V-set domain
responsible for epitope recognition, followed by a variable number of C2-set Ig domains,
and a cytoplasmic tail containing ITIM or ITIM-like sequences that, when
phosphorylated, recruit the SHP1 and SHP2 phosphatases to suppress immune-cell
signalling®. As a result, Siglec-mediated sialic-acid recognition is considered a novel class
of immune checkpoint®. Siglec-10 is one such inhibitory receptor and is emerging as a
therapeutic target, although its molecular mechanisms for ligand recognition and immune
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modulation are not yet fully understood. The Siglec-10 structure is shown in Figure 4.1.a,
highlighting the V-set Ig domain, the C2-set domains and the cytoplasmic ITIM/ITIM-

like motifs.

B cos2ruisiaea2sse)
. CD52N3-N-glycan
(6lyTouCan G80552M))

CD52T8-O-glycan
(GlyTouCan G420891U)

W e soxa

HMGB1 BOXA
1
G62223XV S

) g domain V-set; sialic acid binding domain
Ig domain C2-set

FYN kinase phosphorylation site
[11TIM-SHP1/SHP2 binding motif
ITIM like:

Figure 4.1. a. Surface representation of full-length Siglec-10 with the N-terminal V-set Ig domain
highlighted in lightblue and the C2-set Ig domains in green. On the right, a close up view of the
V-set Ig domain represented as cartoon, with the conserved arginine side chain indicated. b. Left,
SNFG schematics: the 12-residue peptide CD52 (GQNDTSQTSSPS) is shown with the N-
glycosylation site N3 and the O-glycosylation site T8 highlighted in the sequence. Top: hyper-
sialylated glycoform with terminal NeuS5Ac (purple diamonds) capping a complex, tetra-
antennary N-glycan at N3 and a core-2 O-glycan at T8. Bottom: corresponding not sialylated
reference scaffolds shown for comparison. Symbols follow SNFG convention. Right, atomistic
representation: a representative model of soluble CD52 carrying the same hyper-sialylated
glycans: the peptide backbone is rendered in green cartoon; the N3 N-glycan is in blue sticks
(GlyTouCan G80552M1J); the T8 O-glycan is shown in yellow sticks (GlyTouCan G420891U);
terminal NeuS5Ac residues appear in purple. ¢. Cartoon representations of the HMGB1 Box A
(magenta) and Box B (cyan) domains with the N-glycan (GlyToucan ID: G62223XYV) represented
in light cyan as sticks.

Siglec-10 is expressed on antigen-presenting cells (APCs) and tumour-associated
macrophages (TAMs)S. Blocking its interactions with monoclonal antibodies (mAbs),
such as S10A, can enhance anti-tumor responses and is being investigated in several
cancers’. Understanding ligand recognition is essential for developing targeted Siglec-10

therapies.
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Siglec-10 binds sialylated glycans with a2-3 and 02-6 linkages® through its N-terminal
V-set domain. Studies suggest that it can also interact with heavily O-glycosylated, GPI-
anchored surface proteins such as CD24 and CD52%!°. In Siglec-10, the V-set domain
hosts the canonical sialic-acid-binding pocket, where the conserved arginine engages the

negatively charged carboxylate of NeuSAc.

Soluble CDS52 is a short glycopeptide consisting of only 12 amino acids
(GQNDTSQTSSPS)®!! (Figure 4.1.b). In its membrane bound form, CD52 is presented
as a GPIl-anchored protein, whereas the soluble form released by activated T cells
functions as an immune regulator by suppressing immune responses. Despite its small
size, soluble CD52 is heavily glycosylated, carrying a complex, highly sialylated N-
glycan at N3 and an O-glycan localised to T8, with both glycans contributing to its
immunosuppressive activity!®!2. Activated T cells initiate this pathway by releasing
soluble CD52, which then sequesters the pro-inflammatory protein High Mobility Group
Box Protein 1 (HMGB1)!>°14,

HMGBI is composed of two structurally similar HMG-box domains, Box A and Box B,
see Figure 4.1.c, CD52 interacts specifically with Box B?, which is pro-inflammatory
when uncomplexed. Structural studies have shown that Box A and Box B adopt closely
related three-helix bundle folds, with a backbone RMSD of ~2.3 A over 54 Ca atoms and
~25% sequence identity for human HMGB1 (UniProt P09429)!°. This high structural
similarity, together with the availability of the HMGBI1-BoxA/p53 transactivation
domain complex, provided a template for building our working model of the
CD52/HMGB1-BoxB complex. In particular, we exploited the overlap between the p53
transactivation domain and the CD52 backbone around the O-glycosylation site at T8 to

guide the positioning of CD52 on Box B.

Following HMGBI1 sequestration, the complex binds to the inhibitory receptor Siglec-10,
which is expressed on T cells. This crucial interaction leads to the exertion of broad
immunosuppressive properties. The overall mechanism makes CD52 a strong candidate
for development as a potential immunotherapeutic agent. However, the structural basis
by which CD52 glycosylation controls HMGBI1 recognition and Siglec-10 binding, and

in particular how O-glycan sialylation contributes to this process, has not been defined.

In this chapter, I will show how the CD52 sialylation drives selectivity and affinity. We
show that the doubly sialylated core-2 O-glycan at T8 enables selection of the HMGBI1
Box B, and orientating the silaylated N-glycan appropriately for binding Siglec-10.
Molecular dynamics (MD) simulations revealed that hyper-sialylation of both N-linked
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and O-linked glycans influences the glycopeptide conformation and facilitates a specific
interaction with HMGB1 Box B, but not Box A. The doubly sialylated core-2 O-glycan
at T8 binds directly and stably to HMGB1 BoxB. This O-glycan-mediated interaction
induces a conformational change in the CD52/HMGB1 complex, exposing the sialylated
arms of the N-linked glycan at N3 for recognition by Siglec-10.

In parallel, I will provide key structural insight into Siglec-10, whose atomistic
recognition mechanism was previously undefined. We identified two critical arginines in
the V-set pocket that engage the sialic-acid carboxylate: a canonical R119 (conserved
across Siglecs) and a non-canonical R127 (distinctive of Siglec-10). The results of MD
simulations indicate cooperative engagement by multiple arginines, which explains the
receptor’s preference for hyper-sialylated, multivalent epitopes like those found in the

CD52/HMGBI complex.

4.2 Computational Methods

4.2.1 CD52/HMGBI system preparation

To investigate how HMGBI1-BoxB recognizes the CD52 glycopeptide and the role of
sialic acid in this process, we conducted a series of all-atom, classical MD simulations.
Simulations were first performed on the isolated glycopeptide, then on the CD52/HMGBI1
box B complex, which was constructed using data from the initial simulations. The
starting structure for the CDS52 peptide was based on amino acids 25 to 36
(GQNDTSQTSSPS) from the Uniprot P31358 CAMPATH-1 antigen, obtained from the
AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). This sequence is
recognized by HMGBI1 box B and matches the peptide used in our experimental assays.
Glycan structures were selected according to our glycome and glycoproteome analyses.
To model the fully sialylated CD52 glycopeptide, a core-fucosylated tetra-antennary o2-
3 tetra-sialylated N-glycan (GlyTouCan ID G80552MJ) was attached at N3, and an 02-3
di-sialylated core 2 oligosaccharide (GlyTouCan ID G42089IU) at T8. Glycan 3D
structures were sourced from the GlycoShape Glycan Database (https://glycoshape.org),
and the ReGlyco tool was used to link the N- and O-glycans'®. Two sets of MD
simulations were performed: one with fully sialylated N- and O-glycans, and one without
terminal sialic acids. For each set, five independent 1 ps simulations were run, totaling
10 us of sampling for both sialylated and non-sialylated forms. The first simulation in

each set used the initial structures described above; subsequent simulations started from
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uncorrelated snapshots from these trajectories. The system was first energy-minimized
for 500,000 steps using the steepest descent method. It was then heated to room
temperature in two 500 ps steps within the NVT ensemble, using a 2 fs integration time
step. The temperature was increased from 0 K to 100 K, then from 100 K to 300 K, using
Langevin dynamics with a friction coefficient of 1.0 ps™'. This was followed by a 500 ps
NPT equilibration at 1 atm. Pressure was controlled with a Berendsen barostat in AMBER
2018 and the Parrinello-Rahman method in GROMACS 2021'7. Long-range
electrostatics were handled with Particle Mesh Ewald and an 11 A cutoff; dispersion
interactions were also truncated at 11 A. The GLYCAM_06j-1 force field'® was used for
carbohydrates, TIP3P for solvent'®!, and ff14SB for peptides and counterions?.
Simulations were performed with AMBER 2018%! on GPU?? and GROMACS? 2021.4
on Oracle Cloud Infrastructure. The complex between fully sialylated CD52 glycopeptide
and HMGB1 was built by aligning the dominant CD52 backbone conformation,
determined by Ramachandran analysis, to the 12-residue p53 transactivation domain
(PDB-ID 2LY4) using PyMOL (www.pymol.org). After alignment, HMGB1 box A was
replaced with box B from PDB 2GZK, after removing the bound DNA and box A domain.
The MD simulation of this complex followed the same protocol, with a 1 ps production

run.
4.2.2 MD Simulations of the Siglec-10 in complex with GT1b.

The 3D structure of the full-length Siglec-10 ECD was generated with AlphaFold-2
(AF2)(AlphaFold Protein Structure Database number AF-Q96LC7). GT1b ganglioside
(GlyTouCan-ID G08648UJ) was used. The equilibrium structure of the GT1b was
sourced from the GlycoShape server'S. The starting conformation of the complex was
built to complement the 3D structure of GT1b with an orientation selected to maximize
the number of arginine residues engaging the trisialylated GT1b headgroup. Accordingly,
the terminal a2-8-linked Neu5Ac was positioned to interact with the canonical R119,
while R127 and R80 aligned to interact with the internal and terminal a2-3-linked
Neu5Ac residues, respectively. The complex was embedded in a symmetric 130 A x 130
A lipid bilayer composed of 60% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
and 40% cholesterol (CHL1) using the CHARMM-GUI Membrane Builder tool?*. All
MD simulations were conducted with AMBER 22, using the CHARMM236m force field
to parameterize the protein, lipids, and glycans. The system was first energy minimized
for 5000 steps and the equilibration was performed following the CHARMM-GUI

125

protocol® consisting of six steps. Positional restraints of 10 kcal/mol-A? were initially
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applied to the system and were gradually reduced during the NPT equilibration phase,
progressively lowered to 5 kcal/mol-A? for the protein and 2.5 kcal/mol-A? for the
membrane until they were completely removed. Temperature was maintained at 315.15
K using Langevin dynamics with a friction coefficient (gamma In) set to 1.0 ps™ and
pressure was controlled semi-isotropically at 1 atm using the Berendsen barostat. Periodic
boundary conditions were applied throughout. Long-range electrostatics were calculated
using the Particle Mesh Ewald (PME) method with a cutoff of 11 A. Bond lengths
involving hydrogen atoms were constrained using the SHAKE algorithm, allowing for a
2 fs integration time step. Two independent 500ns production runs were performed,
resulting in a total sampling time of 1 ps. Trajectory analysis was conducted using
Python3 scripts. Distances between key arginine side chains and the NeuSAc residues of
GT1b were calculated frame by frame using VMD. Occupancy was defined as the
percentage of frames in which the atomic distance remained below 5 A. All plots were

generated using the python packages Matplotlib and Seaborn.

4.3 Results

We analysed two conformational sets of the CD52 glycopeptide (12 amino acids,
sequence GQNDTSQTSSPS): a hyper-sialylated form and a desialylated form. The
hyper-sialylated form included a core-fucosylated tetra-antennary 02-3 tetra-sialylated N-
glycan (GlyTouCan ID G80552MJ) at N3 and an 02-3 di-sialylated core 2
oligosaccharide (GlyTouCan ID G420891U) at T8. The desialylated form of the peptide
carried the same glycan structures without terminal sialic acids (N-glycan GlyTouCan ID
G56655CC and O-glycan GlyTouCan ID G96017QA). We selected these glycoforms
based on the experimental glycoproteomics analysis from our collaborators (DeBono et
al., J. Biol. Chem., 2025) where high-resolution mass spectrometry analysis assigned the

O-glycosylation site to T8 with high confidence.

The results of the MD trajectories indicate that the CD52 glycopeptide adopts more
extended conformations when glycans are sialylated and more compact ones when sialic
acid is absent. To quantify this, we calculated the radius of gyration (Rg) for the peptide
backbone across all replicas and compared their distributions using kernel density
estimates (KDE), see Figure 4.2. The analysis was done on a cumulative sampling of 10
us. In hyper-sialylated systems, the Rg distributions shifted toward larger and narrower

values. In non-sialylated systems, the distributions are centered on lower values and are
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broader or multimodal. These findings confirm that sialylation shifts the average

conformational landscape of CD52 toward more elongated structures.
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Figure 4.2 Kernel density estimates (KDE) of the backbone radius of gyration (Rg) for the
isolated CD52 glycopeptide from five independent 1-pus MD replicas per condition (total 10 ps
per panel). Left: hypersialylated (+Sia) ensemble (N3 tetra-sialylated N-glycan; T8 core-2 di-
sialylated O-glycan). Right: non sialylated (—Sia) ensemble, which used the same glycan
structures without terminal NeuSAc. Sia increases the distribution peak to 12—13 A, indicating
more elongated conformations. Without Sia, values cluster at 10—11 A, reflecting more compact
states. Sialylation therefore shifts CD52 toward a more extended conformation.

The Ramachandran analysis of the conformation of the CD52 glycopeptide shows
significant changes in the conformational propensity at bonds 2 and 8, corresponding to
the peptide bonds centered at N3 and S9, respectively, see Figure 4.3. In the case of N3
(bond 2), the conformational preference changes from an extended 3 strand conformation
in the presence of a core-fucosylated tetra-antennary and fully sialylated N-glycan
(GlyTouCan ID G80552M]J) to a 3 to 10 helical turn when the same N-glycan structure
does not have terminal sialic acids (GlyTouCan ID G56655CC).

The absence of sialylation on the extended core 2 O-glycan (GlyTouCan ID G96017QA)
at T8 stabilizes the localized propensity for a left-handed o helical conformation, which
extends to S9. The increased helicity of the CD52 glycopeptide in the absence of
sialylation ultimately leads to a more compact structure, also shown by the analysis of the
Rg, see Figure 4.2. The Ramachandran plots for all the peptide bonds in the presence and

absence of sialylation are shown in Figure 4.3.
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Figure 4.3. Top: Ramachandran plots of all peptide bonds (Bond 1-10) for the +Sia ensemble,
obtained by pooling 5 x 1-us replicas (5 ps total). Secondary-structure basins associated with ¢/y
(B-strand, 310 helix, a/a", coil) are annotated; KDE traces are shown along the top and right
margins of each panel. Bottom: Ramachandran plots of all bonds for the —Sia ensemble, with red
boxes highlighting Bond 2 (centered on N3) and Bond 8 (centered on S9) selected for direct
comparison. These panels show a shift from /extended states (+Sia) toward 310 helix (Bond 2)
and an increased left-handed a/310 propensity around T8/S9 (Bond 8) when sialic acids are absent.
All plots were generated using Python with Seaborn.

To our knowledge, to date there is no available structural information on the complex
between CD52 and HMGB1-BoxB, nor a structural explanation for the preference of the
CD52 glycopeptide for BoxB over the similar BoxA domain. To gain insight into the
molecular basis of this selectivity, we analyzed the structure of the complex in silico

between the HMGB1 box A and a section of the p53 transactivation domain?® (aa 36—48).
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Although the functions of these two complexes are entirely unrelated, the structural
features of the HMGB1 box A/p53 complex provide important clues that ultimately led
us to build a working model for our complex. The rationale behind choosing the HMGB1
box A/p53 as a template is based on two main considerations. First, as discussed above,
HMGBI1 BoxA and BoxB share a high degree of structural similarity in both sequence
and fold. Second, the structural alignment of representative snapshots from the MD
simulations of the CD52 hyper-sialylated glycopeptide to the box A-bound p53
conformation indicates a keen similarity between the two peptides around the O-

glycosylation site on CD52 at T8, see Figure 4.4

HMGB1-BoxB PDB 2GZK
[l +MGB1-BoxA PDB 2LY4 (frame 5)
[ 153 (aa 36-48) PDB 2LY4 (frame 5)
Bl cos2 full-Sia MD (aa 25-36)
CD52 full-Sia MD (aa 25-36)

S-Q-A-M-D+D-L-M-L-S~+

* *
* *

P
CD52 G-Q-N-D-T+S8-Q-1-S-S+P-S

*

*

Figure 4.4 Structural alignment of the HMGB1 box A (purple cartoon representation, PDB 2L.Y4)
bound to p53 (pink cartoon representation, PDB 2LY4) to the HMGBI1 box B (cyan cartoon
representation, PDB 2GZK) with two selected representative snapshots (green and white cartoon
representation) from the cumulative 5 ps MD simulation of the hyper-sialylated CD52
glycopeptide. Sequence alignment of the HMGB1 box A-bound p53 peptide to the active CD52
glycopeptide where the sequence corresponds to the helical turn is highlighted in the dotted box.
The T8 of CD52 is highlighted in yellow. Graphical rendering and sequence alignment with
pymol (https://pymol.org/2/).

Guided by these considerations, we generated a 3D model of the HMGBI1-BoxB in
complex with the CD52 glycopeptide, in which glycosylation on the peptide and the
HMGB1-BoxB at N134 was restored with GlycoShape!® to complement the tight steric
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requirements. The most striking and unique feature of this 3D model is that the main
contacts occur between the HMGB1-BoxB and the sialylated core 2 O-glycan, which
directly faces the BoxB surface, and not between HMGB1-BoxB and the CD52 peptide,
see Figure 4.5. Also, in this model, the large tetra-antennary N-glycan at N3 is oriented
with the arms directed towards the solvent, and thus accessible for binding, potentially
exposing the terminal sialic acid to Siglec 10%”. We assessed the stability of this complex
through a single MD trajectory with a 1 ps production phase with no restraints in place.
This simulation allowed us to identify a set of key residues of HMGB1 box B that make
specific contacts with the fully sialylated core 2 at T8, namely R97, K146, K152 and
R163, see Figure 4.5. Interestingly, all of these residues, except K146, are not conserved
in HMGB1-BoxA, where R97 is G, K152 is D and R163 is I, providing a rationale for the
preference of the hyper-sialylated peptide for BoxB and not BoxA. Ultimately, aside from
other considerations and based on this 3D model of the complex alone, lack of sialylation
of the core 2 O-glycan at T8 would prevent binding of CD52 to HMGB1-BoxB as most
contacts with the protein directly involve the terminal sialic acids, see Figure 4.5. The
MD simulation also shows that the terminal sialic acids on the CD52 N-glycan are mostly
oriented toward the solvent and that the N-glycan on HMGB1-BoxB wraps around the
CD52 N3 N-glycan. As a note of caution, additive force fields tend to enhance glycan-

glycan interactions?®, so the extent of these contacts may be overestimated.
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Figure 4.5 Snapshot (frame 200 ns) from the 1 pus MD trajectory of the reconstructed 3D model
of HMGBI1 box B (cyan) in complex with the hyper-sialylated CD52 glycopeptide (green). The
N- and O-glycans are shown with sticks in blue and yellow, respectively. The key protein residues
identified to interact with the O-glycan at T8 are indicated with labels and shown with sticks,
corresponding residues in Box A are shown in red labels. The positions of the terminal sialic acids
of the CD52 N-glycan are also highlighted with labels. The conformation of the HMGB1-BoxB
N-glycan is shown with multiple snapshots collected every 20 frames (1 ns each) through the
duration of the trajectory. Graphical rendering with VMD
(https://www.ks.uiuc.edu/Research/vmd/).

Given the results on the CD52/HMGBI1 complex, where hyper-sialylation promotes
multivalent exposure of sialic acid to the solvent, the next step is to define how the Siglec-

10 receptor may recognize and stabilize these epitopes.

Although the physiological ligand of Siglec-10 in the CDS52 pathway is the tetra-
antennary N-glycan at N3, we did not use this glycan as a model epitope in our
simulations. The sialic acids in a tetra-antennary N-glycan are located at the ends of
flexible arms that move independently, making the epitope highly dynamic. This
flexibility would have made it difficult to determine the specific roles of arginines in the
binding pocket in recognising and stabilising individual sialic acid residues. Instead, we

selected the trisialylated ganglioside GT1b, whose three sialic acid residues form a more
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compact and defined headgroup, while still providing a hypersialylated, multivalent

epitope.

At the time when these simulations were carried out the crystal structure of Siglec-10
was not available, so as a starting structure for the MD we built the 3D model of the
complex with the GT1b ganglioside (GlyTouCan G08648UJ) by using the full length
AF2 structure of Siglec-10 deposited in the AlphaFold Protein Structure Database (AF-
Q96LC7)%*. The AF2-predicted model shows a high degree of similarity with the
experimental structure, particularly across the V-set domain, with a backbone RMSD
value of 0.429 A, calculated for the residues not in dynamic loops (i.e. 648 to 648 atoms).
Furthermore, the root mean square fluctuation (RMSF) profile closely mirrored the

experimental B-factor distribution, see Figure 4.6.
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Figure 4.6. Structural alignment and RMSF analysis of the Siglec-10 V-set domain. Left: Cartoon
representation of the V-set domain of Siglec-10 (AF-Q96LC7) is shown in light blue, aligned
with the X-ray structure reported by Sobczak et al.’’ shown in grey. The B'C, CC’, and C'D loops
are highlighted in orange, yellow and red, respectively. Right: RMSF from the MD simulation
(purple line) compared with crystallographic B-factors (red dashed line) plotted as a function of
residue number. Figure adapted from Sobczak et al. (2025) .

GT1b is a trisialylated ganglioside containing two a2-3-linked sialic acid residues, one
terminal and one internal, and one a2-8-linked sialic acid that bridges the internal a2-3
sialic acid to galactose. Experimental work in liposomal systems®! identified GT1b as the
epitope with the strongest binding affinity for Siglec-10 among a panel of tested

gangliosides.

The equilibrium structure of the GT1b was sourced from the GlycoShape!® database. The
starting conformation of the complex was built to complement the 3D structure of GT1b,

with an orientation selected to maximize the number of Arginine residues engaging the
46
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trisialylated GT1b headgroup. Accordingly, the terminal a2-8-linked sialic acid was
positioned to interact with the canonical Argl19, while Argl27 and Arg80 aligned to
interact with the internal and terminal a2-3-linked sialic acid residues, respectively, see

Figure 4.7.

Figure 4.7. GT1b ganglioside in complex with Siglec-10. Left panel: 3D model of the Siglec-
10/GT1b complex used for the MD simulations. The protein is rendered with a transparent surface
and cartoon in light blue to highlight secondary structure motifs. The GT1b ganglioside is
rendered with sticks with C atoms in tan, O in red, and N in blue. The three NeuNAc are labeled
according to their linkages (02-3 terminal, a2-3 internal, and a2-8). Right panel: Representative
frame from the MD simulation showing a rearranged binding conformation. The Argl27 shifts
its interaction to the terminal a2-3 sialic acid, while Argl19 maintains its interaction with the a2-
8 sialic acid.

To understand the molecular determinants for the stability and specificity of the
interactions between GT1b and the Arginine residues in the Siglec-10 binding site, both
canonical and non-canonical, we ran two independent MD replicas of 500 ns each with
the Siglec-10 and GT1b complex embedded in a lipid bilayer. Our results show that in
both replicas Argl27 plays a synergistic role, stabilizing the interaction with GT1b. The
simulations reveal that GT1b forms a stable interaction with Argl19 through 02-8 sialic
acid, while Argl27 interacts with a2-3 sialic acid. More specifically, in the first replica,
Argl19 keeps its interaction with the a2-8 sialic acid throughout the entire 500 ns
trajectory, showing an occupancy of 95%, while Argl27 exhibited a high occupancy
(77%) with the terminal a2-3 NeuSAc, see Figure 4.8. In the second replica, Argl19
switches its interaction from the o2-8 sialic acid to the terminal o2-3 sialic acid,
suggesting that the canonical binding Arginine is capable of engaging differently linked
terminal Neu5Ac. Meanwhile, Argl27 consistently retained interaction with the terminal

02-3 sialic acid during both simulations. These results support that recognition and
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binding of sialylated epitopes by Siglec-10 can involve multiple Arginine residues in
addition to the canonical Argl19, and that these contribute to increased specificity and

affinity for different sialic acid linkages, particularly in the context of polysialylated

epitopes.
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Figure 4.8. Left, top and bottom: Distance plots showing the interactions between Siglec-10
Arginine residues and the sialic acid moieties of GT1b over 500 ns (MD1). The red dashed line
at 5 A indicates the threshold distance for interaction. Right, top and bottom: Occupancy analysis
for the interactions between Arg and sialic acid residues in MD1 and MD2, respectively.
Occupancy is defined as the percentage of simulation frames where the interatomic distance
remains below 5 A. MD1 shows dominant occupancy for R119 a2-8 (95.8%) and R127 terminal
02-3 (77.0%). In MD2, R119 shows dominant occupancy with 71.6% toward the terminal a2-3,
and R127 shows 92.8% for internal a2-3.

Our results indicate that CD52 hypersialylation stabilizes its assembly with HMGB1 (Box
B) and exposes multivalent sialic acid on the N-glycan. This creates an epitope that the

Siglec-10 V-set domain can engage through multiple interactions (R119/R127).
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4.4 Discussion

Our results indicate that sialylation regulates both the assembly of the CD52/HMGBI1
complex and its recognition by Siglec-10. Hyper-sialylation of CD52 changes its
conformation, promotes extended peptide states, and enables direct interaction with
HMGBI1-BoxB through the di-sialylated core-2 O-glycan at T8. This positions the N-
glycan at N3 toward the solvent, exposing Neu5Ac moieties for Siglec-10 binding. In
Siglec-10, two arginines (R119 and R127) in the V-set pocket stabilise sialic acid
contacts, explaining the receptor’s preference for multivalent, hyper-sialylated CD52

epitopes when bound to HMGB1-BoxB.

The dual-arginine structure of Siglec-10 is a unique feature within the Siglec family. The
conserved Argl19 anchors the carboxylate group of sialic acid, while Argl27 provides
an additional anchoring point. This arrangement explains avidity for multivalent
sialylation, tolerance to micro-heterogeneity in glycan presentation, and the functional
readouts seen in cellular assays where blocking Siglec-10 restores T-cell activity. Ligand
multivalency and receptor bivalency (Argl19/Argl27) together support sustained

immune inhibitory signaling.

Our mechanistic model predicts that disrupting T8 O-glycan sialylation will weaken (or
negate) HMGB1-BoxB binding, reducing Siglec-10 engagement, even where the N-
Glycan at position N3 remains sialylated. In turn, reducing the degree of sialylation of the
N3 glycan alone, while retaining the O3 glycan sialylation, is expected to decrease Siglec-
10 avidity without eliminating HMGB1-BoxB capture. Altering Argl27, through
mutation or targeted antibodies, is expected to lower preference for multivalent sialic
epitopes more than altering Argl19. Additionally, since CD52 is GPI-anchored in vivo,
but soluble in some regulatory contexts, membrane clustering may further increase

multivalency and enhance Siglec-10 signaling.

These findings identify sialylation as a modifiable factor. Increasing sialylation or
stabilizing the CD52/HMGB1-BoxB complex may enhance immune suppression where
reduced inflammation is needed, such as in autoimmunity. In contrast, blocking Siglec-
10 could restore cytotoxic lymphocyte activity, consistent with this, Sobczak et al. (2025)
showed that antibody-mediated Siglec-10 blockade with the SI0A monoclonal antibody
restores CAR-T cell cytotoxicity against Siglec-10—expressing target cells*’. Both ligand
engineering, by adjusting N3 or T8 sialylation, and receptor targeting, using antibodies

or small molecules for the Argl19/Argl127 pocket, represent complementary strategies.
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4.5 Conclusions

In summary, sialylation organizes the entire CD52 — HMGB1 — Siglec-10 axis, acting
first as a structural switch that extends and orients the ligand and then as a chemical key
read by Siglec-10’s dual-arginine pocket. In the broader context of this thesis, these
findings complement the previous chapter on low-density lipoprotein receptor-related
protein 1 (LRP1). In that context, sialylation functioned as a local inhibitor of glycan-
mediated micro-contacts at the RAP interface, while here, sialylation enables and
stabilizes interactions with the receptor, by extending CD52 and facilitating productive
contacts with HMGB/1, by selecting of a specific subdomain (BoxB) and subsequently by
binding Siglec-10. This comparison highlights a central theme: the effect of sialylation is
context dependent, determined by the location of sialic acids (linker vs epitope), their
presentation (monovalent vs multivalent), and the specific protein surface that recognizes

them (CR repeat domain vs Siglec V-set domain).

Together with the LRP1 case study, the results in this Chapter illustrate the versatility of
sialic acid as a biological modulator, that can inhibit glycan-assisted contacts in one
protein, while enabling high-avidity recognition with another. In the next Chapter, we
will place these findings in the broader context of the Siglec family, linking binding site

structure to preferences for different sialic acid presentations.
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Chapter 5. Glycolipid recognition and binding by Siglec-6 hinges on
interactions with the cell membrane

The following text is adapted from the paper:

D’Andrea, S., Schmidt, E. N., Bui, D., Singh, O., Han, L., Mahal, L. K., Klassen, J.,
S., Macauley, S.,M., & Fadda, E. (2025). Glycolipid recognition and binding by
Siglec-6 hinges on interactions with the cell membrane. bioRxiv, 2025-06.
Communication Biology (in press) doi:https://doi.org/10.1101/2025.06.21.660838

5.1 Introduction

Sialic acid-binding immunoglobulin (Ig)-like lectins (Siglecs) are immunoregulatory
transmembrane receptors that recognise sialylated glycoconjugates. Siglecs modulate
immune responses by triggering inhibitory or activating signals, maintaining immune
homeostasis'*. The ability to distinguish self from non-self through sialic acid
recognition makes Siglecs critical regulators of immune function and attractive
therapeutic targets for autoimmune diseases, cancer, and infections®, as well as for the
development of chimeric antigen receptor (CAR) T-cell immunotherapeutic strategies®®.
Humans Siglecs count 14 distinct members that are commonly classified into two groups,
see Figure 1. Evolutionarily conserved Siglecs’, here labelled as Group 1, are present in
all mammalian species'” and have a low degree of homology, i.e. 25-30% sequence
identity, namely sialoadhesin (Siglec-1), CD22 (Siglec-2), myelin-associated
glycoprotein (MAG or Siglec-4), and Siglec-15. Group 2 comprises CD33-related Siglecs
(CD33rSiglecs), which are not conserved across species, but share a higher sequence
similarity (~50-99%)!, suggesting that diversification could have occurred in response to

species-specific selective pressures!’.

53


https://paperpile.com/c/qcnDic/HDnt+ofIS+1v0l+jZDL
https://paperpile.com/c/qcnDic/1BKF
https://paperpile.com/c/qcnDic/dqpj+VRrm+fQJz
https://paperpile.com/c/qcnDic/Bi40
https://paperpile.com/c/qcnDic/ZByI
https://paperpile.com/c/qcnDic/HDnt
https://paperpile.com/c/qcnDic/ZByI

Group 2

B Group 1 i\
I CD33-related Siglecs

{ Evolutionarily Conserved Siglecs

&
l‘\.
& Sialoadhesin
Y (Siglec-1)

3

—i}“* NAc-a(2-3)-Gal
‘\; CD22

o (Siglec-2) Siglec-10
%:. = = r\/IIAG4 Siglec-5 : Siglec-11* Siglec-16
@ iglec-4*) 2 < X P

14 V d CD33 5 Siglec-6* Siglec-8 Siglec-9 28 *& Siglec-14 (38

1-)_ .{ 2 Siglec-15 (Siglec-3) F " Siglec-7 S} : ,{ 7 :

73 el ¥ . - . <5 x

2 } 3 : “Lf E & & g ¥ };

i :V“' . . v ‘< 2 & Kt [

¢

Figure 1. Schematic representation of human Siglecs. Evolutionarily conserved Siglecs (Group
1) are shown on the left-hand side panel (pink box). The CD33-related Siglecs (Group 2) are
shown on the right-hand side panel, (light-green box). The Siglecs extracellular domains are
represented by a composition of Ig domains (C2-set) rendered in grey as a solvent accessible
surface, highlighted within green circles. The terminal Ig V-set binding domain is rendered in
orange and highlighted within an orange circle with a bound sialic acid in magenta (PDB 10D9).
Cytoplasmic domains are indicated with boxes and labelled according to the legend. Siglec-6 is
highlighted within a yellow box as it is the focus of this work. All structural elements in this image
were rendered with pymol (www.pymol.org) and incorporated in an original design based on

Figure 1 in ref.%. In the insert on the top right-hand side, the conserved Arg is shown in the 3D
structure of the Ig domain V-set of Siglec-6 (orange cartoons) bound to the NeuNAc-a(2-3)-Gal
fragment (sticks with purple C atoms, red O atoms and blue N atoms) as an example.

In terms of 3D structure, human Siglecs are characterized by a different number of Ig C2-
set domains terminating with an Ig V-set domain that contains the canonical binding site,
where a conserved Arg binds sialosides, see Fig. 1. The V-set domain includes a
structurally flexible C-C’ loop, characterised by a high sequence variability across
Siglecs. Both of these features allow the C-C’ loop to play a critical role in modulating

recognition' and contribute to the Siglecs’ binding specificity™!!.

Target sialosides can be presented to Siglecs within a wide variety of different structural
contexts, namely functionalising glycans linked to membrane bound or soluble
glycoproteins, terminating the chains of membrane-embedded glycolipids or on secreted
oligosaccharides'?!3. In most Siglecs, the loss of the conserved Arg in the V-set domain
results in loss of binding, except in Siglec-6, where binding is only weakened by the loss

of the canonical Arg, as demonstrated in recent work by our collaborators'#. Earlier work

54


http://www.pymol.org/
https://paperpile.com/c/qcnDic/ofIS
https://paperpile.com/c/qcnDic/HDnt
https://paperpile.com/c/qcnDic/1BKF+2K13
https://paperpile.com/c/qcnDic/renf+A2Tn
https://paperpile.com/c/qcnDic/NruL

indicates that MAG and Siglec-11'>"!® can also operate independently of the canonical
Arg, suggesting an evolution of alternative binding mechanisms in selected members of
the Siglec family. To this end, previous work'* by our collaborators suggested the
involvement of a non-canonical Arg in the V-set domain in the binding mechanism of

Siglec-6, spearheading further investigation.

In this work, we used computational and molecular biology approaches to investigate the
recognition and binding specificity of Siglec-6 for monosialylated gangliosides, namely

GM1, GM2 and GM3, which are known Siglecs ligands'>!'.

Molecular dynamics (MD) simulations have been used extensively and successfully to
investigate at the atomistic and molecular levels of details the distribution and dynamics
of gangliosides, and other glycolipids, in lipid bilayers'*-*'. Coarse graining (CG)
methods have been particularly useful to explore the enormous complexity of such highly
dynamic systems at biologically relevant timescales, where membranes can bear a wide
range of chemically diverse lipids, in different concentrations, with different structure
flexibilities and diffusion properties®. Although the CG force fields sophistication has
been greatly improved recently?®, allowing users to obtain important insights into
membrane composition, structure and biology®*,%*, in this work we needed an atomistic
approach for our simulation to characterise the Siglec-6 recognition mechanism and how
this facilitates a discrimination between structurally and chemically similar
monosialylated gangliosides. The membrane used in the simulations is set to match the
experimental composition, selected based on the results of extensive testing in earlier

work'* with varied lipid compositions and concentration of cholesterol.

We first gathered a detailed understanding of the binding mechanism of Siglec-6 at the
atomistic-level of detail through extensive molecular dynamics (MD) simulations. Based
on structural analysis and the results of MD simulations, we were able to exclude the role
of any other Arg residues in the V-set domain of Siglec-6. Instead, we found that the
interaction between the Siglec-6 and the gangliosides still involves the canonical binding
site, with the conserved Argl22 coordinating the carboxylic group of the sialic acid, but
not continuously. This occurs because the interaction with Argl22 is structurally
stabilised and energetically supplemented by an additional contact that Siglec-6
establishes with the lipid bilayer through residues Trp127 and Lys126, see Fig. 2.a.
Mutagenesis and cell binding assays, both on liposomes and on nanodisks, support the

atomistic-scale insight, also demonstrating a unique interaction between Siglec-6 and the
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bilayer devoid of GM1. Additionally, our collaborators show through Concentration
Independent (COIN)-Catch-and-Release (CaR)-native mass spectrometry (nMS)
assays26 that the binding of free (not membrane-linked) oligosaccharides hinges entirely
on the canonical Argl22. In the following sections we present the results and discuss the
biological implications of the unique specialization of Siglec-6 in the recognition and
binding of membrane-bound glycan epitopes with a direct comparison to other members

of the Siglecs family.
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Figure 2. a. 3D structure of Siglec-6 in complex with GM1 embedded in a lipid bilayer with
composition distearoylphosphatidylcholine (DSPC) 60% and cholesterol 40%. In this
representative snapshot from the MD trajectory, collected at 0.715 ps from the equilibrated MD
ensemble, Arg 122 is engaged in a salt bridge with the Neu5Ac of GM1. The protein is represented
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with cyan cartoon rendering, the GM1 with sticks and C atoms in purple, O in red and N in blue.
DSPC and cholesterol are rendered with semi-transparent sticks, with C atoms in grey, O in red,
N in blue and P in yellow. Key residues are labelled with numbering corresponding to the human
Siglec-6 (UniProtID 043699). b. Structures of GM1, GM2 and GM3 represented with the SNFG
nomenclature. Labels below each structure include the oligosaccharides GlyTouCan IDs. e.
Kernel Density Estimates (KDE) analysis of the tilt angle values measured though the 1.0 us MD
trajectories ran for isolated GM1 (purple) and GM3 (orange). KDE maxima are 31.32° and 41.83°
measured for GM1 and GM3, respectively. d. 3D structure of an isolated GM1 molecule (sticks
with C atoms in purple, O in red and N in blue) embedded in one of the bilayer leaflets (sticks
with all atoms in grey) used to represent the axes used to measure the tilt angle (6) indicating the
orientation relative to the bilayer of the NeuSAc and thus its accessibility. e. Close-up view on
the Siglec-6 binding site obtained through a counterclockwise rotation of approximately 120°
relative to the structure in panel a). Key residues are labelled, while the embedding of the Trp127
sidechain in the bilayer is highlighted by a surface rendering of the lipids. The terminal Gal of
GM1 is highlighted with C atoms in yellow for his role in orienting the C-C’ loop in the bound
complex, also shown in yellow. f. Time evolution along the MD trajectory of the distance (A)
between the Argl22 and the NeuSAc carboxylate group. Data points correspond to the largest
distance value calculated between four pairs of atoms R122-NH1(2) and O11(12)-NeuSAc. A
distance of 5 A was chosen as a threshold for the formation of the salt bridge. g. Comparison of
the canonical binding site of Siglec-6 in complex with GMI, the image on the left shows a
snapshot from the MD simulation when Argl22 is engaged in the salt bridge, collected at 0.715
us, while the image on the right shows a snapshot when the salt bridge is broken, collected at
1.028 ps. h. KDE analysis of the tilt angle (°) indicating the orientation of the Ig V-set domain
relative to the membrane plane, in purple and in green for the complexes with the non-
glycosylated Siglec-6 and GM1 and GM1, respectively, and in blue for the complex with the
glycosylated Siglec-6 and GM1. The normal line passes through the Ig V-set centre of mass
(COM), while the Ig V-set axis is set to pass between the COM and an auxiliary point located at
10 A from the COM obtained from the principal component 1 from the dynamics of the Ca atoms,
representative of the spread along the eigenvector’s direction. i. 3D structure of Siglec-6 in
complex with GM2 (sticks with C atoms in green) embedded in a lipid bilayer with composition
distearoylphosphatidylcholine (DSPC) 60% and cholesterol 40%. In this representative snapshot
from the MD trajectory, collected at 1.0 ps from the equilibrated MD ensemble, Arg 122 is still
engaged in a salt bridge with the NeuSAc of GM2, but the Siglec-6 is not embedded in the bilayer
through the Trp 127 and Lys 126 due to a conformational change of the C-C’ loop (yellow cartoon
section). Colouring described in the legend and rendering style as in panel a). k. Insertion (%) of
the sidechain COM of the Trp127, Lys126 and Tyr61 below the membrane surface calculated
along the MD trajectories for the complex with GM1 with the non-glycosylated Siglec-6 (full
line) and the glycosylated Siglec-6 (dashed line). j. Close-up view on the Siglec-6 binding site
with key residues labelled. Molecular rendering done with Visual Molecular Dynamics27 (VMD;
https://www.ks.uiuc.edu/Research/vind/). Tilt angle analysis and other graphs done with
matplotlib (https://matplotlib.org/) and seaborn libraries in python (https://seaborn.pydata.org/).
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5.2 Computational Methods

5.2.1 MD simulations of Siglec-6 with multiple GM1os.

The 3D structure of Siglec-6 was obtained from the AlphaFold database (AF-043699-
F1) %7, and the structures of GM1os were retrieved from the GlycoShape database®. One
GMIlos molecule was manually placed at the canonical sialic acid-binding site near
Argl22, while six additional GM1os molecules were randomly distributed around the
protein surface to investigate for potential alternative binding sites. The protein was
parameterized using the AMBER ff14SB force field, and the glycans with GLY CAMO06;-
1. Simulations were performed using AMBER18 . Following 500,000 steps of steepest
descent minimization, the system was heated in two stages (0—100 K and 100-300 K, 500
ps each) in the NVT ensemble using Langevin dynamics (y_In = 1.0 ps™"). Equilibration
was carried out in the NPT ensemble for 500 ps at 1 atm using a Berendsen barostat. All
restraints on the protein heavy atoms were then removed, and three independent 300 ns
production runs were performed from different initial velocities. Due to intrinsic
limitations of the force field in modeling systems with multiple free glycans, the
simulations were halted prematurely®. Residue specific occupancies were calculated by
monitoring persistent contacts (within 5 A) between the carboxyl group of the sialic acid
and the guanidinium group of ARG side chains over time. The results of these simulations

are included in Supplementary Material as Appendices.
5.2.2 MD simulations of isolated GM1 and GM3 in a lipid bilayer.

Two independent systems were prepared, each embedding either a GM1 and GM3
ganglioside within a symmetric 130 A x 130 A lipid bilayer composed of 60% 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and 40% cholesterol (CHL1), using the
CHARMM-GUI Membrane Builder tool®. All molecular dynamics (MD) simulations
were performed with AMBERI1S, using the CHARMM36m force field to parameterize
the gangliosides and lipids. Each system underwent energy minimization for 5000 steps
(2500 steps of steepest descent followed by 2500 steps of conjugate gradient
minimization). Equilibration followed the six-step CHARMM-GUI protocol °, during
which positional restraints of 10 kcal/mol-A? were initially applied and then gradually
reduced to 5 kcal/mol-A? for the protein and 2.5 kcal/mol-A? for the membrane, before
being completely removed. Temperature was maintained at 315.15 K using Langevin
dynamics (y_In= 1.0 ps™'), and pressure was controlled semi-isotropically at 1 atm using

the Berendsen barostat. Periodic boundary conditions were applied throughout. Long-
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range electrostatics were treated using the Particle Mesh Ewald (PME) method with an
11 A cutoff. Bond lengths involving hydrogen atoms were constrained using the SHAKE
algorithm, enabling a 2 fs integration time step. Each system was simulated for 1 ps. The
orientation of the sialic acid headgroup (Neu5Ac) was quantified by calculating the tilt
angle (0), defined as the angle between the vector connecting atom C1 of the terminal
galactose and atoms C2 and C3 of the NeuSAc residue, relative to the axis perpendicular
to the membrane plane. Tilt angle distributions were computed over the entire MD

trajectories for both GM1 and GM3.
5.2.3 MD simulations of GM1 and GM2 in complex with Siglec-6.

The Siglec-6/GM1 complex was constructed by aligning the conformation of GMI,
obtained from the membrane embedded simulation, to the sialic acid moiety in the crystal
structure of Siglec-3 bound to a sialoside analogue (PDB: 7AW®6). The structure of
Siglec-6 (AF-0O43699) was validated by structural alignment with Siglec-3, resulting in a
backbone RMSD of 0.704 A. A second system, containing GM2, was generated by
removing the terminal Gal residue from GM1. Both complexes were embedded in the
same DSPC/cholesterol bilayer described above, and the simulations were carried out
using AMBER v.22!° following the same multistep equilibration and production
protocol. In the GM1 system, a distance restraint (5 kcal/mol-A?) was applied between
the side chain of Arg122 and the carboxyl group of the Neu5Ac to stabilize the salt bridge
during the initial 400 ns of the 2.5 us production simulation. The same approach was used
for the GM2 complex; in both 1-us replicas, removal of the restraint led to destabilization
of the complex, indicating a loss of stable interaction between Siglec-6 and GM2 in the
absence of the terminal Gal residue. All MD trajectories were analysed using Python3
scripts written in-house. Distances, occupancies, and tilt angles were calculated frame-
by-frame using the cpptraj module in AMBER v.22 and the graphical user interface
VMD!'!. Kernel Density Estimates (KDE) and all other plots were generated using the
matplotlib (https://matplotlib.org/) and seaborn (https://seaborn.pydata.org/) libraries.

5.2.4 Modelling of the glycosylated Siglec-6

The AlphaFold-predicted structure of Siglec-6 (AF-O43699-F1) was scanned using
GIcNAc Scan tool®, which identified seven putative N-glycosylation sites across the
extracellular region. The glycan 3D structures were retrieved from the GlycoShape

database and added to each predicted sequon using Re-Glyco, which optimizes the
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orientation of the attached N-glycans (GlyTouCan ID: G99129GB) to minimize steric
clashes and ensure proper linkage geometry. The glycosylated PDB output from Re-
Glyco was then used as input in CHARMM-GUI Membrane Builder to generate the
membrane system. MD simulations were performed as described in the Methods section

“MD simulations of GM1 and GM2 in complex with Siglec-6".

5.3 Results

5.3.1 Orientation and accessibility of the ganglioside epitopes in the bilayer.

We used all-atom classical MD simulations to investigate the mechanism that regulates
ganglioside recognition and binding in Siglec-6 and to determine its ligand preference.
Earlier work by our collaborators'* shows that while Siglec-6 binds GM1 in an Arg-
independent manner, it does not bind GM2 or GM3, which differ from GM1 by the lack
of the terminal Gal and Gal-B(1-3)-GalNAc, respectively, see Fig. 2.b. To verify that this
effect was not determined by a different degree of exposure of the sialic acid through the
membrane in the different gangliosides, we ran 1 us MD simulations of isolated GM1 and
GM3, as the two extremes in the monosialylated ganglioside series, in duplicates, with
one ganglioside embedded in the upper and one in the lower leaflet of the bilayer, see Fig.
2.d. The analysis of the tilt angle (0) describing the orientation of the NeuSAc along the
trajectory relative to an axis perpendicular to the plane of the bilayer, see Fig. 2.c, shows
that the NeuSAc is equally exposed in GM1 and GM3, and thus equally accessible for

recognition and binding. These results are in excellent agreement with previous work?’,
5.3.2 Structure of the Siglec-6/GM1 complex and binding mechanism.

From a representative conformer of the GM1 embedded in the membrane obtained from
the MD simulations described above, we built the 3D structure of the complex with
Siglec-6, with the canonical Argl22 involved in a salt bridge with the Neu5Ac of the
ligand. To date, no experimental 3D structure of Siglec-6 is available in public
repositories, however, the common architecture and high degree of sequence and structure
homology across Siglecs support confident structure predictions by machine learning
(ML) leveraging on existing structural data in the RCSB PDB. In this work we used the
AlphaFold (AF)*' model AF-043699-F1 of Siglec-6 deposited in the EBI-EMBL AF
protein structure database®’. , with 69% of the residues predicted with very high

confidence (pLDDT > 90) and 26% with high confidence (pLDDT > 70), see Fig. S.1.
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Structural alignment of the AF model with the high-resolution crystal structure of Siglec-
3 (PDB 7AW6 at 1.95 A), which shares 60% sequence identity with Siglec-6, results in
an RMSD value of 0.704 A calculated over backbone atoms. The Siglec-6/GM1 complex
was built by structural alignment of the membrane bound GM1 from the MD simulations
to the Neu5SAc in the sialoside analogue bound to Siglec-3 in the crystal structure (PDB
7AW6), to which the Siglec-6 was aligned. As an important note, the orientation of the
Siglec-6 was selected to complement the chosen equilibrium conformation of the GM1
ligand embedded in the membrane and no alteration to that was made to enhance structure
complementarity. Comparison between the resulting Siglec-6/GM1 complex and the
Siglec-3/sialoside-analogue complex shows that the glycan in the sialoside analogue is
rotated by approximately 180° relative to the membrane bound GM1. This suggests that
free and bound sialosides could potentially bind Siglecs in different orientations, due to
the C2V symmetry of the carboxylate group and the broad accessibility of the Siglecs

canonical binding site, discussed further in the following sections.

The Siglec-6 sequence (453 aa) carries seven N-glycosylation sequons, with only one in
the V-set domain at N103. Although we have no information on the glycosylation of
Siglec-6 from mast cells or memory B-cells, earlier work? indicates that occupancy of
these sites is low or partial in normal (non-aberrant) syncytiotrophoblasts, while it appears
to be higher in recombinant constructs (317 aa). Molecular weights of 50 kDa are reported
for Siglec-6 from normal pregnancy and preeclampsia placenta cells lysates?*, which
corresponds to a low level of N-glycosylation. In preeclampsia placental lysates,
molecular weights of up to 70 kDa are found, which suggests N-glycosylation at
potentially all seven sites of Siglec-6. Molecular weights from 57 up to 90 kDa are
reported on commercial sites for recombinant products. In the absence of more detailed
insight on the nature and occupancy of the sites, we ran simulations on two 3D models of
the Siglec-6/GM1 complex, one with a non-glycosylated Siglec-6 and the other with a
fully glycosylated Siglec-6 as a control, with all sites occupied with a biantennary mono
galactosylated complex N-glycan (GlyTouCan ID G99129GB; 1478.5 Da). Below we
focus our attention on the results obtained for the non-glycosylated system, as it
corresponds more closely to Siglec-6 expression in normal placental
syncytiotrophoblasts. The details on the structure and dynamics of the complex with the
fully N-glycosylated Siglec-6 are included in the Supplementary Material. A comparison
between the results obtained shows that N-glycosylation of Siglec-6 does not affect

binding selectivity nor the mechanism.
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After a multi-stage structure equilibration, see Methods section in the Supplementary
Material for details, the conformational dynamics of the Siglec-6/GM1 complex was
analysed with MD simulations ran with a deterministic sampling scheme. We ran a single
trajectory of 2.4 us with the non-glycosylated Siglec-6, and two uncorrelated replicas of
for 1,1 pus and 1,0 us with the N-glycosylated Siglec-6 to explore the stability of the
interactions and to monitor functionally relevant conformational changes, energetically
accessible at room temperature. The results obtained indicate that, 1) the Neu5Ac of GM1
forms a salt bridge with the canonical Argl22, and 2) this interaction is structurally and
energetically supplemented by the insertion in the membrane of the Siglec-6 V-set
domain through the Trp127 indole sidechain and through ancillary binding of the
phospholipid heads by the adjacent Lys126, see Fig. 2.a. Furthermore, the terminal Gal
of GM1 interacts with the C-C’ loop (aa 70 to 75) through hydrogen bonds with Asp70
and Glu73. In the context of this interaction network, the salt bridge between the
canonical Argl22 and the NeuS5Ac of GMI1 appears to be energetically dispensable at
room temperature. Indeed, along the MD trajectory we observe that Argl22 interrupts its
contact with Neu5Ac for significant amounts of sampling time, see Fig. 2.f and 2.g.
Population analysis shows that the salt bridge is formed only 68.5% of the total simulation
time. After these intervals, the salt bridge gets restored with no disruption of the Siglec-6
bound conformation, as shown by orientation of the Ig V-set domain relative to the
membrane, see Fig. 2.h, which is primarily stabilised by its interactions with the
membrane, supported by contacts between the C-C’ loop and the terminal Gal of GM1.
The analysis of the tilt angle in Fig 2.h shows that the orientation of the Ig V-set in the
complex with the fully glycosylated Siglec-6 is slightly more orthogonal relative to the
non-glycosylated, except when contact with GMis lost, indicated by the tail in the KDE
distribution. The results of the analysis of the degree of insertion of the Ig V-set residues
in the membrane is shown in the bar chart in Fig.2.k, where we measured the (%) of the
frames in which the centre of mass of the sidechain was below the membrane surface.
The results clearly indicate the contributions of Lys 126 and Trp127, in both glycosylated
and non-glycosylated Siglec-6 complexes. A minor contribution to binding could be
given by Tyr61, whose centre of mass is only sporadically found below the membrane
surface when the Ig V-set is in a bound conformation. Yet its sidechain inserts into the
bilayer to a larger extent when the Siglec-6 detaches from the ligand see Fig. S.2 for the

timeframe trace.
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5.3.3 The structure of the ganglioside determines Siglec-6 binding selectivity.

Earlier work by our collaborators!# shows that Siglec-6 binds GM1 selectively when
embedded in a membrane, but not GM2 or GM3. Our results show that the terminal Gal
of GM1 likely contributes to the stability of the complex through interactions with the C-
C’ loop. To test if our binding model supports the earlier experimental data and if the
interaction between the C-C’ loop and the terminal Gal is indeed critical, we built the 3D
structure of the Siglec-6/GM2 complex from a conformation selected from the
equilibrated ensemble of the Siglec-6/GM1 complex, by removing the terminal Gal of
GM1, and thus biasing the new model system towards a stable conformation. We ran two
independent MD trajectories with production runs of 1.0 ps and 0.5 ps each from
uncorrelated starting structures. Both simulations show that the absence of the terminal
Gal triggers a conformational change in the flexible C-C' loop, which can extend into the
space that was occupied by the Gal in the complex with GM1, see Fig. 2.g and 2.i. This
shift contributes to pulling the Ig V-set domain away from the membrane, lifting out of
the bilayer the embedded Trp127 and Lys126 sidechains, ultimately compromising the
stability of the complex. The change of the orientation of the Ig V-set domain in the
complex with GM2 is highlighted by the analysts of the tilt angle in Fig. 2.k. Because
GM3 is even shorter, missing the terminal Gal-B(1-3)-GalNAc relative to GM1, we

expect the same outcome.
5.3.4 Siglec-6 binding of ganglioside-enriched liposomes.

As the MD simulations predicted Lys126 and Trp127 in mediating Siglec-6-ganglioside
binding when the ganglioside is presented from a lipid bilayer, we created point K126A
and W127A mutations and stably expressed these in CHO cells. Results are shown in Fig.
3. Additionally, as we had previously demonstrated that Argl22 was not required for
Siglec-6 to engage with sialosides presented from a bilayer'4, we posited that another
positively charged residue in the V-set may compensate in the absence of Argl22. We
analysed the binding pocket of Siglec-6 and found that Lys129 is in relatively close spatial
proximity to Argl22 and hypothesized that Lys129 may be able to compensate in the
absences of Argl22. Expressions of the Siglec-6 mutants were validated by flow
cytometry to be expressed at similar levels as WT Siglec-6, see Fig. 3.a. Therefore, we
tested these Siglec-6-expressing cells for their ability to engage fluorescent liposomes
bearing a neoglycolipid that we previously optimized as a Siglec-6 ligand'***, see Fig.

3.b. In this assay, two controls were used: untransfected CHO cells and liposomes lacking
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the neoglycolipid. We observed a modest 25% reduction, which was statistically
significant, in liposome binding to R122A, K126A, and K129A Siglec-6 cells. In line
with the results from our previous study, we observed that liposome binding was only
modestly decreased (~75% of WT) upon the mutation of the canonical arginine residue
(Argl22), a feat unique to Siglec-6. The double mutant of R122A and K129A Siglec-6
showed a greater reduction in binding compared to each single mutant (~50% of WT) but
was still above background signal, suggesting that additional interactions contribute to
recognition of GM1. However, in the W127A mutant, nearly all binding to the glycolipid
liposomes was lost (~5% of WT). Moreover, a near complete loss in binding was observed
to the K126A W127A double mutant. These results demonstrate that Trp127 is the major

driving force for the recognition of glycolipids presented from a bilayer by Siglec-6.
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Figure. 3. a. Expression levels of the Siglec-6 WT and mutants obtained by flow cytometry. b.
Depiction and results of the cell assay used to assess the ability of Siglec-6 mutants to bind
glycolipid liposomes using flow cytometry. ¢. Depiction and results of the ELISA approach used
to assess the function of the W127A Siglec-6 Mutant. d. 3D structures of the Ig V-set domains of
MAG (blue cartoons; PDB 2ZG3), Siglec-6 (cyan cartoons; this work) and Siglec-11 (purple
cartoons; PDB AF AFQ96RL6F1). The residues in the membrane-facing loops that could
potentially interact with the bilayer are labelled and highlighted with sticks. e. Sequence
alignment of all human  Siglecs performed  with  Clustal  Omega(25)
(https://www.ebi.ac.uk/jdispatcher/msa/clustalo) shows that only Siglec-6 has a KW (or similar)
combination of residues on the same loop, yet a number of other Siglecs, namely 5, 8, 10, 11, 14
and 16, have a combination of one aromatic and one positively charged residues across the two
loops facing the cell membrane when binding gangliosides.
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To assess whether W127A Siglec-6 perturbs the structure of Siglec-6, we tested the ability
of W127A Siglec-6 to bind to glycolipids outside a bilayer in an ELISA, using conditions

d?%?’, see Fig. 3.c. We observed no significant difference

that we have previously optimize
in binding between WT and WI127A Siglec-6 to a neoglycolipid ligand developed
previously'* to engage Siglec-6. Moreover, none of the full length Siglec-6 mutants
showed significantly perturbed expression levels. These results strongly suggest that
W127A Siglec-6 is functional, and that the loss of binding for W127A Siglec-6 observed

in the cell assay is not due to structural changes in the protein due to the mutation.
5.3.5 Siglec-6 binding to GM1-3 as free oligosaccharides.

The characterisation of the recognition and binding mechanism of gangliosides by Siglec-
6 was extended to include native MS (nMS) binding assays with GM1, GM2, and GM3
as free oligosaccharides, i.e. GM10s, GM20s and GM2o0s. Results from the Concentration
Independent (COIN)-Catch-and-Release (CaR)-nMS assay(28) are shown in Fig. 4.a for
Siglec-6 WT and for the W127A mutant, and in Fig. 4.b for the R122A mutant. Unlike
the case of the membrane-linked gangliosides, Siglec-6 binds the monosialylated
gangliosides GM1-30s with similarly low affinity. Binding of the free oligosaccharides is
largely unaffected by the mutation of Trpl127 (W127A), further suggesting that this
mutation does not significantly perturb the structure of Siglec-6 unlike binding to
glycolipids in a membrane. Binding is significantly weakened by the loss of the canonical
Argl22. Taken together these results suggest that, unlike the case of membrane-linked
gangliosides, binding of GM1-30s occurs primarily through the canonical Argl22. As an
interesting point, the complex of CD33 with a sialoside analogue (PDB 7AW6), shows
an alternative conformational arrangement of the glycan epitope relative to the
conformation required for a membrane-bound ganglioside. Indeed, in this complex the
reducing end (GMl-equivalent) Gal-B(1-4)-[2-aminoethyl]-Glc moiety is directed
towards the C-C’ loop of CD33, rather than in the opposite direction, see Fig. 4.h.
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Figure 4. a. Binding affinities (Kd, mM) of the ganglioside oligosaccharides GM10s, GM2o0s and GM3os for Siglec-
6 (Fc) WT (light blue bars) and W127A mutant (orange bars) measured in aqueous ammonium acetate (200 mM, pH
6.8, 25 °C) by COIN-CaR-nMS. Bar plots with seaborn (https://seaborn.pydata.org/). b. Binding affinities (Kd, mM)
of'the ganglioside oligosaccharides GM10s, GM2o0s and GM3os for Siglec-6 (Fc) R122A mutant (green bars) measured
in aqueous ammonium acetate (200 mM, pH 6.8, 25 °C) by COIN-nMS. ¢ — g IMS-CaR-nMS measurements performed
in negative ion mode for 0.8 uM Siglec 6 (Fc) WT with 5 uM 10% GM1/DMPC ND in 200 mM aqueous ammonium
acetate solution (pH 7.4). c¢. IMS heat map (m/z versus IMS drift time ) and d. corresponding full mass spectrum
extracted from IMS heat map using Driftscope. e. IMS heat map and f. corresponding extracted CID mass spectrum
showing (glyco)lipid ions released from Siglec-6; ions with m/z 7,000+100 were isolated by quadrupole (isolation
window highlighted in yellow in e, followed by IMS and CID; a collision energy of 100 V was applied in the Transfer
region. g. IMS-CaR-nMS measurements for Siglec-6 (Fc) mutants (each at 0.8 uM) and 10% GM1/DMPC ND (5 uM)
in 200 mM aqueous ammonium acetate solutions (pH 7.4); CID mass spectra (extracted form IMS heat maps) showing
(glyco)lipid ions released from (top) Siglec-6 R122A and (bottom) Siglec-6 W127A. h. 3D structure of the V-set
domain of CD33 in complex with a sialoside analogue (PDB 7AW6). The protein is rendered in cyan as a surface,
while the sialoside is rendered with sticks with C atoms in cyan, O in red and N in blue. SNFG symbols of the sialoside
(left) and of the GM1 (right) are shown to indicate the position of the glucose at the reducing end.
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5.3.6 Siglec-6 binding to GM1-enriched lipid nanodiscs.

We used Catch-and-Release nMS performed with Ion Mobility Separation (IMS-CaR-
nMS) to assess the ability of Siglec-6 to bind phospholipids in addition to gangliosides.
To this end, we performed experiments with Siglec-6-FcWT, and R122A and W127A
mutants with a GM1 nanodisc (ND) prepared with 10% GM1 and DMPC. Shown in Fig.
4.c and 4.d are: representative IMS heat maps (m/z versus IMS drift time tD) and mass
spectrum measured in negative ion mode for 0.8 uM Siglec 6 WT and 5 uM 10%
GM1/DMPC ND (corresponding to 100 uM GM1 and ~900 uM DMPC), respectively.
Both Siglec-6 and ND appeared as broad peaks and centred at m/z 7,000 (tD = 12.5 to
19.0 ms) and 9,500 (tD = 22 to 32 ms), respectively. Due to the broad m/z distributions
of both Siglec-6 and ND, the free and lipid-bound Siglec-6 ions and those of the ND
presumably overlapped in the mass spectrum. To address this potential issue, we used
quadrupole isolation (m/z 7,000 + 100) along with IMS to separate the Siglec-6 (and
Siglec-6—lipid complexes) ions from the ND ions. Collision-induced dissociation (CID)
was performed in the Transfer region (100 V collision energy) to release lipid ions
exclusively bound to the protein. The IMS heat map of the IMS-CaR-nMS assay and the
CID mass spectrum are shown in Fig. 4.e and 4.f, respectively. The CID shows the release
of deprotonated GMI1 ions, with deprotonated DMPC 1ons also detected at lower
abundance. Taken together the IMS-CaR-nMS results support the binding of Siglec-6 WT
to both GM1 and to phospholipids. We performed analogous binding assays on the
Siglec-6 R122A and W127A mutants with GM1/DMPC ND. The CID mass spectra
extracted from IMS are shown in Fig. 4.g. The results indicate that the Siglec-6 R122A
mutant binds phospholipids analogously as the WT, meanwhile Siglec-6 W127A
produces no detectable lipid ions, which confirms that the loss of Trp 127 compromises

lipid binding.
5.3.7 Siglec-6 binds liposomes and nanodisks devoid of GM1.

As the MD simulations and the mutagenesis studies demonstrated, Trp127 interacts with
the bilayer and is critical for the binding of membrane-bound glycolipids by Siglec-6.
Therefore, we hypothesized that there is direct binding between the naked liposomes and
Siglec-6 and used the cell-based assay to assess if this was the case. Indeed, WT Siglec-
6+ cells showed significantly higher binding to naked liposomes compared to Siglec-6-
CHO cells, see Fig. 5.a. Moreover, the binding of naked liposomes was greatly decreased

(~5-fold) to W127A Siglec-6 CHO cells. In line with the results from Fig. 3.b, naked
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liposome binding was not reduced to background levels with W127A Siglec-6, suggesting
that while Trp127 is the major contributor to the bilayer binding, other residues such as
K126A also support the interaction. In support of the results obtained on naked liposomes,
we also performed IMS-CaR-nMS measurements to test lipid binding of Siglec-6 WT
and mutants on ‘empty’ DMPC ND (5 uM), see Fig. S.b. The CID mass spectra show
that Siglec-6 WT binds phospholipids and that the R122A mutant retains lipid-binding.
Results obtained for the Siglec-6 W127A mutant demonstrate that the loss of Trp127

compromises the interaction with the bilayer.
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Figure 5 a. Binding of naked liposomes (liposomes that lack a ligand) to WT, W127A and Siglec-6- CHO cells using
the cell assay. b) IMS-CaR-nMS measurements for Siglec 6 (Fc) WT and mutants (each at 0.8 pM) with DMPC ND
(5 uM) in 200 mM aqueous ammonium acetate solutions (pH 7.4); b. CID mass spectra (extracted form IMS heat maps)
showing lipid ions released from (top) Siglec 6 WT, (middle) Siglec 6 R122A and (bottom) Siglec 6 W127A.

5.4 Discussion

Characterising glycan-binding specificity across human Siglecs is a difficult task,
hindered by their weak binding affinity, potential promiscuity, and structural plasticity
facilitating both cis and trans ligand interactions. Identifying the molecular determinants
regulating their glycan preference is even more complex, as it requires gathering
statistically reproducible, atomistic-level information on the structure and dynamics of
the Siglecs, integrated within a sufficiently detailed 3D model of their own biological
environment. In this study, we show how all-atom classical MD simulations were used to
guide experiments towards the characterisation of the unique binding mechanism and
glycan-specificity of human Siglec-6, an inhibitory receptor expressed in mast cells,

memory B-cells and, unique to humans, placental syncytiotrophoblasts.
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Our results show that Siglec-6 evolved the ability of recognising and binding
monosialylated gangliosides not only by engaging the glycan epitope poking out of the
bilayer, but also by supplementing its binding affinity through interactions with the
surrounding phospholipids. As suggested by MD simulations and supported by liposome
and ND binding assays, the interactions between the Siglec-6 and the cell membrane
hinge on the insertion of Trp127 into the bilayer, assisted by the adjacent Lys126, which
interacts with the phospholipid heads. Different examples of proteins anchoring
phospholipid bilayers through exposed aromatic and charged amino acids have been
described within various biological contexts, e.g. where such interactions are instrumental

30-33

for the orientation of transmembrane proteins within the bilayer, as well as for the

3436 and for the binding of

interaction of proteins and peptides with the membrane
membrane-embedded ligands*>~*7-*. To our knowledge, this is the first instance in which
binding to the cell membrane has been characterised as a key step in the ligand-

recognition of a carbohydrate-binding protein.

Further to this, we find that the structure of the ganglioside epitope is a determinant for
Siglec-6 recognition and binding, with GM1 being the only monosialylated lipid-linked
ganglioside recognised within a phospholipid bilayer. As in other Siglecs', Siglec-6
binding specificity is controlled by the C-C’ loop, which interacts with the terminal Gal
in GMI1. GM2 and GM3 Ilack this terminal Gal and Gal-B(1-3)-GalNAc motif,
respectively. In a model of the Siglec-6/GM2 complex that we studied by two
independent MD simulations, we see that the C-C’ loop is conformationally dynamic,
enabled by the absence of the terminal Gal, triggers the disruption of the contact with the
membrane and ultimately promoting the dissociation of the complex. Mutagenesis and
binding assays on GM1-enriched liposomes and ND confirm that bilayer interactions
mediated by Siglec-6 requires Trp127, with the support of the adjacent Lys126. As
demonstrated through binding assays on ‘empty’ liposomes and ND, the interaction with
the bilayer persists even in the absence of gangliosides. These results inform an
interesting hypothesis about the ganglioside recognition strategy, whereby Siglec-6 scans
the cell membrane surface through low affinity interactions with lipids, in search for
higher affinity and specificity binding epitopes, such as GM1. The MD simulations of
isolated GM1 and GM3 gangliosides in a model bilayer suggest that such a strategy may
be the most efficient process. Indeed, while we measured that the sialic acid in both GM1
and GM3 remains accessible through the lipids, the size of the exposed epitope is rather

small, making it unlikely to be able to engage the Siglec-6 V-set unless in very close
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proximity. To this end, the evolutionary advantage of developing a mechanism that hinges
on membrane interaction could rest in enhancing Siglec-6 selectivity for GM1, namely
turning a sialic acid-binding lectin into a high-specificity molecular precision tool. The
study of how such sophisticated scanning mechanism impacts epitope recognition and
binding at the molecular level of detail would be very interesting, yet we believe to be
beyond the scope of this work, and it may require the use of a coarse-grained MD

approach, ideally in combination with super-resolution microscopy*’%.

Siglec-6 binding has been shown to be independent of the canonical Arg'*, while MAG
and Siglec-11 have been also reported to share such feature!”. In agreement, our MD
simulations show that the interaction between Siglec-6 and GMI1 is only partially
supported by the salt bridge between Argl22 and the Neu5Ac, with binding assays and
mutagenesis in this and in earlier work'* showing a reduction of the binding affinity in
the R122A mutant. Sequence alignment shows that the KW motif implicated in the
membrane interaction is a unique feature of Siglec-6, see Fig. 3.e. Yet, structural analysis
supported by the insight we gathered from the MD simulations, show that contacts with
the membrane could potentially involve two loops, see Fig. 3.d. Other Siglecs, namely 5,
8, 10, 11, 14, and 16, carry at least one aromatic and one positively charged residue (at
physiological pH) on either loop. Although we cannot exclude that membrane interactions
may occur in other Siglecs through this alternative ‘two-loop’ strategy, our collaborators
showed through MD simulations that Siglec-10, which has a particularly extensive
combination of ‘ideal’ membrane-binding residues across the two loops, namely Arg47
and Trp50 on one, and Argl22 and Tyr125 on the other, see Fig. 3.e, does not engage
with the lipids in the bilayer*°. This is not an entirely surprising result, as Siglec-10 does
not need to bind the cell membrane because its binding specificity is for polysialylated
epitopes in glycoproteins or on secreted glycans*®**. Siglec-11 does not need to bind the
membrane either, as it does not bind gangliosides'* but a(2-8) polysialic acids, which
have a rigid architecture and terminate the arms of N-glycans**. Earlier work'* indicates
that MAG binds GM1 only weakly, but not GM2/3, and that it has a higher affinity of
polysialylated gangliosides; this interaction appears to be dependent on its canonical
Argl18. Ultimately, membrane binding appears, thus far, to be a feature unique to Siglec-
6. Yet, the broad accessibility of the binding site in the terminal V-set domain and the
conservation of the salt-bridging canonical Arg, indicates that Siglecs are able to bind
free sialosides within a varying range of low binding affinities. Indeed, contrary to the

case of membrane-bound gangliosides, here we have shown through nMS binding assays
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that Siglec-6 binds GM1-3 as free oligosaccharides (GM1-30s) with similarly low binding
affinities with a mechanism that is entirely dependent on the canonical Arg122. Based on
the crystal structure of the highly homologous Siglec-3 in complex with a sialoside
analogue (PDB 7AW6), the relative orientation of the bound glycan epitope could also

change to complement different (less constrained) environmental conditions.

5.5 Conclusions

In this work we show through a combination of computational and experimental methods
how the recognition and binding of membrane-bound gangliosides by Siglec-6 hinges on
its interaction with the cell membrane. The insertion of a Trp127 indole sidechain within
the bilayer, assisted by the electrostatic interaction between Lys126 and the phospholipid
heads, complements the ligand binding energetics, making the canonical Argl22
dispensable. Furthermore, the interaction with the membrane persists in the absence of
the ligands, suggesting its involvement in recognition. These results corroborate a unique
and distinctive binding mechanism adopted by Siglec-6, supporting the evolution of many
different human Siglecs as molecular precision tools for the recognition of specific
sialosides in their distinct biological environment. Further studies in this area are currently

in progress.
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Chapter 6. Effect of bisection on the structure, dynamics, maturation
and recognition of N-glycans

S. D’Andrea*, A Satheesan*, E. Patterson, CA. Fogarty, A. Maggioni, M. von
Itzstein, D. Kolarich and E.Fadda. Effect of bisection on the 3D structure and
recognition of N-glycans during maturation: Does MGAT3 introduce a stop codon?
(in preparation)

* These authors contributed equally to the work

6.1 Introduction

N-glycosylation is a co- and post-translational modification that takes place as nascent
polypeptides enter and progress through the secretory pathway. In the endoplasmic
reticulum (ER), a pre-assembled (Glc)sManoGlcNAc; oligosaccharide is transferred from
a dolichol pyrophosphate (Dol-PP) lipid donor onto selected asparagine residues within
Asn-X(any aa but Pro)-Ser/Thr sequons, and more rarely within non-canonical Asn-X-
C/V motifs'3. These immature N-glycans participate in protein folding, quality control,
and complex assembly in the ER, while subsequent processing in the Golgi apparatus
generates mature glycoforms that support appropriate trafficking, surface expression, and
secretion®, The remodeling of N-glycans is driven by the combined action of
glycosidases and glycosyltransferases that trim oligomannose structures and then

elaborate the conserved pentasaccharide core into hybrid and complex architectures.

Because N-glycosylation is not directly encoded by a nucleic-acid template, the N-glycan
repertoire on any given glycoprotein is inherently heterogeneous. The distribution of
structures depends on cell type and tissue®, on the expression and localisation of
branching and capping enzymes’®, and on the local accessibility of each glycosylation site
on the protein surface. As glycoproteins move along the secretory pathway, N-glycans at
solvent-exposed sites are more likely to undergo extensive processing, whereas sterically
shielded sites tend to retain oligomannose or less elaborated forms. The resulting
microheterogeneity is therefore both regulated and stochastic’, and encodes functionally

important information in a cell-type-specific manner®!°.

77


https://paperpile.com/c/ciyrsW/V8ug+n80q+cPZS
https://paperpile.com/c/ciyrsW/GWu7+GilW
https://paperpile.com/c/ciyrsW/7VLo
https://paperpile.com/c/ciyrsW/3slS
https://paperpile.com/c/ciyrsW/kOvp
https://paperpile.com/c/ciyrsW/SgX5
https://paperpile.com/c/ciyrsW/kOvp+MHsq

Complex N-glycans are the most elaborated products of this pathway. In mammalian cells
they arise from a common MansGIcNAc, intermediate, in which N-
acetylglucosaminyltransferase I (GIcNAc-T1, MGAT1) introduces a B2-linked GlcNAc
onto the o3-linked mannose, committing the glycan to the hybrid/complex route'! (Figure
6.1). Trimming by a-mannosidases on the a6 arm, followed by the addition of a second
B2-GlcNAc by N-acetylglucosaminyltransferase II (GlcNAc-T2, MGAT2), yields the
biantennary (F)A2 scaffold. Because GIcNAc-T1 is the entry enzyme for this branch of
the pathway, its inhibition suppresses further elaboration and favours oligomannose-type
profiles’.  Higher levels of branching are introduced when  N-
acetylglucosaminyltransferase v (GIcNACc-T4, MGAT4) and N-
acetylglucosaminyltransferase V (GlcNAc-T5, MGATS) add additional GIcNAc residues
to the a3 and a6 arms, giving rise to tri- and tetra-antennary structures'?. These outer arms
are then extended and capped'! by B4-galactosyltransferase (B4Gal-T1)!, linkage- and
substrate-specific sialyltransferases such as ST3/6GalTs and ST3/6GalNAcTs'*, and by
fucosyltransferases including FUTS, which introduces core a6-fucose, as well as a3-
fucose on antennae to form Lewis X-type termini!*!°. Together, this set of reactions
generates families of multi-antennary glycans with distinct patterns of galactosylation,

sialylation, and fucosylation.

1) b4Gal-T1
? 2) SiaT
1) b4Gal-T1 GlcNAc-TS GlcNAc-T4 —>
2) SiaT (MGATS) (MGAT4) FUTS
< —_— -—
) o I w| Is A3 a
S GIcNAC-T4 GIcNAC-T5

’ (MGATA4) (MGATS) 2
b4GaI 17 7
1) GlcNAc-T1
(MGAT1) GIcNAC-T2 GIcNAC-T3

>3 substrate of
FUT8?

2) a-Man-Il (MGAT2) MGAT:
Gl ———— & —— "

VN b4Gal-T1 ; FUT8
Are Ga FUT8
(F)A2G1/2S1/2
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@.: < b TR - -. substrate for LIPTR
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Figure 6.1 Schematic representation of the possible pathways leading to the maturation of a
complex N-glycan. The biantennary A2 N-glycan is highlighted in yellow as a central node in the
maturation. The bisected A2B system obtained as a product of MGAT3 on A2 is highlighted in
cyan and tested in this work as substrates for galactosylation via b4GalT1 and for core
fucosylation via FUTS. The triantennary A3 system with two antennae on the a6 arm is
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highlighted in pink and tested for core fucosylation by FUTS. Galactosylated (F)A2G1/2 N-
glycans as potential substrates of MGAT3 are highlighted in green. Questions that remain to be
addressed are shown in red boxes, and the corresponding pathways we are attempting to clarify
are indicated by red arrows. Known pathways are shown with black arrows. Information used to
build this scheme is based on the following references(Stanley et al. 201; Schjoldager et al. 2020;
Nakano et al. 2019).

The ensemble of N-glycans displayed by a cell is therefore best viewed as part of a
broader “glycocode”!%: a collection of structural motifs that modulate cell-cell and cell—
environment communication. Within this framework, N-acetylglucosaminyltransferase
[T (GnT-III or MGAT?3) plays a special role. MGAT3 catalyses the transfer of a f4-linked
GIcNAc onto the central mannose of the conserved core, generating the so-called
bisecting GIcNAc (Figure 6.1). Although bisected N-glycans are relatively rare at the

16,17 and have been

whole-organism level, they can be strongly enriched in specific tissues
linked to diverse pathological conditions!®, including cancer progression'?. This restricted
distribution, together with their association with disease?’, has led to the idea that
bisection may act as a regulatory stop codon within the glycocode, dampening signalling
processes that typically rely on highly branched, heavily functionalised multi-antennary
glycans®. Biochemical and genetic studies suggest that MGAT3 acts after GIcNAc-T1 on
the a3 arm but before the main branching enzymes GlcNAc-T2, -T4, and -T5'7. As a
consequence, hybrid and biantennary substrates are thought to be the primary acceptors
for bisection (Figure 6.1). In some contexts, such as IgG or tumour-associated glycans,
bisected structures can still carry extended and sialylated a3 and a6 antennae, but more
commonly bisection correlates with reduced arm elongation and branching?' and with
diminished core fucosylation, likely via interference with FUTS8 binding and catalysis??.
A decrease in galectin binding at the cell surface* further supports the view that bisection
limits the formation or persistence of outer-arm motifs that participate in lectin-mediated
signalling networks. Despite this, the detailed structural and biosynthetic consequences
of introducing a bisecting GIcNAc, and the precise substrate preferences of MGAT3,
remain only partially understood. One major difficulty is analytical: bisected and
triantennary N-glycans are isobaric, so distinguishing between them often requires lectin

enrichment, GC-MS, or multi-stage mass spectrometry.

In this chapter, I use extensive all-atom molecular dynamics simulations, combined with
multiple independent replicas, to clarify how the bisecting GIcNAc reshapes N-glycan
architecture and influences recognition by human B4Gal-T1 and FUTS. I compare

bisected N-glycans with fully functionalised triantennary glycans, in which two antennae
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occupy the a6 arm, as well as with biantennary reference structures characterised
previously. This allows me to pinpoint the steps in the maturation pathway at which
bisection is most likely to interfere with antenna elongation and capping. In collaboration
with Prof. Daniel Kolarich and Dr. Andrea Maggioni in Prof. Mark von Itzstein’s group
at the Institute for Glycomics, Griffith University, the binding of a soluble MGAT?3
construct to mature complex N-glycans is also being characterised experimentally.
Together, these computational and experimental approaches aim to define when and how
bisection is introduced into fucosylated, galactosylated, and sialylated N-glycans, features
that are common in IgG, and to elucidate the biosynthetic routes that give rise to these

more elaborated, yet comparatively less abundant, multi-antennary structures.

6.2 Computational Methods

The starting structures of the bisected and triantennary N-glycans were generated using

the carbohydrate builder tool on GLYCAM-WEB?(https:/glycam.org/). For each N-

glycan, 9 structures were obtained using different combinations of a(1-6) torsion angles.
The topology files for each structure were generated using the t/eap program included in
the AMBER18%* software package. The carbohydrate atoms were represented using the
GLYCAMO6j-1 version of the GLYCAMO6 force field*, while the counterions in the
simulations were represented using the AMBER ffl14SB?°. Water molecules were
represented using the TIP3P water model. The MD simulations of the N-glycan structures
were run at 200 mM NaCl. All simulations were run following an identical protocol,
starting with an energy minimisation stage through 500,000 steps of steepest descent.
During minimisation, the positions of all heavy atoms were restrained with a potential
weight of 5 kcal mol'A except for water molecules and counterions. Following
minimisation, the system was brought up to standard temperature through a heating phase
in the NVT ensemble using a Langevin thermostat. This heating phase was completed in
two stages of 500 ps each. During the first stage, the temperature was raised from 0 to
100 K, with the volume held constant; during the second stage, from 100 to 300 K, with
the pressure held constant. The system was then equilibrated for 1 ns in the NPT ensemble
at a 1 atm pressure with the Berendsen barostat. The same restraints used for the
minimisation stage were kept for these equilibrations. Conformational equilibration was
carried out for 10 ns without restraints. The production phase followed, and analysis was

carried out on the 500 ns trajectories for each starting structure. The torsion angles and
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RMSD values were calculated using VMD?’. A density-based clustering method,
DBSCAN, was used to identify the conformations occupied by each N-glycan, based on
torsion angles calculated from all trajectories for that N-glycan. The most populated
structures of A2B and A3 were structurally aligned with the B4GalT1 structure co-
crystallised with the tetrasaccharide from lacto-N-neohexose, PDB 4EE4?%. To generate
the fit, the terminal f2-GIcNAc of arms A2B and A3 were superimposed onto the terminal
B6-GIcNAc of the co-crystallised Lacto-N-neohexose. To assess the potential recognition
of the bisected and triantennary N-glycans by the FUT8 using as a template the protein
co-crystallised with a biantennary structure PDB 6VLD. In this case, the A2B and A3
glycans structures were superimposed onto the biantennary structure, using the shared
chitobiose core for alignment. All structural alignments were performed with PyMOL

(www.pymol.org). All non-clashing complexes obtained by aligning A2B and A3 with

b4GalT1 and FUT8 were tested for stability using MD, with simulations run using the
same protocol described above for the free glycans. We used the AMBER ff14SB force
field to represent protein atoms. While I ran the simulations of the FUTS system, my
colleague, Dr Akash Satheesan, worked on the simulations of the B4GalT1 systems.

Production runs for each N-glycan-protein complex were run up to 1 ps.

6.3 Results

6.3.1 Biantennary N-glycans

Previous work from our group30 used extensive molecular dynamics simulations to show
that biantennary N-glycans do not share a single preferred conformation, but instead
display sequence-dependent three-dimensional preferences. In that study, the biantennary
(F)A2 glycan, in which both antennae terminate in B2-linked GlcNAc and which I treat
here as a key branching scaffold for complex N-glycan maturation, was found to be
comparatively rigid. Most of its residual flexibility is concentrated in the a6 arm, which
interconverts between two main conformational states30. These states were described as
open and closed, with the open state characterised by (¢ = 70°, y = 180°) and the closed
state by (¢ = 70°, y = 80°); in both cases the o torsion is sampled predominantly around
50° (Harbison et al., 2019). In the open state, the a6 arm extends away from the chitobiose
core and is readily accessible to glycosyltransferases for further elaboration, whereas in
the closed state it folds back towards the core, stacking against the chitobiose disaccharide

and, when present, contacting the core fucose. For the (F)A2 scaffold, the two states are
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populated to a similar extent, with the open conformation only slightly favoured over the

closed one (about 55% versus 45% over the simulation time). Adding galactose to the a6

arm, to form (F)A2G or (F)A2Gs, shifts this equilibrium so that the closed state becomes

dominant (~75% population), and terminal capping with sialic acid further enhances the

preference for the closed conformer™.

6.3.2 Bisected and triantennary N-glycans

The trajectories of the bisected (A2B) and triantennary (A3) N-glycans from MD

simulations were analysed using VMD, and the torsion angles associated with their

linkages were clustered using DBSCAN. The populations of the different torsion angles

for the a6 arm in the A2B system, as well as the torsional values for both the a6 arm and

the B6 torsion angles of the third branch in the A3 system, are reported in Table 4.1.

A2B

Cluster 1

Cluster 2

Cluster 3

Cluster 4

GlcNAc-p2-Man-

71.8(9.4) /167.9(9.3)/
54(9.4)/72

74.2(13.1)/82.6(15.2)/
144(6.8)/28

Gal-B4-GlcNAc-B2-Man-

80.3(14.7)/89.2(14.2)/
46(7.1)/50

71.9(8.6)/167.1(9.2)/
54.6(8.9)/41

73.7(6.2)/65.9(7.0)/
166.2(5.6)/9

Sia-a3-Gal-p4-GlcNAc-
[2-Man-

77.6(15.1)/85.6(15.0)/
15.2(7.6)/70

71.6(8.3)/167.0(8.7)/
54.4(8.6)/30

A3

GlcNAc-p2-[GlcNAc-
6]-Man-06-Man

70.0(9.0)/-172.0(12.9)
55.2(9.5)/49

72.3(11.0)/89.3(13.9)/
48.5(9.1)/44

77.7(4.9)/-73.9(6.0)/
L139.0(6.1)/4

62.4(5.2)/-177.0(5.9)
179.0(5.1)/3

Sia-06-Gal-p4-GlcNAc-
[32-[Sia-06-Gal-B4-
GlcNAc-p6]-Man-a6-
Man

73.3(11.9)/89.3(16.9)/
18.3(11.0)/47

68.3(9.51)/-175(13.8)/
53.3(10.2)/36

68.3(11.6)/61.6(11.5)/
170(8.28)/12

00(6.26)/-48.1(7.68)/-
145(6.93)/3

Sia-a3-Gal-pf4-GlcNAc-
2-[Sia-03-Gal-B4-
GIcNAc-f6]- Man-06-
Man

71.9(12.1)/87.2(16.6)/
U8.3(9.5)/46

69.4(8.2)/-173(12.2)/
54.5(8.6)/23

67.8(6.32)/-166(10.7)/
165.2(8.7)/15

78(12.1)/-67.9(8.5)/
L143.0(8.4)/15

GlcNAc-f6-Man-

178.7(12.6)/-
178.8(18.7)/52

175.0(10.3)/-170.6(15
9)/-168.0(11.0)/42
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Gal-p4-GlcNAc-B6-Man-

|81.2(11.6)/171.4(14.4
)/53.1(8.9)/56

174.68(9.35)/-173.15(
15.08)/-168.72(9.82)/
32

172.23(8.21)/-85.42(9.77
)/-157.94(9.14)/12

Sia-06-Gal-f4-GlcNAc-
[6-Man-

71.0(9.4)/-163.8(10.8
)/53.1(9.9)/68

66.9(6.5)/-145.5(9.6)
-161.3(7.3)/17

68.8(6.5)/175.3(8.6)/-
169.2(6.9)/15

Sia-a3-Gal-pf4-GlcNAc-

74.0(10.2)/-174.7(17.

70(8.4)/-87.6(10.6)/-

176.3(9.3)/-179.2(18.6)/5

187.9(7.1)/-84.0(7.26)

[36-Man-

0)/-166.8(12.4)/49  [161.9(10.5)24 4.4(8.8)/19 -88.1(8.0)/5

Table 4.1. Conformations of the a6 arm and relative populations obtained from clustering
analysis of the MD results in function of the N-glycan architecture, namely bisected (A2B) or
triantennary (A3), and sequence. The values of the f6 torsion angle in the A3 system, regulating
the orientation of the third branch, are also shown. For each cluster, the values (in degrees) of the
torsion angles @ (O1C10xCx)(sd)/yv (C10xCxCx+1)/w (O6C6C5C4) correspond to the median
calculated for each cluster with standard deviations shown in parenthesis and relative populations
(%) in red. The a6 arm sequences are represented according to the SNFG convention
(Neelamegham et al. 2019).

6.3.3 Effect of bisection on the N-glycan architecture

Introducing a bisecting GIcNAc leaves the geometry of the conserved N-glycan core
and the conformational preferences of the a3 arm essentially unchanged when compared
with the corresponding biantennary reference. Its main effect is instead on the behaviour
of the a6 arm (Table 4.1). For the A2B glycan, in which both antennae terminate in [32-
linked GIcNAc, the a6 arm samples two dominant conformational states, hereafter
referred to as open and closed. The open basin (¢ = 71.8°, y = 167.9°, ® = 54.5°)
corresponds to an extended a6 arm, whereas the closed basin (¢ = 74.2°, y = 82.6°, ® =
44.0°) brings the arm back towards the core (Figure 4.2). Compared with the (F)A2
scaffold, adding the bisecting GIcNAc redistributes the a6 conformational ensemble,
increasing the population of the open state to ~72% over the course of the MD
simulations. When both antennae are further elongated by introducing terminal
galactose, the balance between the two states becomes more even, with the open and
closed conformations accounting for 41% and 50% of the ensemble, respectively.
Subsequent capping with sialic acid again biases the system, this time towards the

closed conformation, whose population rises to ~70%.
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Figure 6.2. Representative structure of the “open” (left) and “closed” (right) conformation of the
a6 arm in the bisected A2B N-glycan. Graphical rendering with VMD (Humphrey et al. 1996)
(https://www ks.uiuc.edu/Research/vmd/).

6.3.4 Effect of the third antenna on the N-glycan architecture

Compared with the corresponding biantennary and bisected glycans, triantennary
structures display greater mobility of the a(1-6) arm and therefore explore a broader
conformational space. For triantennary N-glycans in which all three antennae terminate
in B(1-2)-linked GlcNAc, the a(1-6) arm populates four main conformational basins
(Table 4.1). The open basin, centred around (¢ = 70.0°, v = —-172.0°, @ = 55.2°), is the
most populated, accounting for 49% of the ensemble, followed closely by the front-fold
basin at 44% (¢ = 72.3°, y = 89.3°, ® = 48.5°). Two additional states are sampled less
frequently: a back-fold conformation (¢ = 77.7°, y = -73.9°, ® = —139.0°) with a
population of 4%, and a second, more extended open-like basin (¢ = 64.5°, y =—-177.0°,
o = 179.0°) that represents 3% of the conformational ensemble. Elongation of the a(1-6)
arm with terminal galactose only modestly perturbs this distribution. The open basin
remains the most populated (46%), and the front-fold conformation remains the second
most frequent (37%), while the back-fold and open-like basins increase slightly to 10%
and 6%, respectively. A more pronounced redistribution occurs upon capping with sialic

acid. For a(2-6)-linked and a(2-3)-linked sialylation, the front-fold conformation
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becomes the dominant state (47% and 46%, respectively), whereas the population of the
open basin decreases to 36% for a(2—6) and 23% for a(2-3) sialylation. The remaining
conformational states persist but remain comparatively low in population. The B(1-6)-
linked GIcNAc branching from the oa(l1-6) arm also exhibits several recurring
conformational preferences. One of these, which we describe as a “claw-like”
arrangement, is characterised by the PB(1-6)-linked GIcNAc facing the B(1-2)-linked
GlcNAc on the same arm. In the triantennary system with B(1-2)-GlcNAc-terminated
antennae, this claw-like state dominates the ensemble, with an occupancy of 52% (¢ = —
78.7°, w =—178.8°, ® = 52.7°). A second, nearly as frequent conformation (42%; ¢ = —
75.0°, v =-170.6°, ® =—168.0°) reorients the B(1-6)-linked GlcNAc towards the a(1-3)
arm, while a third, less populated basin (6%; ¢ = —81.0°, y = —89.0°, ® = —160.5°)
positions the B(1-6) arm behind the a(1-2)-linked GlcNAc. Adding P(1-4)-linked
galactose to this branch does not radically reorganise the conformational preferences. The
claw-like state remains the most populated (56%; ¢ = —81.2°, y = 171.4°, @ = 53.1°),
followed by the a(1-3)-oriented conformation at 32% (¢ = -74.7°, y = -173.2°, ® = —
168.7°), while the third basin, in which the f(1-6)-linked GlcNAc lies behind the o(1-2)-
linked GIcNAc, accounts for 12% (¢ =—72.2°, y = —-85.4°, ® =—157.9°). Terminal a(2—
6) sialylation slightly enhances the preference for the claw-like arrangement, which
increases to 68% (¢ = —71.0°, y = —-163.8°, ® = 53.1°). In contrast, a(2—3) sialylation
shifts the equilibrium towards conformations in which the f(1-6)-linked GIcNAc points
towards or behind the a(1-3) arm. Under these conditions, the a(1-3)-oriented state
becomes the most populated (49%; ¢ = —74.0°, vy = —-174.7°, ® = —166.8°), the
conformation with the P(1-6)-linked GlcNAc positioned behind the a(1-3)-linked
GlcNAc increases to 24% (¢ = —-70.0°, y = -87.6°, ® =—-161.9°), and the claw-like state
drops to 19% (¢ =—-76.3°, y =—179.2°, o = 54.4°).

6.3.5. Assessing recognition of A2B and A3 by FUT8

FUT8 (EC 2.4.1.68) is the Golgi al,6-fucosyltransferase that catalyses the transfer of
fucose from GDP-B-L-fucose to the innermost N-acetylglucosamine of complex and
hybrid N-glycans, a reaction commonly referred to as core fucosylation. The enzyme
operates as a homodimer, stabilised by a four-helix bundle formed by its N-terminal
coiled-coil domains. This dimeric arrangement is essential to maintain the correct
architecture of the SH3 domain, which engages the acceptor glycan and contributes to
specific substrate recognition’!. To investigate how a bisecting GlcNAc influences FUTS8
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recognition, I used the crystal structure PDB 6LVD, which provides the FUT8 dimer at
2.28 A resolution in complex with GDP and an asialo-agalacto biantennary glycopeptide
(A2SGP) acceptor substrate. Starting from this complex, I modelled FUT8 bound to the
most populated A2B and A3 conformers identified in the MD simulations. The co-
crystallised A2SGP glycopeptide served as a template: A2B and A3 were aligned to the
FUTS active site by superimposing their shared chitobiose core, ensuring a consistent
placement of the N-glycan portion within the binding pocket. For A2B, the resulting
structural overlays show that the bisecting GIcNAc creates steric clashes that prevent full
accommodation of the glycan in the active site and thus are incompatible with productive

recognition by FUTS (Figure 6.3).

Figure 6.3.a. Crystal structure of FUT8 co-crystallized with A2SGP. FUTS is rendered as surface
(cyan) and the co-crystallized A2SGP is shown as sticks in orange). b. Close-up of the acceptor
site: the crystallographic A2SGP (orange sticks) is overlaid with the bisecting N-glycan
conformations sampled in MD (light-blue sticks), highlighting their steric incompatibility within
FUTS. Renderings generated using PyMOL (www.pymol.org)

When the open A3 conformer was superposed onto the co-crystallised A2SGP in FUTS,
the resulting model produced a plausible enzyme—substrate complex. I then subjected this
complex to 1 ps of all-atom MD simulations to assess its stability (Figure 6.4).
Throughout the trajectory, the A3 glycan remained stably accommodated in the FUTS
binding pocket, supported by persistent contacts with residues H505, R545, Y498, and
D495 (Figure 6.4). The glycan backbone fluctuated around a mean RMSD of 4.57 A with
a standard deviation of 0.75 A, indicating a well-maintained binding mode over the course

of the simulation.
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Figure 6.4. Lefi. Structural view of the FUT8 pocket with A3 shown as sticks in green. The
interacting residues H505, R545, Y498, and D495 are labeled; the protein is shown as cartoon with
a semi-transparent surface (cyan). Right. Bar chart of interaction occupancy (%) for these residues
over the MD trajectory.

Additional analyses performed by my colleague Dr. Akash Sateesan, in which he assessed
the suitability of bisected biantennary (A2B) and triantennary (A3) N-glycans as substrates
for f4GalT1, are presented in the Appendices.

6.4 Discussion

Structural alignments and MD simulations reveal how different N-glycan architectures
(biantennary, triantennary, and bisected) modulate recognition and maturation. Previous
studies on biantennary structures showed that the a6 arm adopts a more closed
conformation with the addition of terminal galactose and sialic acid. Here, I demonstrate
that N-glycan bisection stabilises the open conformation of A2B structures, likely due to
steric hindrance from the bisecting GIcNAc, which limits the a6 arm's rotational freedom
and hinders its transition to a closed state. Adding terminal Gal and NeuSAc shifts the
equilibrium toward the closed state, indicating that arm elongation supports this
conformation. Introducing a third antenna on the a6 arm to form the triantennary A3
structure increases conformational complexity. The a6 arm in A3 can adopt a wider range
of states, including the 'front-fold' and 'back-fold' conformations seen in oligomannose
structures®®*2. The flexible p6 linkage of the third antenna samples a wide range of torsion

angles, increasing the conformational diversity of the glycan; this diversity is further
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enhanced when the antennae are elongated. Building on the detailed conformational
analysis of bisected and triantennary glycans in solution, I next examined whether these
structures can be recognised by the enzymes responsible for core and arm functionalisation,
FUTS8 and p4GalT1. Combining my data with that of my colleague, Akash Satheseen, we
found that A2B does not act as a substrate for either FUTS or B4GalT1: structural alignment
of the most populated MD conformers onto the co-crystallised ligands leads to steric
clashes that cannot be resolved without distorting the protein—glycan interface. This
outcome is consistent with previous work reporting that A2B is incompatible with FUTS8
and can inhibit FUTS8 activity, thereby blocking core fucosylation®*. In line with these
observations, bisection of biantennary N-glycans has been shown to generally suppress arm

elongation, which agrees with our results and prevents further galactosylation.

Although these findings explain why bisection hampers recognition of A2B by FUT8 and
B4GalT1, bisected biantennary N-glycans bearing core fucose and extensively elaborated
antennae are nevertheless detected in IgGs and tumour cells®*. The bisecting GlcNAc is
also present in core-fucosylated tetraantennary glycans carrying terminal SDa (Neu5Aco2-
3[GalNAcB1-4]Galf1-4GIcNAc) epitopes, as described for pregnancy-associated
glycoproteins in bovines. Together, these observations point to an alternative route for the
generation of mature bisected N-glycans, potentially involving the action of MGAT3 on
already functionalised scaffolds (see Figure 6.1). At present there are no PDB structures
available for MGATS3, and the AlphaFold model (UniProt Q09327) does not provide
sufficient structural detail for docking-based analyses. To tackle this limitation, we have
established a collaboration with Dr Maggioni and Prof Kolarich at the Institute for
Biomedicine and Glycomics, Griffith University, who have expressed a soluble human
MGATS3 construct and are currently probing its activity by mass-spectrometry-based
glycomic profiling. Our MD-based structural alignment further indicates that triantennary
A3 structures are compatible with binding to both FUT8 and f4GalT1, suggesting that they
can act as substrates for these enzymes. Previous studies have shown that knocking out

B4GalT1 activity decreases galactosylation of triantennary N-glycans®>337

, supporting the
possibility that triantennary structures could serve as substrates for B4GalT1. In the case of
FUTS, earlier studies indicate higher activity toward triantennary structures synthesised by
MGAT4, in which a B4-linked GlcNAc is added to the a3 mannose arm. However,
triantennary structures synthesised by MGATS, which have a f6-linked GlcNAc on the a6
mannose arm (the triantennary structure we tested), showed lower activity toward FUT8

than both biantennary and MGAT4-synthesised triantennary structures>®.
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6.5 Conclusions

In this work, I used MD simulations to compare the architecture and dynamics of bisected
and triantennary N-glycans with the corresponding biantennary scaffold. My results show
that introducing a bisecting GIcNAc shifts the conformational equilibrium of the glycan,
whereas adding a third antenna increases the overall conformational diversity. I then
examined how these changes influence N-glycan maturation and substrate compatibility by
using the equilibrium A2B and A3 structures in solution as putative recognition substrates
for FUT8 and B4GalT1. By combining structural alignment of the equilibrium N-glycan
structures with additional MD simulations of the viable enzyme—substrate complexes, I find
that bisection prevents A2B from being recognised by either FUTS or B4GalT1, while the
triantennary A3 glycan remains a suitable substrate for both enzymes. Together, these
findings provide a structural framework that supports and extends earlier experimental
observations, and highlight N-glycan bisection as an effective suppressor of further N-

glycan maturation.

89



References

1. Khaleque, M., Tropea, B., Singh, O., Elango, D., Liu, S., Allen, J. D, ... &
Schulz, B. L. (2025). Regulation of N-glycosylation efficiency by eukaryotic
oligosaccharyltransferase. bioRxiv, 2025-09.

2. Mohorko E, Glockshuber R, Aebi M. Oligosaccharyltransferase: the central
enzyme of N-linked protein glycosylation. J Inherit Metab Dis. 2011
Aug;34(4):869-78.

3. Wild R, Kowal J, Eyring J, Ngwa EM, Aebi M, Locher KP. Structure of the
yeast oligosaccharyltransferase complex gives insight into eukaryotic N-
glycosylation. Science. 2018 Feb 2;359(6375):545-50.

4. Schjoldager KT, Narimatsu Y, Joshi HJ, Clausen H. Global view of human
protein glycosylation pathways and functions. Nat Rev Mol Cell Biol. 2020
Dec;21(12):729-49.

5. Stanley P, Taniguchi N, Aebi M. N-Glycans. In: Varki A, Cummings RD, Esko
JD, Stanley P, Hart GW, Aebi M, et al., editors. Essentials of Glycobiology. Cold
Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 2017.

6. Taniguchi N, Kizuka Y. Glycans and cancer: role of N-glycans in cancer
biomarker, progression and metastasis, and therapeutics. Adv Cancer Res. 2015
Feb 7;126:11-51.

7. Varki A. Essentials of Glycobiology. 1999. 680 p.

8. Reily C, Stewart TJ, Renfrow MB, Novak J. Glycosylation in health and disease.
Nat Rev Nephrol. 2019 Jun;15(6):346—66.

9. Hossler P, Mulukutla BC, Hu WS. Systems analysis of N-glycan processing in
mammalian cells. PLoS One. 2007 Aug 8;2(8):e713.

10. Thaysen-Andersen M, Packer NH. Site-specific glycoproteomics
confirms that protein structure dictates formation of N-glycan type, core
fucosylation and branching. Glycobiology. 2012 Nov;22(11):1440-52.

11. Varki A, Cummings RD, Esko JD, Stanley P, Hart GW, Aebi M, et al.
Essentials of Glycobiology, Fourth Edition. 2022. 892 p.

12. Taniguchi N, Honke K, Fukuda M. Handbook of Glycosyltransferases
and Related Genes. Springer Science & Business Media; 2011. 668 p.

13. Qasba PK, Ramakrishnan B, Boeggeman E. Structure and function of
beta -1,4-galactosyltransferase. Curr Drug Targets. 2008 Apr;9(4):292-309.

14. Harduin-Lepers A, Vallejo-Ruiz V, Krzewinski-Recchi MA, Samyn-

Petit B, Julien S, Delannoy P. The human sialyltransferase family. Biochimie. 2001
Aug;83(8):727-37.

15. Mondal N, Dykstra B, Lee J, Ashline DJ, Reinhold VN, Rossi DJ, et al.
Distinct human o(1,3)-fucosyltransferases drive Lewis-X/sialyl Lewis-X assembly
in human cells. J Biol Chem. 2018 May 11;293(19):7300-14.

16. Deciphering the glycocode: the complexity and analytical challenge of
glycomics. Current Opinion in Chemical Biology. 2007 Jun 1;11(3):300-5.

17. Miwa HE, Song Y, Alvarez R, Cummings RD, Stanley P. The bisecting
GlcNAc in cell growth control and tumor progression. Glycoconj J. 2012 Dec;29(8-
9):609-18.

18. Chen Q, Tan Z, Guan F, Ren Y. The Essential Functions and Detection
of Bisecting GIcNAc in Cell Biology. Front Chem. 2020 Jul 3;8:511.

19. Link-Lenczowski P, Bubka M, Balog CIA, Koeleman CAM, Butters TD,

Wuhrer M, et al. The glycomic effect of N-acetylglucosaminyltransferase I1I
overexpression in metastatic melanoma cells. GnT-III modifies highly branched N-
glycans. Glycoconj J. 2018 Apr;35(2):217-31.

20. Nakano M, Mishra SK, Tokoro Y, Sato K, Nakajima K, Yamaguchi Y, et

90


http://paperpile.com/b/ciyrsW/n80q
http://paperpile.com/b/ciyrsW/n80q
http://paperpile.com/b/ciyrsW/n80q
http://paperpile.com/b/ciyrsW/cPZS
http://paperpile.com/b/ciyrsW/cPZS
http://paperpile.com/b/ciyrsW/cPZS
http://paperpile.com/b/ciyrsW/GWu7
http://paperpile.com/b/ciyrsW/GWu7
http://paperpile.com/b/ciyrsW/GWu7
http://paperpile.com/b/ciyrsW/GilW
http://paperpile.com/b/ciyrsW/GilW
http://paperpile.com/b/ciyrsW/GilW
http://paperpile.com/b/ciyrsW/7VLo
http://paperpile.com/b/ciyrsW/7VLo
http://paperpile.com/b/ciyrsW/7VLo
http://paperpile.com/b/ciyrsW/3slS
http://paperpile.com/b/ciyrsW/kOvp
http://paperpile.com/b/ciyrsW/kOvp
http://paperpile.com/b/ciyrsW/SgX5
http://paperpile.com/b/ciyrsW/SgX5
http://paperpile.com/b/ciyrsW/MHsq
http://paperpile.com/b/ciyrsW/MHsq
http://paperpile.com/b/ciyrsW/MHsq
http://paperpile.com/b/ciyrsW/5ZaJ
http://paperpile.com/b/ciyrsW/5ZaJ
http://paperpile.com/b/ciyrsW/6V5b
http://paperpile.com/b/ciyrsW/6V5b
http://paperpile.com/b/ciyrsW/11Hs
http://paperpile.com/b/ciyrsW/11Hs
http://paperpile.com/b/ciyrsW/uJd3
http://paperpile.com/b/ciyrsW/uJd3
http://paperpile.com/b/ciyrsW/uJd3
http://paperpile.com/b/ciyrsW/qT4i
http://paperpile.com/b/ciyrsW/qT4i
http://paperpile.com/b/ciyrsW/qT4i
http://paperpile.com/b/ciyrsW/XZxB
http://paperpile.com/b/ciyrsW/XZxB
http://paperpile.com/b/ciyrsW/QqJW
http://paperpile.com/b/ciyrsW/QqJW
http://paperpile.com/b/ciyrsW/QqJW
http://paperpile.com/b/ciyrsW/s5Uk
http://paperpile.com/b/ciyrsW/s5Uk
http://paperpile.com/b/ciyrsW/0Dhm
http://paperpile.com/b/ciyrsW/0Dhm
http://paperpile.com/b/ciyrsW/0Dhm
http://paperpile.com/b/ciyrsW/0Dhm
http://paperpile.com/b/ciyrsW/YRk7

al. Bisecting GIcNAc Is a General Suppressor of Terminal Modification of -glycan.
Mol Cell Proteomics. 2019 Oct;18(10):2044-57.

21. Kizuka Y, Taniguchi N. Enzymes for N-Glycan Branching and Their
Genetic and Nongenetic Regulation in Cancer. Biomolecules [Internet]. 2016 Apr
28;6(2). Available from: http://dx.doi.org/10.3390/biom6020025

22. Umana P, Jean—Mairet J, Moudry R, Amstutz H, Bailey JE. Engineered
glycoforms of an antineuroblastoma IgG1 with optimized antibody-dependent
cellular cytotoxic activity. Nature Biotechnology. 1999 Feb;17(2):176—80.

23. Website [Internet]. Available from:
https://doi.org/10.1101/2025.05.08.652828
24, Lee TS, Cerutti DS, Mermelstein D, Lin C, LeGrand S, Giese TJ, et al.

GPU-Accelerated Molecular Dynamics and Free Energy Methods in Amberl8:
Performance Enhancements and New Features. J] Chem Inf Model. 2018 Oct
22;58(10):2043-50.

25. Kirschner KN, Yongye AB, Tschampel SM, Gonzalez-Outeiriiio J,
Daniels CR, Foley BL, et al. GLYCAMO6: a generalizable biomolecular force
field. Carbohydrates. ] Comput Chem. 2008 Mar;29(4):622-55.

26. Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE,
Simmerling C. {ff14SB: Improving the Accuracy of Protein Side Chain and
Backbone Parameters from ff99SB. J Chem Theory Comput. 2015 Aug
11;11(8):3696-713.

27. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J
Mol Graph. 1996 Feb;14(1):33-8, 27-8.
28. Ramakrishnan B, Boeggeman E, Qasba PK. Binding of N-

acetylglucosamine (GlcNAc) B1-6-branched oligosaccharide acceptors to $4-
galactosyltransferase I reveals a new ligand binding mode. J Biol Chem. 2012 Aug
17;287(34):28666—74.

29. Jarvd MA, Lingford JP, John A, Soler NM, Scott NE, Goddard-Borger
ED. Trefoil factors share a lectin activity that defines their role in mucus. Nat
Commun. 2020 May 13;11(1):2265.

30. Harbison AM, Brosnan LP, Fenlon K, Fadda E. Sequence-to-structure
dependence of isolated IgG Fc complex biantennary N-glycans: a molecular
dynamics study. Glycobiology. 2019 Jan 1;29(1):94-103.

31. Jarvd MA, Dramicanin M, Lingford JP, Mao R, John A, Jarman KE, et
al. Structural basis of substrate recognition and catalysis by fucosyltransferase 8. J
Biol Chem. 2020 May 8;295(19):6677—88.

32. Fogarty CA, Fadda E. Oligomannose -Glycans 3D Architecture and Its
Response to the FcyRIIla Structural Landscape. J Phys Chem B. 2021 Mar
18;125(10):2607-16.

33. Bosman GP, Stoof ID, Bastiaansen HP, Quarles van Ufford L,
Dobruchowska JM, Langenbach JWH, et al. Bisecting -Acetylglucosamine of the -
Glycan of Immunoglobulin G Does Not Affect Binding to Fc Gamma Receptors.
ACS Chem Biol. 2025 Mar 21;20(3):680-9.

34, Hodoniczky J, Zheng YZ, James DC. Control of recombinant
monoclonal antibody effector functions by Fc N-glycan remodeling in vitro.
Biotechnol Prog. 2005 Nov-Dec;21(6):1644-52.

35. Bondt A, Rombouts Y, Selman MHJ, Hensbergen PJ, Reiding KR,
Hazes IMW, et al. Immunoglobulin G (IgG) Fab glycosylation analysis using a
new mass spectrometric high-throughput profiling method reveals pregnancy-
associated changes. Mol Cell Proteomics. 2014 Nov;13(11):3029-39.

36. Bydlinski N, Maresch D, Schmieder V, Klanert G, Strasser R, Borth N.
The contributions of individual galactosyltransferases to protein specific N-glycan

91


http://paperpile.com/b/ciyrsW/YRk7
http://paperpile.com/b/ciyrsW/YRk7
http://paperpile.com/b/ciyrsW/ThjX
http://paperpile.com/b/ciyrsW/ThjX
http://paperpile.com/b/ciyrsW/ThjX
http://dx.doi.org/10.3390/biom6020025
http://paperpile.com/b/ciyrsW/i7EM
http://paperpile.com/b/ciyrsW/i7EM
http://paperpile.com/b/ciyrsW/i7EM
http://paperpile.com/b/ciyrsW/1iCQ
http://paperpile.com/b/ciyrsW/1iCQ
https://doi.org/10.1101/2025.05.08.652828
http://paperpile.com/b/ciyrsW/UBGh
http://paperpile.com/b/ciyrsW/UBGh
http://paperpile.com/b/ciyrsW/UBGh
http://paperpile.com/b/ciyrsW/UBGh
http://paperpile.com/b/ciyrsW/kazU
http://paperpile.com/b/ciyrsW/kazU
http://paperpile.com/b/ciyrsW/kazU
http://paperpile.com/b/ciyrsW/raji
http://paperpile.com/b/ciyrsW/raji
http://paperpile.com/b/ciyrsW/raji
http://paperpile.com/b/ciyrsW/raji
http://paperpile.com/b/ciyrsW/s1x0X
http://paperpile.com/b/ciyrsW/s1x0X
http://paperpile.com/b/ciyrsW/6EOmy
http://paperpile.com/b/ciyrsW/6EOmy
http://paperpile.com/b/ciyrsW/6EOmy
http://paperpile.com/b/ciyrsW/6EOmy
http://paperpile.com/b/ciyrsW/BjARs
http://paperpile.com/b/ciyrsW/BjARs
http://paperpile.com/b/ciyrsW/BjARs
http://paperpile.com/b/ciyrsW/AajV
http://paperpile.com/b/ciyrsW/AajV
http://paperpile.com/b/ciyrsW/AajV
http://paperpile.com/b/ciyrsW/SKXu
http://paperpile.com/b/ciyrsW/SKXu
http://paperpile.com/b/ciyrsW/SKXu
http://paperpile.com/b/ciyrsW/9mIh7
http://paperpile.com/b/ciyrsW/9mIh7
http://paperpile.com/b/ciyrsW/9mIh7
http://paperpile.com/b/ciyrsW/KF69
http://paperpile.com/b/ciyrsW/KF69
http://paperpile.com/b/ciyrsW/KF69
http://paperpile.com/b/ciyrsW/KF69
http://paperpile.com/b/ciyrsW/B2YM
http://paperpile.com/b/ciyrsW/B2YM
http://paperpile.com/b/ciyrsW/B2YM
http://paperpile.com/b/ciyrsW/wlYS4
http://paperpile.com/b/ciyrsW/wlYS4
http://paperpile.com/b/ciyrsW/wlYS4
http://paperpile.com/b/ciyrsW/wlYS4
http://paperpile.com/b/ciyrsW/pk76D
http://paperpile.com/b/ciyrsW/pk76D

processing in Chinese Hamster Ovary cells. J Biotechnol. 2018 Sep 20;282:101-10.
37. Zhao Y, Nayak S, Raidas S, Guo L, Della Gatta G, Koppolu S, et al. In-
Depth Mass Spectrometry Analysis Reveals the Plasma Proteomic and N-
Glycoproteomic Impact of an Amish-Enriched Cardioprotective Variant in
B4GALT1. Mol Cell Proteomics. 2023 Aug;22(8):100595.

38. Tseng TH, Lin TW, Chen CY, Chen CH, Lin JL, Hsu TL, et al. Substrate
Preference and Interplay of Fucosyltransferase 8 and N-
Acetylglucosaminyltransferases. ] Am Chem Soc. 2017 Jul 19;139(28):9431-4.

92


http://paperpile.com/b/ciyrsW/pk76D
http://paperpile.com/b/ciyrsW/BrNYk
http://paperpile.com/b/ciyrsW/BrNYk
http://paperpile.com/b/ciyrsW/BrNYk
http://paperpile.com/b/ciyrsW/BrNYk
http://paperpile.com/b/ciyrsW/BulyJ
http://paperpile.com/b/ciyrsW/BulyJ
http://paperpile.com/b/ciyrsW/BulyJ

Chapter 7. My contribution to the GlycoShape Glycan 3D Structures
Database

The work in this chapter is part of the following paper:

Ives, C. M., Singh, O., D’Andrea, S., Fogarty, C. A., Harbison, A. M., Satheesan, A.,
Tropea, B., Fadda, E. (2024). Restoring protein glycosylation with GlycoShape.
Nature Methods, 21(11), 2117-2127.

7.1 Introduction

The native fold of a protein determines its biological function, regulating mechanisms
driving protein—protein and protein—ligand recognition, as well as binding and unbinding
events in operational or physiological thermodynamic conditions'. Although the precise
sequence and chemical nature of amino acids are the key determinants of correct folding,
regulating structural stability and protein dynamics, this paradigm, guided by the genetic
template, is complemented by post-translational modifications (PTMs)?>. PTMs label
proteins by covalently adding functional groups or more complex molecular entities,

guiding the system toward specific functions or biological pathways®.

Among PTMs, glycosylation is one of the most common, abundant, and mysterious. It
refers to the enzymatically controlled functionalization of biomolecules with complex
carbohydrates, or glycans. Glycosylation is an extremely flexible biological strategy,
allowing structural and sequence variations "on the fly" that reflect environmental
conditions and health or disease states in which proteins must operate*. The importance
and ubiquity of glycosylation are underscored by the estimate that approximately 3—4%
of the human genome is dedicated solely to encoding the mechanisms that regulate it.
Glycosylation can occur co- or post-translationally. The two most common types in
eukaryotes are: N-glycosylation, which involves the covalent addition of a glycan to the
amide nitrogen (N) atom of specific Asn residues*>, and O-glycosylation, where the
covalent bond occurs on the oxygen (O) atom of the hydroxyl group of Ser or Thr
residues. Less common but highly conserved modifications include C-mannosylation,
which involves C2 functionalization of the Trp indole side chain with mannose®’. The

structural complexity of glycans and their glycosylation patterns is unparalleled in nature,
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with sequences ranging from a single monosaccharide to hundreds of units, arranged in

linear and branched structures®®.

Glycosylation performs multiple biological functions across different systems and
organisms, including protein folding, stability, cell adhesion, and signaling. Alterations
in glycosylation patterns can be a useful diagnostic tool for various diseases!®. For
instance, increased sialylation of glycoconjugates, resulting from the upregulation of
sialyltransferases, has been linked to cancer. Increased expression levels of
fucosyltransferases, like FUT8 (which catalyzes the transfer of a fucose to the core of an
N-glycan), and specific GlcNAc transferases, like MGAT3 (which transfers GIcNAc to
the central mannose of the N-glycan pentasaccharide scaffold), as is shown in Chapter

6, have been linked to cancer progression.

Unlike proteins, glycan structures are not directly encoded in the genome. Glycan
biosynthesis is highly varied and dynamic, resulting in the typical heterogeneity of
glycoconjugates: microheterogeneity refers to the variety of glycan structures present at
the same glycosylation sites, while macro-heterogeneity refers to the different degrees of
site occupancy!!™14. This diversity is further increased because glycosylation is sensitive
to environmental conditions. Structurally, glycosidic linkages give glycans significant
flexibility, making experimental characterization of their 3D structures challenging, even
under cryogenic conditions. Glycans are often removed to facilitate protein
crystallization'®. The difficulty in resolving glycan 3D structures significantly hinders
understanding their functions in various environments. Limited information on the three-
dimensional (3D) structure, occupancy, and identity of glycans at different sites greatly
contributes to our limited understanding of the multiple functions glycans perform. To
address this challenge and bridge the gap left by traditional experimental techniques, the
integration of advances in glycobioinformatics tools and databases with high-
performance computing (HPC) molecular simulations is essential'¢!71%1° Such tools are
extraordinary, especially in the context where information from multiple sources is
required to decipher the "GlycoCode"°. To support this effort, our lab has developed
GlycoShape (https://glycoshape.org), an open-access glycan 3D structure database.
GlycoShape integrates missing 3D structural information for glycans and glycoproteins,
leveraging over 1 millisecond of cumulative sampling from molecular dynamic
simulations (MD) in dilute solution under standard conditions. In general, GlycoShape
can be used to improve and, where applicable, correct underlying protein structural

information.
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The GlycoShape Glycan Database (GDB) contains structural information collected by
our research group through MD simulations. The database currently hosts data for over
840 glycan structures and it is continually growing. These structures also include selected
examples from non-human species (mammals, invertebrates, plants, fungi, and bacteria).
Each glycan in the GDB is represented by distinct 3D conformers. This 3D information
can be used by a custom-made tool called Re-Glyco (https://glycoshape.org/reglyco) to
rebuild glycoproteins in their functional and native states. Re-Glyco allows users to
retrieve protein structures from public repositories (such as the RCSB PDB or the
AlphaFold Protein Structure Database?®??) or upload their own PDB file. The algorithm
employs a highly efficient genetic algorithm (GA) that minimizes a loss function
accounting for steric hindrance, and is capable of restoring all types of glycosylation (C-

, N-, and O-).

This chapter focuses on the 185 structures I built and analyzed, which cover multiple

glycan classes most notably O-glycans and ganglioside-like oligosaccharides.

7.2 Computational Methods

7.2.1 Molecular Dynamics

The 3D starting structures of all glycans were built with the carbohydrate builder tool on
GLYCAM-WEB (https://glycam.org/). Conformational sampling requires at least 3

replicas per glycan structure. For glycan structures that theoretically correspond to two
energetically available conformers, I used two replicas per conformer. For structures that
theoretically corresponded to three or more energetically available conformers, we used
one replica for each conformer. Topology files were generated with the #/eap program
included in the AMBER 182 software package. The carbohydrate atoms were represented
using the GLYCAMO6j version of the GLY CAMO6 force field?**, while the counterions
were represented using the AMBER ff14SB?°. Water molecules were represented using
the TIP3P water model?®. All MD simulations were run at 200 mM NaCl concentration
using AMBERI18 or GROMACS 2022.4 (GROMACS)?’, depending on the HPC
infrastructure available. All AMBERI18 simulations began with an energy minimisation
phase of 500,000 steepest-descent steps. During minimisation, only hydrogen atoms,
water molecules, and counterions were left unrestrained, while the position of all other
atoms was kept restrained with a force constant of 5 kcal/mol-A-2. Following

minimisation, the system was brought up to standard temperature through a heating phase
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in the NVT ensemble using a Langevin thermostat. This heating phase was completed in
two stages of 500 ps each. During phase one, the temperature was raised from 0 to 100
K, with the volume held constant, and from 100 to 300 K during phase two, with the
pressure held constant. The system was then equilibrated for 1 ns in the NPT ensemble at
a | atm pressure with the Berendsen barostat. During these equilibration stages, we used
the same position restraints we used during the energy minimisation. A conformational
equilibration was performed for 10 ns with all positional restraints removed. The
production phase followed 500 ns for each replica of the glycan structure with all
positional restraints removed. For the GMX simulations, the Amber topology (.prm7) and
structure (.rst7) files were converted to the corresponding GMX topology (.top) and
structure (.gro) files using ACPYPE?®. The GMX simulation protocol is analogous to the
one we used to set up the AMBERI18 simulations, starting with an energy minimisation
stage followed by 500,000 steps of steepest descent. Following minimisation, the system
was equilibrated in the NVT ensemble using a Langevin thermostat to reach 300 K,
followed by equilibration in the NPT ensemble using a Parrinello-Rahman barostat to
reach 1 bar. Production runs followed, during which we ran a minimum of 500 ns of

unrestrained MD trajectories for each structure replica.

7.2.2 Data Processing and Clustering

Upon completion of the production phases, the data are processed and clustered using the
Glycan Analysis Pipeline (GAP) as described in the reference®. In this section, I will
briefly summarise the GAP workflow below for completeness. The production
trajectories for each glycan are merged into one dataset. Each frame from the dataset is
then transformed into a graph (distance) matrix. The matrices are then flattened to a one-
dimensional array by discarding their lower halves. The dimensionality of the array is
then reduced using principal component analysis (PCA) from the sklearn library. The
data is then clustered using a Gaussian Mixture Model (GMM) from the sklearn library,
and the optimal number of clusters is determined based on the silhouette score. The 3D
structures associated with these clusters correspond to the corresponding Kernel Density
Estimate (KDE) max values and their corresponding torsion angles (¢, v, ®) can be

sourced on GlycoShape (https://glycoshape.org).
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7.3 Results

7.3.1 O-glycans structures

Protein glycosylation in mammals occurs along the secretory pathway, specifically within
the endoplasmic reticulum and Golgi apparatus. Unlike N-glycosylation, which attaches
a pre-assembled oligosaccharide to asparagine within N-X-S/T sequons (where X is not
proline) during protein folding and is subsequently remodelled in the Golgi,
O-glycosylation is predominantly initiated after protein folding in the Golgi*®. This
process proceeds one monosaccharide at a time through the action of a diverse set of
glycosyltransferases. This Chapter focuses on O-glycans initiated by O-linked a-GalNAc
on serine or threonine residues®!. The human genome encodes 20 distinct isoforms of
UDP-GalNAc:polypeptide N-acetyl-galactosaminyltransferases (GalNAc-Ts; genes
GALNTx). Differential expression and localization of GalNAc-Ts regulate the tissue-
specific composition of the O-glycoproteome and, as a result, influence protein function.
Elaboration of the initial a-GalNAc (Tn antigen) generates mucin-type O-glycans, which
are commonly classified according to their core structures, see Figure 1.1. Four major
core types are recognized: core 1 (Galf1-3GalNAca; the T antigen), core 2 (GlcNAcB1-6
linked to core 1), core 3 (GlcNAcB1-3GalNAca), and core 4 (GIcNAcB1-6 linked to core
3). Additional minor cores are present in specific biosynthetic contexts. Most mucin-like
O-glycans on non-mucin proteins belong to the core 1 and core 2 families, whereas cores

3 and 4 are primarily restricted to mucins, with some documented exceptions®"-32,

In this work, I constructed and curated O-glycan entries representing the various core
types and their elaborated derivatives. For each glycan, I performed solution MD
simulations to generate conformational ensembles. The most populated cluster
representatives were deposited into GlycoShape as three-dimensional conformers, see
Figure 7.2. Where necessary, multiple conformers were retained to capture biologically

relevant microstates and facilitate downstream use by Re-Glyco.
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Figure 7.1. Schematic representation of the four major mucin O-glycan cores using SNFG
notation: core 1 (Galp1-3GalNAca-Ser/Thr), core 2 (GlcNAcP1-6[GalfB1-3]GalNAca-Ser/Thr),
core 3 (GIcNAcB1-3GalNAca-Ser/Thr), and core 4 (GIcNAcP1-6[GlcNAcB1-3]GalNAca-
Ser/Thr). Symbols and colors follow SNFG (Gal: yellow circle; GalNAc: yellow square; GIcNAc:
blue square).

After assembling the panel of mucin O-glycans spanning cores 1—4 and their common
decorations (£ sialylation, + fucosylation), I ran solution MD for each structure. For every
trajectory we extracted the ¢/ torsions of the defining glycosidic linkage and clustered
the conformations using the Glycan Analysis Pipeline (GAP)*: MD frames are converted
to distance-matrix vectors, reduced by PCA, then clustered with a Gaussian Mixture
Model (GMM); the optimal number of clusters is chosen by the silhouette score, and
representative conformers are the KDE-max structures within each cluster, as shown in

Figure 7.2.
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CLUSTER O CLUSTER1 CLUSTER 2

phi_angle
Cluster Mean Standard Deviation
Cluster Distribution
0 -73.66 11.01
1 -71.83 10.72
B Cluster0
B Cluster1 2 -84.25 25.32
M Cluster 2
psi_angle
Cluster 0 i
59.3% Cluster Mean Standard Deviation
0 107.69 24.20
1 110.08 26.03
2 104.65 24.00

Figure 7.2. Example conformational clustering for a core-1 O-glycan (SNFG renderings).
[lustrative conformers and populations for Galp1-3GalNAca-Ser/Thr (core 1), obtained with the
GAP workflow. Three clusters capture the dominant f1—3 torsion: Cluster 0 (59.3%) ¢ =—73.66°
+ 11.01°, y = 107.69° £ 24.20°; Cluster 1 (23.8%) ¢ = —71.83° £ 10.72°, y = 110.08° £ 26.03°;
Cluster 2 (16.9%) ¢ = —84.25° + 25.32°, y = 104.65° + 24.00°. The same analysis was applied to
all derivatives across cores 1-4 (sialylated/non-sialylated; fucosylated/non-fucosylated).

7.3.2 Ganglioside oligosaccharide structures

My contribution to the 185 structures also includes ganglioside-like oligosaccharides™.
Gangliosides are glycosphingolipids enriched in vertebrate plasma membranes,
composed of a ceramide lipid anchor and an oligosaccharide headgroup. Here we focus
on the headgroups treated as soluble oligosaccharides for conformational sampling and
database deposition. The standard nomenclature reflects sialic-acid content’**> GM
(mono-), GD (di-), GT (tri-) with representative examples GM3, GM2, GM1, GDla,
GDI1b, GTI1b. Patterns and positions of sialylation modulate charge and receptor
recognition (e.g., Siglec-6/10), which motivated our coverage: the selection of structures
was guided by the projects described earlier (Siglec-6 with GM1/GM3; Siglec-10 with
GT1b).
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For each ganglioside headgroup in Figure 7.3, we applied the same protocol used for
mucin O-glycans. The resulting most-populated 3D conformers were curated and

deposited in the GlycoShape database.

??’M?YDW?

Figure 7.3 Asialo precursors: LacCer, GA2, GA1. Monosialo: GM3, GM2, GM1, GM1b. Disialo:
GD3, GD2, GD1a, GD1b, GDlc. Trisialo: GT3, GT2, GT1a, GT1b, GTlc. Tetrasialo: GQIb,
GQlc. Pentasialo: GP1c. Symbols/colours follow SNFG (Gal: yellow circle; GalNAc: yellow
square; Glc: blue circle; NeuSAc: purple diamond); series labels a/b/c denote alternative
sialylation topologies within each class.

7.4 Discussion

During my PhD, I contributed 185 curated 3D structures to GlycoShape. Glycan selection
was closely aligned with the projects discussed in previous chapters, ensuring the

database directly supported the research questions of this thesis.

O-glycans were prioritized due to their central role in Chapter 3, where we analyzed core-
1 O-glycosylation in both sialylated and non-sialylated forms. To support these studies, |
generated conformational ensembles for the four major mucin cores and deposited their
derivatives, explicitly encoding the dominant ¢/y angles of key linkages for use in

modeling and rebuilding tasks.

A second focus was the family of ganglioside-like oligosaccharides, selected because of
their relevance to Siglecs recognition in this thesis. In particular, the GM1/GM3 series is
used in the Siglec-6 work (Chapter 5), while GT1b is key for Siglec-10 (Chapter 4).
Treating these as soluble headgroups for MD allows us to supply transferable 3D priors
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that can later be embedded in membrane systems; the same clustering pipeline yields a
compact set of conformers that capture the most populated states. Beyond glycan
ensembles, Re-Glyco was essential in several chapters. In Chapter 4 (CD52), it enabled
N-glycosylation of peptide and protein models for simulation and analysis. In Chapter 5
(Siglec-6), GlcNAc Scan identified potential N-glycosylation sites, and Re-Glyco was
used to rebuild glycosylated receptor models for subsequent molecular dynamics. This
integrated workflow, GAP ensembles, Re-Glyco rebuilding, and system-specific
simulations, recurs throughout the thesis and supports the mechanistic findings in earlier
chapters. In summary, the database additions in this chapter were designed to support the
thesis narrative: O-glycans enabled analysis of core-1 (with and without sialic acid)
effects from Chapter 3, while ganglioside headgroups supported Siglec-6 and Siglec-10

recognition studies.

7.5 Conclusions

This chapter details my direct contributions to the GlycoShape database, which addresses
gaps in 3D structural data for glycans and glycoproteins using high-performance MD
simulations. During my PhD, I curated and analyzed 185 3D structures across multiple
glycan classes, with a focus on O-glycans and ganglioside-like oligosaccharides.
Structure selection was guided by the projects discussed in earlier chapters, and
prioritized these two glycan families. For O-glycans, which were central to Chapter 3, I
generated conformational ensembles for the four major mucin cores and their derivatives,
including sialylated and fucosylated forms. The most representative conformers are
deposited in GlycoShape, with the dominant ¢/y torsion angles explicitly encoded for
modeling and rebuilding. Ganglioside-like oligosaccharides were selected for their
relevance to Siglecs recognition. I sampled the headgroups of the GM1/GM3 series for
Siglec-6 in Chapter 5 and the GT1b headgroup for Siglec-10 in Chapter 4, providing
transferable 3D priors for future membrane system studies. The most populated
conformers were curated and added to GlycoShape, supporting Siglec-6 and Siglec-10
recognition studies. The glycan conformational ensembles I generated with the Glycan
Analysis Pipeline (GAP) and deposited in GlycoShape enabled the use of the tool Re-
Glyco. Re-Glyco was essential for N-glycosylation of peptide and protein models in
Chapter 4 and for rebuilding glycosylated receptor models for MD in Chapter 5. In

summary, the contributions to the database described here are strategically designed to
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support my projects, providing a 3D structural foundation for the molecular simulations

and mechanistic insights presented in previous chapters.
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Chapter 8. Conclusions

The aim of my PhD research was to explore at the atomistic level of detail, how sialylation
impacts a variety of molecular systems relevant to human health and disease, and to
clarify how this modification regulates the conformation and interactions of the
glycoconjugates involved. To achieve this, I used all-atom MD simulations as the primary
research tool, a powerful computational approach that enabled me to characterise the

structure and dynamics underlying molecular recognition and function.

The results of my work supports the rationale that the role of sialylation is highly diverse
and complex, operating within a context-dependent. These effects change with sialic acid
position, whether on receptors, peptide ligands, or glycolipids, and with its presentation,
such as monovalent or multivalent, and in soluble or membrane-anchored constructs.
Sialic acids do not behave as passive terminal caps: their net negative charge and
conformational flexibility allow them to remodel local electrostatics, steric accessibility,

and interaction networks in ways that can either promote or hinder recognition.

Across the systems examined in this thesis, I observed that sialic acids can act as local
inhibitors, structural switches, or multivalent recognition elements. For example, in the
endocytic receptor LRP1 (Low-Density Lipoprotein Receptor-Related Protein 1),
sialylation can introduce steric hindrance that reshapes ligand preference. In contrast,
within the CD52-HMGBI-Siglec-10 immune signalling pathway, hypersialylation
functions as a structural switch that promotes and stabilises high-avidity interactions. For
membrane-anchored gangliosides recognised by Siglec-6, binding depends on the
combined effects of the sialylated epitope and its orientation relative to the lipid
membrane, highlighting the importance of membrane context. Moreover, the final
distribution of sialic acids is further controlled by upstream modifications, such as the
bisecting GIcNAc motif, which can halt glycan maturation and limit the formation of
terminal sialylation sites. In parallel, I actively contributed to the creation and refinement

of the GlycoShape 3D database (https://glycoshape.org), depositing 185 curated 3D

glycan structures. In particular, I focused on O-glycans and ganglioside oligosaccharides,
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which were essential for building, visualising, and analysing the glycan structures studied
throughout this thesis. This resource not only underpinned the systems investigated here
but also provides a reusable structural platform for future work in computational

glycobiology.

In summary, by providing an atomistic view across diverse molecular contexts, this thesis
shows that sialic acids emerge as active determinants of molecular recognition, far beyond
the role of passive terminal decorations. The insights gained here provide a robust
structural framework for understanding how sialylation tunes receptor—ligand interactions

and offer guiding principles for the design of future glycan-focused therapeutic strategies.
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Appendices

Appendix I: Supplementary material from the paper: D’Andrea S, Schmidt EN, Bui D,
Singh O, Han L, Mahal L, Klassen JS, Macauley MS and Fadda E, in press
Communication biology (2025)

Appendix |

Structural confidence and secondary structure analysis of the Siglec-6 V-set domain.

To evaluate the reliability of the AlphaFold-predicted Siglec-6 model and support our
structural interpretations from MD simulations, we analyzed per-residue pLDDT
confidence values and the secondary-structure stability of the V-set domain. The
AlphaFold model shows high to very high confidence (pLDDT > 70) across the V-set
domain (residues 32—144), including the flexible C—C' loop (residues 70—75) and the KW
segment (Lys126, Trp127). The loop and the KW segment display blue and light cyan
colors, respectively, supporting the reliability of the geometry used in our analysis, see

Figure S.1.a,b.

We quantified secondary-structure evolution using the DSSP algorithm in cpptraj along
the MD trajectories of Siglec-6 bound to GM1 (2.5 pus) and GM2 (2.0 ps, merged
replicas). For residues 70-75 (Figure S.1.c), the C—C’ loop remains predominantly
disordered (coil) with minor bend contributions in both complexes. These results confirm
that differences between GM1 and GM2 mainly reflect changes in loop orientation, not
secondary structure.
Finally, we overlaid representative snapshots from the GM1 (cyan) and GM2 (magenta)
simulations, see Figure S.1.d. The V-set fold remains stable in both systems, but the C—
C' loop adopts distinct positions relative to the membrane surface, consistent with Trp127

inserting into or withdrawing from the bilayer.
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Figure S.1. a. AlphaFold-predicted structure of the Siglec-6 , composed of one Ig V-set and two
Ig C2-set domains, colored by pLDDT (B-factor), pLLDT < 50 very low (orange), 50-70 low
(yellow), 70-90 high (light cyan), > 90 very high (blue). b. pLDDT profile of the AlphaFold
model 32—-144(Ig V set domain), the C—C' loop (70-75) and the KW segment (Lys126, Trp127)
indicated by arrows. c¢) Secondary structure was computed using the DSSP algorithm
implemented in cpptraj on the MD trajectories of Siglec-6 bound to GM1 (2.5 ps) and GM2 (2.0
us, merged replicas). The percentage of coil (purple) and bend (green) conformations is reported
for each residue. d. Structural overlay of representative snapshots from the GM1 system (cyan)
and GM2 system (magenta) trajectories showing the conformational stability of the V-set domain
on the membrane and the localization and different orientation of the C—C' highlight in yellow.

MD simulations of the fully /N-glycosylated Siglec-6 in complex with membrane
bound GM1. We ran two independent MD simulations of 1 ps each on a 3D model of
the fully glycosylated Siglec-6 in complex with an isolated GM1 ganglioside embedded
in the phospholipid bilayer. The molecular composition of the 3D model is described in
the Methods section and, aside from the N-glycans, is analogous as the one presented in
the main text. The Siglec-6 sequence (453 aa) carries seven N-glycosylation sequons, with
only one in the V-set domain at Asn103, see Figure S.2. All sites are occupied with a
biantennary monogalactosylated complex N-glycan (GlyTouCan ID G99129GB; 1478.5
Da). As represented in the snapshot from the MD simulations shown in Figure S.2, only

the N-glycans at N104 and N149 interact with the protein, and more specifically engage
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in contacts that may affect the relative orientation and dynamics of the V-set domain (d1)
and the adjacent C2 domain (d2). The RMSD values calculated over the entire
extracellular region of the glycosylated system (i.e. over the backbone atoms of d1, d2,
and d3) are higher than the non-glycosylated one, see Figure S.2.d. This increase is not
due to destabilization by glycans, but rather reflects the higher conformational mobility
of the distal d3 domain, where glycans such as those at N258 and N295 are not involved
in protein contacts and remain solvent exposed and dynamic. It is important to note that
d3 is connected to the transmembrane domain, and in a complete cellular context, its
dynamics may be constrained by interactions with the membrane. Instead, our data
support a stabilizing function of the glycans at N103 and N149, which maintain the
relative positioning and rigidity of domains d1 and d2. When compared to the non-
glycosylated Siglec-6/GM1 complex, the fully glycosylated Siglec-6 shows a slightly
lower average RMSD value relative to the AF (AF-0O43699-F1) backbone, suggesting a
reduced interdomain flexibility and higher structural stability of the d1—d2 interface, see
Figure S.2.c. However, the relative flexibility of the system demonstrated by the spread
around the median RMSD value in the KDE plots in Figure S.2.d for both glycosylated
and non-glycosylated systems, precludes defining any clear role of the N-glycans in

affecting the rigidity of the V-set domain relative to the adjacent C2-domain.

As an important note, the binding to the GM1 is not affected by the N-glycosylation
neither directly, nor indirectly. This is further supported by the MD simulations of the
fully glycosylated Siglec-6/GM1 complex, which consistently show stable anchoring on
the membrane through the interactions with Trp127 and Lys126.

Membrane-insertion analyses of Trp127 and Lys126 (Figure S.2.f.) show similar depth
and persistence in glycosylated and non-glycosylated complexes, confirming that ligand
engagement is unchanged; the main glycan effect is to decrease d1-d2 mobility, yielding
more ordered, less variable, behavior in the RMSD/KDE results. In replica MD1, Trp127
briefly disengaged from the bilayer after about 1 ps, coinciding with the loss of the Arg—

Neu5Ac contact and destabilization of the complex.

In replica MD2, the Arg—NeuSAc interaction was lost after 700 ns, as in the non-
glycosylated run, but the complex remained stable thanks to persistent Trp127/Lys126
anchoring and a recurring contact between the terminal Gal of GM1 and Asp70 in the C—

C’ loop, as shown in Figure S.2.e-f. Distance traces (Figure S.2.e.) and insertion profiles
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(Figure S.2.f.) indicate that V-set domain glycans do not affect GM1 binding, but they

reduce inter-domain flexibility and enhance membrane interaction stability.
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Figure S.2. a. 3D structure of the Siglec-6 extracellular region from AF model AF-O43699-F1,
shown as cartoons. The terminal V-set binding domain (d1) is shown in orange and the C2-set
domains (d2 and d3) are shown in green. N-linked glycans are rendered with atoms as vdW
spheres and color-coded individually. The seven N-glycosylation sequons were assessed as
occupied with the GlcNAc Scanning tool in GlycoShape ReGlyco®. b. Representative snapshot
of the Siglec-6 from the MD simulation with the N-glycosylation sites labelled. ¢. Kernel density
estimates (KDE) distributions of the backbone RMSD values along the trajectory, corresponding
to the Siglec-6 calculated for d1 and d2. The results corresponding to the non-glycosylated Siglec-
6 are shown in green and for the fully glycosylated Siglec-6 in purple and pink for MD1 and
MD2, respectively). d. Kernel density estimates (KDE) distributions of the backbone RMSD
values calculated along the MD trajectories for the backbone of the Siglec-6 extracellular region,
i.e. dI to d3. e. Time evolution along the MD trajectory of the distance (A) between the Arg122
and the Neu5Ac carboxylate group. Data points correspond to the largest distance value calculated
between four pairs of atoms R122-NH1(2) and O11(12)-NeuSAc. A distance of 5 A was chosen
as a threshold for the formation of the salt bridge. f. Membrane-insertion depth (z, A) of Trp127,
Lys126 relative to the DSPC phosphorus plane (z = 0, dashed). Negative values indicate insertion
into the bilayer. Molecular rendering with pymol (www.pymol.org) and KDE plots with seaborn
and Matplotlib (https://seaborn.pydata.org/).

Assessing the potential involvement of non-canonical Arg residues in the V-set
domain of Siglec-6 in the recognition and binding of GM1os. Previous work by our
collaborators' clearly showed that Siglec-6 binds gangliosides with a mechanism
independent of the canonical Arg, namely Argl22. Due to the presence of multiple Arg
and Lys residues in the V-set domain of Siglec-6, it is reasonable to hypothesize that one
of those may have replaced or could complement the function of the conserved Arg, as
our collaborators recently demonstrated in the case of Siglec-10°. To address this matter
we ran a set of three uncorrelated molecular dynamics (MD) simulations of the non-
glycosylated Siglec-6 (see results in the main text) in an equilibrated water box, in the
presence of seven GM1os molecules. The starting structure in all replicas was built with
one of the GM1os bound to the canonical Argl22 to occupy the canonical site, while
another was positioned in proximity to Arg92, , see Figure S.1, which has been
previously highlighted as a potential (non-canonical) binding Arg'. We focused our
attention to the Arg in the V-set domain, but monitored contacts with all Arg on the
Siglec-6 accessible surface, as these could be involved in both cis, and trans binding
events. The results show that none of the GM1os, except the one bonded to the canonical
Argl22, engage in stable interactions, see Figure S.1. The Arg92 is engaged in a stable
salt bridge with Asp115, which is never disrupted during any of the three independent

MD simulations. As a caveat, it is important to underline that additive force fields, such
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as the one we used to run the MD simulations in this work, are notoriously biased towards
enhancing electrostatic contacts® and thus tend to overestimate the stability of already
strong hydrogen bonding interactions, such as salt bridges*. In this specific case an
analysis of the Siglec-6 3D structure indicates that such salt bridge interaction may be
essential to the correct folding of the V-set domain, and mutation of Arg92 (or of Asp115)
would compromise the folding, which explains the low expression levels of the R92A

mutant reported in earlier work!.

Siglec 6 (Uniprot 043699)
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Figure S.1. Left: 3D surface representation of Siglec-6 (AF-043699, gray) with seven GM1o0s
molecules (purple sticks), including one placed at the canonical sialic acid binding site (Argl22)
and others distributed in possible non canonical regions of the protein. Right: Bar plot showing
the occupancy of GM1os interactions with selected ARG residues across three independent MD
replicas. Occupancy is assessed in terms of distance between guanidinium C (CZ) of Arg and the
carboxyl carbon (C1) of the Neu5SAc with a threshold of 5 A for binding. Molecular rendering
with VMD (https://www.ks.uiuc.edu/Research/vimd/) and bar plot with MS Excel.

Experimental Methods

Nanodisc preparation
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Nanodiscs (NDs), consisting of 10% GM1 and DMPC, were prepared using the protocol
described by Sligar and coworkers '2. Briefly, the lipids were diluted in methanol at the
desired molar ratios, dried under gentle vacuum to form a lipid film and then resuspended
in a buffer (pH 7.4) containing 20 mM TrisHCI, 0.5 mM EDTA, 100 mM NaCl and 25
mM sodium cholate (Sigma-Aldrich Canada, Oakville, Canada). The membrane scaffold
protein MSP1E1 was added to the mixture at a MSP1E1:(GM1+DMPC) molar ratio of
1:100. The ND self-assembly process was initiated by adding pre-washed biobeads (Bio-
Rad, Mississauga, Canada) and the mixture was incubating at room temperature overnight
on an orbital shaker. After incubation, the supernatant was recovered and the NDs purified
using a Superdex 200 10/300 size-exclusion column (GE-Healthcare Life Sciences,
Piscataway, NJ) equilibrated with 200 mM ammonium acetate (pH 7.4). Finally, the ND
fraction was collected, concentrated and dialyzed into 200 mM ammonium acetate (pH
7.4) using an Amicon microconcentrator (EMD Millipore, Billerica, MA) with a 30 kDa
MW cut-off. All ND stock solutions were stored at —80 °C prior to analysis. Each ND
sample consists of two copies of MSP1E1 and ~200 lipids. Therefore, ND concentration
was estimated based on the UV absorption of MSP1E1 at 280 nm with the extinction
coefficient of €280nmMmspiE1 = 32,430 cm™-M!, and assuming [ND] = 1/2x[MSP1E1]. Each
ND approximately contained 20 GM1 molecules and 180 DMPC molecules.

Concentration independent native mass spectrometry with catch-and-release

The Concentration Independent native mass spectrometry (COIN-nMS) assay, performed
with Catch-and-Release (CaR), was implemented in negative ion mode using a Q-
Exactive Ultra-High Mass Range (UHMR) Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with a modified nanoflow electrospray ionization

(nanoESI) source, as described elsewhere!,
Catch-and-release native mass spectrometry with ion mobility separation

CaR-nMS, performed with Ion Mobility Separation (IMS), was implemented in negative
ion mode using a Waters Synapt G2S quadrupole-ion mobility separation-time of flight
(Q-IMS-TOF) mass spectrometer (Waters, Manchester, UK) equipped with a
NanoLockSpray ion source. A nanoESI voltage of —0.8 kV, a source temperature of 80
°C and a cone voltage of 70 V were used. Argon was used in the Trap and Transfer ion
guides at pressures of 2.77 x 1072 and 2.84 x 1072 mbar, respectively, with the Trap and
Transfer voltages of 5 and 2 V, respectively. For IMS, a wave height of 40 V and a wave

velocity of 650 m s™! were applied along with a helium and nitrogen (IMS gas) gas flow
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of 120 and 90 mL min !, respectively. Collision-induced dissociation (CID) by isolating
ions with m/z 7,000+100 in the quadrupole, subjecting them to IMS, and then collisional
activation using a 100 V collision energy in the Transfer region 4. All data was processed

using MassLynx software (v4.1) in combination with DriftScope v2.5.

Mutagenesis. Mutagenesis was achieved by three consecutive polymerase chain
reactions using gene-overlap extension mutagenesis. The first reaction used a forward
primer at the start of the gene containing a 5’ Nhel site and reverse primer that was
centered on the mutation site and the complete gene of interest at the template. The second
reaction used a forward prime that was centered on the mutation site and a reverse primer
at the end of the gene that featured and 3’ Agel site and used the gene of interest as the
template. The third reaction used the products of the first two PCR reactions as a template
and the primers at the start and end of the gene. Following size validation using agarose
gel electrophoresis, the final PCR products were digested with Nhel and Agel and then
ligated into pPCDNAS. Following ligation, the ligation product was then transformed into
E. coli DH5a. Colonies were then grown in LB overnight at 37 °C and then miniprepped.

The minipreps were then validated by restriction digest and Sanger sequencing.

Table S.1: Primers used in this work.

Primer Name Sequence
Siglec-6 Fwd AGC AGC GCT AGC ATG CAG GGA GCC CAG GAA GCC
Siglec-6 Rvs AGC AGC ACC GGT TCA CTT GTG TAT CTT GAT TTC

Sig-6 K124A Fwd | CGG TTG AAG TCC GCA TGG ATG AAA TAC

Sig-6 K124A Rvs GTA TTT CAT CCA TGC GGA CTT CAA CCG

Sig-6 Rvs 3D AGC AGC ACC GGT CCT GCC TTC TGG TTT CCA ATG

Sig-6 K126A Fwd | CGG TTG AAG TCC GCG TGG ATG AAA TAC GG
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Sig-6 K126A Ryvs CCG TAT TTC ATC CAC GCG GAC TTC AAC CG

Sig-6 W127A Fwd | GTT GAA GTC CAA AGC CAT GAA ATA CGG TTA TAC

Sig-6 W127A Rvs | GTA TAA CCG TAT TTC ATG GCT TTG GAC TTC AAC

Sig-6 K129A Fwd | GTC CAA ATG GAT GGC ATA CGG TTA TAC

Sig-6 K129A Ryvs GTA TAA CCG TAT GCC ATC CAT TTG GAC

Cell culture. Flp-In Chinese hamster ovary (CHO) cells were cultured as previously
described!, but in short, CHO cells were cultured in DMEM/F12 Media (Gibco)
supplemented with 5% (V/V) fetal bovine serum (Gibco), penicillin (100 U/mL), and
streptomycin (100 pg/mL). Cells were grown at 37 °C and 5% COx in tissue culture
dishes.

Stable transfection of Flp-In CHO Cells. Flp-In Chinese'.

Liposomes preparation. Liposomes were prepared by hydrating lipid thin consisting of
DSPC (61.5 mol%), cholesterol (38 mol%), and PEG4s-DSPE (0.4 mol) and AF647-
PEGu4s-DSPE films with PBS pH 7.4. Glycolipids were added at the expense of DSPC.
The lipid solutions were extruded using an Avanti-mini extruder using 800 nm and 100
nm filters respectively. Liposomes were then validated with dynamic light scattering.

More details regarding liposome production can be found elsewhere!, .

Siglec-Fc expression and purification. The procedure for Siglec-Fc expression and

purification can be found elsewhere'¢)

Cell assay. 150,000 cells were added to a 96 well U-bottom microplate. Liposome

solutions were prepared at 50 uM in 1% (g:mL) BSA PBS pH 7.4. 50 uL of liposome

solution was added to the cells and the cells were incubated with the liposomes for 30

min at 37 °C. The cells were then washed with PBS twice. Following the washes, the cells

were then resuspended in anti-Siglec antibody solution (1/250 V:V antibody in 500 uM

EDTA, 1% BSA (g:mL)). The cells were then incubated at 4 °C for 30 min. The cells
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were again washed and then analyzed by flow cytometry. Antibody information can be

found in Table S.2, and general gating strategy can be found in Figure S.3.

Unsiained |
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Figure S.3. Gating strategy used to measure glycolipid liposome binding to Chinese

hamster ovary cells expressing Siglec-6 mutants. Liposome binding was measured using

3 mol% compound NGL1 !

Chemical structure of neoglycolipid ligand (NGL1) used in this experiment. Synthesized

as described previously .

Table S.2: Antibodies used in this work

Antibody Supplier Cat. No. Label Clone Isotype Dilution
anti-Siglec- | R&D FAB2859P | PE 767329 Mouse 1:250
6 Systems IgG2A (V:V)

Flow cytometry. Flow cytometry measurements were collected on a 5-laser Fortessa X-
20 (BD Bioscience). All the resulting data were analyzed using FlowJo (10.5.3) software
(BD Biosciences)

Siglec-Fc ELISA. A detailed description of the approach can be found elsewhere “'°. In
short, 50 uL of 50 uM glycolpid solution was transferred to a 96 well ELISA microplate.
The plate was left at 37 °C for 2 to remove the ethanol. The wells were blocked with 5%

(g:mL) bovin serum albumin (BSA) for 1 h at room temperature. During the blocking
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step, the Siglec-Fc-Strep-Tactin solution (Siglec-Fc solution: 2 pg/mL, Strep-Tactin-

HRP: 0.13 pg/mL-IBA) was prepared and complexed at room temperature for at least 30

min at room temperature. The blocking buffer was then removed, and the Siglec-Fc

solution was added for 2 h at room temperature. Unbound Siglec-Fc solution was then

removed, and the amount of binding was measured using TMB substrate. The reaction

was then quenched using 1 M H3PO4 and the Abssso was measured using a Molecular

Devices SpectraMAX iD5.
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Appendix II: S. D’Andrea*, A Satheesan*, E. Patterson, CA. Fogarty, A. Maggioni, M.
von Itzstein, D. Kolarich and E.Fadda. Effect of bisection on the 3D structure and
recognition of N-glycans during maturation: Does MGAT3 introduce a stop codon? (in

preparation)
Appendix II

The following is adapted from Dr. A. Satheesan’s thesis and included here for

completeness.

Assessing the suitability of A2B and A3 as substrates for p4GalT1
B4-galactosyltransferase 1 (f4GalT1, EC 2.4.1.38) is a transmembrane Golgi protein that
transfers galactose from a UDP-a-D-galactose donor to a terminal N-acetyl-f-D-

glucosamine.

My colleague, Akash Satheseen, followed a protocol similar to the FUTS study to assess
the suitability of A2B and A3 as substrates for f4GalT1.

We used the X-ray structure PDB 4EE4 solved at 1.95 A and co-crystallized with a
tetrasaccharide from lacto-N-neohexose [GIcNAcBI-3(GlcNAcB1-6)Galp1-4Glc].
Recognition complexes were built by aligning the terminal B2-GIcNAc of the most
populated A2B and A3 MD conformers onto the crystallographic acceptor. Structural
superpositions show that, in the presence of a bisecting GlcNAc, steric clashes arise
between the bisected core and residues lining the P4GalT1 acceptor-binding pocket,
preventing productive accommodation and thus disfavoring A2B as a substrate (see Figure
6.7). Notably, when the alignment is performed on the a3 arm, the N-glycan core flips
toward the protein, rendering the substrate inaccessible not only because of the collision
with Y291 but also due to the incorrect orientation of the core relative to the catalytic

geometry, see Figure 6.7.
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Figure 6.7. a. Overall view of p4GalT1 (PDB 4EE4) shown as surface (green). The structure was
solved at 1.95 A and crystallized with a tetrasaccharide from lacto-N-neohexose, GIcNAcfB1-
3(GIcNAcP1-6)Galp1—4Glc shown as sticks in yellow. b-d. Close-ups of the f4GalT1 acceptor
site: the bisected N-glycan conformations for all three arms (from MD) are shown as light-blue
sticks and overlaid on the crystallographic acceptor (orange), highlighting steric clashes with
pocket residues (e.g., Y291, labelled). Renderings generated with PyMOL (www.pymol.org).

Regarding the structural alignment of the terminal B2-GlcNAc on the third antenna the
‘open’ A3 conformer with the co-crystallised ligand produced a good fit where in the
arms were able to exist in complex with the B4GalT1 structure without any steric clashes.
Results from the Ius of MD simulation are shown in Figure 6.8. The A3 structure
remained bound for the duration of the simulation with an average RMSD of 4.56 A and
a standard deviation of 0.48 A. The A3 structure was able to interact with residues lining

the binding site, namely Q173, D203, D204 and R244, see Figure 6.8.
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Figure6.8. Left. Representative snapshot from the MD trajectory of the recognition complex
between A3 and f4GalT1. f4GalT1 rendered as surface (green) and A3 rendered as sticks in dark
green. Right. Barplot indicating the persistence of the hydrogen bonding interactions between the
A3 structure and specific binding site residues calculated during the MD trajectory.
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