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Abstract

Glycosylation is the most abundant and diverse-fpasislational modification of proteins, contributing
to protein folding, trafficking, structaf stability and dynamics, and function. Complexgicans are

a class of glycans found in eukaryotsbaringa common pentasaccharide core structure. The
functionalization of the arms arttie branching patternsare specific to different speciewhie the
complexity of the cellular biosynthetic pathways contribute to the broad variety thatheterogeneity

of N-glycan sequences. By understanding at an atomistic level of detail the strogpiicatiors of
glycan sequence, we can relate the glycanessze to its function in a given glycoprotein environment.

With this ultimate goal in mind | conducted, through conventional and enhanced molecular dynamics
(MD) methods, a series of systematic studies of mammalian, plant and invertebrate glycosylation
patterns, in order to characterize the intrinsic 3D architecture of different sets of commonly found and
synthetic (nomatural) glycan structures. From these results, we were able to disentangle the
complexity of Nglycans structure and dynamics throughee 8D representation, which describes N

glycans not only in terms of the monosaccharides sequence, but that also includes anomeric
configurations and linkage specificity. Within this framework, we defineglyslans as structured by

specific groups of monasc c har i de wunit s, named fAglycoblockso

structural information and uniquely dictates the overall conformational landscape of any given N

glycan.

With this expanded viewpoint of sequertoestructure dependencies in complexghcans, we applied

this knowledge to glycoproteins, where variation of glycan composition affects its functional
capabilties. In the two cases presented in this thesis, we determined how changes in the sequence of
the Nglycans in the Fc region of IgGintibodiesaffectits effector function, and discovered for the

first time a unique functional role of the glycan shield in the SARS-2 spike protein. In both cases,

we observed that the conformational equilbria of compleglydanschangeto promote onformers

that canaccommodate interactions with the glycoprotein environment, but this adaption does not
interfere withthe intrinsic 3D glycan architecture, shiftihg a paradigm commonly assumed in structural

biology, where the protein dictates the glycanformationby actively morphing it

The work presented in this thesis shows an alternative atomistic perspectiglyoiNs structure and

dynamics, where glycans play a starring role ratherdltaame@sasimplepr ot ein fAdecor ati
the knavledge and insight gained could inform thd-hocdesign and modulation of sequerice
structureto-function relationships of complex -blycans, with applications in glycoengineering and
therapeutic and diagnostic strategies.
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Chapter 1: Introduction

Complex carbohydrates, also known as glycans, are the most abundant biomolecules in nature, and
highly diverse, given to the variety of possible sequences, branching patterns and 3D structures. This

high degree of polymorphism allows glycans to faciltate andlatgw wide range of biological

functions in the myriad of cellular pathways they are involved in. Monosaccharides are the basic units

of a glycan structure. These are defined by the general formula,O)cé&hd can be classified as
polyhydroxyl aldehydesr ketones, seleigure 1.1. A monosaccharidebds conf i
the orientation of the furthest carbon centre from the carbonyl C1, also known as the anomeric carbon,

and is denoted as-Dr L-, seeFigure 1.1

D- and L-glucopyranose

'CHO i 'CHO

21 : 21
H-C-OH i HO-C-H
' I
HO-C-H i  HC-OH
' 1
Hfg-OH L HOYG-H
[ I
HSC-OH | HOIC-H
1 : 1
CH,OH °CH,O0H
p-Glucose L-Glucose C-5, reference atom
OH : ;o HO
% : = 07 0H
QN o | o LR = w0 LT
OH § HO HO
p-Glucose L-Glucose

Figure 1.1.D- and L- configurdions of glucose in both, its acyclic form, shown as a Fischer projection above, and in its cyclic
form, in the chair conformation, Image adapted froent@ ziet al.

In solution, monosaccharides are found in their more stable égrms countingfive or six membered

rings, sedrigure 1.1 The most stable ring conformation ksown asfichaid, which can usualy

interconvert between two accessible fermamely*C; to 'C,, through a mechanism known as ring

puckering. Puckering dermines the change of the orientation of the hydroxy groups in the plane of the

ring, i.e. from equatorial to axial, or vice versa. Cyclization producesddltional asymmetric
stereocentre at the C1 anomeric carbon, which cab-per((b-) with reference to the orientation of

the hydroxyl group on the stereocentre that d e
specfifically, if in a Fisher projection the two hydroxy groups are on the same side, then the configuration
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is (U-), if not it is (-). Monosaccharides can differ based on the stereochemistry at any one of its chiral
carbon atoms in the chain, with structures differing by one chiral centre referred to as epimers, or by

the functionalization of one or more hydroxsogps.

Glycostic bonds, which link monosaccharides together, are formed by a condensation reaction
involving the hydroxy group at the C1 of one monosaccharide and any one of the hydroxy groups of
another monosaccharide. Contrary to proteins or nucleic acids, wherenthaation of two amino

acids orof two nucleotides has only two possible outcomes, taking into account the two anomeric
configurations, the combination of two different hexoses, e.g. glucose and galactose, determines a
theoretical 16 possible disaccha&sd The progressive increase of the number of monosaccharides in a
oligo- or polysaccharide, determines @mbinatorialexplosion of possible regi@nd stereoisomers,

to reachanenormous number of distinct glyéanewever, fortunately, glycan sequences are not found

to be random in biological systems, suggesting slemjuence and branching play a specific role in
glycansdé functions in bi ol o4pygresedrthieffortibsdymgtse s u mm
molecular basis for sequentmstructureto-function relationships in complex carbohydrates, more
spediically in N-glycans, by means of higherformance computing (HP®psed molecular

simulations.
N-glycan types
ab ab ab
e 9o B4 B4 B4 B N-Acetylglucosamine
- B2 62 B2 » @ Mannose
o o el O Galactose
o B4 B4 B4 < Fucose
8 B4 B4 B4 @ N-Acetylneuraminic acid
p B b
Asn Asn Asn
High Mannose Complex Hybrid
Figure 1.2.Three typesof Ny | y cans, with t he-3¢ Mmabdilacddrlie NoMGHEMcaNATclb 1 | i nk ed

to Asn from the sequon NX(S/T). The thredsategories are named based on the glycosylation sequence of their additional

antennae. Adapted from Higel al*

The types of glycosylation found in biological systems vastly differ between eukaryotes and%acteria

with eukaryotic glycans classified based on their core glycan sequence and on the amino acid in a
glycoprotein that they are covalently linked to. In aigli)tan, the carbohydrate part (or giped is

covalently linked through a glycosidic bond to the amide nitrogen of an Asn side (ablytone)

typically within the sequon X-( S/ T) , where X is any amino acid
sequence of andglycan consists of the pentasacchaftien U3 ( Ma-6 )J Ma-4 Bllc NiAc b 1

4 G| c N®BAsnh shown inFigure 1.2 N-glycans can be further diversified in function of their
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terminal, branching residues, and classified into three types, naligeiyannose (or higimannose)

complex and hybrid, baseddné r esi due types added RigaelZhe cor e

A

Unli ke proteins, glycansd synthesis is not temp
expression levels of over 600 enzymes, between transferases and hydrolases,dfiamaei®. This

feature confers glycans the abilty to retain a remarkable evolutionary plasticity, that allows them to
modul ate gl ycopr ot ephysisldyicalastate of the celglycosylagoh bfprateing ng t h «
is a postranslational modification, involving sequential concerted steps, showigime 1.3, in the

endoplasmic reticuum (ER) and the Golgi apparatus of the cell, resulting in the glycosylation of over

85% of secreted proteits
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Figure 1.3. Biosynthetic pathways b N-glycans in the cell.Addition of glycan to the protein glycosylation site, and

following processing and maturation as it is transported through the ER and Golgi apparatus. Adapted from Essentials of
Glycobiology*®.

When a nascent protein is translocated into the ER, a 14 residues glyegMa(ciRcNAC,) assembled

on the lipid carrier DeP (Dolichol phosphate) isansferred by the oligosaccharyltransferase (OST) to
Asn residues that are part of-XS/T sequorid. The glycan is sequentially trimmed by ER
glucosidases and-mannosidases, and specific features of the trimmed glycan are recognised by ER
chaperones to regulate protein foldiadgrurther trimming is performed in tleés Golgi, sed-igure 1.3

where highmannose glycans, namely Man9 to Man7 can be trimmed down to a Man&3cNAC).

Some oligomannose -Blycans avoid further modifications, while others undergo maturation in the
medialandtrans Golgit3. This step is intiated by the transfer ofadetylglucosylamine (GlcNAc) to
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both antennae by the GIcNAIL enzyme, with consequent removal of terminal manresdues from

the Man5. Notably, hybritype N-glycans, se€igure 1.3, are exposed to the activity of GIcNAd,

but only on one arm, so the other arm retains its mannose résitdeesls of corducosylation, further
branching, galactosylath and terminal sialylation are dependent on the activity of the relevant
transferases, andit is also dependent by the physical accessibility efljywobllation sit€®.The latter

i's uniquely determined by the surrounding prote
in the later GolgP. Notably, the size of the glycoprotein and the location -gfydan sites nedr-turns

is major factor in determining sipecific accessibilify. The products of this complexobynthetic

process is heterogeneous on a macro and micro scale, as glycosylation in the same site can vastly
differ'’18 In order to understand the functional role of-specific Nglycans in glycoproteins, one

must first accurately identify the highest populategi¢an sequences and the degree of heterogeneity

at a given Nglycosylation site.

Despite the great advances in experimental t ech
system®, there are stil serious technological limitations hindering thedragvancement of
glycomics. The most commonly used technique for glycan characterisation is mass spectrometry (MS)
with fluorescent labelling, usually preceded by separation chromatogfa@iycans must first be
selectively cleaved from the protein surface with endoglycosiééa&eproducing intact Nylycans,

which are further degraded by exoglycosidase digestion, taking advantage of enzymatic selectivity to
identify specific anomericity, linkage type, and monosaccharide typeguescé. It is important to

note that enzymatic digestion is susceptible to changes in theBfust of the glycans, which can

arise from modification of the structure upon addition of synthetic labels necessary for @nalysis
Additionally, these methods are can indicate the tjp&-glycan, but are unable to provide any
information on its 3D structure and cannot distinguish between positional isomers.

Similarly, because of their high flexibiity and dynamic nature, the structural characterization of glycans

is rarely straightfavardif at all possible Indeed, the rotation about the glycosidic torsion angle, namely

phi (G )psi ¢ ) and in 16 linkages, omegax() can generate a large set of distinct 3D conformations

that are relatively free to interconvert at room temperativriaggrise to complex conformational
ensembl es. Thus, from a structur al biology poi
Aintrinsically disorderedo. Because of wital | t he
g | y csructwechaacterization, the field of glycomics has and is lagging considerably behind the

fields of proteomics and genonmi€dhe two majortools for structural characterization of complex
carbohydrates at the atomistic level of detail are NMR spectro8éépnd Xray crystallographsy.

NMR takes advaaige of naturally abundant isotopéld @nd*3C), and signals are usually enhanced by

isotopic enrichmert. However, this enrichment technique is laborious and not-aparoific, making

it difficult to identify local structural features of the populatezhformers?. Crystallographic studies

can provide a great deal of structural information on glycans, such as bond lengttadiesdind the
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3D occupancy of the glycan in space. Yetonly small and relatively rigid carbohydrate species can be
crystallized with ions in solutiSh For the systems we are interested in, namely highly glycosylated
glycoproteins, crystallization is often not feasible as larger glycans retain a high degree of flexibility
even in cryogenic environemts relative to the folded protein they are linked to. If any electron density
corresponding to the glycan is obtained, and the glycan sequence at that site is known, a glycan structure
can be reconstructed by fitting to the electron density map. Yegube of the broad features of these

maps and the number of accessible degrees of freedom, it is a common occurrence to find in the PDB
incorrect glycan structures due to overfitting of interpretive efors

Thanks to the rapid development of high performance computing (HPC) in the last two decades, large
scale computational studies of biomolecular systems have becoraeferasible and accessible to a
wider cohort of researchéts? supporting experimental analysis and as an independent method of
investigation in its own right. Molecular simulatiorsdlow us to observe the dynamics and interactions

of a system at the appropriate timescales and at an atomistic level of detail. Furthermore, in a virtual
setting, we can overcome some of the &tiins of experimental synthesis or design system
modificaions experimentally difficultto achieve with little difference in computational cost. In the
context of glycoscience, molecular simulations allow us to study the conformational propensity of
specific glycan sequences and understand the intrinsic dygamit architecture that dictates their
overall structure and subsequent function when applied to larger biomolddaiesver, much like the

wider field of glycomics, progress in computational glycoscience has been slow to develop, with the
majority of ghcanspecific force fields created after 1990, and have been improved upon in the last
twenty year®. The development of force fields to represent glycan dynamics has the added difficulty
of capturing the flexibility of these biomolecules, and the branched natutiee ofarbohydrate
structures, relative to proteins and other biomolecules. In the beginning, computational studies were
imited to monosaccharide and disaccharide simulations at very low timeé&éalbst this has
expanded with the advancement and widened accessibility to HPC, allowing for microseconds of large
glycoprotein simulation.An in-depth discussion of thédory and details on the st of molecular
simulation by molecular dynamics is presente@lrapter 2.

Previous computational research into isolated glycan dynamics and conformational analysis has been
conducted on a wide range of small disaccharidesraadtcharide®' 44, and some select-lycan
sequence’8 8, While these studies have investigated the conformational propensity of the simulated
glycans, none have systematicaly broken down how the presence of eam$aocharide in the
sequence affects the overall conformational propensity, with Niséira#® to be the only other group
commenting on the change in populated conformers with monosaccharide alteration, using MD
simulation. My work has further explored this concept, with exhaustive sampling of isolajlydaxs

with a systematicgproach of adding onto the glycan sequence, in order to ascertain the definitive effect

of each alteration in monosaccharide addition and branchimgughout my PhD | have studied the

9



sequencéo-structure relationships in complex-giycans, an indissdile connection widely accepted

for proteins, but not for other biomolecules and in particular not for carbohydr&testing with

isolated Nglycans in solution, we were able to identify the intrinsic interactions between
monosaccharide residues, as vaal the significant conformational changes dependent on specific
monosaccharide additions, detailedGhapter 3 for mammalian Nglycans andChapter 4 for plant

and for (some) invertebrates-dNI yc ans . By expanding the <concep
monasaccharides to specific groups of monosaccharides, we are able to describe the 3D structural
ensemble and preferred conformations of distin
architecture with grouped ¢gxblgincnaone claady he glyootoges or
exposureand/or presentatioriheir activity within a complex glycoprotein and their recognition. This

concept highlights the influence that the local spatial environment has on the conformational propensity

of these lghly flexible biomolecules.

The new perspective gained from our investigation into isolatetydan dynamics and its sequence
to-structure relationship was applied to glycoproteins of interest. The functional rolegigtahs

within a glycoprotein envinment has been studied more widely with simulétieh) as the presence

of N-glycans and their effect on protein interaction and structure is undeniable. My interests into
glycoprotein simulation centred on how the glycstructures adapt and functionally cdement

glycoproteis environments which | explored inChapters 5and6. More specifically, we explored

how the glycans in glyqaroteins are fundamentafrom the initial glycosylation in the ER that guides

protein folding?, to their activeroles in recognition andn the mediation of intrinsic and extrinsic
biomolecular interactiof% and evento camouflage viral epitofes om t he host*®s | mmun
We also fand evidencethathe interaction with the protein an
intrinsic conformational equilibria observed in isolated/unlinked glycyisnot actively shape glycans

into unobserved conformatiansore specifically in our studiesthe proteis are never found talter

the inherent conformation dfe linked or boundjlycans, which depends exclusively on their sequence

and branching, but only shift their inherent conformational equilisfium

In Chapter 5, we examined the role that different glycan seqaemnd structures play in the dynamics

of the Fc region of IgG1 antibodies. Our results provided a greater perspective of the role that core
fucosylationand sialylation (in the context of cefecosylaytion)play in reducing antibodgepenent

cell cytotadicity (ADCC), by affecting Fc dynamics and carbohydrate interactions within the Fc region,
as well as impeding access of theoFeceptors, potentially affecting the binding free energy between
the receptors and the antibodies. Our understanding abléhefrglycans in glycoproteins was further
expanded when our group participated in the global effort to discover the mechanical (siaititre
SARSCoV-2 spike protein, a large (180 kDa) type | fusion glycoprotein. As we discuss in detalil in
Chapter 6, through multimicrosecond molecular dynamics simulatiomge were able to identify key

glycosylation sites that play a functional role in the infection mechanism, unique to-GARS

10



mediating and supporting the ebpdng domgn (RBOCByani s m
variation of the type of glycosylation and the extent of processing at these specific sites, we see a
modulation of the structural support that the different glycoforms can provide, potentially weakening

or strengthening the bindn af f inity of the spikebds RBD to the

Based on the results and discussion presented from Chapters 3 to 6, | wil conclude with some
perspective for future work.
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Chapter 2: Computational Method

This chapter details theifferent molecular simulation techniquésused in my workstarting

by the descption ofthe fundamental concepésd principle sunderlying classical mechanics
basedmodels and molecular dynamic (MD) simulations. Folowing from this, | wil present
the setup of an MD simulation and explain some of taetors that can affect it and the
parameters involvedl wil also discuss the cases in which enhanced sampling methods within
a MD framework are useful, focusing on replica exchange molecular dynamics (REND),
approach | used to study the structure and dynamics of glycosylated IgGChapesr 5.

Mole cular Mechanics and Empirical Force Fields

According to the fundamental principles of quantum mechanics (QM), all molecular properties
of a system can be goely defined by the electronic wave function of the system, or by its
electron densityn density functional theory (DFT}. The exact information needed from these
calculations cannot be obtained exactly becausethef mathematical formulation of these
theories wherebyapproximations are needed to find solutions. Different levels of theory can
be applied to the molecular system in order to increase the accuracy. However, this comes at
the cost of computational timand resources, as most of thb-initio QM or DFT-based
approaches do not scale linearly with the number of atoms (N) in the system. The most efficie nt
scaling achieved with DFT schemes i8, Which allow us to handle routinely systems up to a

few hundred atomg. Nevertheless, when working with biomolecular systems, such as
glycoproteins, this approach becomes unfeasible. Additionally, mosat@@NDFT calculatio ns

are run in the gas phasa yacug or with implicit solvent, which does not accurately represent

the properties of molecules at physiological temperatures or in the presence of heterogeneous
solvents. By implementing the Befppenhener (BO) approximation, we can consider the
nuclear motions of a molecular system separately from the electronic motions, due to the
difference in mass between these subatomic particles. With this approximation, we can use
molecular mechanics to represemir system with Newtonian laws of motion, which scale
inearly with the number of atoms, thus modeling the properties of the ful system in a

reasonable amount of time.
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Within a classical molecular mechanics framework, atoms are assumed to be a hard,
impenetrable spheres, with the bonds between atoms represented as springs. This allows the
model to incorporate both the stabiity of a chemical structure, whie allowing for flexibility of

the covalent bonds in their vibrational degrees of freedom. In fandérese molecular models

to be realistic, their structural and interaction properties are represented by parameters fitted to
experimental data and QM data as part of what we call an empirical forcefield. Empirical force
fields define molecular systentsy internal and external potential energy (PE) terms that are
used to calculate the specific potential energy of the system and the atomic motions, in function
of the posttion of its atoms. The internal (bonding/covalent) PE terms represent the bond length
and angles that are approximated by Hookeds
function. External (not#bonding/norcovalent) terms are applied to atoms in a molecule more
than four atoms apart, and include the Van der Waals attractidrrepnision interactions
between atoms, usualy modeled with a Lenndwdes potential, and the electrostatic
interactions represented by a Coulomb potential, Espation 2.1
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Force fields can be separated into addive and polarizable force fields, where the partial
charges d) of an atom is either centred on the representative atom, or the partial charge is
variable in order to account for the 3D occupancy of the electron density siumgpuandatom,
respectively.

Parameter sets are used in empirical force fields to minimise the numbiquef parameters,
making the calculation of these PE terms more efficient and manageable. This is achieved by
assigning an fiat onar thgnmca cenvibnments,t whioks leaa set ofs i mi
bonded and nebonded parameters associated to them. @pgroachaffects accuracy and

determines the specificity of the force field to different biomolecules, i.e. carbohydrates,
proteins, nucleic acids.
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For proteins, there are many commonly wused fo
AMBER and CHARMM. Specific carbohydrate force fields have been developed so they can
be used in conjunction with protein force fields in simulasiorn order to ge an accurate
representation of the behaviour of glycoproteins. The most commonly used carbohydrate force
fields are GLYCAMO08 and CHARMM36. GLYCAMO6 is the first complete and staatbne
al-atom force field for carbohydrates and glycoprofeirEhe GLYCAMOG6 parameter set was
independently developed but in a way that was consistént AMBER parameters, allowing

it to be used in combination with other protein force fields. AMBER does however include
specialised atom types fdhe Asn and Thr/Ser residues linked to glycans in glycoprotein
structures, thus making GLYCAMO06 and AMBERofein force fieldssuitable to be paired for

the simulation of glycoproteins. Another feature of GLYCAMOG6 is the absence of different
atom types for U and b anomer s, allowing the
ring conformations acssible to different monosacchariledNote, puckering is an important
feature to retain correctly &ss implicated in many oligogzharide conformational changes

10and in enzymatic reactiods The covalent PE terms for GLYCAMO06 were derived from
gasphase QM calculations on appropriate molecular fragments, with torsional energy barriers
fitted to minimize the error throughout the rotational PE curve, egstine force field could
reproduce the flexibility of oligo and polysaccharidés Electrostatic point charges were
obtained from QM restrained electrostatic potential (RESP) calculatiangVhie 1-4
electrostatic interactions are scaled in the AMBER family of profeice fields, in
GLYCAMOG6 theyare not, due to the unique structural flexibility of th& hkage. Lennard

Jones potentials from the AMBER PARM94 were directly transferred to GLYCAMO06 without
modification.

The CHARMM36 additive parameter set for carbohyes and glycoconjugafe’ 14 was
developed to be compatible with the CHARMMatbm biomolecular force fields. Simiar to
GLYCAMO6, parameters were derived for carbohydrate fragments and then applied to
monosaccharides, with missing parameters developed and set adjusted to gas phase QM and
condensed phase experimental data. These parameters were further refined with coroparison t
MD simulation of infinite crystals and of differently diuted solutions, aimed at reproducing
crystal geometries of monosaccharidés and disaccharidés Notably, CHARMM has the

first polarizable carbohydrate force field based on the Drude oscilator hodich adds a

chage polarization effect to the existing atom point charges in the CHARMM empirical force
field.
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In additon to parameter sets that describe protein and carbohydrate atoms, the qualty of a
simulated system greatly depends on the choice of water force ffii¢he system is solvated.
Ideally, the chosen water model should match the water model used in the parameterization
and validation of the protein force field itself. TIPF8Pthe threepoint water model, was used

in development of AMBER and GLYCAM, making it a clear candidate for simulation with
AMBER and GLYCAM force fields.

Molecular Dynamics

Molecular Dynamics (MD) is based on a classical mechanics approach to describe the
distribution of atoms in space and how ithedsition, through Newtonian motion, evolves over
time. The work presented in this thesis was completed by using both conventional MD and an
enhanced sampling techniquaamely temperature replica exchange molecular dynamics
(REMD)?”.

Before starting a simulation, an initial startihg conformation has teekseted idealy from
expenmental sources, such as NMRray crystallography or cryogenic electron microscopy
(cryo-EM). In terms of glycans, this can be an issue, as experimental techniques do not always
resolve atoms of high flexibility and dynamics, or as imay crystalograpy the atoms
coordinates are obtained through fitting to an electron density map, sometimes without a proper
consideration of the correct glycan structure. To supply for the absence of glycan structural
information there are glycan buiding tools avaiabdeveloped by GLYCAM and CHARMM
teams, such as (glycaweb (https://dev.glycam.org/) and CHARMMUIE
(http/Awww.charmragui.org/). For the simulations of biomoleculethe biomolecular system
needs to be solvatdaly water molecules, filing a simulation bewthin which counterions can

be added to the desired concentration. Folowing this, energy minimisation and equilbration
steps need to be run to bring the systematthermodynamic equiibrated state where
thermodynamics and structural properties can be sampled through the integration of the

eqguation of motion as described below.

Empirical force fields provide the PE terms of the system as a function of therpasitall its

atoms, denoted by(r). The forces acting on the atoms are produced as describEduayion
2.2, which gives the gradient of the PES
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Accelerations are calculated us iHyggtiorN23wt ond s

O aw
2.3

wheremi s t he atom mass. N areittegrated snumergaliya ibh ordento o f
determine the time-evolution (or trajectory) gpositions and velocities of the atoms. A classic
integrator, like the Verlet algorthm sha in Equations 2.4 to 2.6 takes the posttions and

accelerations at time, with the previous positions (at time- at) and calculates the new

positions at timet + at.
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Another option is the leap frog integrator, that uses velocities calculated HRat to then
calculate the accelerations at titavhile the posttions are calctda atr(t + at) using r(t) and

v(t + 1/2at) shown inEquations 2.7 to 2.8
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This overlapping fleap frogo ¢ge negmatartmethod o f
an advantage over the Verlet integrator, as the velocities are explcitly calculated. Other
integrators are avaiable like the velocity Verlet metfant the Rungekutta method®. In my

work | used a stochastic leap frog integrator when working with AMBERaiters 3, 4 and

6), and a sympletic Verlet integrator with NAMKHapter 5). Temperature and pressure are

regulated with a #rmostat and a barostat, respectively. Langevin dynamics with aoaolis
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frequency of 2.0 pswas used in all of my simulations for temperature control. Pressure was

regulated with the Berendsen barosthtn AMBER, and with a modified NosEloover
method?23selected in NAMD.

A very important aspect of the sgp of MD simulatios is the timestep, dt, as it determines

how long the simulation wil take to run depending on the computational resources available.
The size of the timetep is defined by an order of magnitude shorter than the shortest vibration
of the system; in mostystems, this is usually the vibration of covalent hydrecmiioon bonds,
approximating to 10 fs, leading to a time step of 1 fs. However, most simulation software, there
is an option to constrain the vibration of covalent hydrogen bonds allowing forea lange

step of 2 fs. Both NAMD and AMBER software packages implement the SHAKE algdfithm
to constrain these bonds.

Conformational sampling

Once the molecular simulation is aqt to un, the commonly asked question (e that we
shoud ask sifhow | ong of a trajectory atios lengihng en
determines the reproducibility, thus the validity of giulations results. Although the latter
hinges on the choice of force field and methodology implemented, exhaustive (or sufficient)
conformational sampling is key, though knowing whamwergence wil be reached is not
intuitive, and can be unique for each chosen starting structure. In the case of complex
carbohydrates, due to their high degree of fiexibility, especialy when unbound and isolated,
complete sampling requires considerab@mputational resources for relatively small systems.
Indeed, looking at the free energy associated to different conformations of two common

linkages in complex carbohydrates, s@gure 2.1, we can ilustrate the problem of insufficie nt
sampling.
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Figure 1.1.Conformational heat maps corresponding)td(1-4) linkage and) U 16) linkage obtained for adglycan through
complete conformational mapping performed with a series of conventional MD simulations run in parallel. ddie eedi
black dashed lines represent a hypothetical walk in time space obtained by MD simulation. The numbers correspond to the

minima identified during complete samp fingvith the darkest shade of blue corresponding to the most stable structure. Maps

rendered with Ri®idio (https:/rstudio.com/indexp/

MD simulations with a conventional implementation explore the fdedd defined PES
through a continuous -4)wirkagk, sinultiort fromeane sfartng t he
structure is adequate in estimating the flexibility and stability of the struftora population
frequency and standard devi-§i6)lickage has ansexira e me n t
torsion angle, providing the linkage with extra fiexibility and therefore a vaster and more
complicated conformational landscape. Starting from etmacture (red point), the MD
trajectory may identify some minima of the PES, but not al, with the inability to cross high
energy barriers at 30R and thusa longer simulation is needed for greater exploration. An
alternative approach is to set up aisiaffit number of uncorrelated MD runs from different

starting structures, with shorter MD sampling time for each structure, but an estimation of
convergence based on structural interconversion between separate trajectories. We
implemented this approach ithe work discussed ifChapters 3 and 4, successfully

charaatrizing the conformational propensity and dynamics of free carbohydrates in solvated
systems.

As an alternative that does not always require a previous knowledge of the conformational

space, ther are conformational samplingechniguesavai |l abl e, referred
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samplingo approaches, t hat over come t he s h
sampling Enhanced sampling schemes are especially useful in cases where conformational
degreesof freedom are restrained arES barriers may be too high to crosdé room
temperature Indeed, in complex systems, such as glycosylated biomolecules, glycans can be
restricted by interactions with resdandlexes on
networks of carbohydratearbohydrate interactions that also confine their dynamics to a
smaller subset of possible conformational occupaiiciebhe scenario ismade even more

complex when starting structures from experimental sources have glycans in low populated,
unnaturally distorted or even in incorrect conformati®n&nhanced sampling methods in this

case may provide a strategy to resole these issues by providing the particular system with
enough energy to escape particularly tricky energy wells and/or barriers. Stochastic methods
such as metadynami¢s(MTD) and umbrella samplg#® apply biases to the PES, to lower the

energy barriers, and thus allowing the system to traverse the PES miyre Deterministic

methods lke temperature REMDperform the simulation partialy at higher temperatures

within a defined temperature range, allowing easier traversal of the PES. Our specific
implementation of temperature REM®outined inChapter 4and the basic principles of the

method are discussed below.

The REMD algorithm developed by Sugita and Okaffotombines the parallel tempering
method used in Monte Carlo simulations with an MD approach, and is widely used as an
enhanced sampling technique. The process of exchange between replcas is repmesented
Figure 2.2
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Figure 2.2.Overview of temperature REM D, showing exchanges being attempted after every m simulation steps. Exchanges

can only happen between adjacent temperatlres

Using temperature as an exchange variable, multple isothermal (conventional) MD
simulations run in paralel, with a set number of replicas (n) generated in giveeratung
range, and each assigned a simulation temperature in ascending @rder @ .n-1). After m
number of steps, the system wil try to swap adjacent replieas j, with an acceptance ratio

dependant on the energy between replicas showguation 2.9

2.9
If the distribution of the differential temperatures is gethe selected temperature range, this
ensures a better exchange probability, as the acceptance ratio is the same between all pairs of
replicag!32 This can be adved easily with tools developed for temperature REXMBhich
gves a good indication of the viability of a simulation for temperature REMBed on the
predicted exchange ratiHamitonian REMDB* can also be performed, where arbitrary
perturbations to the Hamitonian of the system is used rather than temperature as an exchange
variable, and allows for smaler number of replicas with larger differences between individual
replca Hamitonians. The easy set up and implementation of REMD comparative to other
enhanced sampling techniques is an advantage, but REMD is computationally very costly,
gven the large number of replicas needed, which is dependent on the size of the system

including explicit solvertf.
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Chapter 3: Sequende-structure dependence of isolated IgG Fc

complex biantennary fdlycans: a molecular dynamics study

Paper citation: Harbison, A. M., Brosnan, L. P., Fenlon, K. & Fadda, E. Sequence

to-structure dependence of isolated IgG Fc complex biantennaglyddns: a
molecular dynamics studyslycobiology?29, 94i 103 (2019).

3.1 Introduction

N-glycosylation of the immunoglobulii® (IgG) fragment crystallizable (Fc) region is essential for its
structural stabilty and functiéi. The sequence and branching of the Fghidoforms, bound at the
highly conserved Asn 297 in both gHbomains of the Fc region, strongly affect the adigomediated
effector functof’by modul ating the binding to the- i mmune
mediated immune resporisg In this context the effects of cefecosylation, sialylation and of
galactosylation are particularly interestirgetween 81% and 98.7% of the Feghfcans in human

IgGs are corducosylateé’. Eventhough it may appearlike avery subtle change to the glycan sequence,
especially relative to the size of the whole IgG, core fucosylation, where fu@deds linked to the
chitobiose core of the complex-glycan, greatly affects the IgGs antibediypendent ceflinediated
cytotoxicity (ADCC) function. More specifically, a strongly enhanced ADCC corresponds t0 non
fucolylated Fc Nglycan specigs'*'’. This information has found wide interest and applications in
cancer immunotherapy, especially in regards to engineeringunosylated antibodies with higher
efficacy’ 131720, The molecular basis for this phenotype is not entirely clear. It has been linked to the
stronger binding between IgG and thegfeceptor llla (FgRIlla)”-21-22 determined by a more effective
contact between the IgG andgRtlla glycans in the absence of core fuc¢dslo significant structural
changes in the IgG structure have been dedeintéunction of the presence or absence of fu€ose
Sialylation of the Fc glycans is known to reverse the antibody inflammatory effect from prdto anti
Only about 20% of coréucosylated biantennary Fc-glycans are sialylatéy) meanwhile the majost

of Fc Nglycans in human IgGs are galactosylated, with neutral glycans without galactose slightly
below 40%, neutral glycans with one terminal galactose slightly above 40%, and neutral glycans with
two terminal galactoses contributing to 20% of the @dulgG glycomé®. The abundance of
galactosylated glycoforms has been directly linked to aging, with decreasing levels correlated with
aging, and to immune activatiér?+2¢. Notably, the risk of developing rheumatoid arthritis is correlated

with low lewels of galactosylatiGii.
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The phenotypes linked to different Fegycan sequences are likely to be determined by the modulation

of the interaction of the IgG with cell surface receptors, whichis a difficult topic to address as a whole
due to the coplexity of the systems involved. NMR spin relaxation data provide evidence that despite
the close contact with the protein, both arms of thgldans at the IgG Fc remain flexible and
accessib®, suggesting that the intrinsic conformational propenditthe Fc Nglycan in function of

its sequence may play a role in regulating the molecular interaction with the cell surface receptors.
Therefore, to understand the implications on thgiydans structural and dynamics of their size and
sequence, we condect a complete conformational study by extensive molecular dynamics (MD)
simulations of progressively long complex biantennary Fghfdans most commonly expressed in

human IgG¥ 3% All the glycoforms we have analysed in this work are shoviignre 3.1

O P Q R S T

Figure 3.1.Schematic representations of algly cans, fucosylated and nduacosylated in pairs, analysed in this study. Letters
are used as shorthand notation for the identification of each sugar. Numbers are used to identify residues. The graphical

representation follows the guidelines indicated in (Varki, A., Cummings, R.D., etal. 2015).

Because of the complexity of thediycans dynamics and the high flexibility a{1/2-6) linkages, we
chose a sampling method based on single (conventional) r&jxtories, ran in parallel, all started
from different combinations af (1/2-6) conformers, namely 3 trajectories for @@-6) linkage, 9 for

two a(1-6) linkages, 12 for ona(1-6) and onea(2-6) linkages, 24 for twa (1-6) and onea (2-6)
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inkages, andinally 72 for twoa(1-6) and twaa (2-6) linkages, for a total cumulative sampling time

in excess of 62rs. This approach allowed us to systematically and directly sample by construction
regions of the potential energy surface corresponding to rare o@atians of the differernt (1/2-6)
inkages and to assess their relative stability. Our results show that a) the highest conformational
flexibility concerrs primarily thea(1-6) arm, while thea(1-3) arm remains mostly extended, b) core
fucosylation and sigdation do not affect the conformational equilbrium of @él-6) arm in the
isolated glycan in solution, meanwhile c) galactosylation ofatfie6) arm alone greatly shifts the
conformational propensity of the arm from outstretched, to folded overhitebiose core. These
findings provide important insight into the differences in the molecular recognition of biantennary
complex Nglycans by enzymes and lectins in function of their sequence. Implications in the molecular
recognition of the different ghpforms studied here when isolated (unbound}jinked, or on glycan
arrays are discussed in the sections below.

3.2 Computational Methods

All glycans were built with the carbohydrate buider tool on GLY CAWEB (http://wwwglycam.org.

All combinations of rotamers for the (1/2-6) linkages have been considered as starting structures for
the MD simulations, namely 3 trajectories for @@-6) linkage, 9 for twa (1-6) linkages, 12 for one

a(1-6) and onea (2-6) inkages, 24 for twa (1-6) and onea (2-6) inkages, and finaly 72 for twa(1-

6) and twoa(2-6) linkages. The GLYCAMI6h-12SB version of the GLYCAMO6 force figtlwas

used to represent the carbohydrate atoms, TIP3P paratheters used to represent water, while
amber99SB parametétsvere usedor the counterions, added in a number sufficient to neutralize the
charge in the case of sialylated species. All simulations were run with versions 12 and 16 of the AMBER
molecular simulation packatfeDispersion interactions were cutoff at a distanct3dh. Electrostatics
interactions were treated with Particle Mesh Ewald (PME). A constant pressure of 1 atm was maintained
by isotropic position scaling with a relaxation time of 2 ps, while a constant temperature of 300 K was
regulated by Langevin dynagsi using a collision frequency of 1.0'pShe SHAKE algorithm was

used to restrain bonds with hydrogen atoms and an integration time step of 2 fs was used throughout.
For each sugar, each starting structure was analysed for at least 250 ns, withresxoéptigar D,

which was analysed fori®, because of the complexity of its dynamics, which wil be discussed in the
sections below, and sugar E for 500 ns on single trajectories. Further details on the minimization,
equilbration and production phases are inclutledppendix I. High performane computing (HPC)
resources were provided by the Irish Centre for Higd Computing (ICHEC).
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As an interesting note, because of the better scaling on our machines of v. 4.6.3 and 5.0.x of GROMACS
(GMX) for the calculations on these relatively small eyss, we ran some tests on the meeiirad

sugar H, se€igure 3.1,and compared the results with the GLY CAM/AMBER-spt The starting
structure and parameter files obtained from the carbohydrate buider on GLYWZBBRI were
converted to GMX format with thénteChamber PYthon Parser interfactEype.pytooF®. It is
important to note that in all GMX simulations the4Iscaling wasrs et t o fA10 as requ
GLYCAM force fielc? 7. Equal amount of sampling was done with both GMX and AMBER, preceded

by a very similar setip and equilbration protocols. Details of the GMX protocol are provided
Appendix |. The results indicate large differencesiil-6) torsions populations between GMX and
GLYCAM/AMBER, shown inTables S.1andS.2in Appendix |. The reason for this may be problems

in the transfer of torsional parameters from a GLYCAM/AMBER format to the GMX format. More
specifically we found thatisulations of sugar H with GMX do not reproduce the correct conformer
populations, or give energetically disfavoured conformers, such ag thehe core fucose (1-6)

linkage as the highest populated for sugar H2Tsdbe S.2in Appendix 1.

3.3 Reslis

The results below are presentadction of the different Nylycan linkages for clarity. Notable effects
on the conformational propensity of different linkages determined by -jigcln size and sequence
are indicated within. All torsion angles dissed throughout correspond to the following nomenclature,
f (0sC,0,C), Yy (C,O0,LLCx1), andw (OsCsCsC,)%8. The method we have chosen to number the
monosaccharides and to name the differesgfiyldans is indicated ifigure 3.1 A summary of the
results obtained as averages over all the simulations for all fatedynd nofucosylated species is
shown inas 3.1and 3.2, respectively. Results obtained for each system studied are shdwablds
S.323in Appendix 1.
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Table 3.1Conformational propensities of different linkages calculated farcattfucosylatedspeciesshown inFigure 3.1

Thetorsion angle values are shown in degrees and calculated as averages eygcalidN Data were collected and analysed
at 100 ps intervals. Errors are shown in parenthesis and are averages of standard deviatided datcakch MNgly can.

Relative populations (%) are indicated in red. All torsion angles discussed throughout correspond to the following

nomenclaturef (Os-Ci-Ox-Cy),Y (C1-Ox-Cx-Cx:1), andw (Oe-Cs-Cs-Ca).

Linkage

f

y

w

GIcNACc(2)-b(1-4)-GIcNAc(1)

-77.9(11.3)100

-127.5 (15.1)100

Fuc(12}a(1-6)-GIcNAc(1)

-77.3 (15.9)100

-185.2 (19.578 94.5 (19.4)
19/-97.3 (16.52

471 (12.3P2/-168.5 (16.5)
7/-54.8 (30.5)1

Man(3)b(1-4)-GIcNAc(2)

-78.1 (18.297/ -

-125.5 (15.3p6/ 72.1 (R.9)4

159.3 (18.58
(1-3) branch: Man(4p (1-3)- 72.9 (12.2p9 147.5 (15.260/ 102.2 (14.5)
Man(3) 123.7 (22.01 39
1-3) branch: GIcNAc(6)(1- 161.9 (15.684/ 105.4 (12.4
(1-3) (6p( -80.9 (16.5)100 ( P ( ) -
2)-Man(4) 16
1-3) branch: Gal(8p(1-4)- -122.3 (16.5p5/ 78.7 (21.2
(1-3) (8p(1-4) 75.1 (15,900 (16.5p (21.2) )
GIcNACc(6) 5
(1-3) branch: Sia(16%(2-6)- | 65.1 (11.090/-50.4 | -182.6 (24.585-99.3 (16.7) | -63.7 (15.6)64/ -165.5 (15.0)
Gal(8) (15.2)10 11/104.7 (17.98 31/58.2 (14.3p

(1-6) branch: Man(5p(1-6)-
Man(3) (F,H,J,R)

73.7(15.8)100

85.3 (17.249/-178.5 (18.7)
50/-93.0 (17.40

51.9 (10.781/-173.6 (16.5)
15/-77.5 (19.6)4

(1-6) branch: Man(5p(1-6)-
Man(3) (L,N,P,T)

76.3 (15.0)100

85.3 (15.8)76/ -185.1 (22.1)
23/-99.3 (13.6)0

50.5 (9.8)88/ -172.8 (14.9)
11/-80.2 (18.1)2

(1-6) branch: GIcNAc(7p(1-

-81.4 (14.9)100

162.0 (13.1p2/ 107.8 (11.8)

2)-Man(5) 9
(1-6) branch: Gal(9p(1-4)-
-74.8 (13.7100 -122.6 (15.7p9 153.3 (9.1)L -
GIcNACc(7)
(1-6) branch: Sia(1tx(2-6)- | 64.9 (11.888/-52.3 -182.0 (25.288/-101.3 -64.9 (16.2)6/-163.5 (15.2)
Gal(9) (191) 13 (16.6)9/90.3 (16.3¢ 34/ 60.3 (14.48
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Table 3.2Conformational propensities of different linkages calculated fanatifucosylated specieshown inFigure 3.1

Thetorsion angle valuese shown in degrees and calculated as averages oveglpttais. Data were collected and analysed
at 100 ps intervals. Errors are shown in parenthesis and are averages of standard deviations calculated-dtyrcaach N

Relative populations (%) are ditated in red. All torsion angles discussed throughout correspond to the following

nomenclaturef (Os-Ci-Ox-Cy),Y (C1-Ox-Cx-Cx:1), andw (Os-Cs-Cs-Ca).

Linkage f y w
GIcNACc(2)-b(1-4)- -130.8 (15.7p9 69.0 (12.4
(2yb(1-4) 78.7 (11,1100 (15.7p (12.4) )
GIcNACc(1) 3
-79.6 (20.6P7/-157.9 | -125.4 (15.4P6/ 66.8 (11.8)
Man(3)b(1-4)-GIcNAc(2) -
(18.2)1/56.7 (9.11 3
1-3) branch: Man(4p(1-3)- 146.5 (13.9%1/ 102.3
(1-3) (42 (1-3) 72.8 (12.1)100 ( P -
Man(3) (14.2)39
(1-3) branch: GIcNAc(6p(1- 161.8 (15.984/ 105.4
-81.0 (16.3)100 -
2)-Man(4) (12.3)16
1-3) branch: Gal(8p(1-4)- -122.1 (16.4p5 74.5
(1-3) (8p(1-4) 75.7 (17.3)100 (16.4p ]
GIcNACc(6) (17.6)5
(1-3) branch: Sia(16(2-6)- 65.1 (11.289-50.0 -177.2 (22.980/-100.3 -63.2 (15.5)66/-164.3
Gal(8) (14.7)11 (15.9)18/ 105.9 (15.88 (14.8)31/60.3 (13.14

(1-6) branch: Man(5p(1-6)-
Man(3) (E,G,I,Q)

73.2 (16.5)100

82.1 (18.4)15/-177.7 (18.6)
54/-95.6 (17.7p

51.8 (11.080/-172.3
(17.0)15 -75.7 (17.95

(1-6) branch: Man(5p(1-6)-
Man(3) (K,M,0,S)

75.1 (14.9)100

82.9 (173) 74/-182.2 (21.9)
26/-101.8 (13.4)L

58.4 (10.309 -173.5
(18.5)1

(1-6) branch: GIcNAc(7b(1-

-79.8 (19.6)100

162.1 (13.6P0/ 106.5

2)-Man(5) (12.4)10
(1-6) branch: Gal(9p(1-4)- 76.2 (15.1)100 -125.7 (15.4p7/ 120.3 (7.2) )
GIcNAC(7) 3

(1-6) branch: Sia(11(2-6)-
Gal(9)

64.5 (11.200/ -50.7
(13.7)10

-181.0 (25.2B88/ -98.6
(17.9)9/ 106.5 (16.08

-62.6 (15.6)50/ -166.6
(14.3)33 58.8 (13.6)7

GIcNACc(2)-b(1-4)-GlcNAc(1) linkage

As shown in sedables 3.1and3.2, this linkage isconformationally rigid with only one rotamer
populated in all the Mlycans analysed. The averdgangle values ar&8.7° and-77.9°, while they

angle values aret30.8° and-127.5° for norfucosylated and for fucosylated species, respectively. In
the core-fucosylated species this conformation of the chitobiose favours the formation of a hydrogen
bond between the O2 of the fucose and the NH of GIcNAc(2). No significant deviations from these
torsion angle values have beenobserved, exceptin the ¢hseofefucosylated tetrasaccharide sugar

D, shown inFigure 3.1, where the GIcNAc(1) ring pucker has been observed to transition from the
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more stabl¢C, to a'C, chair, causing a change ty aangle value 0f74.0° for 13% of the time over a
3 s trajectory. Because this transition has been seen exclusively for sugar D and it is caused by the
reorientation of the GIcNAc(1) G66 bond following théC, to 1C, re-puckering, from an equatorial
to an axial position, sugar D has been excluded from the averaging. The conformational propensity of

sugar D is discussed in detail in a dedicated subsection below.

Fuc(12)a(1-6)-GlcNAc(1) linkage

The flexibility of thea(1-6) linkage between the fucosadathe GIcNAc(1) is unsurprisingly higher
relative to the other core monosaccharides. Notably, the conformational space sampled is independent
of the length or the size of the-@lycan. Théighestpopulateda (1-6) conformer, i.ef -77.3° (100%),

y -185.2° (78%), andw 47.1° (89%), with relative average populations indicated in brackets,
corresponds to a structure where the fucose O2 forms a hydrogen bond with the NH of GIcNAc(2). An
example of this conformation is shown in the case of the dodecasacshgadel inFigure 3.2 As

the size of the glycan increases the fucose is also able to extend the hydrogen bond network by forming
interactions with the GlcNAc(7) O3 when th¢1-6) arm is folded over the chitobiose core, as shown

in Figure 3.2. A deviation from this conformation with 19% of the total population, consistently for

all N-glycans, has the sarheandw torsions, but  value of 94.5°. In this conformer the fucose is not
hydrogen bonded. A unique case wherenhersion deviates from itgg stable configuration, i.ew of

47.1°, is found only in the case of the tetrasaccharide sugar D, where the reducing GléSAct{aly
conformation has the C5 in an axial positions anditltersion to adopt a64.5° value. Thisv value
corresponds to an ergetically prohibitedtg conformer when the GIcNAc(1) is in the stand&gd

chair. Thegt w conformation, corresponding to an average valuel@8.7°, has relative populations
ranging between 3% (sugar T) andtoldebeépendestomtter F)
branching, the length, nor on the sequence.
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Fuc(12)

Figure 3.2.Hydrogen bond between the Fuc(12) O2 and the amide N of GIcNAc(2) and GIcNAc(7) in the dodecasaccharide
sugar T is highlighted with yellow dots. Aside from Fuc(12) and Glc{2\all other monosaccharides are shown in light

grey. Note: the conformation shown, the highest populated in sugar T, lzgdtBearm folded over the chitobiose core. The

image was generated with pymol.

Man(3)-b(1-4)-GlcNAc(2) linkage

This linkage has one largely preferred conformation for both, fucosylated affidcosylated species,
irrespectively of the length and sequerof the Nglycan. For nofucosylated specigsandy have

average values 6f79.6° (97%) and125.4° (96%), respectively. The relative populations calculated
over the entire simulation time are indicated in parentheses. Feluoargylated specidsardy have

average values 6f78.1° (97%) and125.5° (96%), respectively. Conformational changes from this
prevalent configuration amount to 3% to 4% of the whole cumulative simulation time and represent
changes of to values aroundl60° and ofy to values around 60° for both, neand corefucosylated
species, se€ables 3.1and3.2 Thesd andy excursions are not correlated to each other and confer a
slight flexibility in terms of rotations of the plane containing dt{é-3) anda (1-6) branches arouritie
chitobiose core. In the most stable conformation the planes containing the chitobiose and the trimannose

core are parallel to each other.
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a (1-3) branch: Man(4)-a(1-3)-Man(3) linkage

The conformational dynamics of tiag1-3) branch at the trimannosevel is not particularly complex

and it is not affected by core fucosylation. Theorsion is prevalently found in a single conformation,
72.8° in 100% of all noffucosylated species analysed and 72.9° in 99% of allfoomsylated species
analysed. Thelight difference is due to the more complex dynamics of sugar P and sugar T, which
both have sialylated (1-3) arms, and for which in 5% and 1% of the sampling timd ttesion value

is an average of 123.7°, s@able S.9in Appendix |. They torsion ddines two distinct basins,
identical in case of both fucosylated and-fucosylated species. In case of +ianosylated Nglycans

the highest populatey value is 146.5° (61%) and the lowest is 102.3° (39%). In the case of fucosylated
species thg valuesare, 147.5° with a relative population of 60% and 102.2 with a population of 39%.
The remaining 1% is contributed by the more complex dynamics of sugar P, where tlyeihie
corresponds to 182.0°. The two distinct conformations of this linkage camufegree of flexibility to

the a(1-3) branch with a range of movement showfigure 3.3,

Figure 3.3.The conformational dynamics of thél-3) arm, shown here for sugar R as an example, is restricted to two basins

corresponding tg values of 145° (@ange) and 104° (purple). The image was generated with pymol.
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a (1-3) branch: GIcNAc(6)b(1-2)-Man(4) linkage

The conformation of this linkage is restricted to two conformations, identical for both fucosylated and
nontfucosylated species. In case of tle-fucosylated glycans the averdgealue is-81.0°, while the

y values are 161.8° (84%) and 105.4° (16%). In case of the fucosylated glycans the favertagés
-80.9°, while they values are 161.9° (84%) and 105.4° (16%).

a (1-3) branch: Gal(8)-b(1-4)-GIcNAc(6) linkage

This linkage is the least flexible in the branch with one conformation accounting for over 95% of the
population of both fucosylated and Alartosylated Nglycans. In case of the ndacosylated glycans

the averagé value is-75.7°,while they value is-122.1° (95%). In case of the fucosylated glycans the
averagef value is -75.1°, while they value is-122.3° (95%). The 5% difference corresponds to
excursions tg values around 75° for both fucosylated and-hmosylated speciesgeTables 3.1and

3.2

a (1-3) branch: Sia(10}a(2-6)-Gal(8) linkage

The linkage to the terminal sialic acid is the most flexible ofat{ie3) arm and all the conformations
visited are independent of cef@cosylation, both in terms of torsion angle esland populations, see
Tables 3.1and3.2. The most flexible torsion is theangle with values aroun®0° (65%) and165°
(30%). A small contribution of around 5% is given by a value of 60°. Thesevvates define the
conformations shown ifrigure 3.4, with the highest populated corresponding to the completely out
stretche@ (1-3) arm.
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Sia(10)

Gal(8) s é

GIeNAC(6)

Man(4)

Figure 3.4.The two highest populated conformations accessible to the terminal sialic acid here shown for sugaa{len the
3) arm. Note, only the section of th€1-3) arm from Man(4) is shown for clarity. The conformations corresponding to
torsion values of60° (65%) and-165° (30%) are shown with C atoms in cyan and green, respectively. The image was

generated with pymol.

39



a (1-6) branch: Man(5)-a(1-6)-Man(3) linkage

The conformational dynamics of the Mangb(1-6)-Man(3) linkage is the most interesting and the only

one that has a clear dependence on sequence among the Ig@yEari¢ analysed here. Unlke the

a(1-3) arm that has a relatively restricted dynamithe a(1-6) arm can adopt two very distinct
conformations, one ext endefdvalues arourl®Qs,tarsd tone ehere h e d 6
the arm is folded over the chidbekirdse coorespwh
f valuesaround 80°, se€ables 3.1, 3.2andFigure 3.5 In sugar E (F), with aa(1-6) arm terminating

with Man, over 80% of the conformer have the arm in an outstretched conformatidrabses S.16

andS.17in Appendix |. The addition of the GIcNAc ib(1-2) shifts this equilbrium, so for sugars G

(H), 1 (3), and Q (R), where the fucosylated species are indicated in parenthesis, the outstretched and
the foldedover conformations are equaly populated, namely 45% (49%) for the -olded
conformation, and 55%b1%) for the outstretched conformation. Interestingly, galactosylation of the
a(1-6) arm shifts this equilbrium further with a high majority of the galactosylated sugars, namely K

(L), M (N), O (P)and S (T), in a foldeaver conformation. The relative average populations are 74%

and 76% in a foldedver conformation for nefucosyated and corducosylated sugars, respectively,

while 26% and 23% in an outstretched conformation forfnonsylated and corucosylated sugars,
respectively. This equilbrium is not affected either by the type of glycosylation &(ik8) arm, nor

by the sialylation of thea(1-6) arm, and it does not depend on efueosylation either, despite the

fucose in its most stable conformation interacts effectively through hydrogen bonding veitfi-be

arm when foldegbver, as shown ifrigure 3.2
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a (1-6) branch: GIcNAc(7)b(1-2)-Man(5) linkage

As seenin the case of tag¢1-3) arm, the conformational dynamics of this linkage is largely restricted
to f andy values of-80° and 162°, respectively, both in case of fucosylated anducnosylated
speces, sedables 3.1and3.2. The only significant alternative conformer accounting for 10% total
contribution is characterized lyyvalues of 106° for nefucosylated species and 108° for fucosylated
species. The same linkage on #€l-3) arm has an analogs conformational equilbrium of the

y torsion, with a 85:15 ratio.

a (1-6) branch: Gal(9)-b(1-4)-GlcNAc(7) linkage

Similarly to the same linkage on th¢1-3) arm, the Gal(9b(1-4)-GlcNAc(7) torsional space is highly
restricted to a single conformatiowith f andy values aroundr5° and-125°, respectively, both in the

cases of fucosylated and rfutosylated species.

41



a (1-6) branch: Sia(11}a(2-6)-Gal(9) linkage

The conformational dynamics of the terminal sialic acid oraitie6) arm is virtually identical to the
one observed for the terminal sialic acid on &f{é-3) arm. The linkage is highly flexible with, the
f angle predominantly around 65° (90%), with a ~ 10% contributiorb25f. They angle has also a
preferred conformation around80° (8%). Small contributions of values around100° (9%), and
+100° (34%) have been also detected, both in case of fucosylated andfocneglated species. The
wangle is quite flexible, with values e85° as the preferred conformation (60%) anell6l (33%).

A small contribution of 7% corresponds to\awalue of 60°, both in case of fucosylated and of-non

fucosylated species.

Sugar D: Man-b(1-4)-GIlcNAc-b(1-4)-[a(1-6)-Fuc]-GlcNAc

The conformational dynamics of the tetrasaccharide -Mamt)-GlcNAc-b(1-4)-[ a(1-6)-Fuc}
GIcNAc, named here sugar D for short, égure 3.1, is quite complex showing occasional transitions

of the reducing GIcNAc ring from the staldl€; chair conformation to a less stab@, chair. Similar
conformational changes have baeported recently for Lewis X (Keand sialyl Lé&(sLe)* 4% where

the linkage to the fucose is a less flexiligl-3). Although we observed the fir$€, to 'C, chair
transition within the first 100 ns of the simulation, we extended the trajeot@wy# to evaluate more
accurately the relative populations of the two different conformers. During riberajectory théC,

chair conformation is visited 5 times and remains stable during intervals ranging from 30 ns up to 200
ns. Based on these dada, shown irFigure 3.6, sugar D is found in the stali€; chair for over 87%

of the time. In terms of relative populations, the corresponding free energy f€,tte’C, chair

transition corresponds to 4.7 kJ/mol at 300 K.
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Figure 3.6. Contour plot sbwing the conformational propensity of the reducing GIcNAc(1) of sugar D in function of two
torsion angles O4C4C5C6 and O4C4C505 on the x and y axis, respectively. The structures corresponding to the highest
populatedC, chair conformation (87%) and thewest populatetCs chair conformation (13%) overrss (30,000 data points)

are also shown in line with the corresponding histograms on the y axis. Torsion angles are in degrees. 2D contour plots are
done with seaborrséaborn.pydata.orgnd the structuseare rendered with pymol.

3.4 Discussion

The sequence of the-Blycans expressed at Asn 297 has been shown to have a significant effect in
modulating the IgG effector function. In particular céweosylation, and galactosylation and
sialylation of boh a(1-6) anda(1-3) arms in Fc biantennary complexdgicans have been identified

as key players, with different roles in regulating the ADCC funttibh ¢ and the onset of
inflammatiori*: 28, In particular levels of galactosylation have been linkedghogd and to the risk of
developing conditions such as rheumatoid artfrits2°, The molecular basis underlying the link
between the glycan sequence and these different phenotypes is very complex to understand, as it most
likely depends on the dynarsi and energetics of the interaction between the glycosylated antibody and
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the receptors on the immune c&lisAs a first step we wanted to determine if and how the
monosaccharide sequence affects thgiyldan dynamics in the absence of the protein, sanadysed

the intrinsic conformational propensity of the biantennary compleglydns most commonly
expressed at Asn 297 on the IgG Pt Although we do expect that contacts with residues on the 1gG
Fc surface are likely to affect the conformationatiegium relative to the isolated glycan, it is has
been shown that both(1-6) anda (1-3) arms retain high degrees of flexibility in-fftked glycan’,
therefore their intrinsic conformational propensity may play a role in their contact with the receptors.
The results of our study based on extensive conformational sampliegcess of 6215 by MD
simulations, show that while cofacosylation and sialylation do not affect the conformational
dynamics of the Nglycan as a whole, the effect of galactosylation ofat(e6) armis remarkable, as

it clearly regulates its conforriian. Indeed, we have found that regardless of the sequenceadfithe

3) arm, of corefucosylation, or of sialylation of thee(1-6) arm, the presence of galactdgé-4) linked

to GlcNAc shifts the conformational propensity of the whakl-6) arm from anb out st r et c he
conf or mat i omv etrod ac oonffool rdreegdb)iaonns stackes againstt the ehitobiose
core, seé&igure 3.5. The shift in the conformational equilbrium we observe for galactosydeit6)

arms is likely due to a more effecnnteraction in terms of both hydrogen bonding and of stacking
with the chitobiose core, regardless of the presence of thduawse. This is surprising as fucose does
contribute to the hydrogen bonding network by bridging the GIcNAc(2) of the chéolmshe
GIcNAc(7) of the foldeebver a(1-6) arm, as shown ifigure 3.2. Conversely, the dynamics of the
a(1-3) arm is more restricted due to the intrinsic rigidity of the M&h3)-Man relative to the Man
a(1-6)-Man. Nevertheless, it undergoes excursions betweenthe two close rotantes;ais Bigure

3.3. The conformational dynamics of both armsis locally enhanced by the sialic acid due to the intrinsic

flexibiity of the a(2-6) linkage.

Although the existence of foldemer (and variation theref) and of outstretched conformatioristize

a(1-6) arm have been identified and discussed previBudly our systematic study highlights the
uniqgue dependence of this conformational propensity on the galactosylation adqfLtBgarm. This
behaviour can explain the recent evidence of diffiéal recognition of positional isomers in glycan
array screenirf§. As an example, the positional isomers sugar J and L have a galactose on either the
a(1-3) or thea(1-6) arm, respectively, which confers a different conformational propensity af(ihe

6) arm. Indeed, in sugar J, showrFigure 3.7 A, the foldedover and the outstretched conformations

are equaly populated during the MD simulations, i.e. 49% and 50%, respectively (note: the 1%
corresponds to g value of-99.3°), while in sugar L, showin Figure 3.7 B, the foldedover a(1-6)

arm is the dominant conformation with a relative population of 81% over the simulation time. As a

further implication of this behaviour, a different structural propensity shifted towards a6olded (1-
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6) arm andan outstretched (1-3) arm is in agreement with the higher affinity of the sialyltransferase
for the a(1-3) galactose, more accessible in isolated ghf®ahsterestingly, this selectivity is only
moderately changed when theghfcans are linked to thgG FE°.
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Figure 3.7.Contour plot showingthe different conformational propensities d () arm in sugar J (pana) and L (panel
b) in function of galactosyl at i on.y valldearound80° whiedhe aitstehedd conf or

conformation corresponds toyavalue around180°. Torsion angles are in degrees. 2D contour plots are done with seaborn
(seaborn.pydata.grgith 2,500 data points.

The systematic conformational analysis of progressively longer fucosylatedoedfucosylated N
glycans has allowed us to highlight an additional and unique complexity in the dynamics of the
tetrasaccharide sugar D, namely M#t-4)-GlcNAc-b(1-4)-[a(1-6)-Fuc}GIlcNAc. During a single
(unbiased) MD trajectory extended tor8 we hae observed the reducing GIcNAc ring transitioning
from the most stabléC, chair to a'C, chair a total of 5 times, where th€, chair remains stable for
intervals between 30 to 200 ns. This relative ease of interconversion, corresponding to a fre# energy
4.7 kJ/mol, is somewhat in contrast with the results obtained for6f &rd sL&® where opening
events are much more rare and much more difficult to sample through conventional MD sirfitilations
41, The greater accessibility of the open statumgar D is most likely related to the higher flexibility of

the a(1-6) linkage to the fucose, relative to th€1-3) anda(1-4) linkages in (s)Leand (s)Lé&
respectively. Indeed, in each of the 5 events sampled in this study and in agreement wits previou
work?*, the “C; to C, transition involves high energy intermediate steps, where the reducing GlcNAc
ring adopts boat and skewbdat conformations, while th®1-4)-GlcNAc and thea (1-6)-Fuc change

from an equatorial to an axial configuration. It isge@able that the energy cost involved in this latter
equatoriato-axial conversion is less for the more flexible sugar D, relative to the more rigid &s.e
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(s)Let. The conformational propensity of tl1-6) linkage through the 8s trajectory is show in
Figure S.1in Appendix I.

3.5 Conclusions

Here we have shown the results of extensive sampling obtained through unbiased MD simulations of

the conformational space accessible to increasingly larger biantennary congiieahs, commonly
expressedtathe Asn 297 in the IgG Fc region. Our data indicate that while-foomsylation and

sialylation do not affect the overall conformation of the isolategiyflan as a whole, but contribute to

its local dynamics, galactosylation of th¢1-6) arm shifts its conformational equilbrium towards a
structure where the arm is O6folded overd the c¢hi
hydrogen bonding and stacking inter aclatedad-s bet wi
6) arm and it is independent of the sequence a (ie3) arm, of corefucosylation, and of sialylation

of thea (1-6) arm. These results can explain the differential recognition of positional iséedswith

the preference of sialyltransfeses for thea(1-3) arm in both, isolated and fiicked N-glycans®

Currently we are in the process of determining how the dynamics and the conformational equilibria we

have discussed here for the isolated biantennaglydans are affected by the preseatthe IgG Fc

protein surface. As a note, a relatively long simulation of the tetrasaccharide(144pGIcNAc-b(1-
4)-[a(1-6)-Fuc}GIcNAc, named here sugar D, has highlighted an equilbrium betweena high populated
6closedd form of cdlhiein theustpdléC,,c hwah e r &€ o@lIf oMAnat i on,
form, where GIcNAc(2) is in th&C, chair conformation. We find that the accessibility to the open state

is significantly higher for sugar D, relative to (s)&eas reportedin recentwdfk®. This is most likely

due to the higher flexibility of tha (1-6)-linked fucose relative to the(1-3/4).
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Chapter 4: How and why plants and humaiglixtans are different:

| nsi ght from mol ecul ar dynaum cs I
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and why plants and human-dllycans are different: Insight from molecuthmamics
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16, 2046 2056 (2020).

*Shared first authorship

4.1 Introduction

Complex carbohydrates (or glycans) are an essential class of biomolecules, directly implicated in the
cellés interactions with its enviFf dhasmprocesses f aci |
are often initiated by molecular recognition involving carbohydbiiding proteins (lectins) or by
glycanglycan interactionis*5, all events that hinge on specific structural and dynamic features of the
glycans. This makes the 3D complemtarity of the glycans architecture key towards the success of
these processes and an essential piece of information for us to have in order to understand glycan
recognition. Because of their chemical nature, glycans are intrinsically flexible and dygtaynic at

room temperature, thus their characterization through experimental structural biology methods is hardly
straightforward even in cryogenic environmeht#\s an additive layer of difficulty, glycosylation is

only indirectly dependent on the germmvhich often results in a micr¢or macre) heterogeneity of

glycan sequences at specific Stehese complexities are very difficult to resolve, requiring high levels

of expertise and mutiayered orthogonal approachg$ Within this framework, th contribution of
glycoinformatics tools and databases represents an essential resource to advancelghycovhites
molecular simulations fit in very well as complementary and orthogonal techniques to support and
advance structural glycobiology reselar Indeed, current high performance computing (HPC)
technology allows us to study realistic model systérfisand to reach experimental timesc#ieso

that computing can now contribute as one of the leading research methods in structural glycobiology.

One of the most interesting and remarkably chalenging areas in glycoscience research that HPC
simulations canaddress is the study of the links between glycans sequence and 3D structure. This direct
relationship is awellecognized and broadly accegite c onc ept i n proteinsd stru
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to which the amino acid sequence dictates the functional 3D fold and its stabiityever, the same

notion is not generally invoked when discussing other biopolymers or complex carbohydrates. In the
specific case of glycans, the structural complexity, in terms of the diversity of monosaccharides, the
linkagesd stereochemistry and the branched s
intricate. Nevertheless, the factthat glycoforms foll@gurrent sequence patterns, clearly suggests that
the glycans 3D structure is also r@mdom and very likely sequendetermined. We use computer
modeling to gain insight into these relationships and to define a framework to understand how subtle
modifications to the glycans sequence can alter their 3D structure and conformational dynamics,
ultimately regulating recognitiéh In this work we use molecular dynamics (MD) simulations to
analyse the effects of the inclusion of motifs typically found intpland invertebrates-blycanswhich
areimmunogenic in mammak?3. More specifically, we investigate how caél-3)-linked fucose

(Fuc) andb(1-2)-inked xylose (Xyl) affect the structure and dynamics of plantgysoformg? and of

hybrid constructs with mammalian-gjlycoforms+.

At first glance plants protein glycosylatiod® is quite similar to the one dligher speci€’, carrying

the distinctive trimannose core (Man3), which can be further functionalise b{@#?) linked GIcNAc
residues on the arms. As a trademark feature, showigure 4.1, plants Nglycans can also have a
b(1-2)-Xyl linked to the catral mannose and coeg1-3)-Fuc, instead of tha (1-6)-Fuc commonly
found in mammalian complex -dlycans. Additionally, the arms can be further functionalised with
terminal galactose (Gal) in(1-3) instead ob(1-4)?3, commonly found in vertebrates, whiforces the
addition of fucose in tha(1-4) position of the GlIcNAc and results in the occurrence of Lewis A (LeA)
instead of Lewis X (LeX) terminal motifs on the af#’. Ina previous study, we characterized through
extensive sampling the structumad dynamics of complex biantennaryghfcans commonly found in

the human IgGs Fc regithh The results of this study indicated a clear sequémséucture
relationships, especialy in the context of the dynamics of #@& ékm. More specifically, weofind

that the outstretched (open) conformation of th€)(arm gets progressively less populated as the
functionalization of the arm grows, i.e. from 85% in Man3, to 52% in (F)A2, (F)A2[3]G1, and
(F)A2[3]G1S1, where the (F) indicates the presence or abs#a (1-6) core fucosylation, to 24% in

all structures with (46) arm terminating with Gdi(1-4)-GIcNAc or Siaa (2-6)-Galb(1-4)-GIlcNAc,
irrespective of the functionalization of the-§1 arnt*. As a practical implication of these results,
positional i®mers, such as (F)A2[3]G1 and (F)A2[6]G1, have different conformational propensities,
the latter with a much lower population of outstretche@)(Arm and therefore quite different 3D

average structures, which ultimately explains their differential ret@mgnin glycan array%.

* First shown in thepreliminary findings of Christian AnfinsefAnfinsen, C. B. Principles
that Govern the Folding of Protein Chai&cience (80 ). 181, 223 LPi 230 (1973).)
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Additionally, the different conformation of the arms explains the known difficulties in sialylating the
(1-6) arm by ST6&Gall, relatively to the ¢B) arnt®. Also, the different 3D conformational propensity
of the arms in functionof sequence can have important implications in terms of tigydéns
biosynthesis and biodegradati®nAs an additional interesting point, we found that the folding of the
(1-6) arm over the chitobiose region is completely independent ofa¢d¥6) fucosylatior?*, with the
result that corducosylated and neoore fucosylated MNlycans with the same sequence in thé)(1
arm correspond to the same structural ensemble.

In this work we discuss how coag1-3)-Fuc and(1-2)-Xyl regulate the conformatiohg@ropensity of

the (:6) arm to push a predominantly outstretched (open) conformation when the arms are
functionalized with terminab(1-3)-Gal. Within this framework, we explored the possibility of
integrating these motifs in the context of mammaliarueages as an exploratory strategy towards the

design of Nglycans with the desired 3D structure. For simplicity in the presentation and discussion of

the results, we refertoyl ycans as either fAplanto or #fAhybrido
to underline that some of these motifs, sud(@s?) xylosylation and difucosylated core are also found

in invertebrate Nglycosylatioi®. Finally, we discuss these findings within a framework where the
different N-glycoforms can be represented as a combination of spatiedcsedfiined units, named

figl ycobl ockso, rather than in terms of monosacch
our understanding of fdlycans architecture in terms of equilibrium structures and relative populations

and also of how specific modifications affect maolac recognition.
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ngf gf ngx gax
y . GIcNAc
b . Man
Plants Gal p(1-3)
A Xyl B(1-2)
ngfx gfx

A Fuc a(1-3)
LeA—fx
Figure 4.1.Representative structures of the plangilcans studied in this work with corresponding nomenclature. The letters

f, x, and g indicate the presence of Fuc, Xyl b(it}3) Gal, respectively, and ng the absencé(df3) Gal. LeA stands for
Lewis A antigen. The Mjlycans structures are shown with the3jland (16) arms on theleft and on the right, respectively.
The monosaccharides colouring follows the SFNG noratur@. The plants Mlycan characteristic linkages are indicated in
the legend. Rendering was done with VMD (https://iwww.ks.uiuc.edu/Research/vmd/).

4.2 Computational Methods

Al starting structures were generated with the GLYCAM Carbohydrate Buider
(http://Iwww.glycam.org). For each sequence we selected the complete set of torsion angle values
obtained by variation of the-@ dihedrals, namely the threg, gt andtg conformations for each@

torsion. The topology file for each structure was obtaingidguleap®, with parameters from the
GLYCAMO6-j122 for the carbohydrate atoms and with TIP3P for water mole€ula$ calculations

were run with the AMBER18 software pack&gen NVIDIA Tesla V100 16GB PCle (Volta
architecture) GPUs installed on the ElPfrastructurkayat the Irish Centre for Higknd Computing
(ICHEC). Separate production steps of 500 ns each were run for each rotamer (starting system) and
convergence was assessed based on conformational and clustering analygpesee 11 for all

relevant ables. Simulations were extended, if the sampling was not deemed sufficient, i.e. in case
standard deviation values measuredwere significantly larger than 15° for each cluster in eachtrajectory.
All trajectories were processed usimgptraj® and visually analysed with the Visual Molecular
Dynamics (VMD) software packagfe Backbone Root Mean Square Deviation (RMSD) and torsion
angles values were measured using VMD. A detisitsed clustering method was used to calculate the
populations of ocupied conformations for each torsion angle in a trajectory and heat maps for each
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dihedral were generated with a kernel density estimate (KDE) function. Statistical and clustering
analysis was done with the R package and data were plotted with RStadliorétudio.com). Further

details on the simulation sap and running protocol are includedAppendix I1.

4.3 Results

Core a(1-3) fucose in plant Nglycans.

One distinctive feature of plants-glycans is the occurrence of core fucosylatiora (it+3), rather
thana(1-6)-Fuc, normally found in mammalian-tlycang® 24 To understand the effects on the 3D

structure of this mofication, we have considered two biantennary systems, one terminating(vith

2)-GIcNAc on both armsn(gf) and the other with termindd(1-3)-Gal on both armsgf), shown in

Figure 4.1 In both glycoforms cora (1-3)-Fuc occupies a stable position, withecsingle conformer

populated (100%), sekables S.1 and S.2n Appendix Il. This conformation is supported by a

stacking interaction between the cer@l-3)-Fucandb(1-4) Gl c NAc of the <chitobi
conformation, which resembles the stablefaomation of LeX®. This spatial arrangement imposes a

20° rotation of the GIcNA®(1-4)-GlcNAc linkage, sed@ables S.1andS.2in Appendix |1, relative to

the a(1-6) core fucosylated or nefucosylated chitobiogé where the average psi value-k27.8°

(14.8y%4, but doesndét affect the structure of the 1
standard deviation values and by the lack of multiple minima (clusters),-tigcé&h core remains

relatively rigid throughout the trajectories. The gligbrsion of the GlcNAe(1-4)-GlcNAc linkage

imposed by thea (1-3)-Fuc has a dramatic effect on the conformational dynamics of t6g gim,

which is found predominantly in an outstretched (66%, cluster 1) conformation, rather than folded over
(34%, clusters 1 and 2), séable S.1in Appendix Il. The addition of a termindl(1-3)-Gal in thegf

N-glycan pushes the equilbrium towards an outstretche®) @rm even further, with the open
conformation populated at 72%, sk&ble S.2in Appendix Il . Interestingly, in the case af1-6) core

fucosylated Nglycans, and with double fucosylation as discussed later on, the equilbrium ofghe (1

arm was the exact opposite, with a predominance of the folded conformation, especially in the presence

of terminalb(1-4) Gat*. To note, thdolded (6 ) ar m conf or mation can be ¢
Figure 4.2 panelA, where the torsion around th€1-6) linkage brings the arm towards the reader, or

a Oback f ol-6)a&rmntaracts aith tha(&3)-Kud, away from the reader. Axhown in

Tables S.l1andS.2in Appendix Il , the equilibrium of the ¢B) armis not affected by coeg(1-3)-Fuc.
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Figure 4.2. A representative structure of the rgalactosylated Mlycan witha(1-3)-linked core fucose (ngf) is shown in
panel a) with on the righthand side the corresponding heat map showing the conformations accessible {6)then(in
terms of the phi/psitorsion angles. A representative structure of thgatamtosylated Mylycan withb(1-2)-linked xylose
(ng¥) is shown irpanel b, with on the righthand side a heat map showing the conformations accessible tegharth in
terms of the phi/psitorsion angles. ThegMcans structures are shown with the3jland (16) arms on the left and on the

right, respectively. The monos#arides colouring follows the SFNG nomenclature. The structure rendering was done with
VMD (https:/iwww.ks.uiuc.edu/Research/vmd/) and the graphical statistical analysis with RStudio (www.rstudio.com).
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Figure 4.3.b-D-xylose ring pucker analysis ovem® of cumulative MD sampling of the ngx-dlycan. The two snapshots

on the righthand side are representative ngx conformations corresponding to the two different ring puckers. The Xyll and
Xyl2 axis labels refer tdie torsion angles C1C2C3C4 and C2C3C4C5, respectively. Thechins structures are shown with

the (£3) and (16) arms on the left and on the right, respectively. The monosaccharides colouring follows the SFNG
nomenclature. The structure rendering wasedarith VMD (https:/lwww.ks.uiuc.edu/Research/vmd/) and the graphical

statistical analy sis with RStudio (www.rstudio.com).

b(1-2) xylose in plant Nglycans.

Because thb(1-2)-Xyl sits in front of the two arms, it greatly affects their dynamics. Because of sterc
hindrance, the ¢B) arm is much more rigid relative to nrylosylated species, sél@ble S.3in
Appendixll,los ng its Atwo conformero dynamics <haract
glycansg?, also retained in the plant-§lycans with onlya (1-3)-Fuc discussed above, see disbles
S.1andS.2in Appendix Il . Inregards to the {&) arm, as shown iRigure 4.2 panelB, the presence

of b(1-2)-Xyl has a very similar effect as tha(1-3)-Fuc, pushing the equilbrium towards an open
conformation. To note, in the presen(é-2)-Xyl, the (1:6) arm cannot fold over the chitobiose core

i n a o6f r on tcaudeoflstr@ hindranceh Also,,similarly to tl-3) fucosylated glycans,

the stabilty of the open structure is slightly increased when the arm is further functionalized with
terminal b(1-3)-Gal, seeTable S.4in Appendix Il . As an additional intereisy feature, through the
cumulative 3ns MD sampling, the xylose ring repeatedly inverts its conformation from the all
equatorialfC, chair, to thé C, chair, where all hydroxyl groups are axial, &gure 4.3. This transition

may be energetically facdted by the hydrogen bonding interaction xylose is able to form when in a
1C, chair with thea (1-6)-Man, which may compensate for the steric compression, makid@ tbeair

the highest populated conformer at 76% within aghfd¢an scaffold. Both experiméal andab-initio
theoretical studi€&38 have shown thaiC, chair is energetically accessible in isolabeB-Xyl at room

temperature in different dielectric conditions.

Core a(1-3) fucose and(1-2) xylose in plant Nglycans.

The presence of botn(1-3)-Fuc ando(1-2)-Xyl brings in the characteristic features highlighted earlier
in the analysis of the structures with eitaef-3)-Fuc orb(1-2)-Xyl. Indeed, we see here again the 20°
rotation of the chitobiose GIlcNAlb(1-4)-GlcNAc psiangle caused bghe stacking of thex (1-3)-Fuc
to the chitobioseb(1-4)-GlcNAc and the conformational restraints imposed bybifie2)-Xyl on the
(1-3) arm, sedable S.5in Appendix Il . We also observed that bailil-3)-Fuc ando(1-2)-Xyl push

the (26) arm equilibrium dwards an open conformation, which is also the case when both are present

in thengfxN-glycan and to an even higher degree, i.e. 87%, igftkl-glycan, when both arms are
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functionalized with terminab(1-3)-Gal, seel'able S.6in Appendix Il . One featug specific to theagfx
N-glycan is the higher flexibility of the core Mdn{l1-4)-GIcNAc linkage, which allows for the rotation

of the trimannose group relative to the chitobiose core. This conformation was accessible, but only
populated around 2% when eithb(1-2)-Xyl or a(1-3)-Fuc are present, sé@bles S.1to S.4 in
Appendix II . When both fucose and xylose are present, the population of the rotated trimannose reaches
above 20%, se@&able S.5in Appendix I, which can be considered a synergistic effecttlas
conformation is stabilized by a hydrogen bonding network involving the core fucose, the GIcNAc on
the (26) arm and the xylose, as shownFigure S.1in Appendix Il . Such folding event has been
observed as a stable conformation in two independ®otagions. To note, the functionalization of the

arms to include termindd(1-3)-Gal reduces the occurrence of this event down to around 5%ablee

S.6in Appendix I .
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Figure 4.4. Comparison of the different conformational equilibria of th&)larm in a corea(1-3)-Fucb(1-2)-Xyl A2 N-

glycan with terminal LeA and LeXroups on the leftand righthand side, respectively. Representative structures froms1.5
MD sampling of each system are shown to illustrate the conformations corresponding to the different minimglyTaesN
structures are shown with the-8) and(1-6) arms on the left and on the right, respectively. The monosaccharides colouring

follows the SFNG nomenclature. The structure rendering was done with VM D (https://iwww.ks.uiuc.edu/Research/vmd/) and
the graphical statistical analysis with RStudio (wwsitudio.com).

Terminal Le A and Le X motifs in plant N-glycans.

To understand how an increased complexity on the arms would affect the dynamicsa (f-8e
fucosylated anth(1-2) xylosylated Nglycans, we considered the functionalization with terminal LeA
antigens presentin plantsdiycang® and with LeX for comparison. As expectéthe LeA and LeX
structures are quite rigid, s@ables S.7andS.15 in Appendix Il , and remain in what is known as the
Acl osedd conf or manscumuative $ampuing gniedoun dach systeam. Ane ifferesting
point is that the branching introduced by functionalizing the terminal GIcNAc residues (@t)-FLc
andb(1-3)-Gal, i.e. LeA, promotes the interaction between the two arms, which is not observed when
the arms are linear, neither here for plantgiy¢ans, nor formammalian Iggpe complex biantennary
N-glycang*. The interaction between the arms iempoted by the ability to form complex hydrogen
bonding networks, which in this specific case, may also involve the central xylose. As outcomes of the
complex interaction the branched arms can establish, the equilbrium of@heu(h is restrained in
corformations previously not significantly populated, $égure 4.4andTable S.7in Appendix Il ,

and the GlcNAeb(1-2)-Man linkage in both arms is remarkably flexible, which is also not observed
when the arms are not branched. Although not natural in plants, to check the corresponding symmetry,
we built a corea (1-3)-Fuc and(1-2)-Xyl N-glycan with terminal LeX omoth arms, a feature actually
found in schistosome dglycosylatioi®. Remarkably, as shown iRigure 4.4and Table S.15in
Appendix Il , within this framework the dynamics of the§lLarm is completely different. Contrary to
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the Neglycan with terminal Le Ayroups, the two arms with LeX are not interacting and #&) @rm is
predominantly (90%) in an extended (open) conformation, while the closed conformation, which
accounts for the remaining 10% is achieved through a rotation around the cebéIMEHGICNAC.

The lack of interaction betweenthe arms is due to the inabilty to establish the same stable hydrogen
bonding network due to the n@omplementary position of the dee@6 of the fucose in LeX relative

to LeA.

Hybrid N -glycans.
To undersatnd how characteristic plant-filycan motifs can affect the structure of mammalian N
glycoforms, we have designed and analysed the dynamics of a set of hybrid systems. In particular, we

were interested in the effect of the addition b§l-2)-Xyl and a(1-3)-Fuc to (F)A2G2 Nglycans

scaffolds in terms of potential alteration of the5jlarm dynamics.
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Figure 4.5. Conformational analysis of the-@) arm in four hybrid Ngly coforms,b(1-2)-xylosylated A2G2 (todeft), b(1-
2)-xylosylated FA2G2 (bottoreft), b(1-2)-xylosylateda (1-3)-core fucosylated A2G2 (tepght) andb(1-2)-xylosylated

FA2 (bottomright). The predominant conformations are indicated in theaaf bottordeft heat maps for simplicity. The
simulation time relative to each systemis indiéchin the top right corner of each heat map. Thghdans structures are
shown with the (43) and (16) arms on the left and on the right, respectively. The monosaccharides colouring follows the
SFNG nomenclature. The structure rendering was done with {itps://www.ks.uiuc.edu/Research/vmd/) and the graphical
statistical analysis with RStudio (www.rstudio.com).
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b(1-2)-xylosylated mammalian Nglycans.

Unlike the case of plants-Blycans, the presencelaffl-2)-Xyl hinders but does not completely prevent

the (£6) arm from folding over when the terminal galactosé(&-4)-linked, as folding over the
chitobiose ca be stabilized by stacking, sEgure 4.5and Table S.8in Appendix Il . The folded
conformation with a mediapsi value of 103.5° (x 11.3) is 20° from the average value of 82.9°
calculated for the nerylosylated (mammalian) counterpdrtso slightly ditorted, and its population
reduced from 74% to 57%. Nevertheless, the closed conformation is stil the predominant form, even
with b(1-2)-Xyl. The presence dh(1-6)-linked core fucose to createbfl-2)-xylosylated FA2G2,

which is actually a type of Mlycosylation found in schistosoMabrings in yet another change. As
shown inFigure 4.5and Table S.9in Appendix I, a(1-6)-Fuc aml b(1-2)-Xyl are in an optimal
conformation to support the closed (folded)6jlarm, by stacking of the terminal galactose by fucose
and hydrogen bonding by xylose. Within this context the closeg) @rm is the highest populated
conformer at 70.0% ovet.5ns of cumulative sampling of this system. To note that the conformation
of thea (1-6)-linked core fucose is the same as the one seen in mammadiyoaws*, which on its

own we have seen is not enough to affect the) @rm equilibrium, se€able S9in Appendix Il. The
interaction of thea(1-6)-Fuc with the terminalb(1-4)-Gal is essential to promote the closed
conformation of the (B) arm as demonstrated by the results obtained for the xylosylated FA2 systems,
which recovers a conformational progéy similar to the noifucosylated, xylosylated A2G2, see
Figure 4.5andTables S.8andS.10in Appendix Il .

a (1-3)-fucosylated mammalian Nglycans. Because of its orientation
core defined in the context of plantsgycars earlier, the effect of col@(1-3)-Fuc on the () arm

equilbrium within an A2GZylosylated scaffold is not as significant agl-6)-Fuc. As shown in

Figure 4.5andTable S.11in Appendix Il , this lack of direct effect is demonstrated by the recovery

the same equilibrium as the nfutosylated A2GXylosylated system. The dynamics of the chitobiose

core is very similar to the one determined for the corresponding plaitchin. To analyse the effect

of corea (1-3) fucosylation without(1-2)-Xyl, we have looked at two A2G2 hybrid systems, one with

only a(1-3)-linked fucose and one with both ca¢€l-3)- anda(1-6)-linked fucose, a characteristic
Adotdhulcecosed glycosyl at i o#. Adshowminlable 6.12w Appendixdind f | y
unlike in plants Nglycans, thea(1-3)-Fuc alone does not affect the A2G26)larm equilibriurt?, as

the folding of the (36) arm with terminab(1-4)-Gal is not obstructed by the rotation of the chitobiose

core imposed by tha(1-3)-Fuc position. When both (1-3)- anda (1-6)-linked fucoses are present the

(1-6) arm with terminab(1-4)-Gal is predominantly folded (closed) at 85%, Bepire 4.6andTable

S.13in Appendix I, which is higher than in the absence (f-3)-Fuc?*. Indeed, the latter can actively

61



cortribute in stabilizing the interaction with the termin#ll-4)-Gal of the folded () arm. We also
observed interesting events, one representing 10%nefds indicated by the values of the GIcNAc
b(1-4)-GIcNAc torsion, where the GIcNAc is stacked invieeen the two fucose residues and another
one, contributing to 18% of the simulation time, 14% when the system s also xylosylated, in which the
GIcNAc ring transitions froriC, to 1C, allowing the two fucose to stack, sEables S.13andS.14and

Figure S.2in Appendix II.
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Figure 4.6.Conformational equilibrium of the {&) arm in terms of phi/psi torsion angle values for alie-3)-fucosylated

FA2G2 N-gly coform. The structure with the folded-6) arm where the terminb(1-4)-Gal interacts with both fucose residues

is shown on the lefhand side. The Mlycans structures are shown with thedjland (16) arms on the left angh the right,
respectively. The monosaccharides colouring follows the SFNG nomenclature. The structure rendering was done with VMD

(https:/iwww .ks.uiuc.edu/Research/vmd/) and the graphical statistical analysis with RStudio (www.rstudio.com).

4.4 Discusion

Differences and similarities in 4glycans sequences are highly -sglecific as well as important
indicators of health and disease staf8sExogenous Njlycans motifs can be quite subtle, yet trigger
profound differences in terms of molecular aguition'® 2”and dangerous immunogenic respofi§és

In this work we have analysed the effects on thglydans structure and dynamics of two motifs in
particular, namelyb(1-2)-Xyl and corea(1-3)-Fuc, common in plant$ and invertebratéd but
compktely absentin mammalian-glycans. Within the context of platype N-glycans, which have a
terminal b(1-3)-Gal, rather thaib(1-4)-Gal, bothb(1-2)-Xyl anda (1-3)-Fuc contribute independently
in promoting an outstretched (open) conformation of thé) @rm because of steric hindrance of the

xylose and of the rotation forced upon the chitobiose core bw {h&)-Fuc. The latter is not an
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obstruction for the folding of &(1-4)-Gal terminated (6) arm, as we have seen in the hybrid N
glycans construct3.herefore, inb(1-2) xylosylated Nglycans terminating witlo(1-3)-Gal, both arms

should be more available for recognition, binding and further functionalatianlike in mammalian
N-glycans where thb(1-4)-Gal determines a prevalently closed anda@ssible (B6) arnt* 2", Also,

the analysis of the structure and dynamics of the LeA terminating playhcBins showed that the
specific branching and spatial orientation of the motif allowed for a stable interaction betweenthe arms,
which is not obsesed in complex Nglycans with a linear functionalization of the affmotably, the

same hydrogen bonding network between the arms cannot be established when thegyaare N

terminates with LeX, because of the romplementary position of thee(1-3)-Fuc deoxyCs.

The analysis of all these different complexghicoforms clearly shows that every modification,
addition or removal of a specific motif, can greatly affect the 3D architecture of-gheah, thus its
accessibiity and complementgrito a receptor. However, these effects are rather complex to
understand or to predict, if we think of the-gycans 3D structure in terms of sequence of
monosaccharides, a view that stems from the way we think about proteins. Our results show that the
main effect of all functionalizations is actually local. For example, the a¢te3)-Fuc forces a rotation

of the chitobiose, a degree of freedom very lowly populated otherwise; mearm{hi; Xyl restricts

the flexibility of the trimannose core and occupies its centre. Within this framework, the 3D structural
and dynamics feates of the Nglycoforms can be rationalized by discretizing their architecture in terms
3D unit s, or Afglycobl ockso, t hat group monosac
spatial vicinity, e.g. the com(1-3)-Fuc and the chitobiose which stture it has modified. A list of the
glycoblocks that we have identified with the corresponding descriptors of their 3D features are listed in
Figure 4.7. The whole Nglycan 3D architecture, in terms of the structures accessible and their
conformational popensity, can be then described through the combination of these glycoblocks,
together with the knowledge of their dynamic properties and flexibility. Also, consideration of these
glycoblocks as spatial units can be useful to understand recognition ity &ed antibodies, which is
often affected primarily by the targeted monosa
within a specific glycoform. For example, if we consider the 3D structure db(t&)-Xyl Man3
glycoblock vs.the Man3 witlout Xyl, we can understand how thél-2)-Xyl position within that unit
negates binding to DSIGN lecting®, seeFigure S.3panels a and bin Appendix Il . Additionally,

we can see that the slight rotation on the chitobiose imposed by the(téEFuc des not prevent

recognition and binding, séégure S.3panel c in Appendix II.
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The a(1-3)-Fuc stacking interaction
imposes a 20° rotation around the
chitobiose glycosidic linkage and further
stabilizes the chitobiose structure

The longer glycosydic linkage provides
the a(1-6)-Fuc with more degrees of
freedom and does not alter the chitobiose
structure

This motif is structurally similar to the
one with the a(1-3)-Fuc, which acts as the
dominant restraint. The presence of the
a(1-6)-Fuc increases flexibility

Joint with differently flexible arms. The
a(1-6) torsion has two dominant, different
conformations accessible that can open
and close the (1-6) arm. Populations
depend on the attached glycoblock units

The addition of the 3(1-2)-Xyl further
restricts the (1-3) arm and hinders the
closing forward of the (1-6) arm, which is
only favored in (F)A2G2 hybrids

This unit is rather rigid, while the
orientation of the terminal Gal in B(1-3/4)
is determinant for the interaction with the
chitobiose in the closed (1-6) arm. These

units in the two arms do not interact

The Lewis A epitope is stable in its closed
conformation and its presence greatly
affects the (1-6) arm conformation
because branching promotes association
of the arms

This unit is rather rigid, while the
orientation of the terminal Gal in B(1-3/4)
is determinant for the interaction with the
chitobiose in the closed (1-6) arm. These

units in the two arms do not interact

The Lewis X epitope is stable in its closed
conformation. Contrary to Lewis A its
branching does not favor association of

the arms because of the relative positions

of the deoxy-Cg.

Characteristic glycosidic linkage

GleNAc B(1-4) GleNAc

phi=-78.7 (11.1)/100 psi=-130.8 (15.7)/99

GleNAc B(1-4) GleNAc

phi=-72.1 (8.3)/100 psi=-107.1 (7.6)/100

GleNAe B(1-4) GleNAc

phi=-77.8 (112)/100  psi=-127.8 (14.8)/100

GleNAc B(1-4) GleNAc

phi = -73.9 (9.5)/100 psi = -106.4 (14.1)/90

Man a(1-6) Man (with terminal B(1-4)-Gal)

§ L , psi=-185.1
open phi =76.3 (15.0)/100 22,123
closed  phi=76.3(15.0100  psi=853(15.8)/76

Man a(1-6) Man (with terminal B(1-3)-Gal)

. psi=-173.6
open phi =70.5 (10.4)/100 (163)/70
closed  phi=70.5(10.4)/100  psi=103.8 (12.7)/26

Gal B(1-3) GleNAc

phi =-72.9 (11.2)/100 psi =-124.0 (18.2)/96

Man o(1-6) Man (with terminal LeA and a(1-3)-Fuc)

N L , psi=-177.1
open phi=-70.1 (5.7)/100 (16.3)/28
closed phi=-70.1 (5.7)/100 psi= 148.2 (7.4)/54

Gal B(1-4) GleNAc¢
phi=-76.2 (15.1)/100 psi =-125.7 (15.4)/97

Man o(1-6) Man (with terminal LeX, core a(1-3)-Fuc
and B(1-2)-Xyl )

psi=-173.6

open phi =70.7 (9.2)/90 (13.4)/90

closed  phi=152.4(12.9/10  psi=145.6 (12.3)/10

Figure 4.7.List of 3D structural units of monosaccharides (glycoblocks) that regulate the 3D architecture and dynamics of
complex biantennary flycans from plants and initebrate sources and hybrid mammalian constructs. The SFNG
representation of each glycoblock is indicated in the first column from the left, 3D structures from the highest populated
conformers are shown in the second column, rendered with VM D (https:/kewiuc.edu/Research/ivmd/). A brief summary

of the conformational features of each glycoblock and the characteristic linkage or its effect e®)tae(Tonformation are
indicates in the last two columns, respectively.
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4.5 Conclusions

In this work weused extensive sampling through MD simulations to study the effects orgljedy
architecture of subtle, yet highly consequential modifications, namelyaqdr8)-Fuc andb(1-2)-

Xyl*®. These are part of standaregfcoforms found in plantd and invertebraté4 but immunoge nic

in humanst 22:26 Our results show that these modifications can greatly affectthe 3D structure of the
N-glycan and its structuradynamics, therefore its selective recognition by lectin receptors and
antibodies. The atomistievel of detail information that the MD simulations provide us with, highlights

that the effects of different functionalizations, in terms of monosacchamees aind linkages, are
primarily local, affecting the immediate spatial vicinity of the monosaccharide within -tjgcsin
structure. Within this framework, we propose an alternative approach that can help describe and predict
the architecture of Mjlycansbased on the combination of structural 3D units, or glycoblocks. Unlike a
description based on monosaccharide sequence and linkages as two separate features, the transition to
well-defined and selontained units, integrating information on both monokaddes and linkages,

can help us rationalize and deconvolute the glycans structural disorder and ultimately understand more
clearly the relationships between sequence and structure in complex carbohydrates.
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Chapter 5: An Abmistic Perspective on Antiboddependent cellular
cytotoxicity quenching by cortucosylation of IgG1 Nglycans from

enhanced sampling molecular dynamics

Paper citation: Harbison, A. & Fadda, E. An atomistic perspective on antibody

dependent cellular cgtoxicity quenching by coréucosylation of IgG1 Fc Nylycans
from enhanced sampling molecular dynamics. Glycobiology 30i, 404 (2020).

5.1 Introduction

Immunoglobulins type G (IgGs) are the most abundant antibodies in humart.s€neain ability to

trigger an effective immune response is dependent on their interaction with the fragment crystallizable
(Fc)greceptors (FgRs) bound to the outer membrane of immune system effectér alisinteraction
between IgGs and BERs type Il (FoRIII or CD16) gecifically triggers an antiboegependent cell

based cytotoxicity (ADCC) resporidbat leads to the destruction of a targeted Bekause ADCC &
considered as the main antibdolysed mechanism against tumour cells, strategies aimed at regulating
ADCC are highly sought after, specifically within the framework of the antibbody engineering of cancer
therapeutics The IgGs/FgRs binding specificity and affinity depend not only on the specific amino
acids in the 1IgG1 CH2 region in direct contact with thgREcbut also on the type of glycosylation on

both the IgG1 Fc and the §R%8. More specifically, both CH2 domains of humigGs are glycosylated

at Asn 297 with complex biantennary-g¥cans, 96% of which are coefacosylated and 60%
terminating with one or two galactose residudsound 20% of the Fc Mlycans are sialylatédvith

one terminal sialic acid preferentially time a(1-3) arnt®, and disialylation only occurring 4% of the

time!!. Decreasing IgG1 Fc galactosylation levels have been linked to autoimmune conditions, such as
rheumatoid arthriti¥, and both galactosylation and especially sialylation are known to taggenti
inflammatory respondé The mechanism(s) linking the FedWcans sequence to IgG1 function are
unclear. Nevertheless, it is very likely that the molecular basis for these effects resides in how the Fc

N-glycoforms modulate the IgG/BRs recognibn and binding affinity.

The crystal structures of the complex between an IgG1l agRllFgive important insight into this

matter, showing that the Fc andgRtll N-glycans form an intricate network of interactions upon
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binding* % These carbiyydratecarbohydrate contacts are important in regulating the binding affinity
of the comple% %6, Indeed, the comparison between two crystal structures of the IgR1IFc
complex, one where the IgGl-dlycan is corducosylated and the other wherésitnot4, shows that
corefucose hinders the carbohydratarbohydrate interaction, displacing the Fglifcans by 2.6 A in
comparison to the structure with the ffonosylated Fdinked N-glycart* 1% Because of this steric
hindrance, a less effectivénbing network can be formed between the two glycans, with a consequent
reduction of the complex binding affinity. Aithough the effectiveness of the glycans interaction is most
ikely a contributing factor to the reduction of the ADCC by ehreosylation, carbohydrate
carbohydrate binding affinities are known to be very we&kthus a slight change in the enthalpic
contribution due to looser lycans contacts is rather difficult to reconcile with the-fid ADCC
reduction observed in the presenéaaorefucosylated Fc Nylycart®?2. Furthermore, it does not
explain how sialylation can decrease ADCC but only in the context offacosylatiod*. Meanwhile,

it is important to note that sialylation does not change the affinity offcoasylated E for CD16s and
CD32s and only increases the affinityfuzosylated Fc slightlf. Also, carbohydratearbohydrate
interactions reach significant binding strengths only when large scale cooperativity is ittvolved

Therefore, to gain further insight ihd role of the Fc Mjlycans sequence, structure and dynamics in
the 1gGs function, here we present the results of a molecular dynamics simulation study of IgGl Fc
domains with specific Mjlycans, shown ifrigure 5.1, known to be significantly populated fiuman

lgG19. Extensive sampling through temperature replica exchange molecular dynamics @R&EMD)
chosen as the method to explore exhaustively the potentially rugged conformational space. The N
glycoforms were chosen specifically to address the tlulieering points, 1) to investigate a potential

ink between the structure and dynamics of doedsylated Nglycans to the dramatic ADCC
reduction, 2) to determine how the preferential conformation and dynamics of a siadfat8ylarm

may affect ADCC in context of corfeicosylatiod! and finally 3) to analyse the dynamics of the

galactosylated (1-6) armin Felinked relative to the free fdlycans.
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Figure 5.1.The two different types of biantennary complexgicans we haw considered in this study are shown in panel

a). For simplicity, we named the ceftgcosy lated Ngly can sugap and the noffucosylated Ngly can sugao. A representative

structure from one of the REMD simulations of the IgG1 Fc with the linkegllybansis shown in panel b) with the protein

represented as solvent accessible surface area and in panel c) with cartoon rendering, where the CH3 and CH2 domains are

|l abell ed, t oget her wit h tlirtked NQytan. C6E | oop carrying the N297

The simulations rgults show that corfucosylation affects dramatically the dynamics ofdlig-3) arm

of the opposed Njlycan and as a consequence of steric hindrance it significantly enhances the dynamics

of the Fc domain. Also, structural alignment of our systems tiableacrystallographic data show that

the corefucose position within the Fc core obstructs the entry of N1G@flydbsylated FgRs This

suggests that binding a ceicosylated IgG1 involves a more complex conformational displacement

ofthe CH2domain. Wt hin t he framework of this mechanism,
in order to accommodate the i ncoslycamghaskourmldgo but
a more complex conformational change, to create the space for binding adlow tproper contact with

the the FcoR N162 glycan. This argument i s cons|
affinity. Furthermore, we find that at room temperature (300 K) the terminal galactoseaili6e

arm is heavily restrainkto the CH2 domain of the protein, which promotes an outstretched
conformation as the only significantly populated conformer. In the following sections we will present

and discuss these results in detail within the framework of the avaiable experidesataind of the

known evidence of the dglycosylation dependence of IgG1 effector functions.

5.2 Computational Methods

Protein, counterions and carbohydrate atoms were represented with theffadSBLY CAMO06;12°
forcefields, respectively, whi the TIP3P mod€l was used to represent the solvent. The total
electrostatic charge of the system was neutralized by addimgn€l All simulations were carried out
using NAMD version 2.3113%. For the temperature Replica Exchange Molecular DynamEM{R?4,

90 replicas were generated in the temperature range between 300 and 500 K, corresponding to an
exchange probability of 0.13. The simulations were carried out on six IgG1 Fc models in total, one with
two corefucosylated Nglycans pp), namely sugap shown in Figure5.1, one with two non
fucosylated Nglycans ¢p) and another with one cofacosylated and one ndacosylated Nglycan

(op). Because the molecular crowding within the Fc core could limit the conformational space even
within an enhancedsnpling scheme, in order to explore the possibility of the folding (closing) of the
galactosylate@ (1-6) arm we described in previous work for the corresponding unlinked giycems

buitt all starting structures with (1-6) arms both in open and closed conformations Fepae S.1in
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Appendix Il . The data analysis was done on ensembles collecedl8 and 11 ns simulations per

replica. Further information on the simulation -sptand runimg protocol is included idppe ndix Il .

5.3 Results

The results are presented in separate sections for clarity. Unless stated otherwise, all results refer to

simulations started with the-lycansa (1-6) arm in the open (outstretched) conformation.

Protein and Fc-linked N-Glycans Dynamics

The 1gG1 Fc domains flexibility and its overall dynamics has been evaluated in terms of backbone
RMSD values, calculated from the simulations relative to @ ¥esolution crystal structure (PDBid
4DZ8) of a Nglycosylated and corucosylated IgG1l F€. The structural alignment was done on the
two symmetric CH3 domains alone for all simulations astt is the most stable part of the IgG1 Fc. Results
are shownn Figure 5.2in terms of kernel density estimation (KDE) plai the protein backbone
RMSD values obtaineftom simulations of an IgG1 Fc linked to two cdreosylated suggw on both

sides pp), seeFigure 5.2 panelA, an IgG1 Fc linked to two neiucos/lated sugao on both sides

(00), seeFigure 5.2 panelB, and to an IgG1 Fc with one sugaand one suggy on each sidea(),
seeFigure 5.2 panelsC andD. The average backbone RMSD values for all the systems studied are
shown inTable S.1in Appendix Ill . The results indicate that cefecosylation significantly enhances

the protein dynamics, with a maximum effect when both Fgyans are fucosylated, sEgure 5.2
panelA. As it will be discussed in detail further below, this enhanced dynamicassequence of the
steric interaction between the cdreose of one Nlycan and thea (1-3) arm of the symmetrically
opposed MNglycan. The KDE distributions also indicate that the protein dynamics is primarily
determined by the CH2 domain, which is lidkeo the more rigid CH3 domain by an unstructured loop,
seeFigure 5.1panel ¢ that allows for a flexible architecture. The stabilty of the CH3 domain is not
affected by the presence of cdueose, nor by the conformational dynamics of the arms. Thiiges
obtained for thep 1gG1 Fc show that the presence of even one-ftmrese increases the dynamics of

the CH2 domain, evenif to a lesser degree than twefaomsylated Nglycans. The CH2 linked to the
nonfucosylated sugaw, seerigure 5.2 panelC, appears slightly more dynamic, as a consequence of

the steric hindrancbetween sugawd a(1-3) arm and the corlicose on the facing sugar

72



35 35
— CH3 —— CH3
1.0 a) CH2 3.04 b) CH2
— Fc — Fc
25 2.5
2.0 : 2.0 !
L )
[a) Q 0
o
15 1.5
1.0 1.0
0.5 0.5
0.0 : - . - 0.0
0 2 a 6 8 10 0 2 4 6 8 10
35 35
—— CH3 — CH3
CH2 d)
3.0 3.0 4 CH2
— Fc — Fc
25 2.5
W 20 2.0
[m)
& 1s 1.5 4
1.0 1.0
0.5 0.5
0.0 0.0 - - - :
0 10 0 2 4 6 8 10
RMSD (A RMSD (A)

Figure 5.2 Kernel density estimation (KDE) plots are shown here to represent the probability densitytibstri the

protein backbone RM SD values. These are calculated throughout the simulations started from open conformatiqis of the

6) arms, in panel a) on an 1gG1 Fc with two efureosylated sugarg, in panel b) with two nofiucosylated sugan,and with

one corefucosylated sugap and one noffucosylated sugao in panels c) and d), where the two GBBI2 domains are
represented separately for the ffanosylated and for the core fucosylatedlifked CH2 in panels c) and d), respectively.

The probabity density function (PDF) is on the y axis and the root mean square deviation (RM SD) values on the x axis. The
plots are. Based on 6500 points for panel a), and 5500 points for panels b), c) and d).

In regards to the dynami@g(1-6) anda (1-3) arms, the RMSD values distributions are shoviigure
5.3for the pp, oo andop IgG1l Fcs. The distributions show that the presence of-fuosylation
enhances the dynamics of the wholegli)fcans, but especially of the(1-3) arms. T enhanced
flexibility is due to the steric hindrance between the dao®se of one Nylycan and the extended
sialylateda (1-3) armof the other. This clash pushesaki3) armto interconvert between an extended
conformation, which requires the openiofythe CH2 domains in order to fit, and a bent conformation,
where the sialic acid points towards the core of the Fc instead of towards the bulk wdgsee
5.4. The extende@ (1-3) arm is the preferential conformation seen during the simulatidheafo
system and corresponds to the maximdigure 5.3 panelD, where none of the glycans are core
fucosylated. As a note, the shift in the RMSD values observed for glycan 1 fagume 5.3 panelD
(red line) depends on the fact that the RMSD vaduescalculated relative to the starting conformation,
which in this specific case was a low populated one whera (&) arm is slightly bent interacting
with the opposite | ycands chitobi os eFiguedbr3paneldand-, obtaeenedu | t s
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for the mixedop IgG1 Fc system are quite interesting in that they show that(th&) arm of the non
fucosylatel glycan g2 is more dynamic than th€l-3) arm of the fucosylated gl, as it does interact
with the g1 corducose. Also, the dynamics af{1-6) arm of the corducosylated glycan gl is directly

affected by this interaction. The corresponding average RM@IRs calculated for the -Blycans
heavy atoms are shownTrable S.2in Appendix Il .
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Figure 5.3. Kernel density estimation (KDE) plots are shown here torepresent of the RM SD values distributions calculated

for thea(1-6) anda(1-3) arms (heavy aims) during the simulations of the IgG1 Fc with two fucosylategiydans (pp) in

panels a) and b), and with two nfucosylated Nglycans (00) in panels c) and d) and with one fucosylated and ore non

fucosylated Nglycans (op) in panels e) and f). The el blue lines refer to the two different glycans gl and g2, respectively.

The folding backwards of tree(1-3) arm towards the inside of the Fc core promoted by thefaoose

of the opposite glycan does not involve changes from the equilbrium torsion angle values we have

determined for the unlinked (free}dlycans in earlier worR. As shown inTable S.3andFigure S.2

in Appendix Il the relative populations and values of the torsion angles fa (48) arm are quite

similar to the ones we determined in solffioriThe only significant difference is the increase of the

population of thea(1-3)y = 96° (15) torsion to 55%, corresponding to the value in solugion 102°

(14) at 39%°, which corresponds to the bent conformation, Tage S.3in Appendix IlI .
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Figure 5.4.Different orientations of the sialylateq1-3) arm in the absence and preserfamoefucose on the oppositeN
glycan. In panel a) the snapshot from tieelgG1 Fc simulation shows the(1-3) arm outstretched towards the solvent,
meanwhile in panel b) the snapshot fromphégG1 Fc simulation shows tfeg1-3) arm folded over the Fapre obstructed
by the corefucose of the opposite-dlycan. Theimportant residues of theglycans are highlighted according to the SNFG
nomenclature, the protein is represented through a solvent accessible surface in grey. Rendering wagpgdfed with

N-Glycans interactions within the Fc core.

In all simulation started from an open conformation,&fie6) arm remains outstretched over the CH2

b sheet and restrained to it through an extensive and organized architecture of interactions with both
hydrophobic and hydrophilic residues. We did not observe any unbinding events at room temperature
(300 K). As shown irFigure 5.5,residues Lys 240 can interact with the carbonyl oxygen di the)

GIcNAc, while Glu 252, Asp 243 and Thr 254 are all engaging witla (tié6) terminal Gal. We have
observed throughout all simulations that Lys 240 and Asp 243nitiiemtly engage in a sdiridge
interaction, partially releasing ttag(1-6) arm. Residues Phe 237, Val 256, Val 297 and Val 29ifne

to form and hydrophobic patch that supports by stacking (tie6) arm movement across the CH2
domain. This outstreteldl conformation is the only one populated in all simulations started from an
opena(1-6) arm conformation, as shown by the heat mdggure 5.5. Because of the complexity of

the system, as explained in the Computational Method section all simulatioesalBe@started from a
closeda(1-6) arm conformation, séegure S.1lin Appendix Il , where thea(1-6) arm is folded over

the chitobiose core as seen for the correspondirglydns in solutiof!. Because of the molecular
crowding and the limited space dahble due to the partial collapse of the Fc core, in none of the

simulations started from a closed1-6) arm conformation the {glycan opens.
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Figure 5.5.On the lefthand side, a representative image of the highest populated conformer observed {arGharm in
the simulations of both coifeicosylated (sugap, represented here) and also of fivcosylated sugan. Thea(1-3) arm and
the rest of the protein are not represented for clarity and the residues are coloured according to the SNF@Guren@mcla

the righthand side, the corresponding phi/psi Ramachandran plot af(1h@) torsion calculated from the REM D simulation
of thepp IgG1 Fc system, showing that only the extended conformer is populated at 300 K.

The two Nglycans interact quiteextensively with each other through transient and interchanging
hydrogen bonds within a network that involves primarily the trimannose residues, while the arms are
not involved. A representative structure from the simulation obthgGLl Fc is shown ifrigure S.3

in Appendix Il , where is also evident the narrow space betweea(th8) arm of one Nglycan and

the CH2linked GIcNAc of the other, which leaves very little room for al{é-6) fucose.

Core-fucosylation hinders F@R access to the binding site.

To evaluate a potential direct effect of the cfureose in the binding ofhe F@Rs we performed
different structural alignments of representative conformations obtained throughout our simulations to
crystal structures of IgGs Fcs in complex wittgRs, one with Nglycosylated FgRIIl at Asn 162 with
PDBids 3SGJ and 3SGKand me where the FRlIl is nonglycosylated with PDBid 1E4K. The
structural alignments were done on the set of CH2 and CH3 domains on-tiantk&ide of th€igure

5.6 panelA, with a corresponding backbone RMSD value of 1.9 A based on 196 atoms. Asishow
Figure 5.6 panelA, the alignment to the 3GSJ shows that the accommodation ofdRélIFequires

a significant displacement of the opposite CH2 domain relative to the unbound 1gG1 Fc conformation.
This is regardless of the cefecosylation state ahe Fc Nglycan linked to that specific CH2 domain.

The obstructing effectofthecefeuc os e is quite evident when we al
293 to 300, to identify the relative position of the Fgli)can relative to the ERIII residuesand to

the N-glycan at Asn 162 on the gRlll when sufficient space has been created to accommodate the
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FcgRIIl due to the CH2 displacement. As showirigure 5.6 pane B, the position of the corkicose
does indeed obstruct the access of trgrRAt due to a steric clash with the-ilycan at Asn 162. The
higher energetic cost of moving the fucosylatedif¢an in addition to the CH2 domain displacement
is consistent with a lower binding affinity of the complex. The alignment of ourfaoosylatedop
IgG Fc to the structure of a complex withgRtll (PDBid 1E4K)! shows that in the absence of the N
glycan at Asn 162 the fucose is not hindering the bindingFiseee S.4in Appendix Il . Nevertheless,

a lower binding affinty may be expected because of the missing interactions of the 1gG Hwewith
FcoRIll Asn 162 Nglycar?.

(ros€ p1aad) zHD

(dd an3y) zHD

Figure 5.6 Structural alignments of a representative structure from the REMD simulation pptg€1 Fc (grey) with the
1gG Fc in complex with the BRIl PDBid 3SGJ (cyan). In panel a) thegRell is shown as a solvericcessible surface while
the 1gG Fc are represented with cartoon rendering. Tgly &ans are omitted for clarity purposes. The CH2 domain shift is
represented through a red arrow, while the brackets spanthe length of the CH2 domain. In panebR)Ithmeékbone is

represented in cyan as tube while the glycan as sticks. The structuppftojdG1 Fc MD al i gned t hrough
PDBid 3SGJ is representedin grey, with the Fgij\tan also in sticks. The clash between the core fucose and 62eNN1

glycan on the FgRIll is highlighted within a redlashed square.
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5.4 Discussion

In this work we have determined the conformational propensities of two spegficéhs, shown in
Figure 5.1, linked to the IgG1 Fc at Asn 297 to identify how their sequence andus&unodulates

the dynamics of the system and in turn how it affects tlgR&enolecular recognition and binding
affinity. We designed the study specifically to address the still open question on hefwaomgation

of Fc-linked N-glycans reduces drasiiy the IgGs ADCC especially in the context of sialylation

The comparison between ceuosylated and nefucosylated systems shows that ctweose affects

the posttion of the sialylated (1-3) arm of the opposite Jglycan because of steric hindran@es a
consequence, tla(1-3) arm becomes increasingly dynamic, switching between an outstretched and a
bent conformation where the sialic acid is directed towards the Fc core(T43 arm outstretched
conformation is found to be the highest populaiedonfucosylated systems. Accommodating an
outstretche (1-3) arm beside the core fucose translates into a widening of the Fc core, thus it has a
significant effectin enhancing the dynamics of the Fc, in particular at the level of the CH2 domains,
which are quite flexible due to the Fc architecture. The higher level of conformational disorder of the
protein and the seclusion of the sialic acid from the interaction with the incomiis Eould both be
determinants in decreasing the levels of molecdaognition and ultimately in weakening the binding
affinity. Furthermore, structural alignments of representative conformers from our simulations with
different crystal structures of IgG1 Fcs in complex with FcgRllisshow that corducose obstructs

the entry of a Asn 162 fglycosylated FcgRIll, posing a further burden in terms of the energy required
to displace it in addition to the displacement of the CH2 domain. This information derived from the
structural alignments of {glycosylated 1gG1 Fcs is t@ helpful in that it provides for the first time a
view of how the correct structure and dynamics of thdnked N-glycans work within the framework

of the IgG1 Fc/FcgRllls complex. Indeed, because of their intrinsic dynamics, in most crystal structure
the N-glycans are either invisible or fitted to very unusual (and debatable) conformations.

In previous work® we have determined the intrinsic dynamics and conformational propensities of all
N-glycans significantly populated in IgG1ls when unlinked ftbenlgG, i.e. free in solution. We found
that the galactosylation of tte(1-6) arm results in a dramatic change in thgiytan preferential
conformation, where tha(1-6) arm is folded over the chitobiose core, instead of being outstréiched
Such compct structure is consistent with a more difficult recognition oféfie6) in unbound N
glycans from lectin® and from sialyltransferas®sand it can also possibly explain the interdependence
of the Niglycans arms functionalization proc&s#otably,the a(1-6) arm folding is independent of

the presence of a terminal(2-6) sialc acid, of the sequence on th¢€l-3) arm and of core

fucosylatio®. In an Felinked N-glycan the terminal galactose on #l-6) arm is firmly restrained
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to the CH2 domairhtough a network of hydrogen bonds and hydrophobic interaction and we observed
no a(1-6) unbinding nor folding events at 300 K. This is somewhatis disagreement with NMR data that
suggest that the Hnked a(1-6) arm has a structural behaviour in betwaemestrained and a free
(uniinked) Nglycan at 15 °C and at room temperatéfredevertheless, in agreement with the same
NMR study above we observe that the fregitan behaviour mentioned in the study, which we
assume to be the form unrestrained frtve €H2 domain, does increase with temperaturef-iggee

S.5in Appendix Il . Indeed, as the temperature raisesalie6) arm becomes progressively more
dynamic and at the extreme of 500 K is completely unrestrained. Therefore, it is possible that the
strength of the hydrogen bonding interactions delivered by the specific force field representation we
have used is totigh at 300 K relative to the experimental conditions. It is also to note that the
experimental conditions, in terms of complexity of the solution and relative concentrations are quite
different from the simulation conditions. Nevertheless, the strengdtie afonbonded interations gets
progressively balanced as the temperature is increased through the replicas, providing the correct trend.
Additionally, based on these data &naimiamoel ysi s
difficult to functionalize both in #e andin Fdinked N

glycans are actually different. In the former case a compact folded structure preclude access relative to
the more accessi k)am, whiedn the casesof anidted he d U( 1

N-glycan the strong interaction of the temna | galactose with the6CH2 dol

arm from the solvent, thus precluding accessibility.

5.5 Conclusions

In this work we used temperature REMD to assess the role offemwsylation of the Fdnked N-

glycans in the IgG1 structeirand interaction with gRs. The results indicate a

significant enhancement of the dynamics of the protein and of tblyclins intrinsic structural
disorder. Additionally, we suggest a mechanistic pathway for the bindinggashehere corducose

funci ons a-stapbdbdaor t he -glrasyatdFgosfThefamisticlle/&l, dyNamic
information in this work provides for the first time to our knowledge a clear understanding of the effect
of core fucose in the IgG1 structure and dynamiasaaworking framework for the rational design of
IgG1 N-glycoforms that can enhance ADCC.
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Chapter 6: AHAtom Molecular Dynamics Simulations of SARS

CoV-2 Spike Protein with glycan variation

Note: Part of the work from thighapterwas published in the papet. Casalino, Z.

Gaieb, J. A. Goldsmith, C. K. Hjorth, A. C. Dommer, A. M. Harbison, C. A. Fogarty,

E. P. Barros, B. C. Taylor, J. S. McLellan, E. Fadda, R. E. Amaro, Beyond Shielding:

The Roles of Glycans in the SARSV-2 Spike Protein. ACS Cent. Sci. 6, 1722

1734 (2020), which was also highlighted o

ACSPublications www.acs.org

ﬁ Most Trusted. Most Cited. Most Read.
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6.1 Introduction

Coronaviruses are a family of related RNA viruses that infect mammals and bird spebieeuwi

genera: a-coronavirus b-coronavirus c-coronavirusand gtcoronavirus There are varieties of
coronaviruses that are attribut eldwhie othenmpdsela fi c o mn
more severe threat. In the last two decablesronaviruses have been a cause of concern for human

health, as there have been epidemics caused by Severe Acute Respiratory Syndrom@qARS

2003, Middle Eastern Respiratory Syndrome (MERS) in 2042d in 2020, an outbreak of SARS

CoV-2, also referred to as COVHIO or 2019nCoV, has caused a global pandémic

A characteristic feature of the coronavirus ar c|
membrane of the virus, used primarily for recognition, binding to a primary receptor which leads to

fusion to the host céll The S protein consists of a single chain precursor that forms a homotrimeric
structure once foldédEach S monomer canis organised into two subunits, namely S1 and S2 and in

three topological sectionsamely head, stalk and tail, déigure 6.1.A
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A Head Stalk CT
1234 1273

v 11407y

“ Furin'site
)

Figure 6.1. System oveniew.(A) Sequence of the fulkngth spike (S) protein contains thed&tminal domain
(NTD, 16 291), receptor binding domain (RBD, 3%30), furin cleavage site (S1/S2), fusion peée{(FP, 788

806), central helix (CH, 981034), connecting domain (CD, 108135), heptad repeat 2 (HR2, 116210)
domain, transmembrane domain (TM, 121234), and cytoplasmic tail (CT, 123873). Representative icons

for N-glycans (blue and green) a@glycan (yellow) are also depicted according to their position in the sequence.
(B) Assembly of the head, stalk, and CT domains into thdefatith model of the S protein (Open systei@). (
Fully glycosylated and palmitoylated model ofthe S protethén(Open system)Dj Magnified view of S protein
head glycosylation, where glycans are depicted using the Symbol Nomenclature for Gycans (IRFG). (
Magnified view of S protein stalk glycosylatior)(Magnified view of S protein -palmitoylation within CT.

Image from Casalinet al.

Each topological domain oabe further subdivided based on function, B&gire 6.1.B with the

majority of prefusion mechanistic tasks being performed by the protein head subdomain. The most
important domains in terms of mechanistic roles in the S protein head are the rendptprdmmain

(RBD), shown in cyan ifrigure 6.1.B, responsible for making initial contact with the host-belind

receptor and the fusion peptide (FP), shown yellowigure 6.1.B, which penetrates and primes the

host cell membrane for fusi®nThe S protein is also heily glycosylated, se€igure 6.1.C with 22
N-glycosylation sequons per ch&if Carrying a thick glycan shield is part of a common strategy used

by viruses to evade the host i mmu#HeGyzyshieldngh by me

by viral glycoproteins uses the coverage of densely glycosylated proteins to mask immunogenic
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epitopes, whie ab hiacking host cell machinery to glycosylate their proteins, a strategy called glycan

mi micry, that creates a Gysomis data analysishrecenpydesealedl ot h i
that coronaviruses envelope proteins are less shielded than other viral glycoproteins, sucilas HIV

Env, which results in a lower level of underprocessed oligomanneglychins and a higheevel of

complex Nglycans2 Moreover, our work has highlighted that uniquely to the SARS-2, specific

N-glycans on the S protein mediate its mechanism of action, and tleeitefiorethod of infection As

it wil be explained furthebelow in this section, the specific type of glycosylation at N234, N165 and
N343 is crucial towards the RBDO0s relative orie

Conservation of the architecture of the S protein varies between member<oirtdreavidaefamily

and therefore a wide variety of host cell receptors are targeted. Although belonging to thegsase

as SARSCoV-2, MERS has a different RBM structure, which recognises dipeptidyl peptidase 4
(DPP4}3. SARSCoV and SARSCoV-2 however have a 76% sequence idefitithoth targeting
angiotensirconverting enzyme 2 (ACEZ)'°. Between SARSCoV and SARSCoV-2, 18 of 22 N
glycosylation sitesper chain are conserved, which suggests that the degree of shielding of the
immunogenic epitopes is simildr In terms of sequence mutations, which includes the addition/deletion
of glycosylation sites, most of the changes are observed in and around the S1 subunit and especially in
the RBD. To this end, the binding affinity of ACE2 by the RBD of SARS8V-2 has been reported to

be 10 to 20 fold higher than that of the RBD of SARSV¢, which correlates to a higher rate of
infectivity and transmissibility with SARE0V-2'7. Inorder to understand this higher binding affinity

of the RBD of SARSCoV-2, the role that both the surrounding protein and glycans play in the
mechanics and interactions of the RBD needs to be considered.

The S protein head undergoes a complex confornaaton c hange, from a ficl osed:¢
an fAopeno (or i d'psédrigurs 5. aintAppemdik IViCGnlg whenBhB BRBD is in as

open conformation the receptor binding motif (RBM) can bind the ACE2 receptor in-ta-one

interaction achieved through protgirotein au proteincarbohydrate interactiotfs The ACE2RBD

binding triggers the concertedactionsof82arr r angement and S206 si'te clea
Uniquely for its ineage, SARE0V-2 has a RRAR cleavage site between subunits S1 and S2 specific

to furir?®, which further promotes the dissociation of S1 and S2 domains, which precedes membrane
fusiort!. After membrane fusion, the virion is internalised through endocytosis and the viral mMRNA
genome is relesed into the cytoplasm. The host cell ribosome reads and translates the RNA into viral
proteins, including the S protein, which is transported through the endoplasmic reticulum (ER) and the

Golgi in order to be glycosylated, further assembled and incaeubiato the budding virion&’.

Obtaining atomistit str uctur al data on the full Aprefusi
mutations at residues 986 and 987 which stabilize S in its prefusion trimerié, foamed SARSCoV-
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2 S2P variant. This allowed for easier expression and for characterization of thelikatstucture

by cryogenic electron microscopy (craM)i®. Structural studies have revealed both the open and
closed conformatio%!® and glycosylation sites of the recombinant S protein bearing one or even two
GIcNAc residues, which can help indicate the orientation of the whgllyddns relative to the protein
surface. This paired with glycomics data obtainecherHEK cells recombinant &P proteifhas given

us insight into the potential glycosylation pattern of a fully assembled prefusion trimer. Results from
Wantanabet al® are summarised ifiable 6.1in terms of relative oligomannose abundance. The same
work indicates that an overall 22% of glycans are of the oligomastgpee 5% of the hybridype and

66% of the complextype, with 1% of the sites unoccupied. Since the beginning of 2020, different
glycosylation profies have been publisfetf showing broader ranges of glycosylation types for each
site. Theselifferences have been attributed to whether the recombinant structure was analysed as an
intact ectodomain or as separate S1 and S2 subunits, or based on a different interpretation of

glycopeptide fragmentation software data following mass spectrome8y. (M

Table 6.1.Percentage abundance of oligomanntygee N-glycans at each identified-bly cosylation site of the S protein.
Data from Wantanabet aP.

N-glycosylation % oligomannose N-glycosylation % oligomannose
site content site content
N17 4 N616 6
N61 69 N657 0
N74 4 N709 94

N122 56 N717 74
N149 8 N801 77
N165 0 N1074 57
N234 97 N1098 9
N282 1 N1134 0
N331 2 N1158 0
N343 2 N1173 1
N603 65 N1194 0

Incolaboratm wi t h Prof Rommie Amarobés group at UCSD,
of the S protein surface and and the specific interactions between glycan and protein with both the open
and closed conformations of the RBD, usingaidims molecular dymics (MD) simulations on both,

a model of the whole S protein embedded in the viral membrane and on its ectodomain alone. In this
work we explored the effect of different glycosylation patterns on multiple uncorrelated copies of the
simulations run conceently to explore a wider section of the conformational space. We also considered

the effects of the use of different force fields, namely GLYCAMO6] and CHARMM36 and of starting
cyro-EM structures, namely PDBid 6VYB and 6VSB for the open conformation eofRIBD. Our

simulations reveal a greater role of specific Sgi¢ans in stabilization of the RBD, as well as
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modulating the transition between open and closed states. Following these results, we focused our
efforts in assessing the importance of the gytadion type at N234 and in neighbouring sites on the

dynamics of the open conformation of the RBD.

6.2 Computational Method

The next subsections detail the setup and running specifications for our MD simulations of the SARS
CoV-2 S protein model, wth ur col |l aborative work with Prof. A
the details of our continued simulation of the ectodomain of the S protein, with specific glycan variation

at N234.

Initial Simulation Set

The fullength S glycoprotein model, shownhigure 6.1B, was bui |t in Prof Ror
under the guidance obtained from data we collected on preliminary simulations of the S ectodomain.
The full mode | was built by ®Yhoamododgyg!|l o nébdt hP DE
conformational states, ségure S1in Appendix IV andSection 1.1of Appendix IV. The protein

models were glycosylated Al/O-glycosylation site¥*and the cysteines in the CT, geanelF in

Figure.6.1, were palmitoylated?® Finally, theful length structures were embedded into a-pre
equiibrated alatom membrane, in order to mimic the endoplasmic retic@oigi intermediate
compartment, se€able S4in Appendix IV, where the spike is glycosylated and the virus buds.
Following this, thesystem was solvated in an atmosphere of counterions. Six replicas of the open
conformation models and three of the closed conformation models were run on the NSF Frontera
computing system at the Texas Advanced Computing Center (TACC) with NAMD 2.14 jg4iregch
benchmarks of ~60 ns/day on 256 nodes for cumulative extensive sampling of ~4.2 and ~1.7 ps,
respectively, se€igure S5, Movie Slin Appendix IV. A greater number of replicas of the open
conformation systems weait a stdteoiithetomen RBD that was tapturetl t h e

by the cryeEM experiments

In our group, we rebuilt the SARSoV-2 S protein ectodomain the open conformation by homology
modeling with SWISS MODE using the cryeEM structure with PDB ID 6VYB (3.2 A resolution)

and NCBI YP_009724390.1 as referenequence. The missing loops in the 6VYB eBf structure

were built automatically by SWISS MODEL based on structural libraries of backbone fragments from
the PDB with similar sequences. The resulting protein structure exhibitsgh® dsylation sites (or

sequons) per protomer, for a total of 54 sites per trimer. Glycosylation on these sites was buitt by
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sstructural alignment of conformationally equilbrateeglifcan structures from our GlycoShape library
(under construction), more specifically fucosylatadl norfucosylated biantennary (FA2B/A2B)-N
glycans and oligomannose type (Man5 and M&md)the GIcNAc residues resolved in the cEMl
structure. Selection of the type of glycan at each specijlybbsylation site was decided based on the
glycosylation profie in Wantanabiet al®, shown inTable 6.1, which was the only data set available

at the time we started the work (March 2020). The variation of glycosylation predicted at in some of
the sites was broad. Based on our knowledge of glycan segteesicacture relationship and
dynamics, we decided to include, whenever likely, more processed glycans, e.g. with galactosylation
on the both arms and cehecosylation, to investigate possible interactions with the protein.

Some of the glycosylation sitesside in disordered loops that needed to be reconstructed, therefore the
final 54-glycans model was built in two phases. In the first phase we buitt models with 46 glycosylation
sites and run a 20 ns equilbration to obtain conformations of the relogls khat alowed for the
linking of our preequilibrated glycan structures. Appropriate loop conformations were then chosen to
link the glycans on those sites to complete the glycosylation profile. In this additional setof simulations
of the SARSCoV-2 S protein ectodomains, we considered three slightly different glycosylation
profies, shown inrable 6.2 to complement results obtained for the full S model. These three models
differed specifically at position N234, occupied either by a Man9 (Mé2®4) o where N234 is
mutated into Ala (N234A) leading to glycan deletion, or where the sequon at N234 is not mutated but
not glycosylated. We ran two independent trajectories for ttglyd&ns model (i.e., Mar8234) and

one for the related N234A mutant. Moweo, we performed one run each for theghtans models,

l.e., Man9N234, the N234A mutant, and the-§§can model (nomlycosylated at N234) for a total

of 6 independent MD runs, s&able 6.3 Notably, also the glycosylation we chose at N165 and N343
differs from the one we selected for the full model of the spike to explore different profie. Also to note,
the N165 and N234 sites in the ectodomain models are located in the NTD of chain €CjNvillle

the N343 is located in the RBD of chain C (REI).
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Table 6.2.Site specific glycosylation in the two gy cans models of SARSoV2 S head (~60,000 atoms), i.e. M&\234

and N234A. The asterisk on position 234 chain C indicates the critical region where the glycans support the open RBD (chain
B in 6VYB) by filling the empty space. We note that the third model is based on thebec&ds models, but it was not
glycosylated at position N234 within chain C.

Chain Resid Glycan Chain Resid Glycan Chain Resid Glycan
A 61 Man5 B 61 Man5 C 61 Man5
A 74 FA2G B 74 FA2G C 74 FA2G
A 122 Man5 B 122 Man5 C 122 Man5
A 149 FA2G B 149 FA2G C 149 FA2G
A 165 Man5 B 165 Man5 Cc 165 Man5
A 234 Man9 B 234 Man9 C 234* Man9/
N234A
A 282 FA2G B 282 FA2G C 282 FA2G
A 331 FA2G B 331 FA2G C 331 Man5
A 343 Man5 B 343 Man5 C 343 Man5
A 603 Man5 B 603 Man5 C 603 Man5
A 616 A2G B 616 A2G C 616 A2G
A 657 Man5 B 657 ManS C 657 FA2G
A 709 Man5 B 709 Man5 Cc 709 Man5
A 717 Man5 B 717 Man5 C 717 Man5
A 801 Man5 B 801 Man5 C 801 Man5
A 1074 Man5 B 1074 Man5 C 1074 Man5
A 1098 A2G B 1098 A2G C 1098 A2G
A 1134 FA2G B 1134 FA2G C 1134 FA2G

In the simulations of the S ectodomain models based on PDB 6VYB, the protein and counterions (200
mM) were represented by the AMBER ff14SB parametef!,sethereas the glycans by the
GLYCAMO6j-1 version of the GLYCAMO6 force field Water molecules were represented by the
TIP3P modék. All simulations were run with v18 of the AMBER software pacRagene sameystem

preparation and running protocol was used for all MD simulations.

The energy of the S ectodomains models was minimized in two steps of 50,000 cycles of the steepest
descent algorithm each. During the first minimization all the heavy atoms werddwponically
restrained using a pot}ewhie tha $olvent ecougtdrions and hydsogek c a |
atoms were left unrestrained. During the second minimization step, only the protein heavy atoms were
kept restrained, while the glycans, solyerounterions and hydrogens were left unrestrained. After
energy minimization the system was equilibrated in the NVT ensemble with the same restraints scheme,
where heating was performed in two stages over a total time of 1 ns, from 0 to 100 K (stabdndha
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100 to 300 K (stage 2). During equilibration the SHAKE algorithm was used to constrain all bonds to
hydrogen atoms. The Van der Waals were truncated at 11 A and Particle Mesh Ewald (PME) was used
to treat long range electrostatics withspline inerpolation of order 4. Langevin dynamics with
colision frequency of 1.0 p% was used to control temperature, which a pseaddom variable seed

to ensure there are no synchronization artefacts. Once the system was brought to 300 K an equilibration
phasdn the NPT ensemble of 1 ns was used to set the pressure to 1 atm. The pressure was held constant
with isotropic pressure scaling and a pressure relaxation time of 2.0 ps. At this point all restraints on
the protein heavy atoms were removed, allowing system to evolve for 15 ns of conformational
equilbration before production. The total simulation times, including equilbration, are shdatpién

6.3.

Table 6.3.MD production times (ns) used for the data analysis of the SB&& S glycoprotein

ectocbmain (60,000 atoms). MD1 and MD2 refer to two independent MD trajectories started from
different velocities.

Systems 46 glycan MD1 46 glycan MD2 54 glycan
Man9-N234 210 - 120
N234A 240 240 390
N234-nogly - - 420

Construction ofthe second set of S pite in e ctodomain models

The first set of simulatiofikighlighted the crucial role of the -Blycan at N234 in filing the void left

vacant by the opening of the RBD, therefore as a second stage of the work we wanted to explore if any
type of glycosylation would have been capable to fuffil this réke. additionad three models of the S
ectodomain with 54lycans. Since the completion of our first phase of simulation, more glycoanalytic
studies were performét?®, and we could make a more informed decision on owicehof
glycosylation ateachdlycan site, as well as inclusion ofd@lcans, based on Shajahaial?4, with

an Oglycan included at T323. Inthese models we changed the level of processing of the oligomannose
glycan at N234 to understand what specific features of the oligomahhgean is required (if any)

to stabiize the RBD in the open conformation. Inclusion of paucimannose (Man3) as one of the
variations has not been observed at N234 in any glycan profiing, but we chose to include iyt as it allows
us to understand the lmdgunction of an Nglycan at this glycosylation site and to rationalize the
additive features of the antennae of the more elaborate oligomannose forms. The same glycosylation
profile was used for each protomer, in order to directly compare behavioue dkdlycans, with

regards to the closed and open conformations of the RBD on each model. The change in glycosylation
from set 1 to set 2, including details of each model is showalite 6.4

92



Table 6.4.Details of changes of glycosylation type at eachilable glycosylation site of the SAR®V-2 S protein head,
applicable to all three chains of the trimer. The asterisk denotes the difference in glycosylation at site N234 footise previ
models. The empty spaces indicate no change in glycosy latiortfiemprevious models. The dagger indicates the glycan type
for N165 and N343 for Chains A and C in the previous models.

PDB Previous Models Model 1 Model 2 Model 3
Residue Glycan Type

61 Man5

74 FA2G2

122 Man5

149 FA2G2

165 Man5A FA2G2 FA2G2 FA2G2
234 Man9* Man5 Man3 Man9

282 FA2G2

T323 unoccupied O-glycan O-glycan O-glycan
331 FA2G2

343 Man5A FA2G2 FA2G2 FA2G2
603 Man5

616 A2G2

657 Man5 FA2G2 FA2G2 FA2G2
709 Man5

717 Man5

801 Man5

1074 Man5

1098 A2G2

1134 FA2G2

This second set of @ ectodomain models were ggt and studied by MD simulations following a
same protocol described earlier. The total simulation time for eachreplica produced to this day is shown

in Table 6.5 including equilibration times.

Table 6.5.MD simulations legth (v8) of the second set of SAR®V2 S protein ectodomain models.

Systems Simulation Time ifs)
Model 1 Replica 1 (Man5 R1) 2.01
Model 1 Replica 2 (Man5 R2) 2.01
Model 2 Replica 1 (Man3 R1) 1.95
Model 2 Replica 2 (Man3 R2) 1.89
Model 3 Replica 1 (Man9 B 2.01
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6.3 Results

Initial MD Simulations ofthe SARS-CoV-2 S Protein Models in Open and Closed Conformations

The overall structural stabilty of the full S protein models was monitored usingmesmisquare
deviation (RMSD) values relativio the starting structures, with convergence of the head and stalk
domains reached within 400 ns, $e@gure S2 and S3in Appendix IV. The CT domain however
fluctuates in RMSD values between replicas,Sgeare S3in Appe ndix 1V, with large deviations due

to the section that is exposed to the solvent and not anchored within the lipid bilayemeRosguare
fluctuation (RMSF) analysis performed on the glycans,Fsgeare S4in Appendix IV, revealed the

more branched, complex-tlycans had the most motyili on average, with the -@lycans at T323 and
S325 showing the least flexibiity, which may be accounted for due to their short size. The tetra
antennary complex Mlycans located on the stalk domain had the highest fluctuations, suggesting its

ability toshield the protein surface.

Based on both variations of the SAIRSV-2 ectodomain, conducted by the Fadda and Amaro groups,
the N-glycans at N165 and N234 were identified as potentially crucial components in mediation of the
RBD dynamics. The closed confaation replicate models reflect the results of glyoanalytic °diadd
suggest that the fglycan at N234 is solvent exposed, orientated away from the core of the S protein
(Figure 6.3. In both variations of the open conformation models, Man9 at N234 is buried within the
cleft left by the RBD in the open structufédure 6.3.B). Note, in the two different cryBM starting
structures 6VSB and 6VYB, the open RBDs are named diffigrare. RBD-A in the full S protein

open structure, and RBB in the ectodomain open structure, respectively. Interestingly, because of the
different orientation of the MNjlycan fragments resolved by criaM at N234, the positions of the whole
N-glycansduring the MD simulations are different (deéigure 6.2, as a result of the rigidity of the the
chitobiose Nglycan core, although they converge to the same final orientation in the core of the trimer
at the end of the sampling trajectories.
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Figure 6.2 Alignment of 6VSB and 6VYB open chainsThe glycan fragment at N234 from 6VYB (yellow) and from 6VSB
(green) are close in Cartesian space, but the hydroxyl group (O4) of the GIcNAc monosaccharide (blue spheres) are pointed
in different directions, whickvill orientate the superimposed Man9 residues in different starting positions.

More specifically, the simulations of the full S protein models started with the Man9 at N234 inserted

into the cleft, while the simulation of the S ectodomains had the Ma8ed o the solvent in a similar

position as the one found in the closed conformation. Interestingly, in the simulations of the ectodomain

while the system equilbrated, we observed the Man9 progressively moving inwards to fil the void
space left vacanyp t he RBD opening. This progressive Acr
forming interactions with the opposing RBDresidues, and then subsequently forming interactions

with protein residues within the core of the spike structievie S.2in Appendix 1V). The Nglycan

at N165 in the simulations of the open conformation is found interacting with theBR&ter above

itself or in a position below, between the RECand the NTDEC it is linked to Figure 6.3.0.
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Figure 6.3.N234A and N165A mutationshow increasedinstability of RBDA i n t h e (&B){@odp view ohthee .

S protein as in the closed) and openB) systems. Protein is represented with cartoons, coloured in cyan, red, and grey for

chains A, B and C, respectively -iiannose Nglycars at position N234 are depicted with VdW spheres, where GIcNAc is

colored in blue and Manin green. In closéd, @ll the Nglycans at N234 are tangential to a hypothetical circle going through

N234. In open B), the Nglycan at N234 of chain B moves inwa filing in the vacancy under RBB i n t he HfAupo
conformation. C) Side view of the S protein (surface representation) in open, where the RBD of chain AA(RBEBN) is

stabilized by Ngl ycans at N165 and N234 in t has panespAandBasrepplie@jpat i on . !
PCA plot showing PC1 vs. PC2 of RB® (residues 330630) in closed, open, and mutant in blue, teal, and magenta,
respectively. The amount (%) of variance accounted by each PC is shown between parenthesis.

In order to uderstand the significance of these two glycosylation sites with regards to the RBD
dynamics, a set of fAmutanto models was producec
conformation starting structure. Principal Component Analysis (PCA) was usedmjareo the
conformational landscape of the open, closed and mutant models, with scatter plot projections generated
from the first two eigenvectors, the motions with the two largest variances of 63% and 18Pansiee

D in Figure 6.D). This plot shows the ntant systems explore a greater conformational space than that

of the open or closed conformational systems. This suggests a loss in stability from the absence of the
N-glycans at N234 and N165, which suggests that these glycans play an essentialeaiructiral

integrity of the open and closed conformations. The importance of-igchin at N234 can also be
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observed in a much subtler singleint mutation N234A in the additional set of simulations of the S

ectodomain (segection 2.2of Appendix V).

The two most prevalent motions identified by PCA were furthered monitored using angle calculations
(details of method irsection 1.1in Appendix 1V). The first motion identified (PC1) was theptane

motion of the RBD along the arc of a hypotheticatleicentred on the central helices of the S protein,

|l abel |l ed t h diguiel6adtAeTheaskcond (PG2) wad the( RBD titihg motion away from

or towards the central axis offiguelbet.Bcentr al heli

A - ol / > side v.

20 -10 0 10 20 o -5 0 5 10 15
Lateral-angle variation [°] Axial-angle variation [°]

Figure 6.4. RBD-A lateral and axial angle fluctuations.(A, B) RBD-A lateral angle &) and axial angleR), where chains

A, B, and C of the spike are represented as ribbons coloured in cyan, red, and grey, respectively. Positive and negative
variations withrespec t o t he initi al frame (0) are i nd@DR) distebdtionsvi t h t he
of RBD-A lateral angle €) and axial angle[) fluctuations with respect to the initial frame in closed (blue), open (teal), and

mutant (magenta). Al variations were calculated with respect to their value at frame 0. Frequencies have been normalized

within the respective data sets.

The RBD lateral angle distributions of the open, closed and mutant systems are spamel in

C of Figure 6.4.The poplations of both the open and mutant distributicaggeewith the PCA

plot, suggesting that the inclusion of N234 and N165 glycans plays a role in stabiising the
open conformation of the RBD. The aalgle analysis Figure 6.4.D) reveals a more

negative trend in the mutant systems than in the open systems, indicating that the RBD without
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the support of N165 or N234 tends to move closer to the centre of the spike, similar to the
closed systemsd distribution. | n2receptbethe f or t
RBD must occupy a metastable state that is orientated away from the central axis and exposed

to the solvent and our data suggest that thglybans at N165 and N234 do help facilitate.

Hydrogen bonding analysis was performed to gain furigight on the interactions between

the glycans at N234 and N165, and the protein residues. In the open conformation systems with
a glycosylated N234 site, the Man9 glycan occupies a large volume in the void of the structure
left vacant by the open RBOFigure 6.5.D). Stable hydrogen bonds were observed between
the glycan and H519 of the lower RBD, D198 of the NTD and R983, D985 and E988 of the
central helx in the trimer, all of which were present in over 40% of thas4sinulation

(Figure 6.5.A, Movie S.3in Appendix V. In particular, we observed that the interaction with
H519 at the base of the RBD contributed to s
The glycan at N165is more solvent exposed than teeabN234, yet it still interacts with the

RBD and with the RBM, with a range of different hydrogen bonding interactions observed in
different replicas fanels B and D of Figure 6.5Figure S8 andFigure S9 of Appendix IV).
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Figure 6.5. Hydrogen bond interactions of N-glycans at N234 and N165The main hydrogen bond interactions of N
glycans at N234A) and N165B) within the Open system are shown as occupancy across all replicas (% fraanes). (
snapshot capturingMan9 gly can (licorice represenmiaibN234 establishing multiple hydrogen bonds with S protein residues
(licorice representation) belonging to RBD(cyan surface), NTEB (red surface), CHB (red cartoons), and GB (grey
cartoons). GIcNAc and Man carbons are colored in blue and gemsreatively.D) Molecular representation of Man5 glycan

at N165 interacting with RBEA. Multiple (1000) equally interspersed configurations (selected across all replicas) of the
glycan at N165 are simultaneously shown. The glycan is represented asctétprogces (GIcNAc in blue, Manin green),
whereas RBPA and NTDB are represented as cyan and red surfaces, respectively.

Confirmation of the importance of N234 and N165 glycans by Biolayer Inte rferometry

In conjunction with our computational work, Pro J ason McLel lanés |l ab (Uniyv
performed biolayer interferometry to measure the binding affinity of mutant S proteins to ACE2
proposed based on our simulations, to quantify experimentally the role ofdlyeavis at N234 and

N165 day in mediating the open and closed states of the RBD. Prof McLellan and his team expressed

two mutants, namely N234A and N165A. The binding responses obtained for N165A and N234A are
shown inFigure 6.6.Results indicate that ACE2 binding is reduceldth cases relative to the native

ike S-2P variant, with N165A being 10% less effective, and N234A being 40% less effective (p=0.0051

and p=0.0002 r e s-les).cAtnegatieel cgnirol spite weseenginger®d with mutations

of S383C andD985€ o il ocko all three RBDs into closed c
shows no binding to ACE2.
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Figure 6.6.N234A and N165A mutations reduce RBD binding to ACE2(A) Biolayer interferometry sensorgrams showing
binding of ACEZ2 to spike variant@) Binding responses for biolayer interferometry measurements of ACE2 binding to spike
variants. Data are shown as mean + S.D. from 3 independent experiments. Asterisks represent statistical significarics (Student
ttest; *0.01<p<0.05, **0.001>p>0.01**0.0001<p<0.001).

Analysis ofthe glycan shield in the fullength SARSCoV-2 S Protein

The potential shielding of the protein by the
accessible surface area (ASA) in the open conformation, wittepradii ranging from 1.4 to A5 to
understand the accessibiity with regards to differential molecule size, corresponding to a water
molecule to up to the approximate size of an antibodpaie|A of Figure 6.7, the 3D conformational
space of each ytan is rendered using 300 superimposed snapshots from the MD trajectory,
representing the dynamics each glycan undergoes wittsiroflsimulation and mimic the numbers of
conformations a glycan could adopt during antibody/S protein binding. The ASAisinadisates the

head of the protein is less shielded than the skadku(e 6.7, panels B and . The glycosylation of

the stalk is highly efficient at shielding the protein for the larger values of the probe radius range, with
coverage of 90% for antibgesized molecules, but the shield becomes far less effective when the radius
is decreased to the lower end of the scale3A)4 In comparison, the head of the protein is equally as
shielded to the stalk (20% to 26% respectively) from the smallest@iabd (water molecules), but is

far more vulnerable, with only 62% of the surface camouflaged from the larger sized molecules. ASA
average and standard deviation values for the head and stalk are shown inSbadntesS7 of

Appendix IV.

100



- §EGEE

I I I I
180000 T T T T T No‘n-GI‘ycos‘ylat;d SASA
160000+ Glycosylated S ASA
140000F Glycan Shielded Area
120000
100000
80000
60000
40000F ,, 19,
200001

ASA [A7]

1 5 6 9 10 11 12 13 14 15
Probe radius [A]

20000F " " 7 Non-Glycosylated SASA —— 7
18000+ Glycosylated S ASA
16000 Glycan Shielded Area

ASA [A?]

123465678 9101112131415
Probe radius [A]

Figure 6.7. Glyan shield of the SARSCoV-2 S protein. (A) Molecular representation of the Open system. Glycans at

several frames (namely, 300 frames, one every 30 ns from one replica) are represented with blue lines, whereas the protein is
shown with cartoons and higiiied with a cyan transparent surface. Color code used for lipid tails (licorice representation):
POPC (pink), POPE (purple), POPI (orange), POPS (red), cholesterol (yellow). P atoms of the lipid heads are shown with
green spheres. ChlesHownswithgelavsphere®YG) Aadssibia surface area of the head (B) and stalk

(C) and the area shielded by glycans at multiple probe radii from 1.4 (water molecule) to 15 A (astitwatiyolecule). The
valueshave been calculated and averagedsxrall replicas of Open and are reported with standard deviation. The area
shielded by the glycans is presented in blue (rounded % values are reported), whereas the grey line represents the accessible
area ofthe protein in the absence of glycans. Higidi in cyan is the area that remains accessible in the presence of glycans,
which is also graphically depicted on the structurein the panels located above the plots.

We explored more extensively the glycan coverage around the RBM (residues 400itol&B) ppen

and closed systems, using varying probe radi with ASA analysis. In the closed system simulations, the
coverage of the RBM is moderate for molecules larger tdarageraging 35% coverage across the
range of probe radius sizesigure 6.8.A). In the open system however, the glycan coverage remains
sparse, averaging to only 9%idure 6.8.D). Full data for this analysis can be viewedlables S8

S10in Appendix IV. For the smaller probe radi (334), the glycan shielding is equally ineffeti

in both systemdhe section of the RBD not involved with ACE2 interaction is shielded in both systems
(Figure S.7in Appendix IV). This is due to the presence of thegifcans of the RBD at N331 and
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N343, and also owing to the-flycans of the NTD N16&nd N234, that we previously described

interacting with the RBDRigure S.8in Appendix V).
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Figure 6.8.Glycan shield of the RBD ACE2interacting region. The accessible surface area of the RBMnd the area

shielded by neighboring glycans in the§dd A) and Open) systems are plotted at multiple probe radii from 1.4 (water

molecule) to 15 A. The values have been averaged across replicas and are reported with standard deviation. In béue is the are

of the RBM-A covered by the glycans (roundedvlues are reported), whereas the gray line is the accessible area in the

absence of glycans. Highlighted in cyan is the RBMrea that remains accessible in the presence of glycans, which is also

graphically depicted on the structure in the panels Iddagow the plots B-F) Molecular representation of Closed and Open

systems from topR andE, respectivelyand side € andF, respectivelyviews. Glycans (blue lines) are represented at several

frames equally interspersed along the trajectories (200 along 6. 5
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Further simulation of SARS-CoV-2 e ctodomain with varying glycosylation at N234

To determine the impact of the type of glycosylation at N234 in the stabilty of the open conformation,
we ran set of five uncorrelated a@mtional MD trajectories of the S ectodomain. Data from the
simulations were collected after 300 ns of conformational equilbration. This rather long time interval
was deemed necessary to allow the system to adjust to the presence of smaller glycafissaicN2

as Man5 and Man3, which are not characteristic of the stable Befusion trimer. Conformational
equilbration was estimated in terms of RMSD values of the protein backbone with thENryo
structure used as as reference. Lateralangle anchagiel calculations were performed using the same
method reported above for the first set of simulations. The resultant distributions of the lateral and angle
calculations over the equilbrated period of the simulations can be sEiguie 6.9. In compaison to

the open, closed and mutant systems of the initial set, the overall differences between distributions is
subtler. The Man9 model used for comparison to the HEK trimer open system distribifignse (

6.4, panels C and . The smaller range of motis measured can be attributed to an averaging over
six replicas for the open system in the previous Wwenisus the single replica of the Man9 model used
here For the two replicas R1 and R2 of Mamaufels A and B, Figure 6.9, their distributions have

the same frequency and range of motion, with Man5 R2 deyiatiore dramatically from its starting
conformation. This deviations suggests that a different conformational space was explored, even with
the same glycosylation pattern, and this depends on the different interactions formed by the Man5 at
N234, and by thBl165 and N343 complex glycans. The two replicas, R1 and R2, of the Man3 models
have slightly different distributionspénels C and D, Figure 6.9 The lateral and axial motions of R2

of Man3 are more similar to the Man9 model than to the Man3 R1, whghests a more stabilised
interaction occurring with the RBD in R1, compared to R2.
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Figure 6.9. RBD-B lateral and axial angle fluctuations PanelsA andB represent the lateral and angle calculations for
replicas R1 (blue) and R2 (cyan) of the modehwd an5 at N234. PanefS and D show thereplicas R1 (red) and R2

(orange) of the model with Man3 at N234. The distributions from the Man9 model are included in each graph (green), for
reference, as it displays the most stabilised distributions amongdstetiseparate simulations. Positive and negative
variations with respect tothe initblr ame (0) are indicated with the fi+0 and i

We examined the interactions of N234 in each system through hydrogen bonding analysis to gain more
insight on the difference in RBD motions between replicas. For the Man9 model, atenkhycrogen
bonding network is formed between the Man9 and the biantennary comyiiycadws at N165 and

N343, which has a stabilising effect on the RBD (saeels A and B in Figure 6.10. A simiar
hydrogen bonding network is observed in Man3 R1, whigblains the results obtained in the analysis

of the lateral and axial angle distributions. While Man3 is substantially smaller than Man9 and so cannot
occupy the void created by the open conformation of the RBD, our simulations show that it is indeed
long enough to form a stable interaction with the RBt residue N370. This interaction is present

for 49% of the production length. Man3 is also found to interact with the glycan at N343. In summary,
in both simulations of Man5 and Man3 at N234, a complgtdgen bonding network involving the
glycans at N343 and N234, coupled with the glycan at N165 interacting with either N234 and N343
glycans and with the RBD residues produces a stabilising effect similar to what seen previously with
Man9 at N234. Furtheore, the diversity of the RBD orientation sampled in presence of these glycans
at N234 suggest a higher dynamics of the RBD that can occupy an ensemble of metastable states
between the open and closed conformations identified with a very large oligomasuass as Man9,
characteristic of the highly stable2® prefusion trimer. Relative populations of these states are
modulated by carbohydratarbohydrate and carbohydrgimtein interactions and therefore depend

on the type of glycosylation at these site
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A e O Man9 R1 B ‘ Man3 R2

Figure 6.10. Interactions of N165, N234 and N343 glycanRepresentative snapshots of th@ljcans at N165 (yellow),
N343 (orange) and N234 (green) interacting with the RB@yan), or the NTBC and RBDC (red), and/or each other. These
snapshots geture the more stabilisedldonding interactions of the terminal glycan of the antennae in each glycan.

Indeed, in Man5 R1 and Man3 R2, there is no interaction between the three glycans at NN234, N165

and N343. The Man3 N234 glycan in R1 explores a cdeipl@ew region, inaccessible to the larger

mannose structures, where it enters the cleft between theQNdil RBDC, interacting with the top

of the central helix. With the lack of any direct or indirect support of the RBD from Man3 in this
trajectory, BD-B appears to be |less 6anchoredd, thus mo
and the complex Mlycan at N165 resume supportive roles to the RBD, propping it up. Unlke Man9,
Man5 is shorter and it is notoreddide® MdreoverrManOc h t h e
because of its size also forms more stable hydrogen bonds with theCNiRD with the lower hinge

section of RBBB, which helps to prop up the RBD, or somewhat restrict lateral motion in the direction

of RBD-C.
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6.4 Discussion

Despite the differences in the systems sizes, setups, originaEbtgdructure (6VYB vs. 6VSB), force

field parameter sets (AMBER vs. CHARMM), MD software packages (Amber vs. NAMD), in the
running protocols and det twodsetsofintal sindeagnsnpertbrenédds 6 g |
by the Fadda and Amaro group, respectively, converge in describing a very uniform picture of the role
of the glycan shield in the activation of the SAR8V2 S protein. Through PCA, angle and hydrogen
bonding analgis, and confirmed by the results of the biolayer interferometry experiments, we show
that the absence of glycosylation at position N234 and at both positions N234 and N165 affects the
conformational plasticity of the open RBD, allowing it to explore gdarconformational freedom,

which indicates a degree of instabilty, supported by its lower degree of binding the ACE2 receptor.
The equilibrium of the open and closed conformations of the RBD can be affected by relatively small
modifications, like singlepoint mutations within and around the RBDor also by varying pH
conditions®. Similar to the RBD of the MERS S prot€inthe SARSCoV-2 open conformation is
metastable within its conformational ensemble. We identified two glycosylation sites, N165 and N234,
where the glycans <can active ltyto amopea poaitont Whils t h t h
full conformational shift from the open to the closed conformation cannot be observed within this
timescale, or possibly with conventional MD, we can still investigate the relative stability of the open
conformation, based oits dependency on the surrounding glycosylation. This reveals a possible
vulnerabilty of the SARSCoV-2 S protein if the open conformation destabilised, thus decreasing its
ability of binding to the ACE2 receptor. Through biolayer interferometry expatdm@ both N234A

and N165A mutations of the- &> protein, we have seen an agreement with the simulation dynamics,
that both Nglycans play a role in stabilisation. The results suggest that the presence of N234 may have
a greater effect on the RBD bindiraffinity, and therefore RBD stability than N165, which is more
solvent exposed. The hydrogen bonding analysis however does support the role of the glycan at N165
as a stalwart support, interacting with the open RBD steadily throughout the simulations.

Oursecond set of simulations helped us to assess the importance efltloai architecture at N234.

With these simulations we were able to identify multiple uncorrelated structures that allow us to sample
various degrees of stabilisation of the open conftion, determined by the accessible interactions of

the oligomannose at N234, in combination with N165 and N343 glycosylated with complggaXs.

In the original workthe glycan at N343 was not specifically investigated as a contributing factor in the
stability of the RBD open conformation as in none of those trajectories it was found to interact with the

open RBD or with the glycans at N234 and N165. Yet, in our original simulations of the S ectodomain,

N165 and N343 were glycosylated with ManggN ycans, and t hus their freas
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of their antennae/arms, was limited. Inin our sesa@iof simulations, we clearly see the role of N343

is more crucial, as it appears to contribute to a more intricate hydrogen bonding network with N165 and
N234, that stabiises the open RBD more effectively. In all replicas of this second set of S protein
dynamics, N165 is always in contact with the RBD, reinforcing the idea that N165 is essential for the
mediation of a stabiised open RBD. As for N234, the Man3 variants suggest-ghatosylation of

any kind at N234 is fundamental, as the differenaénmutant systems behaviour versus the Man3
models is stark. Whie Man3 may not be able to stabilise the RBD as effectively as Man5 or Man9 can
in this position, so long as it can form an interaction with the opposing RBD, bridging the opening of
the void left by the open RBD, it can still form stabilising interactions, ssuggesting that any glycan at
N234 is better than no glycan, provided that the positions at N165 and N343 are fuly glycosylaeted.
Interestingly, every oligomannose type substituted a#N23apable of forming an interaction with
N370 of the opposite RBIZ. An important mutation found in SARSoV-2 S relative to the SARS

CoV S causes the loss of glycosylation at N370, part of a sequon in-SARSvhich suggests that a
glycan at that lod#®n may interfere with the stabilisation abilities of the N234 glycan, potentially
making SARSCoV S protein less stable in the open conformation than SB&S2. Further
investigation into the behaviour and possible function of the occupied N370 ghtawsysite is

currently ongoing in our group.

The SARSCoV-2 unique and extensive glycosylation pattern may be a strength and a weakness for the
virus, as we propose that the glycan coverage not only can shield immunogenic epitopes, but plays a
functiond role in the mechanics of RBD opening and closing, which can be targeted and utiised for
vaccine desighi=382% Considering our analysis of the ASA of the S protein, the RBM and RBD are
obvious candidates for targeting, as the RBMconcealed and well camouflaged in the closed
conformation, but is exposed in the open conformation. This agrees with structural data that reports the
open conformation of the RBD is a requiremgrfior neutralization by host antibodies. Several
anibodies targeting the S protein have been identified Tadée S11 in Appendix [\F84150) The

RBD is the majo target amongst these antibodies, with few selecting other antigenic regions in the
NTD or CD (Figure S9 in Appendix IV). The S protein dynamics can be manipulated through
introducing mutations to destabilise the open RBD conformation (N234A and N16%Aanges in
glycosylation at N234, N165 or N343, reducing the binding affinity of the RBDs, but leaving the RBM
accessible for antibody targeting.
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6.5 Conclusions

Through this collaborative wonkith the Amaro group at UCSand Mc Lellan group at Uas based

on extensive atomistic MD simulation of different models of the SARS-2 S protein supported by

biolayer interferometry experiments, we were able to describe a new and unique role of the viral glycan
shield. Indeed, we showed how the timeerayed glycan shield hides a vast amount of the S protein
surface area from recognition by the immune system and how this shielding effects varies depending
on the proteinds conformational state, i . e. b e
around the RBDB, namely at positions N234, N165, and N343 interact directly (through gycéain
interactions) or indirectly (through glycaglycan interactions) with the open RBD, modulating its
dynamics and stabilty in the open conformation. The mutariations (N234A and N165A) reveal

the dependency the open conformation has on these glycans, demonstrated by and the markedly reduced
binding affinity to ACE2 without them. With this knowledge, there is potential for taking advantage of

this dependere upon glycosylation as a vulnerabilty of the open RBD state to target the S protein in

therapeutic strategies.
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Chapter 7: Conclusions

In my PhD research presented in this thesis, | explored the seeestcactureto-function
relationships in complex iglycans by means oHP Cmolecular simulationsoy molecular dynamics

Within this framework, alatom simulations can be considered loosely as a form of computational
microscopy, where we can observe the structural evolution of biomolecutbe rablecular scale

Using conventional and enhanced sampling schemes, | provided the necessary atomistic level of detail
to define how sequence and branching determines the 3D structural propensity of agjiyesmnN

In Chapter 3, starting from the smallest disaccharidetifrthat occurs in every Mlycan, i.e. the core
GlcNacb4-GlcNAc chitobiose, | was able to build and analyse progressively larger comygjgahs

and to determine the role each specific monosacchii@dee addition has in affecting the overall
strudure. To achieve this ggdlperformed virtualy exhaustive sampling experiments, considering all
possible rotamers for each unique glycan sequence in separately run simulations. This extensive
sampling scheme revealed thagicans occupy distinct confmations of varying population at room
temperature. This result debunks the idea thalyblans are unstructured, and allows us to extract the

mo s t popul at ed conformations from the Abl ur o
experimental timescalesuch as high microsecond to miliseconds for NMR and much higher-for X

ray crystallography data collection.

The significance of the Mlycan sequencto-structure relationship was further exploreihapter 4,

where | described the effects of modificas of the Ngl ycansd sequence, f ounc
invertebrates and namatural alterations to mammalian sequences,to tgelNy cans 6 str uct
dynamics. We found that by-6che inigd caefucoseerbyi nkage
adding one mon o< aybse,hwe ccandignificantlyi attex thebcbnformational space
occupied by the adjacent monosacclegjdand thus influence the overall conformational landscape of

the N-glycan. By quantifying the effect of each specific modification through conformational analysis,

we were able to discretize the intrinsic 3D architecture-glyidans in terms of specifigroupings of
monosaccharides, whi ch we named Aglycoblockso.
sequenceodo Vviewpoint, this approach allows wus to
step further in this direction, we are planning tddbw@ structural database of glycoblock units for

docking and molecular recognition studiase namedlycoShape

The general validity of this glycoblock viewpoint to describe the intrinsic glycan 3D structure and
dynamics, became quite useful when we stlidiifferent glycoproteins, as discusseCinapters 5

and 6, to understand the functional role of theghicans and of specific glycosylation patterns. For
example, inChapter5we have shown how and why the variation iglcosylation, more specifically
sialylation and corducosylation, of the two Mlycans in the IgG1l Fc region modulates the relative
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stability and dynamics of the Fc protein, and i
receptor. Indeed, coreicosylation of the Fc Mlycans is known to dramatically reduce ADCC,

weakening the antibody effector function, thus its efficacy in biopharmaceutical applications.

In Chapter 6 | described how glycosylation plays a crucial role in viral glycoproteins, and more
specifically in he SARSCoV-2 spike fusion protein. Through extensive sampling, we have shown how
the extent and type of glycosylation in these heavily glycosylated proteins are imperative for the virus
evasion of the host immune system, through shielding and mimicryedver, as a unique feature of

the SARSCoV, within a collaborative effort we discovered an additional functional role-gif/¢ans

at N234, N165 and N343, whereby thegcans at these sites structurally support the receptor binding
domain (RDB) open confmation and mutations have shown strongly diminished binding affinity. The
extent of the interaction and support provided by thghfdans at these glycosylation sites is dependent

on the Nglycan type and sequence.

As a whole, my PhD work has contributiedthe discovery of new structural dependencies of complex
N-glycans from their sequence, bringing in a thogeensional dynamics perspective to our
under standing of glycans©o mol ecul ar recognitio
discretizationof the N-glycan architecture in terms of 3D glycoblocks has allowed us to understand

how the addition or removal of single monosaccharides can radically alter the overall structural
ensemble, an approach that can be used purposelgvise synthdic straegies to obtaircomple x

glycosylation patterns, e.th achievehigh or complexdegreeof functionalization of the -6 arm.

Within a glycoprotein context, we were able to explain at the atomistic level of detail for the first time

how glycosylation impas on antibody activity. This insight opens the door to further studies, where
customdesigned (noimmunogenic) glycoforms can be tested for activity based on the profile obtained

by computational models. Indeed, the effectimparted by specific glycofdemsnds exclusively on

their 3D structure and dynamics, inherent to their sequence/identity. Within this framework, another
aspect that my studies have contributed to highlight is a paradigm shift of how glycan structure is
viewed. We found in all our stiies that the complexdy | ycansé structure is nof
the protein landscape, but as an equal player, it adapts to it, depending on its allowed degrees of
freedom. Because of this abilty, different glycosylation types can modulate difyetfenfunction of

a glycoprotein, and we have shown that this is particularly true in the £%R3 S proteins, where

glycans play a functional role. Therefore, we (and others) see that targeting glycosylation is an
extremely promising therapeutic stragemgainst viral infectiok*.
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Appendix |

Computational Methods

All glycans were built using the Glycam Carbohydrate Building tool (http//www.glycam.org). The
appropriate rotamers of each glycan were chosen in order to generate a complete set of starting
structures fothe molecular dynamics simulations. Once generated, the glycan pdb files were prepared
using tleap (SalomonFerrer, R., Case, D.A., et al. 201¥jor each starting structure toppoand
coordinate files were created with the GLY CAMEEB2SB forcefieldKirschner, K.N., Yongye, A.B.,

et al. 2008)and TIP3P water moddbrgense, W.L. and Jenson, C. 1998)s included to represent

the counterions for the sialylated structures.

The energy minisations and MD simulations were carried out using AMBER 12 and AMBER
16(SalomonrFerrer, R., Case, D.A., etal. 2018ach system was initially minimized through 500,000
cycles of steepestdescent, with a restraint of 5 kcal/motA on all heavy atoms. Following minimisation,
the system was heated from 0 to 300 K dvers stages, with restraints on heavy atoms in place. For
the first stage, the system was heated from 0 to 100 K over 500 ps at constant volume. For the second
stage the system was heated from 100 to 300 K over 500 ps. All degrees of freedom wereeatjuilibrat
at 300 K and 1 atm of pressure for 5 ns. A production step followed, with a minimum of 250 ns run for
each set of glycans. The overall length of the production run was set in function of the convergence of
the system. The whole study entailed a cunwdlasimulation time in excess of 68. Trajectory files

were generated for each simulation, and were visualized using(MMBphrey, W., Dalke, A., et.a

1996) Conformational analysis of the torsion angles was performed on each trajectory using VMD,
Microsoft Excel and seaborn for the contour plots.

trajectory. 2D contour plot were made with seabsgaporn.pydata.ofgpased on 30,000 data points.

Asan interesting note, because of the better scaling on our machines of v. 4.6.3 and 5.0.x of GROMACS
(GMX) for the calculations on these relatively small systems, we ran some tests on the-sisstilim
sugar H, se€&igure S1, and compared the results witietGLY CAM/AMBER setup. The starting
structure and parameter files obtained from the carbohydrate buider on GLYWCERI were
converted to GMX format with the AnteChamber PYthon Parser interiagiype.pytoo(Sousada

Siva, A.W. and Vranken, W.F. 2013} is important to note that in all GMX simulations thd &caling
wasreset to AlO0 as r equir @gaddabB antd Waods,®RL].Y2Q1A8, Mirsdhrer, c e
K.N., Yongye, A.B., et al. 2008 Equal amount of sampling was done with both GMX and AMBER,
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precededby avery similar sa and equilbration protocols. Details of the GMX protocol are provided
as Supplementary Material. The results indicate large differéntéls6) torsions populations between
GMX and GLYCAM/AMBER, shown inTables S.1andS.2 The reason for this may be problems in
the transfer of torsional parameters from a GLYCAM/AMBER format to the GMX format. More
specifically we found that simulationsf sugar H with GMX do not reproduce the correct conformer
populations, or give energetically disfavoured conformers, such &g thethe core fucosé)1-6)

linkage as the highest populated for sugar H2Tsdbe S.2
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Figure S.1Conformational propensity of the Fuc(12)a (1-6)-GlIcNAc(1) linkage during a conventional (unbiased) &s

MD

Table S. 1Comparison of the average values of the torsion angles for all glycosidic linkages of sugar H1 calculated
during 500 ns MD trajectory obtained with Amber 12 and with Gromacs v. 4.6.3. Averages, standard deviations, and

population analysis are calculated over 5000 frames.

Sugar H1 GIcNACc(1}b(1-4)-GIcNAc(2)
f y
Amber -77.1(9.7)100 -126.2 (14.5)100
GMX -77.4(9.9)100 -126.5 (15.0) 100

Fuc-a(1-6)-GIcNAc(1)

f y w




-186.1 (19.6Y78 92.1

44.8 (11.7)96/ -169.5

Amber -79.6 (17.7)100 (19.1)20/-98.6 (17.0)
5 (13.9)3/-45.7 (30.41
-184.4 (20.080/91.3
45.6 (12.398/-171.5
GMX -78.6 (18.5)100 (19.3)19/-91.8 (19.0)
1 (16.1)1/54.8 (38.8)1
Man(3)b6(1-4)-GIcNAc(2)
f y
Amber -77.4(18.8)100 -123.6 (15.0)100
GMX -79.6 (22.2)100 -126.2 (16.8)100
Man(5)a(1-6)-Man(3)
f y w
-178.3(19.3p3/ 87.8
52.0 (10.4)92/-172.6
Amber 74.3 (15.0)100 (17.0)46/-100.4 (18.5)
L (16.0)6/ -75.4 (14.9)2
-177.9(19.1%4/ 80.6
50.5 (10.5)6/-175.8
GMX 73.2 (15.9)100 (18.4)44/-92.9 (18.1)
5 (16.9)40/-77.0 (19.3%
GlcNAc(7}a(1-2)-Man(5)
f y
Amber -81.5(15.8)100 162.4 (13.1P1/ 106.3 (12.4p
GMX -81.2 (171) 100 161.5 (15.387/107.5 (12.0)13
Man(4)a(1-3)-Man(3)
f y
Amber 72.8 (12.2)100 145.8 (12.650/ 102.7 (14.4)0
GMX 73.1(12.2)100 145.8 (13.669 101.7 (14.841
GIcNAc(6}a(1-2)-Man(4)
f y
Amber -80.5(16.1)100 161.4 (14.183/105.2 (12.9)17
GMX -94.3 (17.0)100 161.1 (14.280/ 104.6 (12.60




Table S. 2 Comparison of the average values of the torsion angles for all glycosidic linkages of sugar H2 calculated

during 500 ns MD trajectory obtained with Amber 12 and with Gromacsv. 4.6.3. Averages, standard deviations, and

population analysis are calculated over 5000 frames.

Sugar H2 GIcNACc(1}b(1-4)-GIcNAc(2)
f y
Amber -77.4(9.8)100 -126.4 (14.4)100
GMX
Fuc-a(1-6)-GIcNAc(1)
f y w
-185.2(19.1)78/ 92.3
44.9 (11.7)95/ -173.7
Amber -79.2(18.1)100 (18.6)21/-102.6 (17.7)
. (13.3)4/-38.8 (26.9)1
-183.6 (171) 91/ 94.6 | -64.7 (12.1)76/ 47.4 (12.0)
GMX -73.4 (13.4)100
(19.9)4/-87.6 (18.0p 14/-166.7 (13.510
Man(3) 6(1-4)-GIcNAc(2)
f y
Amber -78.0(19.6)100 -124.8 (15.1)100
GMX -79.8 (24.9)100 -125.6 (15.9)100
Man(5)a(1-6)-Man(3)
f y w
-178.3(19.353/ 87.8
51.4 (10.8)84/-177.2
Amber 74.3 (15.0)100 | (17.0)46/-100.4 (18.5)
. (16.4)12/-82.1 (20.5)3
-179.5 (20.5568/ 85.5
53.2 (10.8)78/-169.4
GMX 72.8 (17.1)100 (19.0)39 -86.8 (18.4)
. (17.5)16/-77.0 (201.2%
GlcNAc(7}a(1-2)-Man(5)
f y
Amber -80.8 (15.1)100 163.2 (16.3P1/ 106.3 (12.8p
GMX -76.9 (14.0)100 158.6 (13.889 109.5 (11.4)11




Man(4)a(1-3)-Man(3)

f y
Amber 73.0 (12.3)100 146.1 (12.960/ 101.9 (14.8)10
GMX 72.9 (11.9)100 145.6 (12.459 102.7 (14.011
GIcNAc(9-a(1-2)-Man(4)
f y
Amber -81.0 (17.3)100 161.5 (13.6)84/ 104.6 (12.3)16
GMX -77.6 (17.3)100 159.4 (14.4)82/ 106.4 (12.8)18




Table S.3 GIcNAc(2)b (1-4)-GIcNAc(1) linkage in nonfucosylated glycans

phi stdev = pop psi (1) stdev | pop psi (2)  stdev | pop
A -78.6 | 10.2 100 -130.8 15.8 | 100 0
C -77.8 | 10.0 100 -129.5 17.8 | 100 0
E -78.3  10.7 100 -130.3 15.5 100 0
G -78.2 | 10.9 100 -130.2 154 | 100 0
I -78.2 | 10.8 100 -130.2 15.3 | 100 0
K -79.0 13.0 100 -130.2 15.7 97 70.1 12.1 3
M -79.3 | 120 100 -131.5 15.7 | 100 0
(0] -80.3  11.0 100 -133.3 15.0 94 68.3 12.4 4
Q -78.4 113 100 -130.5 15.8 99 70.4 13.6 1
S -79.3 114 100 -131.1 15.4 97 67.1 11.4 3
AVERAGES -78.7 111 100 -130.8 15.7 99 69.0 12.4 1

Table S.4GIcNAc(2)-b(1-4)-GIcNAc(1) linkage in core-fucosylated glycans. Note: average values do not include sugar

D as the dynamic of this linkage is affected by the equilibrium of the GIcNAc(1) ring pucker betweetC to 1Ca

conformations.

phi stdev | pop psi (1) | stdev | pop | psi(2) @ stdev pop | psi(3) @ stdev @ pop
B -77.3 | 9.7 100 -127.2 | 15.0 100 0 0
D* -779 | 114 100 -129.5 | 13.8 85 -82.8 115 12 69.6 11.8 3
F -75.6 | 19.8 100 -126.9 | 16.2 100 0 0
H -775  10.0 | 100 -126.6 | 149 | 100 0 0
J -77.8  10.6 | 100 -126.3 | 155 | 100 0 0
L -78.7 | 9.9 100 -128.6 | 14.7 100 0 0
N -78.6 | 10.0 100 -128.0 14.7 100 0 0
P -78.0 | 10.0 100 -127.7 | 143 98 70.1 11.9 2 0
R -77.9 107 | 100 -126.9 | 146 100 0 0
T -79.0 9.7 100 -129.9 | 14.0 | 100 0 0
AVE. -77.8  11.2 100 -127.8 | 14.8 100 | 70.1 11.9 0 0
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