Universiteit

4 Leiden
The Netherlands

Glycosidases as an analytical tool in glycomics assays
Rebello, O.D.

Citation
Rebello, O. D. (2022, October 13). Glycosidases as an analytical tool in glycomics assays.
Retrieved from https://hdl.handle.net/1887/3480319

Version: Publisher's Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3480319

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3480319

Glycosidases as an analytical tool in
glycomics assays



ISBN: 978-90-832830-0-5

Copyright © 2022 by Osmond Rebello.

All rights reserved. No part of this book may be reproduced, stored in a retrieval system,

or transmitted in any form or by any means without permission of the author or the

journals holding the copyrights of the published manuscripts. All published material

was reprinted with permission.

The work presented in this thesis was performed at the Center for Proteomics and

Metabolomics, Leiden University Medical Center, The Netherlands, and at Ludger Ltd.,

United Kingdom.

The work was supported by the European Union Horizon 2020 Program GlySign,
grant number 722095.

Cover design: Osmond Rebello

Printing: Proefschriftprinten.nl



Glycosidases as an analytical tool in
glycomics assays

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof. dr. ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op donderdag 13 oktober 2022

klokke 15:00 uur

door

Osmond Darrel Rebello

geboren te Dubai, U.A.E.

in 1992



Promotor:

Copromotor:

Leden promotiecomissie:

Prof. dr. Manfred Wuhrer

Dr. David Falck

Prof. dr. Cornelis H. Hokke

Dr. L. Renee Ruhaak

Prof. dr. Sabine Flitsch,
Manchester Institute of Biotechnology,
Manchester University, Manchester,

United Kingdom

Dr. ing. Tom Wennekes,
Department of Chemical Biology,
Utrecht University, Utrecht,

The Netherlands



Table of Contents

Chapter 1 — Introduction

Chapter 2 — Fucosidases from the human gut symbiont Ruminococcus gnavus

Chapter 3 — Crystal structure of a GH20 N-acetylglucosaminidase with specificity
for bisecting N-acetylglucoamines on N-glycans

Chapter 4 — A matrix assisted laser desorption/ionization mass spectrometry assay
for the relative quantitation of antennary fucosylated N-glycans in human plasma

Chapter 5 — A novel glycosidase plate-based assay for the quantification of
galactosylation and sialylation on human IgG

Chapter 6 — Discussion and perspectives

Addendum
Summary
Nederlandse samenvatting
Acknowledgements
Abbreviations
Curriculum vitae

List of publications

31

65

81

109

133

151
152
154
157
158
160
161






Chapter 1

Introduction






Introduction

Analytical assay development, particularly pertaining to glycomics, is an exciting amalgam of
biology, chemistry and engineering. Besides academic research in natural and medical
sciences, glycomics assays have immense importance in industrial applications such as in
quality control (QC) and quality assurance (QA) of glycoproteins. An up-coming industrial and
clinical application is the high-throughput glycan profiling of clinical samples, such as plasma,
for identifying disease associations. These glycomics assays are often based on
chromatographic and mass spectrometric instrumentation. Thus, they create a requirement
of instrumentation infrastructure as well as technical skills which are both not always readily
available. This creates a demand in industry for the development of glycomics assays that
have a low infrastructure cost as well as minimal training requirements and that are user-
friendly. With these objectives in focus, this thesis develops novel exoglycosidase-based high-
throughput glycomics assays for use in industrial glycan profiling. In doing so, this thesis also
contributes to the development of potential products, such as glycomics kits.

Glycosylation in human health

Protein glycosylation is a post-translational modification that can be characterised as either
N-type or O-type, depending on glycan structures and their attachment to the protein
backbone [1, 2]. Although N-glycans have diverse molecular structures, owing to variations in
their composition and linkage, they have a fundamental pentasaccharide core structure
composing of two N-acetylglucosamines (GIcNAcs) and three mannoses (Man). The core
asparagine-linked GIcNAc may or may not be decorated with a fucose (Fuc) residue [3].
Variations in the outer branches, extending from the core’s Man triose arms, allow for further
categorising of the glycans as either, oligomannose, complex or hybrid type. Complex glycans
contribute to about 97% of total plasma protein N-glycosylation (TPNG) [4]. These complex
glycans can be di-, tri- or tetraantennary depending on the branching GIcNAc motifs which
can be B(1-2/4/6) linked [1]. These antennary GIcNAcs can be further decorated in an orderly
fashion with galactose (Gal) and sialic acid (Sia) residues, and to lesser extent Fuc residues [5].
As far as humans are concerned, these Gal residues are B(1-3/4) linked while the Sia residues
are exclusively 5-N-acetylneuraminic acid (Neu5Ac) of a(2-3/6) linkage [6]. Antennary
fucosylation can be either a(1-3/4) linked to the antennary GIcNAcs or a(1-2) linked to Gal

[7].

Glycosylation plays an important role in protein folding and structural maintenance [8].
Because glycans have multiple hydroxyl groups, they can influence the hydrophilicity of the
protein surface which is an important physical property for protein stability [8-10]. These
glycans can also form hydrogen bonds to the peptide residues which may aid in maintaining
protein conformation. Besides intra-molecular functionality, glycans may also serve as ligands
for inter-molecular interaction or modify protein-protein interactions and thus contribute to
inter-molecular crosstalk. A previous review has described the glycosylation on a selection of
24 plasma proteins which contribute to nearly half of the plasma protein concentration [11].
Alterations in plasma protein glycosylation may influence protein function. For example,
changes in IgG glycosylation during an inflammatory response are associated with the
immunoregulatory functionality of the IgG molecule [12, 13].
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A large repertoire of medical and clinical research has extensively demonstrated the ability to
correlate plasma glycosylation to the pathophysiological state of patient populations [1]. For
example, in TPNG, changes in antennary branching, sialylation and antennary fucosylation of
glycans have been associated with inflammatory diseases such as diabetes [14, 15], cancers
[16-18], rheumatoid arthritis [19] and inflammatory bowel disease [20]. TPNG changes have
also been corelated to mental conditions such as ADHD in children [21] and Down syndrome
[22]. Interestingly, TPNG changes can also be correlated to age [23, 24] and standard of living
of a population [25]. These associations can be explained by external factors [25] or genetic
factors [7] that cause a change to the patient’s physiological state. These physiological
alterations may further lead to changes in the glycosylation processes and hence a shift in the
glycosylation pattern on proteins and lipids. Furthermore, since glycosylation on proteins can
influence their stability or is involved in inter-molecular interactions, these glycosylation
changes could sometimes further escalate the disease state [26].

In addition to the importance of glycosylation in medical and clinical sciences, it also has a
significant importance in biopharmaceutical production. Glycosylation does not only
influence the stability of a therapeutic protein, but can also influence the immune response
of a recipient of a biopharmaceutical [27, 28]. For example, Cetuximab is a recombinant IgG1
antibody which targets the epidermal growth factor receptor and was approved for treatment
of colorectal cancer. However, this antibody was associated with a high incidence of
hypersensitivity among patients which was routed to the presence of a non-human Gal-a(1-
3)-Gal motif [29]. Hence, knowing and monitoring the precise glycosylation profile of
biopharmaceuticals is vital. In fact, glycosylation is a critical quality attribute (CQA) which
must be monitored and engineered to ensure safety for many biopharmaceutical products
[30, 31].

Glycan profiling is heavily dependent on chromatographic and spectrometric techniques. This
will be elaborated in the next section. The use of exoglycosidases for glycan sequencing was
and continues to be a vital approach that complements these analytical instrumentation
techniques for glycan profiling [32]. Exoglycosidases are enzymes that can hydrolyse specific
glycan residues from the non-reducing end of glycans, with varying degrees of
monosaccharide and linkage specificity [33]. Although various workflows are published, the
principle remains the same. Released glycans are treated by an assortment of
exoglycosidases, followed by a liquid chromatography (LC) - fluorescence detection (FLD)
analysis of the cleaved products [34, 35]. By correlating chromatographic peak shifts between
exoglycosidase-treated and non-treated samples, one can sequence a glycan by consecutively
removing residues. The substrate specificity of exoglycosidases, in terms of glycan residues
and their linkages, can range from narrow to broad, thus creating the need to source
exoglycosidase of high substrate specificity for the purpose of glycan profiling [35]. To answer
this demand, one approach is bio-engineering well-characterised exoglycosidases of a certain
activity to obtain an enhancement of its activity or selectivity [33, 36, 37]. Another, more
widely used approach, is meta-genomic screening of complex glycan environments such as
gut microbiota, for discovering exoglycosidases of desired specificities [38-40]. This approach
is based on an organism’s need to consume the available nutrients, in this case the need to
use glycosidases to consume the glycans in their environment. This approach has proven

10



Introduction

valuable in discovering glycosidases [40, 41] that have potential in glycan profiling [34, 35]
and glycoengineering [42].

Glycomics assays

Glycan variations are owed to compositional and linkage differences [1, 43]. Most glycomics
assays are based on identifying both these compositional and linkage variations, usually in
complex samples containing multiple glycan structures [44-48]. Although some glycomics
assays are microarray-based binding assays that can identify glycan epitopes [49, 50], most
glycomics assays rely on chromatography-, electrophoresis- and/or mass spectrometry (MS)-
based techniques [51-55]. These glycomics assays have co-advanced with the development
of instrumental analytical techniques. Advances in liquid chromatography (LC) column
chemistry and silanol neutralisation have proven vital in chromatographic and capillary
electrophoresis separations of glycan isomers [56, 57]. Additionally, advances in mass
analysers and ion optics in components such as ion traps, quadrupoles, collision induced
dissociation (CID) cells and ion mobility mass spectrometry (IMS) drift tubes have aided glycan
structural identification by MS [58-62]. Furthermore, development of chemical derivatisation
techniques such as sialic acid esterification [63], hydroxyl group methylation [64-66] and
reducing-end tag conjugations [67] have complemented these instrumentational techniques
for glycan analysis. Finally, advances in liquid handling robotic platforms have contributed to
high-throughput sample processing which is important in clinical glycomics [51, 68].

Microarray-based binding assays

The microarray-based binding assay is a versatile tool in glycobiochemistry research, and it
principally relies on glycan-ligand interactions [50]. Generally, this technique, when
established in a laboratory, can be used for performing assays in a high-throughput manner
with limited technical skills required. These microarray-based assays can be widely classified
as either glycan arrays or lectin arrays. The former involves glycans / glycoconjugates
immobilised onto a solid surface such as a microarray with the lectins or antibodies
introduced in solvent phase, while the latter array is reversed in format [69]. By using known
glycan structures, the assay could be used to screen for lectins or antibodies with certain
specificities. In contrast, by using immobilized lectins or antibodies with known binding
specificities, unknown glycan profiles in a sample can be screened. Furthermore, sandwich
style lectin arrays, which use two or more lectins or antibodies of known binding specificities,
have allowed for the identification of both glycan motifs as well as the associated protein or
lipid on the glycoconjugates [70].

The measurements are usually performed by fluorescence spectroscopy. The solution phase
components which may be either glycans or lectins are usually conjugated to a fluorophore
or a molecular ligand probe such as biotin. The latter serves to bind an enzyme that could
further catalyse the detectable fluorescence or chemiluminescent reaction. Label free assays
have also been developed which use surface plasmon resonance (SPR) for real-time detection
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of binding [71, 72]. Similar assays with MS based detection have provided a second
dimension, m/z analysis, for identifying glycan structures [50].

Lectin microarrays have proven valuable in a number of research fields in glycobiochemistry
[73], but of relevance here is their use in TPNG analysis for disease association. These assays
are usually applied for in-depth profiling of glycoforms for biomarker discovery [70, 74, 75].
The approach often involves identifying glycoforms on specific target proteins which require
several processing steps limiting the throughput of the assay as compared to other glycomics
techniques. Since the assay depends on glycan-lectin/antibody interactions, the glycan
identification specificity of the assay is limited to the specificity of the detecting
lectin/antibody. As mentioned above, when these assays are established in a laboratory, they
may not require extensive technical skills. However, preparation and adaptation of these
assays for new applications is not trivial. Adapting the assay to identify a new target glycan
motif requires much effort in lectin/antibody discovery and optimisation of binding
conditions.

Chromatography- and mass spectrometry-based assays

The techniques of chromatography, capillary electrophoresis (CE) and MS have been around
for many decades, and they have always played central roles in profiling glycan structures
[60]. Table 1 compares some of the common techniques used for glycomics applications in
academia and industry. Glycan profiling by LC-FLD is widely accepted in industrial laboratories
for quality control (QC) and quality assurance (QA) purposes because conclusive information
on glycan profiles can be obtained whilst having a relatively low infrastructural cost of
instrumentation [76]. More importantly, among analytical chemists, chromatograms are
easily comprehensible and can even be processed rapidly in a semi-automated manner [77].
The LC techniques commonly used are hydrophilic interaction liquid chromatography (HILIC)
for glycans [56, 67] and reverse phase (RP) chromatography for glycopeptides, methylated
glycans or some reducing-end conjugated glycans [78]. Additionally, analyses on some mixed-
mode column-chemistries have been reported [79-81]. The molecular identification is based
on retention time. In some applications this information level can be limiting. However for
QC, QA and other routine applications, this may not be an issue as the profiles of the samples
are usually well known. LC-FLD has also been taken up with success in some industrial service
laboratories for the analysis of patient samples, for examples, TPNG [7] and IgG glycomes [82,
83]. However, for the former, the achievable information is limited by the glycome complexity
of these samples. Glycan structures may be unresolved and low abundance structures could
be overshadowed by co-eluting structures of higher abundance. For example, information on
antennary fucosylation in TPNG [5] is usually difficult to obtain due its low abundance and
overlapping peaks. However, antennary fucosylation is an important motif in association with
many inflammatory diseases [7, 17, 46]. Furthermore, it is particularly challenging to identify
the triantennary and tetraantennary structures of TPNG by LC-FLD owing to their low relative
abundances and their structural complexity resulting in several isomers with highly similar
retention times. Capillary electrophoresis (CE) - laser induced fluorescence (LIF) is an
electrophoretic separation technique that has been around for several decades but is now

12



Introduction

gaining popularity in glycomics analysis [84]. Capillary zone electrophoresis (CZE) is a CE
technique which separates molecules according to their electrophoretic mobility. This
mobility depends on the analyte’s hydrodynamic radius and charge state in solution [85]. The
separation resolution obtained with these separation methods is usually superior to that of
LC methods. Capillary gel electrophoresis (CGE)-LIF is another CE-based technique that is
particularly promising for industrial laboratories. The ability to multiplex sample analysis
makes CGE-LIF a high-throughput electrophoretic technique unlike CZE [86, 87].

The use of MS in glycomics has been increasing over the decades, because it analytically
complements LC and CE techniques for identifying and confirming glycan structures. In
glycomics, since it is usually important to maintain the intact structure of the glycan during
ionisation, soft ionisation techniques such as electrospray ionisation (ESI) and matrix-assisted
laser desorption ionisation (MALDI), are mostly adopted [88-90]. Advances in mass analysers
have led to high resolution MS which was fuelled by the need for molecular identification and
has indeed also improved glycomics analysis. The mass analysers used are mostly Time of
flight (TOF) [59, 91] and ion traps [92] and to a lesser extent (triple-)quadrupoles [93]. The use
of some ultrahigh resolution analysers, such Orbitraps [94] and ion cyclotron resonance (ICR)
analysers [95] has further allowed for differentiating certain isobaric glycan/glycopeptide
structures in the human N-glycome. The inclusion of scanning quadrupoles and IMS drift
tubes [96, 97] in addition to fragmentation associated ion optics, such as CID cells [98] and
electron capture dissociation (ECD) cells [99] have enhanced MS/MS and MS" analysis of
glycans to deduce structural isomers [100]. Interestingly, in-source fragmentation, mainly on
MALDI systems, has also been successful in MS" analysis [101].

Due to the linkage variants of glycan residues, fragmentation of glycans by MS is vital in
determining their isomeric structure. Method of choice is usually CID which typically breaks
the glycosidic bonds of the glycan in positive ion mode. In negative ion mode, this
fragmentation technique can induce cross--ring C-C bond breaks, thus providing detailed
structure information [96, 102]. However, these fragmentation patterns are not always
sufficiently informative or abundant to identify the glycan structure. This is especially
complicated with co-eluting structures from a coupled LC/CE platform. Additionally, some
motifs, such as antennary fucosylation, can undergo molecular rearrangement in the gas
phase especially during CID. This can provide overlapping fragmentation patterns which
complicates precise structural identification [103]. Hence, many MS-based assays rely on a
two-dimensional approach of coupling separation techniques, such as LC or CE, to MS for
improved structural resolution. Advantageously, these separation techniques can be easily
coupled to an ESI source [83, 98], whilst additionally a few customised in-line MALDI based
instruments have been reported [104]. CE-MS, in particular, is becoming popular in glycomics
assays, because of its often-higher separation power compared to LC and the low amounts of
sample required [84, 98]. Furthermore, the low nanoliter per minute flow rates can benefit
sensitivity when using nano-ESI sources [105, 106].
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Table 1. Comparison of common chromatographic, electrophoretic and mass spectrometric techniques used for glycomics applications in for
academia and industry.
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Introduction

The use of exoglycosidases in glycan profiling

Glycosidases are enzymes that hydrolyse the glycosidic bonds within glycans and are broadly
categorised as either exo- or endo glycosidases, depending on their site of hydrolysis within
a glycan. Exoglycosidases can hydrolyse the glycosidic bonds at the non-reducing terminals
whilst endoglycosidases hydrolyse the glycosidic bonds closer to the reducing end [33]. Owing
to the substrate specificity of glycosidases, they have become a valuable tool in
glycobiochemistry research as well as for industrial applications such as glycan profiling and
glycoengineering (Figure 1). The use of exoglycosidases in glycan profiling is of especial
interest to this thesis.

» N/O-glycanrelease from proteins

Endoglycosidases

Glycosidases _
—) > Hydrolysis of polymers like amylose

» Glycan engineering

Exoglycosidases

» Glycan profiling of biopharmaceuticals
» Glycan structure characterization
» Glycoengineering

Figure 1. Common uses of glycosidases in industrial applications.

Glycan profiling is heavily dependent on chromatographic and spectrometric techniques, as
mentioned above. The use of exoglycosidases for glycan sequencing was and continues to be
vital in complementing these analytical instrumentation techniques for glycan profiling [32].
The principle of exoglycosidase-based glycan profiling is as follows. Released glycans or
glycopeptide samples are treated consecutively with an array of exoglycosidases of known
specificity for identifying glycan residues as well as linkages. Such treated samples are then
subjected to LC-FLD/MS analysis for the identification of the cleavage products [34, 35]. By
correlating chromatographic peak shifts between exoglycosidase treated and non-treated
samples, one can follow the sequential removal of residues from the non-reducing termini.
This profiling approach has vital importance in biopharmaceutical characterisation and
biomarker discovery for identifying glycan structures. It also serves as an alternative in
confirming glycan structures that are not always conclusively identified by MS-based
techniques.
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Endoglycosidase treatment
for N-glycan release

EERE:
|
Procainamide reducing
end labelling
?,2,,; Q Q
No exoglycosidase Exoglycosidase pre-treatment
pre-treatment / \ e.g. antennary fucosidase

15 16 17 18 19 20 21 22 23 24 25 (mins) 15 16 17 18 19 20 21 22 23 24 25 (mins)

LC-FLD-MS" analysis

Scheme 1. Substrate specificity characterisation of potential exoglycosidases of interest, for
example an antennary fucosidase.

The value of exoglycosidases as a profiling tool lies in the fact that they are enzymes and can
have specificity for certain residues and for certain linkages. However, in practice, specificity
of exoglycosidases range from narrow to broad, thus creating the need to source and
characterise exoglycosidases of high substrate specificity for the purpose of glycan profiling
[35]. Furthermore, owing to glycan conformation and composition complexity, the activities
of some exoglycosidases can be restricted by co-occurring motifs, thus creating an additional
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Introduction

demand for exoglycosidases with novel activity. The latter can be exemplified by the fact that
until the work of this thesis, all known antennary fucosidases had their activities restricted by
steric hinderances of sialyation on the antennary fucose arm of the N-glycans. Scheme 1
depicts a general analytical procedure used in screening exoglycosidases for their substrate
specificity.

e ——

Metagenomics screening of samples
to identify prominent microbial species

-
—

Culturingisolated microbes in N-glycan rich media
and monitoring glycan utilization

RNA sequencing to identify gene expression

Identification of genes and cloning into expression
vectors for recombinant glycosidase production

—
—

Characterising substrate specificity
of expressed glycosidases

— T -

Scheme 2. General workflow of glycosidase discovery from metagenomics data.

A common approach of sourcing exoglycosidases is metagenomic screening of complex glycan
environments such as gut microbiota, for discovering exoglycosidases of desired specificities,
as shown in Scheme 2 [38-40]. The prominent microbes in these environments are identified
and their gene expression screened for potential glycosidases of interest. Basically, a
successfully propagating living organism, will produce the required components to consume
the available nutrients, in this case exoglycosidases to consume the glycans in their
environment. Metagenomic screening for discovering novel glycosidases has proven valuable
[40, 41] for identifying potential exoglycosidases for glycan profiling [34, 35] and
glycoengineering [42]. A more targeted approach is bio-engineering well-characterised
exoglycosidases to obtain an enhancement of activity, for example an improvement of linkage
specificity [33, 36, 37]. Usually, exoglycosidases of well understood enzymatic mechanism are
subjected to genetic manipulation to obtain recombinant exoglycosidases of enhanced
activity and/or specificity.
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Scope

The above sections briefly describe the major analytical techniques used in glycan profiling.
Many of these techniques are common to proteomics, metabolomics and to a lesser extent
genomics. However, these omics fields are also complemented by biochemical assays which
have a targeted approach to quantification of certain analytes. For example, enzyme linked
immuno sorbent assay (ELISA) is widely used in proteomic research to identify and even
guantify certain proteins of interest in a sample, while qPCR is used for quantification of
certain gene sequences in a genomic sample. With the exception of lectin microarrays,
glycomics assays based on the directed quantification of certain glycan epitopes have not
been investigated extensively, especially in human health. Such targeted assays can meet
demands in industrial applications such as QC, QA and glycome profiling where usually routine
analytical queries are addressed. Additionally, focusing on quantification of certain glycan
analytes of interest may simplify complicated data which could further make such assays user-
friendly. The work of this thesis involves the development of novel glycomics assays that
qguantify glycan features of interest. A re-fashioned approach to exoglycosidase-based glycan
profiling by LC-FLD/MS is taken for the development of these assays (Scheme 3). This
approach is coined here as destructive enhancement. In short, exoglycosidases are used for
cleaving certain glycan residues of certain linkages in glycome samples of TPNG or IgG. This is
followed by quantifying the released desired glycan residues from the sample or profiling the
remaining glycan structures that still contains the desired epitopes. Thus, by using
exoglycosidases to degrade certain glycan epitopes, a destructive process, the possibility
opens to the analyse of the same or different epitopes in a simple manner which would
normally be tedious, leading to an enhancement of analysis (Scheme 3).

The assays developed in this thesis are heavily dependent on commercially available
exoglycosidases. In addition, new exoglycosidases were characterized in this thesis to aid
glycan profiling by LC-FLD-MS". Some of the exoglycosidase activities desired for such profiling
were not commercially available or mentioned in literature. The analytical chemistry work of
this thesis aided metagenomic screening efforts for sourcing these desired exoglycosidases.
In Chapter 2 and 3, the importance of analytical chemistry in complementing the sourcing of
exoglycosidases of novel specificity is demonstrated.

Chapter 2 characterises the substrate specificity and structure of a fucosidase that is specific
to antennary fucose of linkage a(1-3/4). This fucosidase, from Ruminococcus gnavus, was
discovered in a metagenomic screening of the human gut microbiome. To our knowledge, this
is the first reported antennary fucosidase which is not inhibited by sialyation such as in sialyl
lewis X epitopes. This enzyme demonstrated potential in complementing the profiling of
antennary fucosylation in complex glycome samples of TPNG on a LC-FLD-MS platform [80].
The analytical task of antennary fucose quantification in TPNG is especially challenging due to
the low abundance of this epitope in TPNG and the phenomenon of fucose rearrangement in
the gas phase. The work of this chapter has contributed to exoglycosidase tools required for
enhancing this analytical task.
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Chapter 4 : MALDI-based
antennary fucose assay

I
[
Fucosylated glycans

< : U
4 Exoglycosidase-based he
Core fucose :
depletion ’i.*ﬁ?;}; depletion %W! [ 3
% Galactose and Sialic
O O
O O

acid depletion
Glycans analyzed
for fucosylation

Chapter 5 : Plate-based
galactose and sialic acid assay

B

Glycans

6y
5 % e
4

Released monosaccharides
analyzed

Scheme 3. The destructive enhancement approach used in assays developed in Chapters 4
and 5.

Chapter 3 is a follow-up study on a previously discovered GIlcNAcase from Bacteroides
thetaiotaomicron [40]. To our knowledge this is the first reported GIcNAcase that is specific
to the bisecting B(1-4) linked GIcNAc on N-glycans. However, its activity is hindered by
galactosylation and sialylation on the antennary arms. Investigating the structure of the
enzyme may help us understand the basis of its substrate specificity, and thus aid in future
bio-engineering efforts for enhancement of its activity. In Chapter 3, a structural
characterisation of the GIcNAcase by X-ray crystallography is carried out. However, the study
only provided limited insights regarding the mechanism of the enzyme due to the lack of
glycan co-crystallisation. Although the catalytic residues in the active site are conserved
among related GlcNAcases, the specificity to a GIcNAc linkage on a N-glycan is regulated by
certain defining features around the entrance to the active site [40, 107]. The GlcNAcase
studied here lacked such defining features and hence computer modelling of the glycan in the
active site was not conclusive in determining the structural basis of its specificity.
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Interestingly, a possible glycan binding activity of the C-terminal domain was proposed which
has contributed to furthering the understanding of this enzyme.

The development of novel glycosidase-based assays for the quantification of certain target
epitopes is carried out in Chapters 4 and 5. Chapter 4 describes the development of a novel
glycosidase-based MALDI-MS assay for quantification of antennary fucosylation in TPNG.
Within this chapter, quantitative superiority of this assay over a HILIC-MS" method for
industrial applications is demonstrated. Quoting the destructive enhancement approach, a
core fucosidase pre-treatment was used to destructively deplete the core fucose residues in
TPNG samples before analysis on MALDI FT-ICR or MALDI-TOF platforms. This assay was able
to quantify up to 19 antennary fucosylated glycans in TPNG which was a great enhancement
in quantification abilities as compared to an industrial HILIC-MS" method which has long been
considered the gold-standard technique for antennary fucose quantification. Furthermore,
since this assay is based on MALDI-MS analysis, this makes the assay especially attractive in
terms of high-throughput applications as compared to a much more lengthy HILIC-MS"
analysis.

Chapter 5 introduces a novel plate-based exoglycosidase assay and demonstrates its
analytical abilities for the quantification of galactosylation and sialylation in human IgG
glycome. Unlike Chapter 4, Chapter 5 utilises exoglycosidases to release monosaccharide
residues that are subsequently quantified rather than removing interfering linkages on a
glycan. Treatments with galactosidase and galactosidase + sialidase were used in a destructive
manner for releasing exposed galactose and sialic acid residues from intact IgGs purified from
human plasma. The released galactose monomers where subjected to an enzyme-based
redox-reaction to produce a fluorescent signal which was measured on a spectrophotometric
plate reader. The signal was proportional to the galactosylation and indirectly allowed to infer
sialylation of the glycans. Since the assay is also able to measure IgG amounts in the sample,
absolute quantification of galactose or sialic acid residues per IgG molecule is possible.
Moreover, this also helps to normalise variations in IgG amounts between patient samples.
The measured readouts are available as single values with minimal data processing thus
enhancing an otherwise relatively complex measurement of IgG galactosylation by an
industrial HILIC-MS" method. Although, the assay provides a lower level of information as
compared to LC-FLD/MS based assays, it is expected to detect associations to inflammatory
diseases. In fact, the assay was successful in drawing disease association in inflammatory
bowel disease (IBD) as identified previously by a LC-FLD assay [108]. Inflammatory diseases
are usually associated with a change in abundance of total galactosylation and sialylation
[109]. Often in LC-FLD/MS analysis of a glycome, a chromatogram is simplified to calculated
derived traits which, in the case of inflammatory diseases, are total galactosylation and
sialylation. The plate assay directly measures these monosaccharide units and thus serves its
analytical purpose successfully. Furthermore, since this assay is based on a
spectrophotometric plate reader, a relatively low infrastructure investment is required, unlike
for chromatographic and/or MS based assays. This makes the assay especially attractive to
laboratories that are not experienced in glycomics analysis provided they are interested in
IgG galactosylation.
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Introduction

Chapter 6 is a detailed discussion on the current widely used techniques of chromatography,
electrophoresis and mass spectrometry used in glycomics, as well as the on the analytical
approaches, workflows and contributions of this thesis towards glycomics assay
development. This discussion is especially pertaining to development of proof-of-concept
assays that have potential of being transformed into commercial kits. The most important
and critical characteristics of glycomics assays for industrial applications are discussed in great
detail. Chapter 6 will also touch on outlooks for future assay development.
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Abstract

The availability and repartition of fucosylated glycans within the gastrointestinal tract
contributes to the adaptation of gut bacteria species to ecological niches. To access this
source of nutrients, gut bacteria encode a-L-fucosidases (fucosidases) which catalyze the
hydrolysis of terminal a-L-fucosidic linkages. We determined the substrate and linkage
specificities of fucosidases from the human gut symbiont Ruminococcus gnavus. Sequence
similarity network identified strain-specific fucosidases in R. gnavus ATCC 29149 and E1
strains that were further validated enzymatically against a range of defined oligosaccharides
and glycoconjugates. Using a combination of glycan microarrays, mass spectrometry,
isothermal titration calorimetry, crystallographic and saturation transfer difference NMR
approaches, we identified a fucosidase with the capacity to recognize sialic acid-terminated
fucosylated glycans (sialyl Lewis X/A epitopes) and hydrolyze a(1-3/4) fucosyl linkages in
these substrates without the need to remove sialic acid. Molecular dynamics simulation and
docking showed that 3'-Sialyl Lewis X (sLeX) could be accommodated within the binding site
of the enzyme. This specificity may contribute to the adaptation of R. gnavus strains to the
infant and adult gut and has potential applications in diagnostic glycomics assays for diabetes
and certain cancers.
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Fucosidases from the human gut symbiont Ruminococcus gnavus

Introduction

The microbial community inhabiting the human gut (gut microbiota) exerts a profound effect
on human health through, e.g. polysaccharide digestion, metabolite and vitamin production,
maturation of the immune system and protection against pathogens [1]. The adult gut
microbiota is dominated by members of Firmicutes and Bacteroidetes phyla whereas the
infant gut microbiota is dominated by Bifidobacterium that are adapted to utilize human milk
oligosaccharides (HMOs), which are one of the major glycans found in breast milk. HMOs are
composed of a linear or branched backbone containing galactose (Gal), N-acetylglucosamine
(GIcNAc) and glucose (Glc), which can be decorated with fucose (Fuc) and/or sialic acid (Sia)
residues, depending on the mother’s secretory status [2, 3]. In the adult colon, gut bacteria
have not only access to non-digestible polysaccharides from the diet, but also to complex
oligosaccharides from host mucins [4-6]. Mucins are large glycoproteins with a high
carbohydrate content of up to 80%. Mucin-type O-glycans consists of N-acetylgalactosamine
(GalNAc), Gal and GIcNAc, containing glycan chains modified by fucosylation, sialylation and
sulfation [7-9]. The main source of glycan diversity is provided by the peripheral terminal
epitopes that show considerable variation. The H1 structure, a(1-2) fucose, is found in
populations carrying the secretor gene [10], and individuals may also express the Lewis gene
and the Lewis B (LeB) histoblood group antigen if they are secretors, while non-secretors
express Lewis A (LeA) [11]. Another phenotype (SeW—weak secretor) is characterized by the
expression of both LeA and LeB antigens [12]. The presentation of the major mucin glycan
epitopes, sialic acid and fucose, varies along the gastrointestinal (Gl) tract with a decreasing
gradient of fucose and ABH blood group expression and an increasing gradient of sialic acid
from the ileum to the colon [7]. These gradients are reversed in mice, where the small
intestine is dominated by sialylated structures and the colon with those terminating in fucose
[13]. These glycans provide a potential source of nutrients to members of the gut microbiota
[5]. In particular, a-L-fucosidases (a-fucosidases) are key enzymes for the degradation and
metabolism of intestinal mucin glycans or HMOs by gut microbes and therefore, contribute
to shaping the composition of the gut microbiota by favoring different bacterial species and
influencing health and disease. Currently, a-fucosidases which catalyze the release of a(1-2),
a(1-3), a(1-4) and a(1-6) linked fucose are classified into glycoside hydrolase (GH) families
29 and 95 (CAZy, www.cazy.org). All GH95 enzymes functionally characterized so far show
strict substrate specificity to the terminal Fuc a(1-2) Gal linkage and hydrolyze the linkage via
an inverting mechanism whereas GH29 enzymes show relatively relaxed substrate
specificities with hydrolysis proceeding via a retaining mechanism (www.cazy.org). It was
suggested that GH29 can be divided into two subfamilies. One contains fucosidases with
relaxed substrate specificities that can act on 4-nitrophenyl a-L-fucopyranoside (pNP-Fuc)
(referred to as GH29-A) (EC 3.2.1.51), whereas the members of the other subfamily show
strict specificity for terminal a(1-3/4) fucosidic linkages with little/no activity on pNP-Fuc
(GH29-B) (EC 3.2.1.111) as shown for fucosidases from Streptomyces and Bacteroidetes
thetaiotaomicron [14, 15]. The GH29-A subfamily includes fucosidases from Thermotoga
maritima [16], soil metagenome [17] or bacterial pathogens [18, 19] whereas the GH29-B
subfamily includes fucosidases from Bifidobacterium bifidum (BbAfcB) [20] Clostridium
perfringens (CpAfc2) [21] and Streptococcus pneumoniae (SpGH29c) [22]. Despite the
importance of fucose in regulating bacterial intestinal colonization in adults and infants, only
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a limited number of fucosidases have been studied at a biochemical level from human gut
symbionts.

Ruminococcus gnavus is a prevalent member of the gut microbial community belonging to
the Firmicutes division [23, 24]. R. gnavus is an early colonizer of the human gut [25] but
persists in healthy adults where it belongs to the 57 species detected in more than 90% of
human faecal samples by metagenomic sequencing [23]. In the past few years, an increasing
number of studies are reporting a disproportionate representation of R. gnavus in diseases,
such as inflammatory bowel disease [26]. In our previous work, we showed that R. gnavus
ability to grow on HMOs or mucins was strain dependent [27, 28], underscoring the
importance of analysing glycan utilization by members of the human gut microbiota at the
strain level. These differences are reflected by the distribution of GH families between R.
gnavus strains [27]. For example, R. gnavus E1 genome lacks a sialidase encoding gene
whereas R. gnavus ATCC 29149 encodes a GH33 enzyme which has been functionally
characterized as an intramolecular trans-sialidase [29] and is associated with a unique sialic
acid metabolism pathway which forms the basis of R. gnavus ATCC 29149 adaptation to
mucus [30]. In contrast, both R. gnavus E1 and R. gnavus ATCC 29149 genomes harbor
fucosidase encoding genes belonging to GH29 or GH95 families [27], but their functional
characterization has not been reported. To gain further biochemical and structural insights
into R. gnavus strategy to utilize mucin glycans, we determined the substrate and linkage
specificities of a range of fucosidases belonging to GH29 and 95 family from R. gnavus ATTC
29149 and E1 strains. We identified and characterized a fucosidase from R. gnavus E1 with
the capacity to recognize fucosylated glycans capped with sialic acid and to hydrolyze a(1-
3/4) fucosyl linkages in these substrates without the need to remove sialic acid. This unique
specificity may contribute to the adaptation of R. gnavus strains to distinct nutritional niches.
Since changes in abundances of sialyl fucosylated epitopes on human glycans have been
associated in several diseases, such as diabetes and certain cancers, these novel fucosidases
may have potential in diagnostic glycomics assays.
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Materials and methods

Materials

All chemicals were obtained from Sigma (St Louis, MO, USA) unless otherwise stated. The
structure of the oligosaccharides used in this work is shown in Figure 1. 3'-Sialyl Lewis X (sLeX)
was purchased from Carbosynth Limited (Campton, UK), Lewis A (LeA), a(1-3)Gal-Lewis X
(aGal-LeX), Blood group A/B tetrasaccharide type Il (Blood group A/B type Il) were from Elicityl
(Crolles, France),

Lewis X (LeX) used for activity assay was from Dextra Laboratories (Reading, UK), LeX/LeA/N-
Acetylneuraminic acid (Neu5Ac) used for ITC were from Carbosynth Limited (Campton, UK),
LeX used for STD NMR was from the Consortium for Functional Glycomics (CFG). 3'-Sialyl Lewis
A (sLeA), sialylated and desialylated human plasma N-glycans and FA2G2 N-glycans were from
Ludger (Oxford, UK). Horseradish peroxidase (HRP) treated with BM03341 plant specific
PNGase was a kind gift from Dr Lucy Crouch (Newcastle University). E. coli strain (Tuner DE3
placl) was from Merck (Darmstadt, Germany).
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Figure 1. Fucosylated oligosaccharides used in this study. Monosaccharide symbols follow
the Symbol Nomenclature for Glycans system [98].

Cloning, expression, mutagenesis and purification of GH29 and GH95

fucosidases

Ruminococcus gnavus ATCC 29149 or E1 genomic DNA (gDNA) was purified from the cell
pellet of a bacterial overnight culture (1 mL) following centrifugation (5000g, 5 min) using the
GenelET Genomic DNA Purification Kit (ThermoFisher, UK), according to the manufacturer’s
instructions. The full-length sequence of E1_10125 and E1_10180, excluding the signal
sequence were cloned into the pOPINF expression system [31], introducing an His-tag at the
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N-terminus. The D221A mutant of E1_10125 was produced by NZYTech (Lisbon, Portugal).
The E1_10125G260M mutant was generated using the NZY Mutagenesis kit (Lisbon,
Portugal). The ATCC_03833 and ATCC_00842 sequences exempt of the signal sequence were
cloned into pET28a with N-terminal His tag by Prozomix (Haltwhistle, UK). The E1_10587 was
synthesized by NZYTech (Lisbon, Portugal) into pHTP1 with N-terminal His tag.

The primers used are listed in Supplementary Table S1. DNA manipulation was carried out in
E. coli DH5a cells. Sequences were verified by DNA sequencing at Eurofins MWG (Ebersberg,
Germany) or Earlham Institute (formerly TGAC, Norwich, UK). E. coli TunerDE3pLacl cells were
transformed with the recombinant plasmids according to manufacturer’s instructions. The
expression was carried out in 1000 mL LB media growing cells at 37 °C until OD600 nm reached
0.4 to 0.6 and then induced at 16 °C for 48 h. The cells were harvested by centrifugation at
7000g for 10 min. The His-tagged proteins were purified by immobilized metal affinity
chromatography (IMAC) and further purified by gel filtration (Superdex 75 and 200 columns)
on an Akta system (GE Health Care Life Sciences, Little Chalfont, UK). Protein purification was
assessed by standard SDS—polyacrylamide gel electrophoresis using the NUPAGE Novex 4—
12% Bis—Tris (Life Technologies, Paisley, UK). Protein concentration was measured with a
NanoDrop (Thermo Scientific, Wilmington, USA) and using the extinction coefficient
calculated by ProtParam (ExPASy-Artimo, 2012) from the peptide sequence.

Glycan microarrays

Three concentrations (5, 50 and 200 pg/mL) of recombinant His6-tagged E1_10125 D221A
mutant were screened for binding to Core H glycan microarray glycans at the Consortium for
Functional Glycomics (CFG).

STD NMR experiments

An Amicon centrifuge filter unit with a 10 kDa MW cutoff was used to exchange the protein
in 25 mM d19-2,2-bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol pH* 7.4 (uncorrected for the
deuterium isotope effect on the pH glass electrode) D,O buffer and 50 mM NaCl. All the
ligands were dissolved in 25 mM d19-2,2-bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol pH* 7.4,
50 mM NacCl. A concentration of 50 uM was used for the enzyme and 2 mM for the ligands.
The STD NMR spectra were performed on a Bruker Avance 800.23 MHz at 278 K. The on- and
off-resonance spectra were acquired using a train of 50 ms Gaussian selective saturation
pulses using a variable saturation time from 0.5 to 5 s, for binding epitope mapping
determination (STD build-up curves). Residual protein resonances were filtered out using a
T2 filter of 40 ms. All the spectra were performed with a spectral width of 10 KHz and 32768
data points using 256 or 512 scans. Binding epitope mappings were obtained by determining
the initial slopes (STDo) calculated by performing a least-squares fitting of the following mono-
exponential curve:

STD(tsat) = STDmax(l - exp(_ksattsat))’
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where STD(tsat) is the STD intensity for a saturation time, tsat , STDmax is the maximum STD
intensity and ksat is the rate constant for saturation transfer. In the limit, tsat > O:

STDy = STDaxksat

Importantly, STDo gives a value that is independent of any relaxation or rebinding effects,
allowing for a more accurate binding epitope. The value of STDo was then normalized against
the proton with the largest intensity to give values in the range of 0-100%, which were then
mapped onto the ligand structure to give the corresponding binding epitope mapping.

X-ray crystallography

The E1_10125 fucosidase His tag was removed using 3C-protease overnight at 4 °C at a mass
ratio of 20:1, the His tag and 3C-protease was then removed by passing the sample over a
nickel Sepharose column. The final crystallization condition was 0.2 M magnesium chloride,
25% PEG 3350, 0.1 M bis—tris pH 5.5, 10 mM 2-fucosyllactose (2'FL). Sitting drop vapour
diffusion crystallization experiments of E1_10125 or E1_10125 D221A were set up at a
concentration of 20 mg/mL and monitored using the VMXi beamline at Diamond Light Source
[32]. Crystals were cryoprotected using the crystallization condition with the addition of 15%
ethylene glycol. Wild-Type and D221A E1_10125 mutant diffraction experiments were
performed at Diamond Light Source on beamlines 104 (wavelength 0.9795 A) and 103
(wavelength 0.9763 A), respectively. The data were processed with Xia2 making use of
aimless, dials and pointless [33—36]. The data were phased using PHASER using pdb 40UE as
a molecular replacement model and refined using REFMAC [37] and Coot [38] within the CCP4
software environment [39]. The PDB REDO server [40] was used to optimize the refinement
parameters and the model was validated using the Molprobity server [41].

Molecular dynamics (MD) simulation and docking of sLeX into
E1_10125 D221A

Docking calculations were run using the crystal structure of E1_10125 D221A mutant as it
showed the highest resolution. First, a MD simulation was carried out to explore the flexibility
of the side chains surrounding the fucose binding subsite and the whole binding site. The
input coordinates for the simulation were produced by loading the X-ray coordinates into
Schrodinger Maestro [42] and processed using the protein preparation wizard [43]. Protons
were added to the structure and then all buffer ions, buffer and structurally non-essential
water molecules were removed. PROPKA [44] was then used to predict the ionization state of
polar residues at pH 7. The OPLS force field was then used to minimize the protein structure,
converging heavy atoms to a threshold of 0.3 A.

The system was then simulated using the Amber PMEMD software [45]. The system was
solvated using TIP3P water, placed within a truncated octahedron buffered to 10 A, to a net
charge of zero using Na* ions. The parameter set for the protein atoms and structural ions
used was taken from the ff14SB and gaff force fields. The system was initially minimized with
constraints of 20 Kcal mol™ A2 placed on solute atoms and then minimized a second time
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with no constraints placed on solute atoms. The system was then heated to a temperature of
300 K and raised to a pressure of 1 atm in two separate 500 ps steps under constrains of 20
kcal mol* A2 placed on solute atoms. Over the course of four 500 ps steps constrains were
then released in 5 Kcal mol™2 A2 increments. The system was then simulated over the course
of 500 ns with a 2 fs time step, with frame sampling every 0.5 ns. The SHAKE algorithm [46]
was used to constrain bonds involving hydrogen atoms. A Berendsen barostat and a Langevin
thermostat with a 5 ps™ collision frequency were used to maintain constant pressure and
temperature, respectively. Non-bonding atom bond cutoff was set to 8 A.

The trajectory file from the MD simulation was then clustered using cpptraj [47] to produce
20 average structures. The kmeans clustering algorithm within cpptraj was used with a
random set of initial points. The clustering was calculated for every tenth frame and based on
the distance between atoms measured using root-mean-square deviation of atomic positions
(RMSD) without fitting structures to each other prior to calculating RMSD.

The 20 average structures were then imported into Schrodinger Maestro and processed using
the protein preparation wizard (see above). Protons were replaced in the structure then all
buffer ions and structurally non-essential water molecules introduced during MD simulation
were removed. The OPLS force field was then used to minimize the protein structure,
converging heavy atoms to a threshold of 0.3 A. Protein structures showing a wide-open
binding site were selected from the 20 average structures to be used for docking of the
tetrasaccharide ligand. In order to perform the docking calculations, a cubic grid with a 10 A
x 10 A x 10 A inner box and a 30 A x 30 A x 30 A outer box with the centroid placed at the
middle of the binding site was generated. sLeX was built within Maestro and prepared using
LigPrep [48] and low-energy conformers generated using MacroModel [49]. sLeX was then
docked using Glide [50] with standard precision enhanced by 2 times without canonicalization
and without sampling ring conformations.

Isothermal titration calorimetry (ITC)

ITC experiments were performed using the PEAQ-ITC system (Malvern, Malvern, UK) with a
cell volume of 200 pL. Prior to titration, protein samples (E1_10125D221A) were exhaustively
dialyzed into 50 mM citrate buffer pH 6. The ligand was dissolved in the dialysis buffer. The
cell protein concentration was 100 puM and the syringe ligand concentration was 2 mM for all
ligands tested except 20 mM for Neu5Ac. Three controls with titrant (sugar) injected into the
buffer, buffer injected to protein, buffer injected into buffer, were subtracted from the data.
The analysis was performed using the Malvern software, using a single-binding site model.
Experiments were carried out in triplicate.

Activity assays and Kinetics

The optimum pH of fucosidases was determined with 0.5 mM pNP-Fuc for all fucosidase
tested apart for E1_10587 where 5 mM pNP-Fuc was used instead, in 50 mM citrate buffer
(pH 3, 4, 5 and 6), 50 mM sodium phosphate buffer (pH 6, 7, 7.5 and 8) and 50 mM Tris buffer
(pH 8.5 and 9.3). The final concentration of enzyme was 1 uM for ATCC_00842, 2 uM for
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E1 10180, 20 uM for E1_10125, 0.015 uM for ATCC_03833 and 10 uM for E1_10587. The
reaction duration was optimized to measure the reaction rates under initial conditions. After
incubation at 37 °C, the reaction was stopped by adding 50 uL of 1 M of sodium carbonate
into 200 pL of reaction (200 pL of 1 M of sodium carbonate into 40 plL of reaction for
E1_10587). The amount of fucose released was determined using a 96-well plate reader (BMG
Labtech, Ortenberg, Germany) by measuring absorbance at 405 nm.

Kinetic studies against pNP-Fuc were performed in 50 mM citrate buffer at optimal pH (pH 6
for ATCC_00842, E1_10180, E1_10125, ATCC_03833; pH 5 for E1_10587) with increasing
amounts of pNP-Fuc and a constant enzyme concentration at 37 °C. The series of pNP-Fuc
concentrations were chosen to ensure that there were at least three points below and above
the Km value. The amount of enzyme was determined to fulfil free-ligand approximation, i.e.
the enzyme concentration was linear with product formation. The reaction duration was
optimized to measure the reaction rates under initial conditions. A standard curve was made
with a range of pNP-Fuc from 0 to 140 uM and in the same experimental condition as the
enzymatic reactions. Kinetic parameters were calculated based on the Michaelis—Menten
equation using a non-linear regression analysis program (Prism 6, GraphPad, San Diego, USA).
Kinetic parameters for E1_10587 were calculated based on the Michaelis—Menten equation:

1 [SO] [SO - St] + Vmax

t ST Kt Kn

To determine the substrate specificity of the enzymes against fucosylated oligosaccharides
(2'FL, 3FL, LeA and LeX), each enzyme was incubated with the substrate (0.1 mM) at 37 °Cin
50 mM citrate buffer at optimal pH. For kinetic assays with E1_10125, 50 uM to 350 uM of
LeX, 50 uM to 1400 puM of sLeX and 20 uM to 400 uM oGal-LeX was used. Higher
concentrations of LeX or aGal-LeX were not used because they contained significant amount
of L-fucose, which affected the accuracy of quantification. The enzyme in the reaction was
0.01 uM for LeX and sLeX, 1 nM for aGal-LeX. The time course of reaction used for LeX, sLeX
and aGal-LeX was 9 min, 30 min and 20 min, respectively. The fucose released was quantified
using the k-fucose kit (Megazyme, Wicklow, Ireland) combined with the diaphorase/resazurin
assay [51]. Briefly, 40 pL of reaction mixed with 97 uL of mixed reagent (50 pL of dH20, 20 pL
of reaction buffer pH9.5, 5 uL of NADP*, 2 uL of L-fucose dehydrogenase suspension, 10 pL
of 1 mM resazurin solution, 10 pL of 10U/mL solution of Diaphorase) and incubated at room
temperature for 20 min before measuring the fluorescence of resorufin using a 96-wells plate
reader (BMG Labtech, Ortenberg, Germany) with an excitation at 550 nm and an emission at
584 nm. One unit of activity was defined as the amount of enzyme needed to release 1 umol
of product per min under the conditions described above. The kinetic parameters of
E1 10125 fucosidase against sLeX were calculated based on Michaelis—-Menten equation
using a non-linear regression analysis program (Prism 6, GraphPad, San Diego, USA). The curve
of initial rate against substrate concentration for LeX and aGal-LeX was linear, which indicated
that the substrate concentration was far below Kn, therefore their kcot/Km was estimated from
the slope of the curve [52], k = (kcat/Km)[E]o where k is the slope and [E]o represents the
enzyme concentration.

39




LC-MS/MS analysis

10 uM of enzyme was incubated with a range of substrates including sLeA (5 uM), sLeX (5
uM), sialylated and de-sialylated human plasma N-glycans released from 0.5 puL human
plasma, HRP (0.01 pg/uL), FA2G2 (5 ng/uL), blood group A type Il (5 uM) or blood group B
type Il (5 uM). Reactions (20 uL) were performed in 50 mM citrate buffer at pH 6 and 37 °C
for 24 h. Reactions were then dried down using Savant SpeedVac centrifugal evaporator
(Thermo Fisher, Wilmington, USA), labelled at the reducing end with procainamide using the
glycan labelling kit with sodium cyanoborohydride reductant (Ludger, Oxford, UK) and
purified using S-cartridges (Ludger, Oxford, UK) to remove the excess dye. The samples were
dried by speed vacuum and resuspended in 50 pL of acetonitrile:water solvent. Then the
reactions were injected onto a Waters ACQUITY UPLC Glycan BEH amide column (2.1 x 150
mm, 1.7 um particle size, 130 A pore size) at 40 °C on a Dionex Ultimate 3000 UHPLC
instrument with a fluorescence detector (Aex = 310 nm, Aem = 370 nm) coupled to a Bruker
Amazon Speed ETD. A 50 mM ammonium formate solution pH 4.4 (Ludger, Oxford, UK) was
used as mobile phase A and acetonitrile (Romil, UK) was used as mobile phase B. For the
plasma samples, a 70 min gradient was used with mobile phase B from 76 to 51% from 0 to
53.5 min at a flow rate of 0.4 mL/min followed by mobile phase B from 51 to 0% from 53.5
min to 55.5 min at flow rate of 0. 2 mL/min, and 2 min stabilization, mobile phase B from 0 to
76% from 57.5 min to 59.5 min at a flow rate 0.2 mL/min, and then last for 6 min, from 65.5
min to 66.5 min, the flow rate was changed back to 0.4 mL/min and then equilibrated for 3.5
min. HRP samples used a 75 min gradient starting from 80 to 62% mobile B. A 70-62%
gradient was used for FA2G2 glycan. For the shorter fucosyl-oligosaccharides, an 85 min
gradient was used from 85 to 65% mobile B. The Amazon Speed was operated in the positive
ion mode using the following settings: source temperature 180 °C; gas flow 4 L/min; capillary
voltage, 4500 V; ICC target, 200,000; maximum accumulation time, 50 ms; rolling average, 2;
number of precursor ions selected, 3; scan mode, enhanced resolution; mass range scanned,
400 to 1700. Singly charged ions were excluded for CID except for HRP and fucosyl-
oligosaccharide samples.

Bioinformatics analyses

For sequence similarity networks (SSN) analysis, the sequences encoding GH29 and GH95
fucosidases were extracted from the Interpro database 66.0 (https ://www.ebi.ac.uk/inter
pro/) after removing redundant sequences by CD-HIT Suite [53] (https ://weizh ong-
lab.ucsd.edu/cdhit_suite /cgi-bin/index .cgi?cmd=cd-hit). Additional sequences included
those corresponding to functionally characterized GH29 and GH95 from the CAZy database
(www.cazy.org) as well as the R. gnavus E1 and ATCC29149 fucosidases (6 GH29 and 7 GH95).
The amino acid sequences were then used to create SSN using the Enzyme Function Initiative-
Enzyme Similarity Tool (EFI-EST) [54]. The network setting for GH29 and GH95 was made to
combine proteins in one node sharing over 70% and 45% identity, respectively and nodes
were linked by edges when their sequences shared over 40% (the e-value threshold was 1094)
and 35% identity (the e-value threshold was 10130) for GH29 and GH95, respectively. The SSN
data were visualized using Cytoscape 3.6 [55]. ProtParam (ExPASy) [56] was used to
determine the length, molecular weight and theoretical pl of the fucosidases under study.
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LALIGN was used to do pairwise sequence alignment and obtain sequence similarities [57].
SignalP 5.0 Server was used to predict the presence and nature of signal peptides as well as
cleavage sites [58]. The TMHMM Server v.2.0 was used to predict the presence of
transmembrane helices [59]. CW-PRED was used for the detection of LPXTG and LPXTG-like
motif and thus the prediction of cell-wall proteins in Gram-positive bacteria [60]. PSORTb
v3.0.2 was used for bacterial protein subcellular localization prediction [61].
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Results

Sequence similarity network identified strain-specific fucosidases in R.
gnavus ATCC 29149 and E1

The genome of R. gnavus E1 encodes 4 predicted GH29 fucosidases (named E1_10125,
E1 10180, E1_10623 and E1_11127) and 4 GH95 fucosidases (named E1_10181, E1_10587,
E1_30029, E1_40027), whereas R. gnavus ATCC 29149 encodes 2 GH29 (named ATCC_03411,
ATCC_03833) and 3 GH95 fucosidases (named ATCC_00842, ATCC_01058, ATCC_03121) (for
detailed information, Supplementary Table S2). A sequence similarity network (SSN) analysis
was conducted to identify putative functional relationships between GH29 or GH95
fucosidases from R. gnavus strains and related protein sequences (Figure 2). The SSN analysis
covered 6736 amino acid sequences from the GH29 family from Interpro database 66.0 and
CAZy (www.cazy.org/GH29 chara cteri zed.html) and 825 GH95 sequences from Interpro
IPRO27414  (including 8 sequences from functionally characterized GH95
www.cazy.org/GH95_characterized.html).

For GH29, 5318 representative nodes in the SSN analysis were separated into 44 clusters
according to their sequence similarity which may indicate a similar biochemical function and
ligand specificity (Supplementary Figure S1A). GH29 fucosidases from R. gnavus E1 and ATCC
29149 strains were found in cluster 4 (E1_10180), cluster 7 (ATCC_03833 and E1_11127),
cluster 9 (E1_10623) and cluster 14 (E1_10125 and ATCC_03411) (Figure 2A). E1_10125
shares 94.5% sequence similarity with ATCC_03411, whereas ATCC_03833 is 99.8% similar to
E1l_11127. The catalytic domain of E1_10623 was 62.9% similar to Blon_2336 from
Bifidobacterium longum subsp. infantis ATCC 15697 [62]. Based on this analysis, E1_10125,
E1 10180 and ATCC_03833 were chosen as representatives of R. gnavus GH29 fucosidases
for functional characterization.

The GH95 family includes fewer sequences and functionally characterized proteins
(www.cazy.org). The SSN analysis of GH95 fucosidases led to the identification of 825 nodes,
627 of which were found in the cluster 1 (Figure 2B). All GH95 fucosidases from R. gnavus E1
and ATCC 29149 strains fall within the same cluster. Based on the pre-screening for expression
(not shown), ATCC_00842 and E1_10587, sharing 60% sequence similarity, were selected as
representative GH95 fucosidases of R. gnavus ATCC 29149 and E1, respectively for further
characterization.

R. gnavus fucosidases from GH29 and GH95 families display novel
substrate specificities

The genes encoding the selected GH29 and GH95 fucosidases from R. gnavus ATCC 29149 and
E1l strains were heterologously expressed in E. coli and the His6-tag recombinant proteins
purified by immobilized metal ion affinity chromatography and gel filtration (see Materials
and Methods section for details). E. coli Tuner DE3 pLacl strain was chosen as heterologous
host as it does not display any endogenous B-galactosidase activity (due to the deletion of the
LacZ gene) that may interfere with the enzymatic characterization of the recombinant
enzymes. The activity of the purified enzymes was first screened against the synthetic
substrate pNP-Fuc. The optimum pH of all fucosidases tested, determined using pNP-Fuc, was
found to be pH 6 apart for E1_10587, which was pH 5 (Supplementary Figure S2).
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Figure 2. The distribution of R. gnavus GH29 and GH95 fucosidases based on SSN analysis.
(A) Partial representation of SSN analysis of GH29 family containing fucosidases from R.
gnavus E1 and ATCC29149 strains. (B) Representation of the SSN central cluster of GH95
family containing all GH95 from R. gnavus E1 and ATCC29149 strains. Blue node: sequences
extracted from the CAZy database encoding functionally characterized enzymes. Red nodes
sequences from R. gnavus E1 strain. Cyan nodes, sequences from R. gnavus ATCC29149 strain.
Green nodes, sequences common to both R. gnavus E1 and ATCC29149 strains.

43



The kinetic parameters were determined at the optimum pH by calculating the initial rate of
reaction with increasing pNP-Fuc concentrations. Fucosidase ATCC_03833 showed the
highest catalytic efficiency with a ket of 83.6 s and a Km of 179.1 uM (Table 1). These values
are consistent with fucosidases belonging to GH29 subfamily A [15, 17, 63, 64]. Fucosidases
ATCC 00842 and E1_10180 also showed activity against pNP-Fuc, but their high Km suggest
that pNP-Fucis not a good ligand for these enzymes. Fucosidase E1_10125 displays the lowest
activity against pNP-Fuc of the characterized GH29 subfamily fucosidases as shown by its low
keatof 1.8 1073571 [15, 20-22, 65, 66]. E1_10587 was merely active on pNP-Fuc as also reported
for other GH95 fucosidases [21].

Next, the substrate specificity of the recombinant fucosidases was tested on a range of
fucosylated oligosaccharides. The specific activity was determined based on fucose release
against 2'FL (Fucal,2GalB1,4Glc), 3FL (GalB1-4[Fucal-3]Glc), Lewis A (LeA, GalBl-3[Fucal-
4]GIcNAc) and Lewis X (LeX, GalB1-4[Fucal-3]GIcNAc) (Table 2). From this analysis,
fucosidases E1_10125 and E1_10180 showed substrate specificity towards o(1-3/4)
fucosylated linkages while fucosidases ATCC_00842 and ATCC_03833 showed preference for
a(1-2) linkages (Table 2). E1_10587 showed lower activity against all tested substrates,
therefore, it was not possible to assess its substrate specificity.

The activity of the recombinant fucosidases was further tested on more complex
oligosaccharides and glycoproteins including sialyl Lewis X (Neu5Aca2-3GalB1-4[Fucal-
3]GIcNAc, sLeX), sialyl Lewis A (Neu5Aca2-3GalBl-3[Fucal-4]GlcNAc, sLeA), sialylated or
desialylated human plasma N-glycans, horseradish peroxidase N-glycans containing core a(1-
3) fucose (HRP), blood group A type Il, blood group B type Il and a(1-6) fucosylated
biantennary N-glycan (FA2G2) and the products of the reactions analyzed by LC—-MS/MS
(Supplementary Table S3). Interestingly, this screening revealed that E1_10125 was active
against a(1-3) and a(1-4) fucosylated substrates presenting a terminal sialic acid modification.
The chromatograms clearly showed the appearance of peaks corresponding to Neu5Aca2-
3GalBl-3GIcNAc and Neu5Aca2-3Galf1-4GIcNAc and the disappearance of the peaks
corresponding to sLeA and sLeX (Figure 3A). The use of sialylated and de-sialylated N-glycans
from human plasma confirmed the ability of E1_10125 to accommodate sialyl residues in
terminal location of fucosylated N-glycans (Figure 3B), as shown by the disappearance of the
peak corresponding to fucosylated antennary N-glycan upon incubation with E1_10125. In
contrast, no reaction product was detected when HRP glycans (core al,3-fucose), FA2G2
(a1,6-fucose) or blood group antigens (a1,2-fucose) were used as substrates as shown by LC—
MS traces (Figures 3C-E).
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Table 1. Kinetic parameters of R. gnavus fucosidases towards pNP-Fuc.

Fucosidases from the human gut symbiont Ruminococcus gnavus

E1_10125 E1_10180 ATCC_03833 ATCC_00842 E1_10587"
Catalytic efficiency (s1.M?1) | 7.61 16.91 4.7 10° 28.14 0.72
K (1M) 237.9 £ 39.69 N.D. 179.1 £ 28.77 2958 £ 362.8 15010.51
keat (s) 0.0018 + 0.000088 N.D. 83.6+2.97 0.0832 +0.0032 0.0108

ND could not be determined (using concentrations up to 20 mM pNP-Fuc). @ Kinetic parameters were determined from the progress curve.

Table 2. Specific activity of R. gnavus fucosidases towards fucosylated oligosaccharides.

Specific activity (U/umol)
2’FL 3FL LeA LeX
E1_10125 6.44E-03 + 7.76E-05 63.23+2.03 83.88 £ 2.56 11472 +1.76
E1_10180 1.17E-03 + 2.24E-04 0.119+0.001 0.45 +£0.02 0.36 £ 0.01
ATCC_03833 5.47 £ 0.28 4.82E-02 + 7.09E-04 0.069 £ 0.003 N.D.
ATCC_00842 1.13E+04 + 3.06E+02 15.96 £ 0.67 1.38E-03 + 1.34E-04 1.46E-03 + 9.59E-05
E1_10587 5.21E-05 + 1.17E-05 1.05E-04 + 2.08E-05 1.76E-05 + 4.51E-06 2.98E-04 + 6.75E-06

ND not detected under experimental conditions. NS not significant, less than 0.01 U/umol.
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Figure 3. LC-MS/MS analysis of R. gnavus GH29 fucosidase E1-10125 towards various
fucosylated substrates. (A) LC—MS/MS analysis of the products released from the enzymatic
reaction of E1-10125 with LeA (left) and LeX (right), the upper graph is the negative control
and the lower one corresponds to the enzymatic reaction. (B) LC—MS analysis of the products
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released from the enzymatic reaction of E1-10125 with sialylated (upper) and desialylated
(lower) human plasma. The negative controls are showed on top of the enzymatic reactions.
(C) LC—MS analysis of the products released from the enzymatic reaction of E1-10125 with
HRP (core al,3-fucose) (lower). The negative control is shown in the upper panel. (D) LC-MS
analysis of the products released from the enzymatic reaction of E1-10125 with FA2G2 (a1,6-
fucose) (lower). The negative control is shown in the upper panel. (E) LC—-MS analysis of the
products released from the enzymatic reaction of E1-10125 with blood group A type Il (left)
and blood group B type Il (right) (upper). The negative control is shown in the upper panel.

R. gnavus GH29 E1_10125 fucosidase can accommodate terminal sialic
acid moieties in a1,3 /4 antennary fucosylated substrates

To further investigate E1_10125 ligand specificity, the enzyme was crystallized in the
presence of 2'FL, providing the crystal structure of the complex showing the B-fucose anomer
bound in the active site (Figure 4). Data collection and refinement statistics are detailed in
Table 3. Electron density maps allowed modelling of residues 23—-527. The enzyme consists of
two distinct domains, a catalytic domain (PF001120) domain comprising residues 46—366 in
N-terminal and a F5/8 Type C domain (PFO0754) covering residues 385-526 in C-terminal
(Figure 4A). The catalytic domain displays a (a/B)8 which is typical of GH29 enzymes
(www.cazy.org) whereas the type C-domains shows structural homology with carbohydrate
binding module (CBM) belonging to CBM32 family (www.cazy.org). The macromolecular
architecture is conserved with the recently solved GH29 fucosidase enzymes from S.
pneumoniae (RMSD: 0.969 A) [22] and Bifidobacterium longum subsp. infantis (RMSD: 1.128
R) [67]. Residues 23-45 wrap around the C-terminal B-sandwich domain. The catalytic
machinery sits in a cleft in the center of the N-terminal domain (Figure 4B). By proximity to
the bound fucose residue and homology to other fucosidases, Asp221 was identified as the
catalytic nucleophile and Glu273 as the acid/base (amino acid numbering based on
recombinant protein sequence) (Figure 4B). Trp325 creates a CH—mt interaction with the
bound ligand and His61, Trp72, His114, His115 and Tyr1l62 provides additional hydrogen
bonding interactions. Phe59 and Trp219 provide a hydrophobic pocket to accommodate the
fucose C6 methyl group (Figure 4B). The fucose binding site is conserved with the S.
pneumoniae [22] and B. longum GH29 fucosidases [67] and is henceforth referred to as the
- 1 subsite (Figure 4C). In an attempt to obtain crystal structures in complex with the
substrate, an active site mutant (E1_10125 D221A) was generated. However, following co-
crystallization experiments with 2'FL, fucose was found bound in the active site, indicating
residual fucosidase activity. Clear electron density was present for both a- and B-fucose
anomers (Figure S3A and S3B). It was not possible to obtain crystals of E1_10125 D221A in
the absence of 2'FL. Attempts were made to displace the fucose molecule with other
fucosylated ligands; however, these were unsuccessful, perhaps due to the substrate binding
site being present at a tightly packed interface between two symmetry related protein
molecules. No crystal structures could be obtained with other substrates tested including L-
fucose, Neu5Ac, 3FL, LeA, LeX and sLeX.
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Figure 4. Crystal structure of R. gnavus GH29 fucosidase E1_10125. (A) Cartoon
representation of E1_10125 fucosidase, the catalytic domain is coloured green and the
proposed CBM is coloured orange. A fucose residue in a sphere representation indicates the
location of the active site. The views are related by a 45° rotation around the y axis. (B) The
E1 10125 fucose binding site. The B-anomer of fucose is shown in yellow with nearby active
site residues shown in green. Black dashed lines indicate hydrogen-bonding interactions. Fo—
Fc difference map density for the fucose residue is displayed as a black mesh, contoured at
20. (C) The fucose binding sites of E1_10125 (green), S. pneumoniae GH29 fucosidase
(magenta), and B. longum subsp. infantis GH29 fucosidase (cyan) are aligned. Residue
numbers refer to E1_10125. The binding site residues are conserved across the three
structures and differences present at the D221 and E273 positions are catalytic mutants.
Fucose bound in the E1_10125 is show in yellow for reference. (D) Model of the orientation
and conformation of sLeX bound to R. gnavus E1_10125 proposed by MD simulations
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Table 3. Data collection and refinement statistics.

Fucosidases from the human gut symbiont Ruminococcus gnavus

Data set WT - Fucose D221A - Fucose
PDB identifier 6TR3 6TR4

Data collection

Space group Cc2 P1

a, b, c(A) 164.2, 48.8, 132.1 49.8,74.1,76.5
o, B,y 90.0, 151.1, 90.0 82.5,80.4,70.4
Resolution 63.90-1.70 (1.73-1.70) 69.54-1.45 (1.47-1.45)
Rmerge 0.08 (0.59) 0.04 (0.11)
Rmeas 0.10 (0.72) 0.06 (0.16)

I/ol 6.9 (1.1) 12.7 (3.4)

CC half 0.99 (0.58) 0.99 (0.96)
Completeness 99.1 (97.5) 92.7 (56.9)
Redundancy 3.1(2.9) 2.0(1.8)
Refinement

Resolution 63.86-1.70 69.54-1.45

No. of reflections 55403 166349
Rwork/Réree 0.174/0.227 0.141/0.161
Protein 4022 8134
Ligand/ion 30 48

Water 282 1507

Protein 25.22 11.5
Ligand/ion 39.0 6.7

Water 26.92 23.6

Bond lengths (A) 0.03 0.01

Bond angle (°) 2.8 1.4

Numbers in parenthesis refer to the highest resolution shell.
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Superimposition of the E1_10125 crystal structure with that of a-1,3/4-fucosidase from B.
longum subsp. Infantis D172A/E217A mutant complexed with lacto-N-fucopentaose Il (pdb
3UET) [67] (Supplementary Figure S4C) or with S. pneumoniae SpGH29CT D171N/E215Q in
complex with LeA (pdb 60RF) (Supplementary Figure S4D) or with LeX (pdb 60R4) [62]
(Supplementary Figure S3E) indicate that there are unlikely to be E1_10125 interactions that
form a distinct +1 site (GIcNAc in LeA and LeX trisaccharide antigens). E1_10125 Trp269 is
conserved with S. pneumoniae and B. longum fucosidases, maintaining the +2 site. More
specifically, Trp269 is likely to form a CH-mt stacking interaction with the galactose ring, and
Asp318 to form a hydrogen bond with the galactose C6 hydroxyl. In the E1_10125 crystal
structure, adjacent to the proposed +2 site is an open platform comprises primarily neutral
and hydrophobic residues, which would accommodate Neu5Ac (Supplementary Figure S3F).
This is in marked contrast to the S. pneumoniae and B. longum homologue structures where
this region is partially occluded by incoming loops. Molecular modelling calculations were
carried out to further support this hypothesis and to provide a model for the orientation of
the sialic acid ring of sLeX when bound to E1_10125 fucosidase (Figure 4D). Following 500 ns
MD simulations of the E1_10125 D221A mutant and docking of the sLeX ligand, the molecular
model showed that sialic acid ring sits in the neighbouring subsite. Polar contacts are
established between nearby residues, Glu262 and Trp269; in particular, and hydroxyl groups
present at sialic acid C4, C8 and C9 positions. This analysis confirmed that the E1_10125
fucosidase enzyme shows an open binding site able to accommodate the sLeX ligand.

In the absence of a complex structure of E1_10125 with a fucosylated oligosaccharide and in
order to test the hypothesis that the cavity could accommodate the sialic acid moiety,
E1_ 10125 R268W and E1_10125 G260M mutants were produced in which these introduced
side-chains are expected to block access to the cavity. The E1_10125 R268W mutant showed
a complete loss of activity towards all substrates tested including pNP-Fuc, 2'FL, 3FL, blood
group A type Il, blood group B type Il, LeX and sLeX (data not shown) whereas the E1_10125
G260M mutant showed a significant decrease in activity towards sLeX down to 28% activity
while 76% activity remained towards LeX (Supplementary Table S4), suggesting that the cavity
is important to accommodate terminal modifications of the fucosylated substrates.

Glycan arrays were then used to further define the ligand and linkage specificity of E1_10125
(Supplementary Figure S5). The purified recombinant His6-tagged E1_10125 D221A inactive
mutant was screened at three protein concentrations against the Core H glycan microarray
glycans at the Consortium for Functional Glycomics (CFG). Among the 585 glycans screened
on the microarray, significant RFU values (> 300) were obtained for 5 fucosylated glycans
using the highest protein concentration. Glycan ID 389 with a-Gal-LeA epitope displayed the
highest RFU value (1072 * 47) followed by two glycans, ID 249 and ID 526, containing sLeX
epitopes. This recognition pattern therefore suggests that E1 10125 could recognize
fucosylated substrates with diverse terminal modifications at the reducing end.

In order to further test this hypothesis, ITC was used to determine the binding parameters of
E1 10125 D221A mutant towards these ligands (Figure 5 and Supplementary Table S5). The
enzyme bound to LeX with a Kq of 51.43 + 1.93 uM (Figure 5A) and to sLeX with a Kq of 3.59 +
0.48 uM (Figure 5B). Further, a Kq of 47.13 + 5.60 uM was obtained when aGal-LeX (Figure 5c)
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Table 4. Kinetic parameters of E1_10125 towards LeX, sLeX and aGal-LeX.

LeX

sLeX

aGal-LeX

Catalytic efficiency (s1.M?)

1416.67 + 288.68

12874.85 + 1620.36

28888.89 + 2545.88

Km (uM)

N.D.

163.1 £ 16.67

N.D.

Kecat (5'1)

N.D.

2.10+£0.07

N.D.

ND could not be determined under experimental conditions.
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Figure 5. ITC isotherms of R. gnavus GH29 fucosidase E1_10125 binding to fucosylated
ligands. (A) E1_10125 binding to LeX. (B) E1_10125 binding to sLeX. (C) E1_10125 binding to
aGal-LeX. (D) E1_10125 binding to Neu5Ac. (E) E1_10125 binding to L-fucose. DP differential
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was used as a ligand whereas a Kg of 17.98 mM and 21.7 uM were obtained with the
monosaccharides Neu5Ac or Fuc used as a control (Figure 5D, E). To compare the substrate
specificity among LeX, sLeX and aGal-LeX, the kinetic parameters were determined against
these substrates (Table 4). E1_10125 showed strongest affinity to sLeX with a Km of 163.1 uM
and the presence of sialic acid or galactose on the non-reducing end of LeX significantly
increased the catalytic efficiency up to 20-fold, consistent with the binding parameters (Table
4).
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Figure 6. Binding epitope mapping from STD NMR spectroscopy depicting interactions of R.
gnavus GH29 fucosidase E1-10125 with fucosylated oligosaccharides. Normalized saturation
transfer intensities (0—100%) from STD NMR experiments mapped onto the chemical
structures of (A) 2'FL, (B) 3FL, (C) LeA, (D) LeX, (E) sLeX and (F) aGal-LeX. Stronger normalized
STD intensities correlate with closer ligand contacts with the surface of the protein in the
bound state. Legend indicates normalized STD intensities: blue, 0-24%,; yellow, 25-50%, red
51-100%. The enzyme intimately recognizes 3FL and LeA, whereas looser contacts are
observed for 2°FL, LeX, sLeX and aGal-LeX. For the latter, a much higher degree of proton
chemical shift overlapping implied lower binding epitope resolution and a normalized STD
intensity value was assigned for each ring, as an average of the STD intensities of its isolated
protons.

To gain further structural insights into the unique ligand specificity of E1_10125, STD NMR
studies [68] were conducted with E1_10125 D221A mutant in the presence of 2'FL, 3FL, LeA,
LeX, sLeX and aGal-LeX (Figure 6). Transfer of magnetization as saturation from the protein
to the ligand was observed for all substrates tested, in agreement with the binding of
E1 10125 to these substrates with medium-weak affinities (UM-mM). The enzyme intimately
recognized the three sugar residues constituting 3FL and LeA (Figures 6A, B) with no
significant differences in their binding epitopes. 2'FL showed binding to E1_10125 D221A by
STD NMR (Figure 6C), but the main contacts were restricted to the fucose residue, whereas
loose contacts were observed with the lactose disaccharidic moiety. The binding epitope of
LeX also revealed a reduction in close contacts with the enzyme, particularly at the fucose
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residue. A comparison between 3FL (Figure 6A) and LeX (Figure 6D) supports an impact of the
acetamido group (NHACc) at position 2 of GIcNAc on binding, which leads to changes in the
contacts of the fucose ring with the protein in the bound state. This is highlighted by the
reduction of the relative STD intensity of the methyl group at position 6 of this ring in the case
of LeX. It is well established that the NHAc group in LeX limits the flexibility of the Fucal—
3GIcNAc linkage via steric hindrance with the adjacent fucose ring [69]. This leads to the
observed changes in the contacts of the fucose ring in the bound state of LeX in comparison
3FL (Figure 6D). These structural changes together with the advantageous reduction in
entropy penalty upon binding expected for LeX due to the limited inter-glycosidic flexibility,
are in good agreement with the observed differences in fucosidase activities (Table 2). The
STD NMR results, in alignment with the activity assays and LC—MS/MS data, confirmed that
the E1_10125 fucosidase shows a preference for a(1-3/4) linkage (Figure 3, Table 2), in which
the fucose is linked at the reducing glucopyranose ring of the GalB1-3/4Glc(NAc) disaccharidic
sequence. Interestingly, STD NMR revealed that the sialic acid moiety of sLeX makes contacts
with the enzyme at C3 and C5 positions (Figure 6E), suggesting that the sialic acid moiety is in
part solvent exposed, and in part surrounded by residues at the protein surface, in agreement
with the crystal structure showing a cavity that could accommodate such a sialic acid residue
at the non-reducing end of the ligand. The molecular model (Figure 4D) is also in excellent
agreement with the experimental NMR data, as in this binding mode, protons at C3 and C5
are pointing towards the surface of the enzyme in the pocket. Likewise, in aGal-LeX, weak
contacts were observed for the non-reducing aGal and BGal rings in the bound state, whereas
fucose was the main ligand recognition moiety, followed by GIcNAc (Figure 6F). Together,
these data support the X-ray crystal structure that the binding pocket of E1_10125 could
accommodate terminal residues although with a clear preference for sialic acid.

Discussion

Fucose decorating glycan chains in HMOs or mucins contributes to shaping the composition
of the gut microbiota in adults and infants. Previous studies in mice showed that the loss of
the a-1,2-fucosyltransferase FUT2, and therefore fucosylated host glycans, leads to a
decreased diversity and differences in intestinal microbial community [70-73], whereas an
association between the composition of the intestinal microbiota and the ABO blood group
or FUT2 secretor status was reported in humans [72, 74—77]. Human fetal mucins along the
Gl tract harbor a repertoire of O-glycans similar to HMOs [78, 79] which may also contribute
to the differences in gut microbiota composition as compared to adults [80]. The ability to
utilize fucosyllactose is a trait of early inhabitants of the human Gl tract, such as R. gnavus
[27] or various bifidobacteria species [81] as well as probiotic strains, such as Lactobacillus
casei [82]. To access this nutrient source, gut bacteria have evolved to express a wide range
of fucosidases with distinct ligand specificity, contributing to their fitness across nutritional
niches [5, 6]. Furthermore, in its free form, fucose released by bacterial fucosidases may affect
gut homeostasis. For example, B. thetaiotaomicron produces multiple fucosidases that cleave
fucose from host glycans, resulting in high fucose availability in the gut lumen [83] which can
then act as a signal to modulate the pathogenicity and metabolism of the pathogen
enterohaemorrhagic E. coli (EHEC) [84].

53




Complexity in HMOs or mucins lies in the diversity of glycosidic bonds in these molecules,
rendering a large number of potential combinations. Since fucosylation varies across and
along the intestine and that fucosidase activity is dependent on the type of linkages present
in the glycans or glycoconjugates, it is critical to understand the ligand specificity of the
fucosidases encoded by major gut symbionts. Recently, the substrate specificities of two
structure-solved GH29 fucosidases from B. thetaiotaomicron VPI-5482 were determined
showing that the protein with locus tag BT 2970 belongs to GH29-A while BT 2192 belongs to
GH29-B [15]. R. gnavus is a human gut symbiont of the infant and adult microbiota [23-25].
Here, we showed that R. gnavus strains encodes a range of fucosidases belonging to GH95
and GH29-A and GH29-B families with varied specificities, highlighting the versatility of
fucosylated substrates they can access, such as those present in HMOs or intestinal mucins.
The enzymatic characterization of R. gnavus fucosidases focused on previously
uncharacterized bacterial fucosidases revealed that fucosidase ATCC_03833 belongs to GH29-
A while E1_10125 belongs to GH29-B subfamily. GH29-B E1_10125 and E1_10180 showed
strict substrate specificity towards al,3/4 fucosylated linkages while fucosidases GH95
ATCC_00842 and GH29-A ATCC_03833 showed preference for al,2 linkages, as reported for
B. bifidum AfcA fucosidase [85]. O-glycan analyses of human fetal mucins showed that fucose
is present in a large variety of terminal linkages, including blood group H as well as LeA
(GalB(1-3[Fucal-4]GlcNAc), LeB (Fucal-2GalB1-3[Fucal-4]GlcNAc), LeX (GalB(1-4 [Fucal-
3]GIcNAc) and LeY (Fucal-2GalB1-4[Fucal-3]GIcNAc) determinants [79]. The diversity of
fucosidases may confer R. gnavus strains with an advantage in colonizing the infant gut [25].

In addition, we showed that E1_10125 could act on LeA and LeX even when the galactose
moiety was linked to a sialic acid residue or other decorations. In particular, E1_10125 showed
highest affinity towards sLeX. The ability to accommodate the sialic acid moiety, as also
confirmed by STD NMR, appears to be enabled by an open region adjacent to the +2 site (Gal
residue in Le antigens), which comprises residues Met220, Phe259, Gly260, Ala261 and
Thr265 with additional stabilizing interactions likely to be provided by Trp269 and Glu262.
This structural arrangement lacks the incoming loops present in the S. pneumoniae and B.
longum GH29 enzymes [22, 67], supporting the unique specificity of R. gnavus E1_10125
fucosidase. Glycan array analyses suggested that E1_10125 could recognize fucosylated
glycans with diverse terminal modifications as also supported by ITC showing binding of
E1 10125 to both sialic acid and aGal linked to Gal of LeX. Extensive differences in the
glycosylation profile of mucins occur along the Gl tract, characterized by the presence of
decreasing gradients of fucose and ABH blood group and increasing gradients of sialic acid
from ileum to rectum [7, 86]. In human colonic mucin, more than 100 complex O-linked
oligosaccharides were identified, mostly based on the core 3 structure with sialic acid at the
6-position of the GalNAc [9]. The most abundant components were -Gal-(Fuc)GIcNAc-
3(NeuAc-6)GalNAcol, GalNAc-(NeuAc-)Gal-4/3GIcNAc-3(NeuAc-6)GalNAcolGalNAc-3(NeuAc-
6) GalNAcol and GIcNAc-3(NeuAc-6)GalNAcol [9]. The unusual specificity of E1_10125 may,
therefore, contribute to the fitness and spatial adaptation of R. gnavus strains into the adult
human Gl tract [23, 24].

The specificities of R. gnavus fucosidases could be exploited for diagnostic assays. For
example, changes in the abundance of antennary fucosylation in plasma N-glycans have been
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associated with diabetes [87, 88] and with colorectal cancer [89-91]. The quantitation of
these low abundant antennary fucosylated glycans in the plasma N-glycome is complex due
to the structural diversity of its component glycans [92, 93]. The analysis is widely performed
on chromatographic platforms which generally require extensive measurement time [91-95].
However, the recent technological advances integrating the use of fucosidases or other
glycosidases and analysis on a MALDI-MS platform enabled identification and quantification
of glycans of specific fucose isomers [96, 97]. The antennary fucosidase specificity reported
in this work could therefore be used as a discriminatory tool to identify N-glycan biomarkers
of diseases and as a valuable tool for the purpose of glycoprofiling biopharmaceutical
glycoproteins.
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Chapter 3

Crystal structure of a GH20
N-acetylglucosaminidase with specificity
for bisecting N-acetylglucosamines on N-glycans
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Abstract

Research into how the human gut microbiota degrades different glycans and polysaccharides
has led to the characterisation of numerous Carbohydrate-Active enZymes (CAZymes) of huge
diversity in terms of specificity. Recently, we described the set of CAZymes employed by a
prominent member of the adult human gut (Bacteroides thetaiotaomicron) to degrade
mammalian complex N-glycans [1]. This report follows up on one of these enzymes, BT 0456,
with a molecular structure and discusses potential applications within glycoanalytics.
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Introduction

Post-translational glycan modifications are important for a variety of functions and processes
in proteins. For instance, these glycans can provide protection of the protein from
degradation and can be the ligands in many cellular processes [2, 3]. Changes to the
composition of particular glycan decorations are characterised in a number of disease states,
which means that they can be used as a biomarker for those diseases [4, 5]. To achieve this,
a variety of glycoanalytic techniques can be applied to assess glycan composition [6, 7]. One
way in which these approaches are being developed involves the application of enzymes that
are highly specific towards particular sugars residues and their linkages, to characterise
glycans [8-11]. These enzyme tools make current glycoanalytic techniques, such as liquid
chromatography (LC) for fluorescently labelled glycans, much more powerful by adding an
extra level of accurate characterisation [12]. Application of these enzymes can solve or side-
step any issues with poor chromatography separation or mass spectrometry (MS)
fragmentation identification, which is common with highly complex or low concentration
samples [11, 13]. Therefore, the characterisation and quantification of glycan biomarkers that
are associated with different diseases will be greatly helped by the discovery of glycoenzymes
of different specificities.

N-glycans are common post-translational modifications and their composition varies between
type of organism, tissue, age, and disease. One sugar decoration of interest is the bisecting
N-acetylglucosamine (GIcNAc) on N-glycans, which is linked to the mannose core through a
B1,4-linkage. Changes in the abundance of this sugar decoration is associated with several
immunological diseases and cancers, for example, hepatitis B-induced liver cirrhosis [14],
rheumatoid arthritis [15], type 2 diabetes [16], colorectal cancer [13], ovarian cancer [17],
and prostate cancer [9]. Aside from particular diseases, the bisecting GIcNAc is also associated
with an individual’s metabolic age, which is indicative of overall health [19]. This sugar
decoration is usually present in low abundance of approximately 6% in the human plasma N-
glycome and currently is identified through MS/MS fragmentation. Having additional tools
such as exoglycosidase that specifically cleaves these linkages will greatly improve the
characterisation of this glycosylation as a potential disease biomarker [18].

Here we report the crystal structure of a glycoside hydrolase (GH) from family 20, BT 0456,
originating from a human gut microbe, Bacteroides thetaiotaomicron. These are typically exo-
acting B-GlcNAc’ases and BT 0456 has previously been characterised as removing the
bisecting GIcNAc when all the galactose and sialic acid residues have been removed [1]. It is
also capable of removing one of the antennary GIcNAc sugars from N-glycans, but this is not
always to completion which makes this specificity inconclusive. Previous data also suggests
that the al,6-fucose commonly found on mammalian complex N-glycans does not prevent its
activity [1].
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Materials and Methods

Cloning, expression and purification of recombinant proteins.
DNA encoding the appropriate genes (excluding the signal sequences) was amplified from

genomic DNA using appropriate primers and cloned into pET28b (Novagen) using Nhel-Xhol
restriction sites. These plasmids accommodated a HIS-tags which was encoded into the N-
terminus of the protein. The recombinant plasmids were transformed into TUNER (Novagen)
cells by heat shock treatment and then selected by culturing in 1mL of LB broth containing
10pug/mL kanamycin at 32 °C whilst shaking at 180 rpm. These cultures were then scaled up
to 1 L cultures which were grown to mid-exponential phase in 2 L baffled flasks. Isopropyl B-
D-thiogalactopyranoside (IPTG) was also added to these cultures at a final concentration of
0.2mM. These cells were then incubated for 16 hours at 16 °C on a rotary shaker table at 150
rpm. The cells were collected by ultracentrifugation and the cell pellets lysed by sonication
on an ice bath. The recombinant His-tagged protein was purified from the cell free extracts
using immobilized metal-affinity chromatography (Talon resin, Clontech) as previously
described [1]. Finally, the purity and size of the proteins were analysed using SDS-PAGE and
their concentration were determined by absorbance at 280nm (NanoDrop 2000c, Thermo
Scientific) and their molar extinction coefficients.

Purification of proteins for crystallization.

The metal-affinity purified proteins were purified by size-exclusion chromatography using a
HiLoad Superdex 200 pg on an AKTA Pure FPLC system (Cytiva). The purity of the fractions
was determined using SDS-PAGE and those fraction of satisfactory high purity were pooled
and concentrated to 10mg/mL.

Crystallization.

BT 0456 was initially screened using commercial kits (Molecular Dimensions and Hampton
Research). The drops, composed of 0.1 plL or 0.2 uL of protein solution plus 0.1 uL of reservoir
solution, were set up a Mosquito crystallization robot (SPT Labtech). The sitting drop method
was used and the plates were incubated at 20 °C. The crystallisation condition was in 100 mM
Hepes pH 7.5, 10 % PEG 8000 and 5 % ethylene glycol. Sample were cryo-protected with the
addition of 20 % PEG 400 to the condition and flash-cooled in liquid nitrogen.

Data collection, structure solution, model building, refinement and
validation.

Diffraction data were collected at the synchrotron beamline 103 of Diamond light source
(Didcot, UK) at a temperature of 100 K. The data set was integrated with XDS [20] and XIA2
[21]. The space group was confirmed with Pointless [22] and the data sere scaled with Aimless
[23]. The phase problem was solved by experimental phasing selenium SAD using ShelX [24].
The initial model was generated with the CCP4cloud [25] task CCP4build [25, 26]. The model
was refined with refmac [27] and manual model building with COOT [28]. The final model was
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validated with MolProbity [29] and figures were made with PyMol [30]. Validation was done
with Coot and Molprobity. Other program used were from the CCP4 suite [25].

Bioinformatics.
The CAZy database (www.cazy.org) was used as the main reference for carbohydrate-active

enzyme activity. Dali [31] and PDBefold [32] were used to carry out structural homology
searches of protein modules.
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Results and discussion
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Figure 1. Degradation of mammalian complex N-glycans by Bacteroides thetaiotaomicron.
(A) A schematic of the CAZyme loci containing BT 0456. CE: carbohydrate esterase. (B) The
core N-glycan pentasaccharide consists of two GIcNAc and three mannose sugars. In the case
of mammalian complex N-glycans, this pentasaccharide is built on with N-acetyl-D-
lactosamine (LacNAc) disaccharides, which are themselves commonly decorated with sialic
acids. A biantennary complex N-glycan is shown here, but up to four antennas are possible.
Core al,6-fucose decoration is also common for mammalian complex N-glycans. The bisecting
GlcNAc is always linked through a B1,4-linkage (asterisk). The linkages where the CAZymes act
are indicated. (C) The structures of two N-glycan fragments taken from two crystal structures
to provide an indication of the steric hindrance different enzymes may face when degrading
complex N-glycans.
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B-GIcNAc’ases are present in glycoside hydrolase (GH) families of 3, 20, 73, 84 and 85 and BT
0456 belongs to GH20 (Figure 1) [33]. To explore the specificity shown by BT 0456, its
structure was solved to 2.10 A (Figure 2). Due to the lack of adequate homologous search
models (highest identify of primary sequence was 26.3%), molecular replacement strategies
were not used to solve for the phase problem. Therefore, selenomethionine derived BT 4056
protein samples were used for experimental phasing with the single anomalous diffraction
(SAD) method using selenium atoms. Furthermore, attempts at co-crystallising BT 0456 with
substrates was unsuccessful.
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Figure 2. Crystal structure of BT0456. (A) The overall structure of BT0456 shown as a cartoon.
The N-terminal domain, catalytic module, and the C-terminal domain are yellow, blue, and
red, respectively. (B) The active site of BT 0456. The residues forming the glycan binding site
are shown as sticks, the -1 subsite is encircled, and the catalytic residues are shown in red.
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BT 0456 consist of three domains: a N-terminal domain consisting of a zincin-like fold, the
catalytic domain is a (B/a)8 barrel fold typical of this family, and a C-terminal domain (Figure
2a). Crystal structures of other GH20 family members show that this N-terminal domain is a
common feature, but additional accessory domains are less frequent amongst currently
available crystal structures (Figure 3).

GH20 Family members typically have a HXGG(DE) catalytic motif, but in the case of BT 0456
this is HXGT(DE) [34, 35]. Interestingly, the general acid/base E284 is facing away from the
active site (Figure 2B). This suggests flexibility in the active site and an element of induced fit
upon substrate binding. Interestingly, the equivalent Glu from a Streptococcus gordonii GH20
crystal structure is also flipped away from the active site [34].

The residues surrounding the -1 subsite are largely the same when compared to other GH20
family members. The structure of BT 0459 from the same locus revealed a very open active
site, which reflected its broad activity against GIcNAc substrates [1]. In comparison to this, BT
0456 has Y329 and R330 from the catalytic module contributing to the binding region in
addition to residues provided by the C-terminal domain. These additional residues are likely
driving the specificity of BT 0456 (Figure 2B).

There are two GH20 family members that have been previously characterised as having
activity against complex N-glycans - GH20B [1, 34] and C [36] from Streptococcus
pneumoniae. Both enzymes have specificity towards the antennary GIcNAcs and do not
remove the bisecting GIcNAc. However GH20B can accommodate the bisecting GIcNAc to
remove the antennary whereas this is not possible for GH20C. The specificity of these
enzymes is conferred by residues from the catalytic module, whereas specificity drivers for
BT 0456 activity likely come from both the catalytic domain and the C-terminal accessory
module. The residues driving specificity in GH20B and C are not present in BT 0456. A
substrate-enzyme complex would be required to outline the precise interactions used to drive
specificity shown by BT 0456, but this was not successful under the conditions we explored.
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BTO0456 BT0459 GH20C GenA LubB SmGH20A
This study 6Q63 5ACS 2EPK 4H04 1C7S
Bacteroides thetaiotaomicron Bacteroides Streptococcus pneumoniae  Streptococcus gordonii  Bifidobacterium bifidum Serratia marcescens
Bisecting and antenna of thetaiotaomicron O-glycan Possibly host Human milk Human milk

complex N-glycans Broad activity glycoproteins oligosaccharides oligosaccharides

Figure 3. Comparison of the crystal structure of BT 0456 with other GH20 family members
that also have accessory modules. The catalytic modules are in blue. The N-terminal domains
are coloured yellow and a second N-terminal domain is coloured orange in the case of 1C7S.
C-terminal domains are coloured red except for GH20 BT 0459, where the FN3 linker domain
is coloured red and the C-terminal F5/F8 Type C domain is in green. Any bound glycans are
shown as black sticks. A cartoon structure, a schematic, and a surface representation of each
enzyme is provided. Grey arrows indicate where the active site is and in the case of the surface
representations a white circle is the location of the -1 subsite where ligand is not present. The
close association of the accessory domains with the active site make it likely that these
contribute significantly to specificity. In the case of BT 0459, it is speculated that the green
accessory module comes down over the active site to provide specificity or enhance binding
(black arrow), which may be akin to what is seen for the SMGH20A (orange accessory domain).

One of the most striking aspects of this crystal structure is the positioning of the different
domains relative to each other (Figure 2A). The C-terminal domain sits on the (B/a)8 barrel
near the active site, so it is likely that the C-terminal domain contributes to the specificity of
BT 0456. The residues in close proximity to this region includes S560, E561, R640, L641, and
W517 (Figure 2B). The crystal structures of five other GH20 family members with accessory
domains indicate that these accessory domains may also contribute to specificity based on
their positioning (Figure 3).
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Figure 4. Analysis of the BT 0456 C-terminal domain. (A) The C-terminal domain of BT 0456
shown in more detail and the residues with likely association to the active site are shown as
sticks. (B) The PA14 carbohydrate-binding domain from Marinomonas primoryensis
(MpPA14) from both sides. (C) The details of the fucose binding site of MpPA14 and the
residues comprising this active site.

The sequence of the BT0456 C-terminal domain did not produce any hits in either Pfam or
SMART databases. When the structure of the C-terminal domain was used to search Dali
database, a PA14 carbohydrate-binding domain from Marinomonas primoryensis with fucose
bound was highlighted (MpPA14). A comparison of these two structures revealed that the
binding site of fucose in MpPA14 was positioned in the same area as the residues that are
highlighted being in close proximity to the active site for the C-terminal domain of BT 0456
(Figure 4).

GH84 CpGH84B GH20 GH20
5ABE 6PV5 TBWG 7CBO
Bacteroides Clostridium Microbacterium Akkermansia
thetaiotaomicron perfiingens sp. HIS muciniphila

Figure 5. N-terminal domain structural analysis. The full crystal structures of the enzymes
where the N-terminal domains (yellow) have close structural homology to the N-terminal
domain from BT 0456. Catalytic domains are shown in blue and other accessory domains are
in red and green where appropriate.

The N-terminal domain of BT0456 consist of a zincin-like fold. Structural matches of this
domain were also found through Dali and include GlcNAcases from GH20 and GH84 families
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(Figure 5). These N-terminal domains all show similar positioning relative to the catalytic
module as that seen in BT 0456. The function of this domain is unknown but could be related
to the structural stability of the overall protein.

Acknowledgements

This research was supported by the European Union (GlySign, Grant No. 722095) and the
NWO (Vernieuwingsimpuls Veni Project No. 722.016.008). Additionally, | also acknowledge
Diamond Light Source (Oxfordshire, UK) for beamtime (proposal mx18598) and staff of
beamline 103.

75




1.

10.

11.

12.

13.

14.

15.

16.

References

Briliuté, J., et al., Complex N-glycan breakdown by gut Bacteroides involves an extensive
enzymatic apparatus encoded by multiple co-regulated genetic loci. Nature Microbiology,
2019. 4(9): p. 1571-1581.

Nakano, M., et al., Bisecting GIcNAc Is a General Suppressor of Terminal Modification of
N-glycan*, [S]. Molecular & Cellular Proteomics, 2019. 18(10): p. 2044-2057.

Reily, C., et al., Glycosylation in health and disease. Nature Reviews Nephrology, 2019.
15(6): p. 346-366.

Saldova, R, et al., Association of Medication with the Human Plasma N-Glycome. Journal
of Proteome Research, 2012. 11(3): p. 1821-1831.

Everest-Dass, A.V., et al., Human disease glycomics: technology advances enabling protein
glycosylation analysis — part 2. Expert Review of Proteomics, 2018. 15(4): p. 341-352.
Puci¢, M., et al., High Throughput Isolation and Glycosylation Analysis of
IgG&#x2013;Variability and Heritability of the IgG Glycome in Three Isolated Human
Populations. Molecular & Cellular Proteomics, 2011. 10(10).

Vreeker, G.C.M., et al., Automated Plasma Glycomics with Linkage-Specific Sialic Acid
Esterification and Ultrahigh Resolution MS. Analytical Chemistry, 2018. 90(20): p. 11955-
11961.

Vanderschaeghe, D., et al., High-Throughput Profiling of the Serum N-Glycome on
Capillary Electrophoresis Microfluidics Systems: Toward Clinical Implementation of
GlycoHepatoTest. Analytical Chemistry, 2010. 82(17): p. 7408-7415.

Saldova, R., et al.,, Core fucosylation and a2-3 sialylation in serum N-glycome is
significantly increased in prostate cancer comparing to benign prostate hyperplasia.
Glycobiology, 2011. 21(2): p. 195-205.

Benicky, J., et al., Quantification of Fucosylated Hemopexin and Complement Factor H in
Plasma of Patients with Liver Disease. Analytical Chemistry, 2014. 86(21): p. 10716-10723.
Rebello, O.D., et al., A Matrix-Assisted Laser Desorption/lonization—Mass Spectrometry
Assay for the Relative Quantitation of Antennary Fucosylated N-Glycans in Human Plasma.
Frontiers in Chemistry, 2020. 8: p. 138.

Royle, L., et al., HPLC-based analysis of serum N-glycans on a 96-well plate platform with
dedicated database software. Analytical Biochemistry, 2008. 376(1): p. 1-12.

Doherty, M., et al., Plasma N-glycans in colorectal cancer risk. Scientific Reports, 2018.
8(1): p. 8655.

Liu, X.-E., et al., N-glycomic changes in hepatocellular carcinoma patients with liver
cirrhosis induced by hepatitis B virus. Hepatology, 2007. 46(5): p. 1426-1435.
Magorivska, I., et al.,, Glycosylation of random IgG distinguishes seropositive and
seronegative rheumatoid arthritis. Autoimmunity, 2018. 51(3): p. 111-117.

Wu, Z., et al., 1gG Glycosylation Profile and the Glycan Score Are Associated with Type 2
Diabetes in Independent Chinese Populations: A Case-Control Study. Journal of Diabetes
Research, 2020. 2020: p. 5041346.

76



17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Crystal structure of GH20 N-acetylglucosaminidase BT 0456

Hecht, E.S., et al., Relative Quantification and Higher-Order Modeling of the Plasma
Glycan Cancer Burden Ratio in Ovarian Cancer Case-Control Samples. Journal of Proteome
Research, 2015. 14(10): p. 4394-4401.

Reiding, K.R., et al., Human Plasma <em>N</em>-glycosylation as Analyzed by Matrix-
Assisted Laser Desorption/lonization-Fourier Transform lon Cyclotron Resonance-MS
Associates with Markers of Inflammation and Metabolic Health. Molecular & Cellular
Proteomics, 2017. 16(2): p. 228-242.

Ruhaak, L.R., et al., Decreased Levels of Bisecting GIcNAc Glycoforms of IgG Are Associated
with Human Longevity. PLOS ONE, 2010. 5(9): p. e12566.

Kabsch, W., XDS. Acta Crystallographica Section D, 2010. 66(2): p. 125-132.

Winter, G., xia2: an expert system for macromolecular crystallography data reduction.
Journal of Applied Crystallography, 2010. 43(1): p. 186-190.

Evans, P., Scaling and assessment of data quality. Acta Crystallographica Section D, 2006.
62(1): p. 72-82.

Evans, P.R. and G.N. Murshudov, How good are my data and what is the resolution? Acta
Crystallographica Section D, 2013. 69(7): p. 1204-1214.

Sheldrick, G., A short history of SHELX. Acta Crystallographica Section A, 2008. 64(1): p.
112-122.

Kovalevskiy, O., A. Lebedev, and E. Krissinel, Helping researchers to solve their structures:
automation and user guidance in CCP4 Cloud. Acta Crystallographica Section A, 2021.
77(a2): p. C766.

The CCP4 suite: programs for protein crystallography. Acta Crystallogr D Biol Crystallogr,
1994. 50(Pt 5): p. 760-3.

Murshudov, G.N., et al., REFMAC5 for the refinement of macromolecular crystal
structures. Acta Crystallographica Section D, 2011. 67(4): p. 355-367.

Emsley, P. and K. Cowtan, Coot: model-building tools for molecular graphics. Acta
Crystallographica Section D, 2004. 60(12 Part 1): p. 2126-2132.

Chen, V.B., et al.,, MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallographica Section D, 2010. 66(1): p. 12-21.

Schrodinger, L., The PyMOL molecular graphics system, version 1.8. 2015.

Holm, L., et al., Using Dali for Structural Comparison of Proteins. Current Protocols in
Bioinformatics, 2006. 14(1): p. 5.5.1-5.5.24.

Krissinel, E. and K. Henrick. Multiple Alignment of Protein Structures in Three Dimensions.
in Computational Life Sciences. 2005. Berlin, Heidelberg: Springer Berlin Heidelberg.
Val-Cid, C., et al., Structural-Functional Analysis Reveals a Specific Domain Organization in
Family GH20 Hexosaminidases. PLOS ONE, 2015. 10(5): p. e0128075.

Pluvinage, B., et al., Inhibition of the pneumococcal virulence factor StrH and molecular
insights into N-glycan recognition and hydrolysis. Structure, 2011. 19(11): p. 1603-14.
Prag, G., et al., Structures of chitobiase mutants complexed with the substrate Di-N-
acetyl-d-glucosamine: the catalytic role of the conserved acidic pair, aspartate 539 and
glutamate 540. ] Mol Biol, 2000. 300(3): p. 611-7.

77




36. Robb, M., et al., A Second B-Hexosaminidase Encoded in the Streptococcus pneumoniae
Genome Provides an Expanded Biochemical Ability to Degrade Host Glycans*. Journal of
Biological Chemistry, 2015. 290(52): p. 30888-30900.

78



Crystal structure of GH20 N-acetylglucosaminidase BT 0456

79



80



Chapter 4

A matrix assisted laser desorption/ionization
mass spectrometry assay for the relative
quantitation of antennary fucosylated N-glycans
in human plasma
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Abstract

Changes in the abundance of antennary fucosylated glycans in human total plasma N-glycome
(TPNG) have been associated with several diseases ranging from diabetes to various forms of
cancer. However, it is challenging to address this important part of the human glycome. Most
commonly, time-consuming chromatographic separations are performed to differentially
quantify core and antenna fucosylation. Obtaining sufficient resolution for larger, more
complex glycans can be challenging. We introduce a matrix-assisted laser
desorption/ionization — mass spectrometry (MALDI-MS) assay for the relative quantitation of
antennary fucosylation in TPNG. N-linked glycans are released from plasma by PNGase F and
further treated with a core fucosidase before performing a linkage-informative sialic acid
derivatization. The core fucosylated glycans are thus depleted while the remaining antennary
fucosylated glycans are quantitated. Simultaneous quantitation of a2,3-linked sialic acids and
antennary fucosylation allows an estimation of the sialyl-Lewis X motif. The approach is
feasible using either ultrahigh-resolution Fourier-transform ion cyclotron resonance mass
spectrometry or time-of-flight mass spectrometry. The assay was used to investigate changes
of antennary fucosylation as clinically relevant marker in 14 colorectal cancer patients. In
accordance with a previous report, we found elevated levels of antennary fucosylation pre-
surgery which decreased after tumor resection. The assay has the potential for revealing
antennary fucosylation signatures in various conditions including diabetes and different types
of cancer.
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A MALDI-based antennary fucose assay

Introduction

Changes in the relative abundance of either core or antennary fucosylation have been
associated with certain diseases or disease states [1, 2]. Here, we focus on antennary
fucosylation in human total plasma N-glycome (TPNG) as a clinically relevant disease marker.
For instance, the abundance of antennary fucosylation in TPNG has been correlated with 1)
certain cancers such as hepatocellular carcinoma [3, 4], ovarian cancer [5] and colorectal
cancer [6-8]; 2) hepatocyte nuclear factor 1 homeobox A - maturity-onset diabetes of the
young (HNF1A - MODY) [9, 10]; 3) inflammatory conditions [11, 12] and 4) with attention-
deficit hyperactivity disorder in children [13]. These correlations have created a need for the
development of assays for quantitation of antennary fucosylation in TPNG. Quantitation of
changes in core fucosylated glycans will remain relevant as well, but can be better covered by
existing approaches.

The quantitation of antennary fucosylation in TPNG was also used for more specialized clinical
purposes such as for prognosis or for differentiating between closely related diseases. For
example, a lowered incidence of antennary fucosylation on triantennary glycans was shown
to discriminate HNF1A-MODY patients from Type 1 and Type 2 diabetes [10]. Current genetic
tests for diagnosing HNF1A-MODY are sometimes inconclusive, and there is a demand for
additional diagnostic markers [14-16]. Plasma N-glycome antennary fucosylation has been
reported to be regulated by HNF1A making it a proxy of HNF1A expression levels and
functions [17]. Hence, quantitation of antennary fucosylation in TPNG has been found to be
an HNF1A-MODY disease biomarker with potential for complementing genetic tests in disease
diagnosis [10, 17]. For colorectal cancer, both better diagnosis and prediction of long-term
survival are urgent clinical needs. Currently, long-term survival predictions are mostly based
on tumor node metastasis classification which has low success rates [8, 18]. This negatively
affects the decision making on therapy given to the patients. Antennary fucosylation was
shown to be associated with the recovery of colorectal cancer patients after tumor resection
[8], and thus may have the potential for long-term survival prediction.

TPNG is a rich and convenient source of valuable associations with diseases and disease
states. It reflects the loss of systemic or cellular homeostasis which may affect the regulation
of glycosylation pathways [1, 17, 19]. Enabling a bird’s-eye view, TPNG analysis is highly
complementary to the target analysis of specific proteins. Quantitation of low abundant
antennary fucosylated glycans in human TPNG is complicated by the structural diversity of its
component glycans. This diversity is a combination of monosaccharide composition variants
and linkage isomers [20, 21]. Composed of diantennary, triantennary and tetraantennary N-
glycans, TPNG also features bisecting N-acetylglucosamine and glycans with N-
acetyllactosamine repeats, and complexity is added by different levels of galactosylation,
sialylation and fucosylation [21-23]. Fucosylation can be classified as either core or antennary
(Figure 1). Core fucosylation is linked by an a(1-6) glycosidic bond to the reducing end N-
acetylglucosamine. Antennary fucosylation in TPNG mainly features fucose residues that are
linked by an a(1-3) glycosidic bond (Lewis X epitope) to antennary N-acetylglucosamine
residues [24].
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Figure 1. Fucose epitopes on N-glycans in human plasma. [Blue square: N-acetylglucosamine,
green circle: mannose, yellow circle: galactose, red triangle: fucose, pink diamond: N-
acetylneuraminic acid (+45° a2,6-linked; -45° a2,3-linked). For compositions see Figure 6].

Methods for sample preparation and analysis of human TPNG have been developed on a
number of analytical platforms. This includes liquid chromatography (LC) — fluorescence
detection (FLD) [6, 13, 20, 25], MALDI-MS [22, 26, 27], and capillary gel electrophoresis —
laser-induced fluorescence [28, 29]. Each method has its advantages and disadvantages when
it comes to measuring antennary fucosylation. Capillary gel electrophoresis — laser-induced
fluorescence [28] and LC-FLD [6, 13] are able to resolve some antennary fucosylated glycans
in TPNG along their chromatographic dimension. However, LC-FLD often requires extensive
measurement time. Nonetheless, due to its high precision and robustness, one of the most
attractive techniques for routine applications is LC-FLD. MALDI-MS is gaining popularity in
biomarker analysis since it features short measurement time and high molecular resolution.
This, combined with linkage-informative sialic acid derivatization, is the ideal basis for a high
throughput TPNG glycomics assay in a research setting [22, 26, 27]. However, due to identical
mass, the differentiation between core fucosylation and antennary fucosylation in
monofucosylated glycans of the same composition is not achieved by MALDI-MS. Therefore,
additional experiments are needed such as tandem mass spectrometry [30-32] or
exoglycosidase treatment [20]. Unfortunately, relative quantitation of fucose isomers by
tandem MS is hindered by the vastly different efficiencies of the fragmentation pathways [32,
33]. Additionally, potential fucose rearrangement influences the ratios of diagnostic fragment
ion(s), further interfering with the assessment of mixtures by tandem MS [30, 31, 34].
Alternatively, endoglycosidases can be used for glycomics assays [4, 35]. For example, a
combination of Endo F2 and Endo F3 has been used to quantify antennary fucosylation on
diantennary and triantennary glycans on hemopexin and complement factor H in patients
suffering from liver diseases [4]. However, until now, this approach has not been
demonstrated on TPNG. Due to the narrow specificity of these endoglycosidases in contrast
to the vast structural diversity of TPNG, such an approach may not be suitable for TPNG.
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We developed an assay for the relative quantitation of antennary fucosylation in human TPNG
by combining MALDI-MS and exoglycosidase approaches. It can be viewed as complementing
the existing approach for TPNG measurement by MALDI-MS. The assay was applied to 14
colorectal cancer patient samples. Consistent antennary fucosylation changes pre vs. post
tumor resection were detected which revealed the assays potential for addressing biomedical
research questions.

Materials and Methods

Reagents and samples

Disodium hydrogen phosphate dihydrate, potassium dihydrogen phosphate, sodium chloride,
85% phosphoric acid, 30%-33% (v/v%) ammonium hydroxide, Nonidet P-40 substitute (NP-
40), 1-hydroxybenzotriazole 97% (HOBt), ammonium acetate and super-DHB (9:1 mixture of
2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) were purchased from
Sigma Aldrich Chemie GmbH (Steinheim, Germany). 1-Ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDC) was purchased from Fluorochem (Hadfield, UK).
Analytical grade ethanol, analytical grade glacial acetic acid, sodium dodecyl sulfate (SDS),
trifluoroacetic acid, and potassium hydroxide were purchased from Merck KGaA (Darmstadt,
Germany). HPLC-grade acetonitrile was purchased from Biosolve (Valkenswaard, The
Netherlands). Girard’'s Reagent P (GiRP) was purchased from TCI Development Co. Ltd. (Tokyo,
Japan). 5x phosphate buffered saline solution (PBS; 175 mM; pH 7.3) was prepared by
dissolving 285 g of disodium hydrogen phosphate dihydrate, 23.8 g of potassium dihydrogen
phosphate and 425 g of sodium chloride in 10 L deionized water. The 5x acidic PBS was
prepared by adding 68 pL of 85% phosphoric acid (14.7M) to 9.93 mL of the 5x PBS.
Recombinant peptide N-glycosidase F (PNGase F) was obtained from Roche Diagnostics
(Mannheim, Germany). The recombinant core fucosidase, commercially known as al-2,4,6
Fucosidase O, was purchased from New England BioLabs (MA, USA). However, activity on the
al,4-linkage is reported as very low. Under the employed conditions, the enzyme did not
noticeably act on antennary fucoses present in TPNG (see section Result and Discussion).
Peptide Calibration Standard Il was purchased from Bruker Daltonic (Bremen, Germany).

Human plasma standard (Visucon-F frozen normal control plasma, pooled from a minimum
of 20 human donors, citrated and buffered in 0.02M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) was purchased from Affinity Biologicals (Ancaster, Ontario,
Canada).

The pre-operative vs. 45 days post-operative pairs of 14 colorectal cancer patient samples
were collected as part of a biobank as was previously described [8]. These serum samples
were collected between October 2002 and March 2013 by the Leiden University Medical
Center Surgical Oncology Biobank. This study was approved by the Medical Ethics Committee
of the Leiden University Medical Center and was performed in accordance with the Code of
Conduct of the Federation of Medical Scientific Societies in the Netherlands
(http://www.federa.org/).
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N-glycan release
PNGase F release of human TPNG was performed similarly as previously described [22].

Briefly, 4 uL of plasma was added to 8 uL of 2% SDS in a polypropylene 96 well V-bottom plate
(V-96 microwell, NUNC, Roskilde, Denmark). The plate was sealed (adhesive plate seals,
Thermo Scientific, UK) and mildly shaken on a plate shaker for 5 minutes, before incubating
at 60°C for 10 minutes. Additionally, 8 uL of the PNGase F releasing mixture (4 uL of 4% NP-
40 solution, 4 L of 5x acidic PBS and 0.4 uL of PNGase F) was then added to the plasma
samples. The plate was sealed and mildly shaken on a plate shaker for 5 minutes before
incubating overnight (15 — 18 hours) at 37°C.

Depletion of core fucosylation

The overnight incubated plasma release mixture (5 pL) was diluted with 45 uL of 1x acidic PBS
solution in a 96 well V-bottom plate (V-96 microwell, Greiner Bio-one, Germany). The plate
was mildly shaken on a plate shaker for 5 minutes, before transferring 1 plL to 2 plL of core
fucosidase mixture (0.65 pL deionized water, 0.75 pL of 4% NP-40 solution, 0.4 pL of 5x acidic
PBS and 0.2 pL / 0.4 Units of core fucosidase) in a 96 well V-bottom plate. After sealing of the
plate, the samples were incubated overnight (15 — 18 hours) at 37°C in an enclosed,
humidified chamber to prevent evaporation.

Linkage specific sialic acid derivatization

Sialic acid derivatization was performed as previously described [23], but with minor
alterations. With this approach, the carboxylic acid groups of a(2,6)-linked sialic acids are
ethyl esterified while the a(2,3)-linked sialic acids are amidated. Briefly, 60 uL of ethyl
esterification reagent (solution of 0.25 M EDC and 0.25 M HOBLt in ethanol) was added to the
core defucosylated samples. The plate was sealed and incubated at 37°C for 30 minutes. 12
uL of 30%-33% (v/v%) NH4OH solution were added to the wells and the sealed plate incubated
for another 30 minutes at 37°C. 72 plL of acetonitrile was added to the wells, after which
cotton hydrophilic interaction liquid chromatography (HILIC) - solid-phase extraction (SPE)
microtip purification was performed immediately.

Cotton hydrophilic interaction liquid chromatography - solid-phase
extraction microtip purification

This purification step was performed as previously described [36] with minor modifications.
The cotton HILIC- SPE microtips were prepared by inserting a cotton strand of length 3 -4 mm
into a 20 pL capacity microtip (Mettler-Toledo, Switzerland) and pushing it into place with a
stream of pressurized air/nitrogen. Conditioning was performed by pipetting 5 times 20 pL of
water, followed by an equilibration step of pipetting 3 times 20 uL of 85% acetonitrile. The
derivatized samples were loaded onto the HILIC-SPE by pipetting 20 uL of it 20 times. Washing
was performed with 3 times 20 L of 85% acetonitrile containing 1% trifluoroacetic acid and
3 times 20 pL of 85% acetonitrile, consecutively. The glycans were eluted from the HILIC-SPE

86



A MALDI-based antennary fucose assay

by repeatedly, 10 times, pipetting 4 uL of deionized water in a 96 well V-bottom plate (V-96
microwell, Greiner Bio-one, Germany). All steps were performed with a 12 channel multi-
channel pipette.

Purified glycan samples (1uL) were spotted on an MTP anchor chip 600/384 TF MALDI target
plate (Bruker Daltonics, Bremen, Germany), followed by the addition of 1 uL of the MALDI
matrix solution (50% acetonitrile solution of 2.5 mg/mL super-DHB and 0.1 mM sodium
hydroxide). The solutions were mixed on the plate with a pipette. The spotted samples were
allowed to air dry before performing MALDI- time-of-flight -MS (MALDI-TOF-MS) or MALDI-
Fourier-transform ion cyclotron resonance -MS (MALDI-FT-ICR-MS) measurements.

MALDI-TOF-MS analysis

The analysis was performed on an UltrafleXtreme Mass spectrometer in reflectron positive
ion mode (Bruker Daltonics, Bremen, Germany) which was operated by FlexControl version
3.4 (Build 135). A Bruker Smartbeam- Il laser was used for ionization at an irradiation
frequency of 1 kHz using the “small” predefined laser shot pattern. Each sample spot was
irradiated by 20,000 shots with 200 shots at each laser raster. Irradiation was performed
randomly over the complete sample spot. Spectra were recorded within an m/z range of 900
— 5000. Samples were measured in an automated manner using the AutoXecute function of
FlexControl. Before each measurement, the instrument was calibrated with a peptide
standard mix (Peptide Calibration Standard Il, Bruker Daltonics).

MALDI-FT-ICR-MS analysis

The analysis was performed in positive ion mode on a Bruker 15T solariX XR FT-ICR mass
spectrometer equipped with a CombiSource and a ParaCell (Bruker Daltonics). The system
was operated by ftmsControl version 2.2.0 (Build 150). A Bruker Smartbeam- Il laser was used
for ionization at an irradiation frequency of 500 Hz using the "medium” predefined laser shot
pattern. Each sample spot was irradiated with a raster of 200 laser shots. 10 such scans were
performed randomly over the complete sample spot. Spectra were acquired within an m/z-
range 1011-5000 with 1 million data points (transient time 2.3069 s). Samples were measured
in an automated manner using the AutoXecute function of ftmsControl.

Processing of MALDI-MS data

The MALDI-TOF-MS spectra were internally calibrated using FlexAnalysis version 3.4 (Build
76; Bruker Daltonic). The glycan calibrants used were [H3N4 + Na]* of m/z 1339.476, [H5N4 +
Na]* of m/z 1663.581, [H5N4E1 + Na]* of m/z 1982.708, [H5N4E2 + Na]* of m/z 2301.835,
[H5N5E2 + Na]* of m/z 2504.914, [H6N5E2Am1 + Na]* of m/z 2957.078 and [H7N6E2AmM2 +
Na]* of m/z 3612.322. The .xy files generated by Flexanalysis were further processed with
MassyTools [37]. A second round of internal spectral calibration was performed with at least
4 calibrants in the low m/z range and at least 3 calibrants in the medium m/z range, having to
pass signal to noise ratio (S/N) at least above 15. The m/z window for calibration, peak
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detection, and spectral data integration was taken at + 0.45 Th. The background detection
windows were set to 20 Th.

The MALDI-FT-ICR-MS spectra were acquired in serial mode. Thus, a single combined file was
generated. This file was split into individual compound spectra and transformed into .xy files
using DataAnalysis version 5 (Bruker Daltonics). Calibration of these spectra was performed
in MassyTools, for which at least 4 calibrants in the low m/z range and at least 3 calibrants in
the medium m/z range, have to pass S/N at least above 50. The m/z window for calibration
was taken at £ 0.10 Th. Peak detection and spectral data integration was performed using an
extraction window depending on the defined glycans in the analyte list. This was done so as
to exclude interferences in the spectra. The background detection windows were set at the
value of 20 Th.

The calibrant list and analyte list for MALDI-TOF-MS spectra and MALDI-FT-ICR-MS spectra
are shown in Supplementary Tables S1 and S2, respectively. The table of all identified and
guantitated glycans by MALDI-FT-ICR-MS and MALDI-TOF-MS, respectively, are shown in
Supplementary Table S3. At least 85% of the theoretical isotopic distribution of each glycan
analyte was integrated. The MassyTools output was used further for analyte curation, which
was based on multiple criteria. These were S/N > 9, isotopic pattern quality < 0.25 and mass
accuracy between + 20 ppm (MALDI-TOF-MS) or + 10 ppm (MALDI-FT-ICR-MS). Spectra for
which the number of glycan analytes passing these criteria were less than 50% of the total
number of defined glycans in the analyte list, were not considered for further processing as
these spectra were deemed of low quality. The absolute area of the curated glycans was
corrected to 100% of their respective isotopic distribution, before using them in total area
normalization.

Derived traits, focusing on features rather than individual glycans, were calculated from the
relative areas of the glycan compositions using an in-house prepared R script (Supplementary
Table S4). Statistical significance of the differences between pre-operative vs. post-operative
colorectal cancer patient samples was assessed by a Wilcoxon matched-pairs signed-rank test
with a=0.05. Multiple-testing correction was performed using a false discovery rate of 1%
calculated with the Benjamini and Hochberg method. These statistical tests were performed
in GraphPad Prism version 8.0.1. The box and whisker plots used for representing the features
were made by an in-house prepared R script.

Method optimization and assay performance
All optimization experiments of the assay were measured on the MALDI-TOF-MS

(Supplementary Material “Assay optimization’). Data processing for these mentioned
optimization experiments was done using the mass list of the negative control (fucosidase
untreated TPNG) (Supplementary Table S2). Quantitation of residual core fucosylated glycans
allowed the assessment of the completeness of the core defucosylation. Importantly, all
identified antennary fucosylated glycans were also included in the mass list of the negative
control (fucosidase untreated TPNG).
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The intermediate precision of the antennary fucose assay for combined sample preparation
and measurements on the MALDI-TOF-MS or MALDI-FT-ICR-MS were performed in three
independent experiments on three different days within a period of 5 days. For each of these
experiments, the assay was performed with nine replicates of glycan releases from a human
plasma pool (Visucon-F, Affinity Biologicals). Data processing was performed as mentioned in
the subsection "Processing of MALDI-TOF-MS/MALDI-FT-ICR-MS data’.

Capillary electrophoresis - electrospray ionization mass spectrometry
Identification of core fucosylated glycans, antennary fucosylated glycans, and composition
containing both isomers was done by comparing the MALDI-FT-ICR-MS spectra from the assay
(core fucosidase treated) to the negative control (fucosidase untreated). The identified
antennary fucosylated glycans and mixed fucosylated isomeric glycans were structurally
confirmed by targeted collision induced dissociation (CID) fragmentation on a capillary
electrophoresis - electrospray ionization —tandem MS (CE-ESI-MS/MS) platform. The samples
were performed in 12 replicates of which nine were used for MALDI-FT-ICR-MS
measurements while the remaining three were used for CE-ESI-MS/MS measurements (n=3).

For the CE-ESI-MS/MS measurement, the replicates from the assay and the negative controls
were respectively pooled together and dried down in a vacuumed centrifuge (Salm en Kipp,
Breukelen, Netherlands) at 50°C. They were used for permanent cationic labeling with GiRP
as previously described [23] but with certain alterations. Briefly, 10 uL of GiRP labeling
solution (7.5 mg GiRP dissolved in a solution of 720 pL ethanol and 80 L glacial acetic acid)
was added to the dried samples. The plate was sealed and mildly shaken on a plate shaker for
5 minutes before incubating at 60°C for 1 hour. After incubation, the samples were dried
down in a vacuumed centrifuge at 50°C and then re-suspended in 5 pL of deionized water. In
total, 3.6 pL of the GiRP labeled glycans were mixed with 2.4 uL of 250 mM ammonium
acetate solution as leading electrolytes (250 mM ammonium acetate solution adjusted to pH
4 with glacial acetic acid) before being transferred into a vial (nanoVial, Sciex, Framingham,
USA).

All CE-ESI-MS/MS analyses were performed on a static coated neutral capillary cartridge
(Neutral OptiMS cartridge, Sciex), fitted into a CESI 8000 system (Sciex). The CE system was
coupled with an Impact HD UHR-QTOF-MS system (Bruker Daltonics). When the capillary was
not in use, a continuous flow of water at 10 psi was applied to the separation line. Prior to
usage, the separation line and reverse line were filled with the background electrolyte
containing 10% acetic acid (sonicated in a water bath for 10 minutes). Prior to sample
injection, the separation line was flushed with 0.1 M HCl at a pressure of 100 psi for 5 minutes.
This was followed by flushing the reverse line with background electrolyte at 75 psi for 3
minutes. The separation line was filled with background electrolyte by applying a pressure of
100 psi for 10 minutes. The sample was injected into the separation line of the capillary from
the nanovials via a hydrodynamic injection of 12.5 psi for 24 seconds (about 5% of the
capillary volume). The tip of the separation line was washed by momentary dipping it into a
vial of background electrolyte, followed by injecting a background electrolyte plug with a
pressure of 2.5 psi for 15 seconds. A 20 kV voltage of normal polarity (cathode toward the

89




end of the capillary) was applied on the capillary for 30 minutes. During this step, a continuous
flow of 2 psi was applied only on the reverse line. After 30 minutes, a flow of background
electrolyte is applied to both the separation line and reverse line by applying a pressure of 2
psi on both lines for 40 minutes. Finally, the voltage on the capillary was ramped down over
5 minutes to 1 kV before termination of the run. The capillary was maintained at 30°C
throughout the analysis.

For the MS analysis, a dopant enriched nitrogen gas (acetonitrile as dopant) at 0.2 bar was
used for nebulization at the ESI captive sprayer. The drying gas of nitrogen at 150°C was
introduced at the source at 1.2 L/minute and the internal capillary of the MS was maintained
at 1200 V. A targeted CID fragmentation was performed on 20 glycan analytes of interested.
This list was divided into two inclusion lists on the software otof control version 3.4 (Build 14;
Bruker Daltonics) which was used for operating the MS and MS/MS analysis. Hence each
sample was measured twice in-order to fragment all the glycan analytes of interest. The
MS/MS fragmentation spectra were collected at a rate of 1 Hz within an m/z-range of 150 -
2000 and at an absolute intensity threshold at 2274 on the m/z values of interest. The
targeted precursor ions were isolated with a width of 8 — 15 Th depending on the m/z values.
The collision energies of the CID cell was set in an m/z dependent manner, ranging from 35
eV for singly charged precursor ions of m/z 500 to 70 eV for singly charged precursor ions at
m/z 2000. Data analysis was done using DataAnalysis version 5 (Bruker Daltonics).

Hydrophilic interaction liquid chromatography analysis
PNGase F released N-glycans from 12 replicates of human plasma samples (Visucon-F) were

used for procainamide labeling and analysis on a HILIC-FLD-MS" platform as previously
described [38]. Following PNGase F treatment, 8 uL of each sample was dried down and the
released N-glycans converted to aldoses with 0.1% formic acid, filtered through a protein
binding plate (LC-PBM-96, Ludger, Oxford, UK), washed twice with 100 pL of water and dried.
N-glycans were labeled by reductive amination in 10 pL of water and 10 pL procainamide
labeling solution (LT-KPROC-24 containing NaCNBH3, Ludger) and incubated at 65°C for 1 h.
A HILIC-type clean-up plate (LC-PROC-96, Ludger) was used to remove unreacted
procainamide dye. Procainamide labeled N-glycans were eluted in 300 pL of water. The
samples were dried and resuspended in water (50 pL) for further analysis.

Procainamide-labeled samples were analyzed by HILIC-FLD-MS". 12.5 L of each sample was
injected into an ACQUITY BEH Glycan column (1.7 um, 2.1x150 mm) at 40°C on a Dionex
Ultimate 3000 UHPLC instrument with a fluorescence detector (ex =310 nm and em =370 nm
attached to an Amazon Speed ETD (Bruker Daltonics). The running conditions used were as
follows: solvent A was 50 mM ammonium formate (pH 4.4) (LS-NBUFFX40, Ludger), and
solvent B was acetonitrile.

Gradient conditions were as follows: 0 to 53.5 min, 76 to 51% B, 0.4 mL/min; 53.5 to 55.5 min,
51% to 0% B, 0.4 mL/min to 0.2 mL/min; 55.5 to 57.5 min, 0% B at a flow rate of 0.2 mL/min;
57.5 to 59.5 min, 0 to 76% B, 0.2 mL/min; 59.5 to 65.5 min, 76% B, 0.2 mL/min; 65.5 to 66.5
min, 76% B, 0.2 mL/min to 0.4 mL/min; 66.5 to 70.0 min, 76% B, 0.4 mL/min. The Amazon
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Speed settings used were as follows: source temperature, 250°C; gas flow, 10 L/min; capillary
voltage, 4500 V; ICC target, 200,000; Max. accu. time (Maximum Accumulation Time), 50.00
ms; rolling average, 2; number of precursor ions selected, 3; release after 0.2 min; positive
ion mode; scan mode, enhanced resolution; mass range scanned, 400 to 1500; target mass,
900.
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Results and Discussions

The workflow for the antennary fucose assay is shown in Figure 2. Released N-glycans from
human plasma were treated with an al,6-linkage-selective fucosidase (core fucosidase) to
deplete core fucosylation. Antennary fucosylation remained and was relatively quantified by
MALDI-FT-ICR-MS or MALDI-TOF-MS. Information on sialic linkage is obtained in parallel,
potentially improving the estimation of sialyl-Lewis X abundance. An overview of all analytical
methods used during the development of the assay is shown in Supplementary Figure S1.

Human plasma  Released N-glycans

$Eié A ||||||
! “'!! :' . WO
% S § ) g ¥:>||nn:> )

1) PNGase F 2) Core fucosidase 3) Sialic acid 4) HILIC SPE 5) MALDI-MS 6) Data processing
release treatment derivatization

Figure 2. Workflow of the antennary fucose assay for human plasma.

Human TPNG was 28.3% + 0.5% fucosylated. Most of this is core fucosylation (Supplementary
Table S5). Hence, it was important to optimize the assay with a focus on a robust and
complete depletion of core fucosylation of TPNG. This aids a robust relative quantitation of
the remaining antennary fucosylated glycans by MALDI-MS. The efficient use of costly
reagents, specifically the core fucosidase, was also addressed. During the optimization steps,
completeness of core defucosylation was judged by the inability to quantify by MALDI-MS
(signal to noise ratio (S/N) < 9) some of the most abundant core fucosylated glycans namely
[H3N4F1 + Na]* of m/z 1485.53 and [H4N4F1 + Na]* of m/z 1647.59 (Supplementary Figure
S4). Details pertaining to assay optimization are described in the Supplementary Material
section ‘Assay optimization’. For these optimized assay conditions, a complete core
defucosylation of TPNG could already be achieved with 0.2 units of core fucosidase (Figure 3).
However, to facilitate robustness of the core defucosylation a 2-fold greater amount (0.4
units) was chosen for further experiments. Equally important is the preservation of antennary
fucosylation. A fucosidase specific, or at least highly selective, for the al,6-linkage over other
linkages significant in TPNG (mainly al,3-linkage) is therefore essential. The MS/MS spectra
provided in the Supplementary Material demonstrate that core fucoses are removed while
antennary fucoses remain (see also following sub-section) with the chosen enzyme. The
integrity of the antennary fucosylation under increased enzyme concentrations (Figure 3) and
incubation times (data not shown) further supports the al,6-linkage selectivity. An absence
of the oxonium ion of m/z 658.26 [galactose - N-acetylglucosamine(fucose)2+H]* excluded a
significant presence of Lewis Y or Lewis B structures.
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Figure 3. Residual core fucosylation on TPNG after incubation with varying amounts of core
fucosidase. The amounts of core fucosylation on complex N-glycans were calculated and were
normalized to their lowest and highest mean values. Error bars show the standard deviation
of the mean of three replicates.

Identification of antennary fucosylated glycans in total plasma N-
glycome

Core fucosylated glycans and antennary fucosylated glycans in TPNG were identified by
comparing the TPNG profile with and without core fucosidase treatment (Figure 4). A more
detailed view can be found in Supplementary Figure S2 and Supplementary Figure S3 for
MALDI-FT-ICR-MS and MALDI-TOF-MS spectra, respectively. Interestingly, some
monofucosylated glycan compositions in TPNG showed a mixture of both core and antennary
fucosylated isomers (Supplementary Figure S4). CID spectra, obtained on a CE-ESI-MS/MS
platform, provided an orthogonal layer of evidence (Figure 5). CID spectra for all identified
antennary fucosylated glycans are shown in Supplementary Figures S5 to S24. Antennary
fucosylation was identified by the formation of the diagnostic B-ion of m/z 512.198 assigned
as [galactose-N-acetylglucosamine(fucose)+H]* [31]. Core fucosylation was identified by the
formation of the Y-ion of m/z 501.219 assigned as [N-acetylglucosamine(fucose)-GiRP]*. Core
fucosylation also generates, to a lesser extent, the B-ion of m/z 512.198 assigned as
[mannose-N-acetylglucosamine(fucose)+H]* caused by fucose rearrangement [30, 31, 34, 39].
This complicates the assessment of mixtures, especially relative quantitation by MS/MS.
Although, fucose rearrangement also limits the sensitivity of antennary fucose identification
in the presence of core fucose isomers, significant contributions of antennary fucose are still
readily identified (Figure 5).

93




1001 without fucosidase treatment J jf_vf ,.-Q Q, / ig’ __.‘"‘ p’.d e A
ié % ig 53 / ) ? ? ) o
s} '} / i ; ! s
60 | g © ?ﬂ-& <ie% /o o8 | e
o 2 o b= e T @ .4 =} !
© 3 © = i = / - = T jie ®
B g - oi R I R S WA T
40 1 ;; - = o :'\J K = s i ™ / «“
(& w s> ey LA
= 2 2 3 hooE R NPoe %3 8
= 20/ P @ & o - 5 ©
) © ] N - bs] =
= <t %) -c:] l'-] ‘ o
n - — o [t ]
S o L . l L . L. l T L . L, l
b= 01200 1400 1600 1800 2000 2200 2400 2600 2800 3000 m/z
— T T T T [ L ™ ] T T T
: T r [
® 20
@ Irs] = < e 2 o
o ) r~ w© 3 @ © = 3 @ =}
40 1 t 58 = ® = RS 3 = 8 &
b= = IR s i® L g b e 8 &
-« 12 O o o ™~ o~
= S - s » LY .3 -4
R ¥ : ﬁ ; Eg ér ¥ if‘; i?
80 1 I{ :l, li! iii ? i‘f ¢ ? g i?
3
1004 With core fucosidase treatment o~
15 Without fucosidase treatment B
. 2x J2x
e e, . o s "2 nin » 2xie,_#nx
» x b 02
& #x
1.0 - -
= S 3 @ o 2 2 © 3
= 05{|2 & 3 ) @ o 0 3 %
= . — +3) 2
o [ss] [(6
7]
g .l b s ;‘iljf ‘ Alu i - i 4 PR :
b= 00 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100 m/z
— g wyr ‘r“. m ™ T AL i AL | ' I r v L4
2 T T ]
>
E
[7]
& g5
1.0
1.5] With core fucosidase treatment

Figure 4. Identification of core fucosylated glycans and antennary fucosylated glycans by
exoglycosidase and MALDI-FT-ICR-MS. The TPNG profile without core fucosidase treatment
was compared to the profile after treatment, within (A) the m/z range of 1200 to 3200 and
(B) the m/z range of 3120 to 4200. Core fucosylated glycans [red m/z values] are converted
to their corresponding afucosylated glycans [purple m/z values], upon core fucosidase
treatment. Only the antennary fucosylated glycans [blue m/z values] and the antennary
fucose isomers of the mixed fucose isomeric (core or antennary fucosylation) glycans [green
m/z values] remain after core fucosidase treatment. All m/z values of annotated glycans
belong to [M + Na]* ions. The description of the glycan cartoons are shown in Figure 1.
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Notably, no core fucosylation remained after core fucosidase treatment. This was assessed
by the absence of the core fucosylated glycans H3N4F1 and H4N4F1 (S/N < 9) (Supplementary
Figure S25). As expected, the corresponding afucosylated glycoforms increased in abundance
(Figure 4). The remaining fucosylated glycans are suggested to be solely antennary
fucosylated.

As similar relative abundances were maintained after core fucosidase treatment, the species,
HEN5F2Am2E1, H6NS5F1Am1E2, H7N6F1Am1E1l, H7N6F1Am2E1l, H7N6F1AmMI1E2,
H7N6F1Am3E1l, H7N6F2Am3E1, H7N6F1Am2E2, H7N6F2AmM2E2, and H7N6F1AmM1E3, are
assigned as antennary fucosylated in human TPNG. This was confirmed by MS/MS
(Supplementary Figure S14 to S23). Interestingly, we were able to prove that the
difucosylated glycans, HBN5F2Am2E1, H7N6F2Am3E1 and H7N6F2Am2E2, contained only
antennary fucosylation and no core fucosylation. Previously, these glycans have often been
assigned as containing one core and one antennary fucose [22]. In fact, we were unable to
identify any multifucosylated glycan compositions in TPNG having both core and antennary
fucose residues on the same glycan. However, at low abundances (<0.5%), two such mixed,
multifucosylated glycans, H6N5F2Am2E1 and H6N5F2Am1E2, have been convincingly
demonstrated [23]. On haptoglobin, multifucosylated glycans having both core and antennary
residues were shown to have clinical relevance in subtyping hepatocellular carcinoma
patients [3]. Thus, it may be very important to differentiate between glycans with multiple
antennary fucoses and glycans containing both a core and an antennary fucose. The former
may be directly assessed with our assay, the latter indirectly, either via an increase of the
resulting monofucosylated species or by comparison to the negative control (fucosidase
untreated).

A range of monofucosylated compositions were found to be a mixture of core fucosylated
and antennary fucosylated isomers, including for the following glycan compositions: HSN5F1,
H5N4F1E1, H5N5F1E1, H5N4F1Am1E1, H5N4F1E2, H5N5F1E2, HENSF1AmM1E1l, H6NSF1E2,
and H6N5F1Am2E1L. Their relative abundances were significantly lowered, but signals did not
disappear after core fucosidase treatment (Supplementary Figure S4 and Table S4). These
findings were further supported by their MS/MS spectra (Supplementary Figures S5 to S13).
As a representative example, the MS/MS fragmentation of the monofucosylated composition
H6N5F1E2 is shown without and with core defucosylation in Figures 5B and 5C, respectively.
Fragmentation of this glycan from untreated human TPNG resulted in the formation of similar
abundances of both a Y-ion of m/z 501.219 and a B-ion of m/z 512.198. This is typical of a
mixture of core and antennary fucosylation (Figure 5B). Expectedly, the fragmentation of this
glycan after core defucosylation, results in the formation of only the B-ion of m/z 512.198
which is indicative of only antennary fucosylation (Figure 5C). Thus, HGN5F1E2 in human TPNG
is comprised of a mixture of core fucose isomers and antennary fucose isomers. Such
monofucosylated glycan compositions which include mixtures of core fucose and antennary
fucose isomers contribute to a total abundance of 12.1% +1.0% in human TPNG. Our assay
determined 3.1% +0.3% of them to be antennary fucosylated (Supplementary Table S5).

A B-ion of m/z 831.325 was observed in several CID spectra which was tentatively assigned as
[N-acetylneuraminic acid(amidated)-galactose-N-acetylglucosamine(fucose)+H]*. This is an
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unconventional motif because antenna fucosylation is generally observed on a2,3 sialylated
antennae. The ion may be caused by fucose rearrangement between the antennae [31]. For
the composition H6N5F1E2 (Figure 5C), the higher abundance of the B-ion of m/z 512.198
compared to m/z 831.325, indeed indicates a Lewis X structure to be more likely. Additionally,
for the compositions with only a2,6 sialylated antennae, H5N4F1E2 and H5N5F1E2, we did
not observe a B-ion of m/z 831.325 but rather the Y-ion of m/z 501.219 (Supplementary
Figures S9B and S10B). Thus, these compositions are partly explained by incomplete core
defucosylation. Their antennary fucosylated portion, suggested by the significant abundance
of the Y-ion of m/z512.198, could be due to side-products of the esterification of a(2-3) linked
sialic acids [40-42].

After core fucosidase treatment, H6N5F2Am2E1 and H7N6F1Am1E2 showed a lower
abundance (Supplementary Table S6). However, from the MS/MS spectra without fucosidase
treatment, core fucosylation could not be confirmed on these glycans due to the lack of the
Y-ion of m/z 501.219 (Supplementary Figures S16A and S18A). H6N5F2Am2E1 and
H7N6F2AmM2E1 both contribute to < 0.25% to TPNG, and the ratio of their abundances for
core fucosidase treated / untreated is 0.83 and 0.88, respectively (Supplementary Table S5).
Thus, if their core fucosylated isomers are present in TPNG, they might be too low abundant
(£ 0.03%) to be identified in MS/MS spectra of our CE-ESI-MS/MS platform. Furthermore, a
complete depletion of core fucosylation for HSN5F1, H5SN4F1E1, H5N5F1E1, HS5N4F1E2 and
H5N5F1E2 was not achieved as the Y-ion of m/z 501.219 was still observed in their MS/MS
spectra, although the B-ion of m/z 512.198 is equally, if not more abundant (Supplementary
Figures S5 to S7, S9 and S10). However, most of the core fucosylation was removed
(Supplementary Figure S4). Due to the relatively low abundance of the affected glycans, this
small overestimation is not likely to have a significant impact on the measurements. A
pessimistic estimate is an 0.1% bias in relative quantitation of total antennary fucosylation
(<3% for affected glycans, such as HS5N4F1E1).
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Figure 5. CE-ESI-MS/MS spectra of sialic acid derivatized and GiRP labeled TPNG for the
confirmation of antennary, mixed isomeric (core or antennary fucosylation) and core
fucosylated glycans. (A) The [M+H]?* ion of H4N4F1 (m/z 879.838) is fragmented for
fucosidase untreated TPNG. Its fragment ions are indicative of core fucosylation. (B) The
[M+2H]3* ion of H6N5F1E2 (m/z 975.709) [second isotope] is fragmented for fucosidase
untreated TPNG. Its fragment ions are indicative of both core fucosylated and antennary
fucosylated isomers. (C) The ion [M+2H]3* of HGN5F1E2 (m/z 975.709) [second isotope] is
again fragmented, but for core fucosidase treated TPNG. Its fragmentation pattern is
indicative of only antennary fucosylation. The descriptions of the glycan cartoons are shown
in Figure 1. GiRP represents Girard’s reagent P label; * represents an oxonium ion.
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Assay performance
Intermediate precision was assessed by three independent experiments on different days

each with nine replicates of glycan releases from a human plasma pool measured by MALDI-
FT-ICR-MS. 70 glycans were quantified (Supplementary Table S7, Supplementary Figure S26),
which included 19 antennary fucosylated glycans (Figure 6). These antennary fucosylated
glycans make up 11.8% + 0.9% of total abundance in human TPNG, with the three most
abundant antennary fucosylated glycans, HON5F1Am1E2, HSN4F1Am1E1 and HGN5F1AmM2E1,
contributing 6.80% +0.63%, 0.84% +0.03% and 0.66% +0.06%, respectively (Figure 6B). The
abundance of HBN5F1AmM1E2 is consistent with previous quantitation using MALDI-FT-ICR-MS
[22]. The median of intermediate precisions for the 19 quantitated antennary fucosylated
glycans is 12.4% (9.1% to 18.5% interquartile range; Supplementary Figure S27), which is in-
line with the ca. 10% previously described for MALDI-FT-ICR-MS analysis of all TPNG glycans
[22]. Notably, neither the focus on low abundant antennary fucosylated glycans (< 1%, except
H6N5F1AmM1E2) nor the additional processing steps resulted in a marked loss of precision.

Previous research quantified 21 antennary fucosylated glycans in human TPNG using a MALDI-
FT-ICR-MS platform [22]. These antennary fucosylated glycans are consistent with our
findings. However, we were also able to identify a mixture of both core fucose isomers and
antennary fucose isomers for nine of these monofucosylated glycan compositions
(Supplementary Figure S4). For example, we have identified HGN5F1E2 and H5S5N4F1Am1E1 as
being a mixture of core fucose isomers and antennary fucose isomers. Previously, these
glycans were assumed to be antennary fucosylated (H6N5F1E2) and core fucosylated
(HSN4F1Am1E1), respectively. The specific measurement of antennary fucosylated glycans
using our assay may increase the accuracy of the relative quantitation of antennary fucose.

To demonstrate the accuracy of the quantitation of antennary fucosylated glycans,
procainamide labeled human TPNG was analyzed on a HILIC-FLD-MS" platform [38]. This
analytical platform was chosen for its accuracy and precision of measurements. Antennary
fucosylated glycan peaks were identified from their CID spectra while relative quantitation
was performed from the FLD chromatograms. By using the FLD chromatogram instead of the
MS spectra for quantification, we overcome the ionization bias resulting from charge
differences conferred by underivatized sialic acids (which applies to most antennary
fucosylated glycans), as compared to the neutral glycans [43]. As the HILIC-FLD-MS" platform
did not identify antennary fucosylated tetraantennary glycans, we based the comparison to
our MALDI-MS method on antennary fucosylation of triantennary glycans only. This includes
nearly 70% of the total abundance of antennary fucosylated glycans in TPNG (Supplementary
Table S7). With 32.4+1.1% result from our MALDI-MS method were highly comparable results
to the 34.7+1.3% quantified with the HILIC-FLD-MS" reference method. Thus, our assay is
capable of accurately quantifying antennary fucosylation in TPNG.
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Figure 6. Intermediate precision of sample preparation for assay and MALDI-FT-ICR-MS
measurements of antennary fucosylated glycans in human TPNG. (A) The mean relative
abundances of the 19 quantified antennary fucosylated glycans are shown with the error bars
representing standard deviation (n =9). (B) The relative standard deviations of the three most
abundant antennary fucosylated glycans are shown. The description of the glycan cartoons
are as described in Figure 1. [H = hexose, N = N-acetylhexosamine, F = deoxyhexose (fucose),
Am = amidated N-acetylneuraminic acid (a2,3-linked), E = ethyl esterified N-acetylneuraminic
acid (a2,6-linked)].

MALDI-FT-ICR-MS is not widely available. Therefore, we also demonstrated that the assay can
be measured with a somewhat more widespread MALDI-TOF-MS instrument (Supplementary
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Figure S28). In total, 58 glycans could be relatively quantitated of which 15 were antennary
fucosylated glycans with a total abundance of 7.3% 0.7% using MALDI-TOF-MS
(Supplementary Table S8). In contrast, 19 antennary fucosylation glycans out of 70 glycans in
total were quantified with a total abundance of 11.8% * 0.9% using MALDI-FT-ICR-MS
(Supplementary Table S7). Thus, fewer antennary fucosylated glycans were quantified with
MALDI-TOF-MS due to the expectedly lower sensitivity of the instrument. Furthermore, the
differences in quantified antennary fucosylation between the instruments can be accounted
for by the different efficiencies of ionization and ion transfer to the detector over the m/z
range; the MALDI-FT-ICR-MS having been more efficiently tuned for good sensitivity in the
high mass range. Consistent with the overall trend, the three most abundant antennary
fucosylated glycans also show lower (or equal) values in the MALDI-TOF-MS, HGN5F1AmM1E2,
H5N4F1Am1E1, and H6N5F1AmM2E1, contributing to 3.9% +0.4%, 0.81% +0.07% and 0.41%
+0.05% of the total abundance, respectively (Supplementary Figure S28B). The abundance of
H6N5F1AmM1E2 is consistent with previous MALDI-TOF-MS analysis of TPNG [26, 27]. The
median of intermediate precisions for the 15 quantitated antennary fucosylated glycans is
12.5% (10.6% to 13.6% interquartile range; Supplementary Figure S29), which is virtually
identical to our MALDI-FT-ICR-MS measurements of the 19 antennary fucosylated glycans.
The intermediate precision of all N-glycans quantitated by MALDI-TOF-MS is shown in
Supplementary Figure S30. Thus, the assay measured on either instrument can be used for
detailed quantitation of antennary fucosylation in human TPNG.

Quantitation of antennary fucosylation in colorectal cancer patient
samples

To demonstrate the applicability of the developed antennary fucose assay and especially its
ability to reveal clinically relevant markers of antennary fucosylation, total serum N-glycome
(TSNG) samples were analyzed from colorectal cancer patients pre and post tumor resection.
This is of specific interest, as colorectal cancer has been associated with an increase in
antennary fucosylation and a decrease in core fucosylation, next to an increase in N-glycan
antennarity and sialylation [6, 8]. Previously, TSNG has been analyzed by MALDI-TOF-MS on
sample pairs (pre-operative vs. post-operative) of 61 colorectal cancer patients from the same
cohort [8]. The derived traits that were a proxy for antennary fucosylation on N-glycans are
especially relevant to our study. Multifucosylation on triantennary glycans and a2,3-
sialylation per antenna in fucosylated triantennary glycans were significantly lowered in the
post-operative patient samples as compared to pre-operative samples [8]. The latter derived
trait was used as a proxy for sialyl-Lewis X epitopes in TSNG. These changes were thought to
be associated with the recovery of the patients since values were closer to healthy controls
in the post-operative than in the pre-operative samples.
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Figure 7. Alteration in features related to antennary fucosylated glycans for colorectal
cancer patient samples. Derived traits for glycans were calculated to evaluate antennary
fucosylation changes between the 14 pairs of pre-operative (Pre) vs. post-operative (Post)
colorectal cancer patient samples. The patient samples were measured with the antennary
fucose assay (MALDI-FT-ICR-MS readout). Significant changes were observed for antennary
fucosylation in complex N-glycans (CFan), antennary fucosylation in triantennary glycans
(A3Fan), antennary fucosylation in tetraantennary glycans (A4Fan), a2,3-sialylation per
antenna of total antennary fucosylated glycans (CFanAm), a2,3-sialylation per antenna of
diantennary antennary fucosylated glycans (A2FanAm), sialyl-Lewis X abundance (relative
area%) in TPNG (SLex), Lewis X abundance in TPNG (Lex) and the ratio of sialyl-Lewis X to
Lewis X abundances in TPNG (SLeX / LeX). No significant changes were observed for antennary
fucosylation in diantennary glycans (A2Fan), a2,3-sialylation per antenna of triantennary
antennary fucosylated glycans (A3FanAm) and a2,3-sialylation per antenna of tetraantennary
antennary fucosylated glycans (A4FanAm). The p-values shown are from a Wilcoxon matched-
pairs signed-rank test with confidence level taken as 95%. Multiple-testing correction was
performed using a false discovery rate of 1% calculated with the Benjamini and Hochberg
method. The p-values < 0.0073 are considered significant and are represented with an asterix

(*).
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The feasibility to analyze clinically relevant markers of antennary fucosylation with our assay
was demonstrated on sample pairs (pre-operative vs. post-operative) of 14 colorectal cancer
patients. Glycosylation changes in colorectal cancer patient samples are shown in Figure 7
and Supplementary Figure S31. Details on features and their calculations are shown in
Supplementary Table S4. In line with previous findings, we were able to show that post-
operative patient samples had a significantly lower total antennary fucosylation on total
complex N-glycans (CFan) as compared to pre-operative samples (Figure 7). Unlike previously,
no significant differences were observed in a2,3-sialylation per antenna of antennary
fucosylated triantennary glycans (A3FanAm), but rather a significantly lowered a2,3-
sialylation per antenna of antennary fucosylation diantennary glycans (A2FanAm) in post-
operative patient samples as compared to pre-operative samples (Figure 7). Since we used
only a quarter of the samples, compared to the previous study, missing statistical power
provides a simple explanation for missing the sialylation effect on fucosylated triantennary
glycans. However, when we focused on the quantitation of sialyl-Lewis X epitopes, it was
possible to reproduce the finding. We are able to calculate highly specific derived traits based
on antennary fucosylated glycans structures, allowing us to study more specific glycan
features. For example, assuming a2,6-sialylated antennae are not fucosylated, there is no
preference for fucosylation of a2,3-sialylated or asialylated antennae and multiple fucoses
are on different arms, the relative abundances of sialyl-Lewis X can be calculated. This is
indeed lowered in the post-operative samples (Figure 7). The discovery of a novel association
with A2FanAm is also easily explained by the increased specificity of our assay. The trait is
largely composed of compositions representing a mixture of core and antennary fucose
isomers before core defucosylation. Hence, in a regular TPNG / TSNG MALDI-MS analysis
unrelated variations in core fucosylation would interfere with the detection of changes in
antennary fucosylation of diantennary glycans.

The changes in CFan are mainly contributed by the triantennary glycans (A3Fan) and
tetraantennary glycans (A4Fan) rather than the diantennary glycans (A2Fan) and bisecting
diantennary glycans (A2BFan) (A2BFan shown in Supplementary Figure S31). We did not
observe a change in A2Fan and A2BFan. Without core defucosylation, these traits would
largely measure core fucosylation (Supplementary Figure S4). Furthermore, we also observed
a significantly lowered multiantennary fucosylation (CFm_an) in post-operative patient
samples as compared to pre-operative samples (Supplementary Figure S31). Finally, we also
approximated the abundance of glycans having Lewis X or sialyl-Lewis X epitopes in TPNG.
sialyl-Lewis X / Lewis X ratio was significantly lowered in post-operative patient samples as
compared to pre-operative samples. This change was mainly contributed by a decreased
abundance of sialyl-Lewis X in post-operative samples, although the Lewis X abundance was
also lowered. This may be associated with a decreased inflammatory state of the recovering
patient [11, 12].

All studied features, except for Lewis X (p = 0.0513), were replicated for the MALDI-TOF-MS
measurements of the samples (Supplementary Figure 32). Thus, MALDI-TOF-MS
measurements are sufficient to detect many of the clinical changes.
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Conclusion

We developed an assay for the relative quantitation of antennary fucosylation and
approximation of Lewis X and sialyl-Lewis X abundances in TPNG, based on high-throughput
MALDI-MS analysis. This assay is compatible with high sensitivity and ultrahigh-resolution
MALDI-FT-ICR-MS or with MALDI-TOF-MS. In total, 19 antennary fucosylated glycans were
relatively quantified with precision and accuracy expectable of a MALDI-MS approach.
Furthermore, the assay was applied to measuring biomedically relevant changes in antennary
fucosylation in colorectal cancer patients pre vs. post tumor resection. Next to previous
findings that could be repeated, despite the reduced sample size, the increased specificity
enabled the discovery of novel associations. Additionally, we were able to investigate more
specialized features based on antennary fucosylation which would not be possible with
regular TPNG analysis. The next steps would include further automatization of the assay and
perform a high throughput analysis on a large set of patient samples.

Supplementary information
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https://www.frontiersin.org/articles/10.3389/fchem.2020.00138/full#th11
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Chapter 5

A novel glycosidase plate-based assay for the
quantification of galactosylation and sialylation
on human IgG
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Abstract

Changes in human IgG galactosylation and sialylation have been associated with several
inflammatory diseases which are a major burden on the health care system. A large body of
work on well-established glycomics and glycopeptidomics assays has repeatedly
demonstrated inflammation-induced changes in I1gG glycosylation. However, these assays are
usually based on specialized analytical instrumentation which could be considered a technical
barrier for uptake by some laboratories. Hence there is a growing demand for simple
biochemical assays for analyzing these glycosylation changes. We have addressed this need
by introducing a novel glycosidase plate-based assay for the absolute quantification of
galactosylation and sialylation on IgG. 1gG glycoproteins are treated with specific
exoglycosidases to release the galactose and/or sialic acid residues. The released galactose
monosaccharides are subsequently used in an enzymatic redox reaction that produces a
fluorescence signal that is quantitative for the amount of galactosylation and, in-turn,
sialylation on IgG. The glycosidase plate-based assay has the potential to be a simple, initial
screening assay or an alternative assay to the usage of high-end analytical platforms such as
HILIC-FLD-MS" when considering the analysis of galactosylation and sialylation on IgG. We
have demonstrated this by comparing our assay to an industrial established HILIC-FLD-MS"
glycomics analysis of 15 patient samples and obtained a Pearson’s r correlation coefficient of
0.8208 between the two methods.
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Introduction

Changes in 1gG glycosylation have been associated with certain inflammatory diseases such
as rheumatoid arthritis [1, 2], systemic lupus erythematosus [3], type 2 diabetes [4] and
inflammatory bowel disease (IBD) [5]. During an inflammatory state, a loss of systemic and/or
cellular homeostasis may trigger a change in the glycosylation of IgG molecules [6, 7]. These
changes have been shown to alter the IgG glycoprotein interactions to FcyR receptors among
other proteins, and thus tuning the immunoregulatory responses [8-10]. For example, the
afucosylation of Fc glycans induces a pro-inflammatory response through interaction with
FcyRIIA receptor [11], whilst their hyper-galactosylation further strengthens this interaction
[12, 13]. Masking exposed galactose epitopes on Fc glycans by increased sialylation could
induce an anti-inflammatory response through interactions with the immune suppressing DC-
SIGN receptor [14, 15]. However, increased agalactosylation of these glycans counteracts this
immune suppressive ability by directly reducing the abundance of sialylated epitopes.
Additionally, these agalactosylated glycans further induce a pro-inflammatory response via
activation of the complement system through interaction with the mannose binding proteins
[16]. Although it is clear that traits of fucosylation, galactosylation and sialylation have their
own important function in an immunoregulatory response, we are especially interested in
galactosylation and sialylation since they are widely known for having mutually opposing
immunoregulatory effects, whilst being dependent on each other for their exposure at the
non-reducing termini of the glycans. Hence, we focus here on the quantification of
galactosylation and sialylation on IgG as they are indicative of the pro-inflammatory and anti-
inflammatory states of the patient, respectively.

Glycomics assays are valuable analytical tools to draw associations between an N-glycome
and the disease state of patients for diagnostic and stratification purposes. These assays are
often complicated by the composition and linkage diversity of the glycans and hence they rely
heavily on high-end analytical instrumentation [17-19]. The IgG glycome especially, has been
widely studied using assays based on the modern iterations of liquid chromatography (LC)
with fluorescence detection (FLD) [1, 20, 21], capillary gel electrophoresis (CGE) with laser-
induced fluorescence (LIF) detection [22, 23] and matrix assisted laser desorption mass
spectrometry (MALDI-MS) [24, 25]. These analytical platforms have demonstrated a
multitude of times the ability to perform detailed and high-throughput analyses of IgG
glycosylation, and have deeply progressed our understanding of the IgG glycome. It is due to
this work that the I1gG glycome is now widely regarded as a simple glycome consisting of only
37 N-glycans over the 4 subclasses of IgG [24]. These glycans are predominantly biantennary
complex type glycans which are mostly core fucosylated [26] while a smaller proportion have
bisecting GIcNAc motifs (¥13% abundance) [24]. Furthermore, the sialylation and
galactosylation are exclusively a(2-6) and B(1-4) linked, respectively. Thus rather than
analyzing all glycan variants by using any of the aforementioned analytical platforms, the sole
guantification of the inflammatory relevant galactose and sialic acid epitopes could be
potentially valuable in drawing associations between a patient’s inflammatory state and the
immune modulation by IgG glycosylation. Our research focused on developing such a method
as a simple microtitre plate-based biochemical assay that could bypass the use of the high-
end analytical platforms. This is an advantage as there is often a frequent high barrier to entry
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into the use of such analytical platforms as they usually require a substantial amount of time,
skill and investment to establish in a laboratory. Furthermore, the commonly used industry
platform, LC-FLD, often requires extensive measurement time and complex data processing.

Several sandwich immuno/lectin-based biochemical assays have been previously investigated
in the quantification of simple glycan epitopes such as sialylation, galactosylation and
fucosylation, to more complex epitopes such as the Lewis epitopes [27-31]. These assays
often work on the principle of immuno capturing specific glycoproteins from a sample such
as serum or plasma onto a microtiter plate, microarray slide or microfluidic cell, followed by
detecting their glycosylation using probing lectins or antibodies that bind to specific glycan
epitopes. Techniques that are based on microarray slide or microfluidic cells often have the
advantage of being able to analyze multiple glycan epitopes on multiple specific glycoproteins
in a potentially high-throughput manner and using low amount (< 10 pL) of serum sample [27,
29, 31]. However, when based on microtitre plates, this method may require large amounts
of serum sample dependent on the abundance of the glycoprotein of interest [30]. Assays
based on a microarray slides also require substantial knowledge and/or investment in
conjugation chemistry, microarray printers and readers. In general, the accuracy of these
techniques is highly dependent on the specificity of the antibodies that are used for capturing
the glycoproteins of interest and the lectin or antibodies that are used for detecting their
glycan epitopes. The sensitivity of the assay also depends on the binding affinity and/or steric
hindrances of the detection lectin or antibody. Also, the necessity to chemically block the
glycans of the capturing antibodies, so as to reduce background, may result in a loss of binding
affinity probably due to the influences on their three-dimensional structure [32, 33].

Building on the need to achieve a simple and easily adoptable assay for glycan epitope
guantification, we have developed a novel glycosidase plate-based assay for the
guantification of galactosylation and sialylation on IgG glycoproteins. We aimed at
overcoming some of the disadvantages of typical sandwich immuno/lectin-based assays such
as adoptability and infrastructure investment, by designing our assay for a potential kit-like
format that required a microtitre plate reader as the only instrumentation. IgG captured from
human plasma was treated with exoglycosidases, and the released [,D-Galactose
monosaccharides were used in a coupled enzymatic redox reaction to produce a fluorescence
signal which is directly proportional to the amount of released galactose residues.
Furthermore, we made a comparison between the assay and an industry established
hydrophilic interaction liquid chromatography (HILIC)-FLD-MS" method for the quantification
of a galactosylation trait on IgG from 15 serum samples of patients suspected of having IBD.
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Materials and Methods

Reagents and samples
Monosodium dihydrogen phosphate, disodium hydrogen phosphate, formic acid, resazurin,

lyophilized diaphorase (Lipoamide Dehydrogenase from Clostridium kluyveri) and Protein G
beads (Protein G Sepharose®, Fast Flow) were purchased from Sigma Aldrich (UK).
Nicotinamide adenine dinucleotide (NAD*) was purchased from Roche (Germany). Phosphate
buffered saline (PBS) powder, pH 7.4 was purchased from Thermo Fisher Scientific (UK).
Galactose monosaccharide standard (400 pg/mL), the buffer pH 8.5 that is used in the
preparation of the reagent mix, and the solution of galactose dehydrogenase and mutarotase
that is used in the preparation of the redox enzyme mix was obtained from a galactose
guantification kit (K-Arga) which was purchased from Megazyme (Ireland). IMAC purified
recombinant forms of the B(1-4) specific GH2 galactosidase Bt0461 [34] and a(2-3/6/8)
specific GH33 sialidase Bt0455 [35] were provided by Newcastle University. The protein
concentrations were determined to be 420 uM and 23 pM, respectively, by a protein
quantification kit (Pierce BCA protein assay kit, Thermo Fisher Scientific, UK).

Sodium phosphate buffer solution (SPBS; 250 mM), pH 6 was prepared by dissolving 30.8
grams of monosodium dihydrogen phosphate and 4.95 grams of disodium hydrogen
phosphate in a liter of deionized water and then filtering the solution through a 0.45 um filter.

IgG glycoprotein standard from human serum was purchased from Sigma Aldrich (UK). The
protein concentration was determined to be 6.13 mg/mL (~41uM) by a protein quantification
kit (Pierce BCA protein assay kit) and which was in accordance with the manufacturer. Human
plasma standard (containing 4% trisodium citrate as anticoagulant) was purchased from
Sigma Aldrich (UK). Human patient serum samples (n = 15) were obtained from the IBD-BIOM
cohort and which were collected as part of a biobank as was previously described [36]. The
patient blood were collected in 3.5mL vacuette plastic SST Il Advance tube with gel separator,
clot activator, and BD Hemograd closure (BD, no 367956). The serum obtained from these
preparations were used in the experiments of this paper.

Glycosidase plate-based assay
Briefly, the assay involves affinity purification of IgG glycoprotein from human plasma and

guantifying protein amount by measuring absorbance at 280 nm. These IgG glycoproteins are
treated with exoglycosidases to release galactose and/or sialic acid residues from the glycans.
The released galactose monosaccharides are then subjected to an enzymatic redox reaction
to produce a fluorescence output that is measured in a microplate reader.

Affinity purification of IgG glycoproteins from human plasma. IgG purification is performed
in a 96 well plate format using protein G conjugated Sepharose beads. 5 L of protein G bead
resin is transferred to each well of a 96 well plate (LC-PROC-96, Ludger, UK). The plate is fitted
onto a vacuum manifold (LC-VAC-MANIFOLD-KIT, Ludger) and the beads are washed three
times with 200 pL PBS by applying a vacuum of between 5 and 10 mbar. The plate is removed
from the manifold, and 100 uL PBS is added to the wells containing the protein G beads
followed by 10 uL of plasma samples. The plate is sealed and is incubated for 60 minutes at
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room temperature on an orbital plate shaker at low speed. After incubation, the plate is once
again fitted onto a vacuum manifold and the solution in the wells drained away. The protein
G beads that have bound the IgG molecules are washed three times with 200 uL PBS, followed
by three washes with 200 plL deionized water to wash away residual PBS. The plate is once
again removed from the manifold, and the bottom is gently tapped dry on a paper towel. To
elute the IgG from the protein G resin, the plate is stacked onto a 96 well collection plate (1.2
mL 96 Deepwell plate, 4titude, UK) and 30 uL of an aqueous solution of 10 mM formic acid is
added to the wells containing the resin. The top plate is covered with a lid and incubated for
15 minutes at room temperature on a plate shaker at low speed. After incubation, the stack
plate setup is centrifuged at 1000 rpm for 5 minutes. The elution procedure is repeated a
second time. The eluted IgG samples from the collection plate are then transferred to a
conical bottom 96 well PCR plate (Framestar 96 non skirted, 4titude).

Protein quantification and exoglycosidase treatment. Each IgG sample was subjected to
three treatment conditions which are 1) galactosidase treatment for quantification of
terminal galactosylation, 2) combined galactosidase and sialidase treatment for
guantification of total galactosylation and 3) exoglycosidase untreated negative control for
protein quantification and for sample fluorescence background and interference subtraction.
All the following steps for assay preparation were performed on a robotic platform (Microlab
starlet, Hamilton, Germany). The IgG sample plate and an empty 384 well plate (Ultravision
plate 384, 4titude) were placed on the deck of the robotic platform along with 2 mL tubes
(Sarstedt, UK) containing the galactosidase mix (2 uM galactosidase Bt0461 in 125 mM SPBS,
pH 6), galactosidase and sialidase mix (2 uM galactosidase Bt0461 and 5 uM sialidase Bt0455
in 125 mM SPBS, pH 6) and 125 uM SPBS, pH 6. For each sample, 20 uL of the respective mixes
were transferred to separate wells in the 384 well plate (Supplementary figure S1).
Additionally, 20 uL of the 125 mM SPBS buffer was transferred to the blocks of wells of the
galactose monosaccharide standards and of the IgG glycoprotein standards (Supplementary
figure S1). 10 uL of PBS was transferred to the 1gG samples to prevent sticking of protein to
the plasticware. 15 pL of these IgG samples were transferred each as three sub-samples to
the 384 well plate containing the corresponding treatment mixes (Supplementary figure S1).
After this step, the IgG sample plate on the deck was swapped for another plate containing
the IgG glycoprotein standards of known amounts (in 10 mM formic acid) for the preparation
of the IgG glycoprotein absorbance standard curve. Again, 10 pL of PBS was added to these
standards and 15 L were transferred each to their respective block on the 384 well plate
(Supplementary figure S1). The final amounts of the IgG glycoprotein standards making up
the standard curve in the 384 well plate were 30.7 pg, 61.3 ug, 92 pug, 122.6 ug and 184 pg.

The 384 well plate was removed from the deck and centrifuged for 2 minutes at 1000 g. The
plate was placed on an orbital plate shaker for 3-5 minutes before centrifuging again. Protein
amounts of the IgG samples were determined by measuring the absorbance at 280 nm for
the exoglycosidase untreated sub-samples and equating it to the absorbance standard curve
prepared from the I1gG glycoprotein standards of known amounts. The absorbance
measurements at 280 nm were taken on a microplate reader (Enspire 2300, Perkin Elmer
Enspire, USA). Once the plate was inserted into the reader, it was shaken in an orbital motion
for 60 seconds before the measurements were started, so as to ensure equilibration of its
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temperature to the chamber which was 21 °C. The measurements were taken at a height of
2 mm. 10 flashes were taken for each well, of which 5 were integrated. The plate was
measured three consecutive times and the measurements were averaged.

After measuring the absorbance, the plate was heat sealed (Peel heat seal, 4titude) and
incubated overnight at 37 °C.

Enzymatic redox reaction and fluorometric measurement of assay. After the overnight
exoglycosidase treatment, the samples were subjected to an enzymatic redox reaction which
produces the detection mechanism of the assay. All the following steps were performed on
the robotic platform. The 384 well plate containing the exoglycosidase treated samples, a
fresh conical bottom 96 well PCR plate, and 2 mL and 0.5 mL tubes (Sarstedt) containing the
reagent mix [5 pL of pH 8.5 buffer (K-Arga kit, Megazyme), 4 uL of 1 mM resazurin, 2.6 pL of
25 mM NAD* and 23.4 uL of deionized water] and the redox enzyme mix [4 uL of 4U/mL
diaphorase and 1 plL solution of galactose dehydrogenase and mutarotase (K-Arga kit,
Megazyme)] respectively, were placed on the deck of the robotic platform. The PCR plate
was used for the preparation of a dilution series of galactose monosaccharide in water from
a 400 pg/mL galactose stock solution (K-Arga kit, Megazyme, Ireland). This dilution series
were prepared in triplicates and 15 plL of each was transferred to the 384 well plate. The final
amounts of galactose monosaccharide standards in the 384 well plate were 8.3 pmol, 41.6
pmol, 83.3 pmol, 166.6 pmol, 333.2 pmol, 499.7 pmol and 666.3 pmol. Next, 35 pL of the
reagent mix were transferred to the wells containing the samples and the diluted galactose
monosaccharide standards. This was followed by transferring 5 uL of the redox enzyme mix
to the same wells. The 384 well plate was sealed (qPCR Seal, 4titude) and centrifuged for 2
minutes at 1000 rpm. The plate was then placed on an orbital plate shaker for 5 minutes
before centrifuging again and incubating in the dark at room temperature for 3 hours. After
3 hours, 25 uL of PBS was added to the wells of the plate. The plate was placed on an orbital
plate shaker for 5 minutes before centrifuging for 2 minutes at 1000 rpm.

Fluorescence measurements were taken on the fluorescence microplate reader (Enspire
2300, Perkin Elmer Enspire, USA). The resorfurin that was produced in the redox reaction was
guantified by measuring its fluorescence (with an excitation wavelength (Aex) = 571 nm and
an emission wavelength (Aem) = 586 nm). The excitation illumination was from above the
plate and the measurements were taken at a height of 10 mm. 100 flashes were taken for
each well and were all integrated. The plate was measured three consecutive times and the
measurements were averaged.

A standard curve was prepared from the fluorescence measurements of the galactose
monosaccharide standard (K-Arga, Megayzme) solutions of known amounts. For each sample,
the fluorescence measurement from the exoglycosidase untreated sub-sample was
subtracted from the sub-samples treated with galactosidase and the combination of
galactosidase and sialidase, respectively. This was done to exclude fluorescence background
or interferences coming from the sample itself. The amount of galactosylation in the samples
was calculated by equating their fluorescence measurements to the galactose standard curve.
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Method optimization and assay performance
For details pertaining to assay development and optimization please see section

“Supplementary Methods”. The linear range of quantification of the assay for IgG
glycoproteins was determined with human IgG glycoprotein standard (Sigma, UK). These
standards were dried down using a vacuum centrifuge (Thermo-Savant, UK) and then
reconstituted in PBS to make solutions of 30.7 ug/10 pL, 61.3 pg/10 uL, 92 pug/10 uL, 122.6
ug/10 uL and 245.2 pg/10 pL.

For demonstrating the assays ability to remove all possible galactose and/or sialic acid
residues from the N-glycans on the intact IgG glycoproteins, IgG samples purified from human
plasma were treated with the exoglycosidase regime as according to the workflow of the
assay. However, after the overnight exoglycosidase treatment, these sub-samples were
collected for HILIC-FLD-MS" analysis (see subsection 2.4).

The intermediate precision of the assay for sample preparation and measurement was
performed in three independent experiments on three different days within a period of three
weeks. For each of these experiments, the assay was performed with 16 replicates of IgG
purified from a pooled human plasma (Sigma Aldrich).

Hydrophilic interaction liquid chromatography analysis of IgG N-
glycans

PNGaseF released N-glycans from human IgG were used for procainamide labelling and
analysis on a HILIC-FLD-MS" platform as previously described [37]. 1gG was affinity purified
from human plasma/serum as described in section 2.2.1. 25 uL of the purified IgG samples
were dried down in the 96 well PCR plate using a vacuumed centrifuge (manufacturer) before
resuspending them in 9 pL water. The N-glycans were released using a PNGaseF kit (LZ-
rPNGaseF-kit, Ludger). Briefly, the 1gG glycoproteins were denatured by adding 1 pL of 10x
denaturation buffer to the samples, heat sealing (Pierce heat seal, 4titude) the plate and
incubating at 95°C for 10 minutes. After heat denaturation, the plate was allowed to cool to
room temperature before adding 10 puL of a PNGaseF mix [1 pL PNGaseF, 2 uL 10x reaction
buffer, 2 uL 10x NP-40 and 5 plL water]. The sample plate was heat sealed (Pierce heat seal,
4titude) before incubating it overnight at 37°C.

Following the overnight incubation, the reducing ends of the released glycans were
deaminated to aldoses by acidifying the samples in 1 % formic acid (Sigma) at room
temperature for 50-60 minutes. These acidified samples were then filtered through a protein
binding plate (LC-PBM-96, Ludger). The wells of the plate were washed twice with 100 pL
water. The washes collected along with the filtrate were dried down in a vacuum centrifuge.
These N-glycans samples were labelled by reductive amination in 10 plL of water and 10 pL of
procainamide labelling solution (LT-KPROC-24 containing NaCNBH3, Ludger), and incubated
for 60 minutes at 65 °C. A HILIC-type clean-up plate (LC-PROC-96, Ludger) was used to remove
unreacted procainamide dye. Procainamide labelled N-glycans were eluted twice in 100 plL
water. These purified glycan samples were dried down in vacuum centrifuge and resuspended
in 100 pL water.
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Procainamide labelled samples were analyzed by HILIC-FLD-MS". 12.5 uL of each sample was
mixed with 37.5 pL acetonitrile, and 20 pL of this solution was injected into an ACQUITY BEH
Glycan column (1.7 pum, 2.1 x 150 mm Waters Inc, USA) at 60°C on a Dionex Ultimate 3000
UHPLC instrument (Thermo, UK) with a fluorescence detector (Aex = 310 Aem = 370 nm)
coupled in-line to an Amazon speed ETD (Bruker Daltonics, Bremen, Germany). The UHPLC
gradient conditions were as follows: (solvent A —50 mM ammonium formate, pH 4.4; solvent
B — acetonitrile) 0 to 53.5 min, 76 to 51% B, 0.4 mL/min; 53.5 to 55.5 min, 51% to 0% B, 0.4
mL/min to 0.2 mL/min; 55.5 to 57.5 min, 0% B at a flow rate of 0.2 mL/min; 57.5 to 59.5 min,
0 to 76% B, 0.2 mL/min; 59.5 to 65.5 min, 76% B, 0.2 mL/min; 65.5 to 66.5 min, 76% B, 0.2
mL/min to 0.4 mL/min; 66.5 to 70.0 min, 76% B, 0.4 mL/min. The Amazon Speed settings used
were as follows: source temperature, 250°C; gas flow, 10 L/min; capillary voltage, 4500 V; ICC
target, 200,000; Max. accu. time (Maximum Accumulation Time), 50.00 ms; rolling average,
2; number of precursor ions selected, 3; release after 0.2 min; positive ion mode; scan mode,
enhanced resolution; mass range scanned, 600 to 2000; target mass, 900.
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Results and discussion
Workflow and mechanism of assay
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Figure 1. Workflow and schematic description of the glycosidase plate-based assay. (A)
Workflow of the glycosidase plate-based assay for the quantification of galactosylation and
sialylation on affinity purified 1gG from human plasma. (B) Schematic description of
exoglycosidase treatment regime for the quantification of total or terminal galactosylation.
The difference between both quantitated galactosylation types is equivalent to the sialylation
on the glycoproteins not typically exhibiting polysialylation. [Green squares: protein G; Blue
square: N-acetylglucosamine, green circle: mannose, yellow circle: galactose, red triangle:
fucose, pink diamond: N-acetylneuraminic acid].

The workflow for the glycosidase plate-based assay is shown in Figure 1A. IgG purified from
human plasma sample is transferred to a 384 well plate as a set of three sub-samples
(Supplementary figure S1). The sub-samples without exoglycosidase treatment are used for
guantification of IgG glycoprotein amounts by measuring absorbance at 280 nm. For the sub-
samples treated with only the galactosidase, the exposed galactose residues (non-sialylated
residues) are released from the N-glycans and will be referred to here as terminal
galactosylation (Figure 1B). However, for the sub-samples treated with the combination of
the galactosidase and a sialidase, all galactose residues on the N-glycan are released and will
be referred to here as total galactosylation (Figure 1B). After the exoglycosidase treatments,
the released galactose monosaccharides are utilized in an enzymatic redox reaction which
forms the fluorometric detection mechanism of the assay (Figure 2). This fluorescence signal
is used for calculating the molar amounts of terminal galactosylation and total
galactosylation, and their difference is equivalent to the sialylation on the N-glycans (Figure
1B). However, these measurements are cumulative of the abundance of galactosylation and
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sialylation on the IgG glycoproteins as well as the amount of 1gG glycoprotein in samples.
Hence, in-order to express only the changes in glycosylation traits, the measurements have
to be normalized to account for the differences in IgG amounts. This was done as either 1) an
absolute quantification of moles of galactose or sialic acid per pg of IgG glycoprotein, when
normalizing to the measured glycoprotein amounts in the sub-samples or as 2) a ratio of
terminal galactosylation to total galactosylation, when normalizing to the glycan traits itself.
The latter will be referred to here as galactosylation index.

Exoglycosidase

treatment
> B-Galactose
dehydrogenase
Galactose "
mutarotase f\
/ B-D-galactose D-galactonic acid
NAD" NADH
900% L
HE = o x - Diaphorase HO 7 o ~ o
Resorufin Resazurin

(Ex. =571nm, Em. 586nm)

Figure 2. Schematic of the enzymatic redox reaction resulting in fluorescent compound
resorufin that forms the detection mechanism of the glycosidase plate-based assay.
Resorufin measured at excitation (Ex.) wavelength of 571nm and emission (Em.) wavelength
of 586nm. [NAD*: Nicotinamide adenine dinucleotide (oxidized); NADH: Nicotinamide
adenine dinucleotide (reduced)]

The principle for the enzymatic redox reaction is shown in Figure 2. After the exoglycosidase
treatment of the IgG sub-samples, the released B-D-galactose monosaccharides are oxidized
to D-galactonic acid by a B-galactose dehydrogenase which in turn reduces NAD* to NADH.
The NADH is then oxidised by a diaphorase which enables the reduction of resazurin to the
fluorescent compound resorufin in molar proportions stoichiometric to the released
galactose monosaccharides. The general disadvantage of such enzymatic assays is that their
accuracy is often limited to the specificity/activity of the enzymes, which in this case are the
galactosidase, sialidase and galactose dehydrogenase. However, since the assay functions on
the combined activity of these enzymes, the cumulative effect of improved specificity to
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galactose quantification could be achieved. Additionally, the incorporation of a mutarotase
into the redox reaction helps maintain a B conformer majority of the released galactose which
favors the B-galactose dehydrogenase activity and hence assay kinetics.

For details pertaining to assay development and optimization, please see section
“Supplementary Methods”.

Assay performance
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Figure 3. Linear range of quantification of the glycosidase plate-based assay for the
quantification of terminal galactosylation on human IgG standards of known starting
amounts. The terminal galactosylation are expressed as not normalized values (Red) and as
values normalized to the measured IgG amounts in the sub-samples of assay (Blue). The line
formula is representative of the linear range (solid trend linear) of the not normalized
terminal galactosylation values. The normalized values for the lowest amount of I1gG tested,
30 pg, was not calculable due to lack of measureable absorbance signals above background
at 280nm.
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The linear range of quantification for the assay, based on a galactose monosaccharides
standard, is 42 pmol to 666 pmol (Supplementary figure S2). However, for I1gG glycoprotein
standards, the linear range of quantification of not normalized terminal galactosylation is 54.1
15.6 pmol to 209.3 £10.1 pmol of galactose which corresponds to 30 pg to 122 pg of IgG
glycoprotein standards respectively (Figure 3, Red). The loss of linearity of the not normalized
values for amounts greater than 122 ug of IgG is potentially due to over saturation of the
protein G resin that is used for affinity purification of the IgG, thus resulting in incomplete
capture of IgG from the samples. This is demonstrated by normalizing the terminal
galactosylation to the measured IgG amounts in the sub-samples of the assay which will
account for the losses of IgG during the processing steps of the assay. Similar amounts of
normalized terminal galactosylation were obtained for the standards with different starting
amounts of 1gG (Figure 3, Blue). Furthermore, the normalized value of terminal
galactosylation for the lowest amount of IgG tested, 30 ug, was not calculable due to lack of
measureable absorbance signals above background at 280nm (data not shown). Human
serum contains 41 ug — 217 ug 1gG per 10 uL of serum depending on the age and/or disease
state of the patient [38, 39]. Our assay has been developed to perform within this range of
IgG amounts (Figure 3). However, to make a meaningful comparison between samples for the
guantitated galactosylation and sialylation, these values will have to be normalized for the
differences in IgG amounts between plasma samples as demonstrated in Figure 3.

When cumulatively comparing the normalized values of galactosylation for samples with
different amounts of IgG, the combined relative standard deviations (RSD) are much larger
for the absolute quantification of galactosylation (pmol of galactose per ug 1gG) on IgG
compared to the galactosylation index (Supplementary figure S3B). As mentioned above, the
galactosylation index is the ratio of terminal galactosylation to total galactosylation in the IgG
sample. On correlating terminal galactosylation to total galactosylation, a coefficient of
0.9947 was obtained (Supplementary figure S4). However, for absolute quantification, on
correlating the measured I1gG glycoprotein amounts to terminal galactosylation or total
galactosylation, lower coefficients of 0.9597 or 0.9652 were obtained, respectively
(Supplementary figure S5). The somewhat stronger correlations between terminal
galactosylation and total galactosylation, makes the galactosylation index more robust at
normalization of variations in IgG amounts, resulting in a lower combined RSD for the samples
with different amounts of 1gG glycoproteins (Supplementary figure S3). The weaker
correlation of the measured IgG glycoprotein amounts to terminal galactosylation or total
galactosylation may be explained by the high variation in protein quantification using
absorbance at 280 nm in the assay. These variations may be attributed to the 384 well plate,
interferences in the sample and/or variation in path lengths at the meniscus of the viscous
sample solution.
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Figure 4. Confirmation of complete de-galactosylation of terminal galactose residues of N-
glycans on I1gG glycoproteins by the exoglycosidase treatment in the glycosidase plate-
based assay. The released N-glycans from IgG glycoproteins (A) without galactosidase
treatment was compared with (B) galactosidase treatment on a HILIC-FLD-MS" platform after
labelling the reducing end with procainamide. For the confirmation of complete de-
galactosylation and de-sialylation of N-glycans on IgG glycoproteins please see supplementary
figure S6. [Proc: procainamide; Blue square: N-acetylglucosamine, green circle: mannose,
yellow circle: galactose, white circle: ambiguous hexose, red triangle: fucose, pink diamond:
N-acetylneuraminic acid].

The exoglycosidase treatment of the IgG sub-samples in the assay are performed on intact
IgG N-glycans (PNGaseF untreated). Hence there is a possibility that the conformation and
intra-1gG molecular interactions [10, 40] of the N-glycans and/or the protein domains could
restrict the activity of the exoglycosidases. This is especially important since the Fc N-glycans
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are largely located in the cavity formed by the Cy2 and Cy3 domains of the Fc homodimers
and makes several interactions with the protein backbone [10]. However, in-order to
contribute to the robustness of the assay, it is essential to ensure a complete de-sialylation
and de-galactosylation of all N-glycans on IgG. To demonstrate this, the IgG sub-samples
treated with and without exoglycosidases in the assay, were collected and their glycans
released. The released glycans were labelled with procainamide and analyzed on a HILIC-FLD-
MS" platform (Figure 4). For the exoglycosidase untreated 1gG sub-samples, 70.9% 0.8%
abundance of the glycome consist of glycans having one or more exposed terminal galactose
residues (Supplementary table S1). However, no such terminal galactosylated structures were
detected after galactosidase treatment (Figure 4B and Supplementary table S2). Similarly, no
detectable sialylated or galactosylated structures were observed after a combined sialidase
and galactosidase treatment of IgG sub-samples, which was used for quantification of total
galactosylation (Supplementary figure S6 and Supplementary table S3). Thus, the
exoglycosidase treatment is not restricted to certain glycan structures or by the
conformations and the molecular interactions of the glycan on the IgG molecule or by the IgG
domains itself. The annotation list of the IgG glycans with and without exoglycosidase
treatment are shown in Supplementary table S4, S5 and S6.

Intermediate precision of sample preparation and measurement of the assay was assessed
by performing three independent experiments on different days each with 16 replicates of
IgG purified from pooled human plasma (Figure 5). The galactosylation index was 0.69 with
an RSD of 4.1% (Figure 5A and 5D). This was similar to the galactosylation index calculated
from procainamide labelled IgG glycans measured on a HILIC-FLD-MS" platform which was
0.729 with an RSD of 0.5% (Supplementary table S7). These values signify that ~70% of all
galactose residues on human IgG glycans are terminally exposed (terminal galactosylation)
whilst the remaining 30% are capped by sialic acid residues. Alternatively, this can be stated
as the amount of sialic acid residues are 30% of the total galactose residues. In a general
comparison to some sandwich immuno/lectin-based glycomics assays, the intermediate
precision was comparable [30], if not lower [29, 41]. Although the performance of such assays
highly depends on the quantitated glycan traits, glycoprotein of interest, the matrix of the
sample and/or the specificity of the lectins and antibodies used in assay. Furthermore, for our
assay, the absolute quantification of terminal galactosylation was 9.3 pmol per ug I1gG while
the sialylation was 4.2 pmol per pg 1gG, with RSDs of 18.2% and 19.9% respectively (Figure
5B, 5C, 5D). These higher RSD can be explained again by likely variations in quantification of
glycoprotein amounts using absorbance at 280nm.
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Figure 5. Intermediate precision of sample preparation and measurements for the
glycosidase plate-based assay on IgG from pooled human plasma. The mean (A)
galactosylation index, (B) terminal galactosylation [pmol] per ug 1gG glycoprotein and (C)
sialylation [pmol] per ug IgG glycoprotein are shown with error bars representing the

standard deviation (n = 16). (D) The relative standard deviation are shown.
Terminal galactosylation

[Galactosylation index = :
Total galactosylation

Both the absolute quantification of galactosylation or sialylation and the galactosylation index
have their own advantages and disadvantages which may depend on the sample type and the
purpose of the analysis. The low RSDs associated with the galactosylation index make it
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suitable for the comparison of clinically relevant samples where the biological relevant
variations in galactosylation and sialylation could be limited. Moreover, it is a single value that
gives the relative abundance of both galactosylation and sialylation, which on IgG glycans, are
associated with pro-inflammatory and anti-inflammatory states respectively. Although the
absolute quantification is associated with high RSDs, it has significance in the characterization
and/or routine quality control analysis of certain sample types such as bio-pharmaceutical
recombinant monoclonal antibodies. This is because it provides information on the number
of galactose or sialic acid residues per molecule of the pure glycoprotein. Furthermore, the
absolute quantification entails the level of agalactosylation on IgG while the galactosylation
index omits such estimates. This reflects the major drawback of the galactosylation index
since agalactosylation has also been associated with pro-inflammatory states.

Comparison of glycosidase plate-based assay and HILIC-FLD-MS" for
analysis of patient galactosylation index

The purpose of this research is to introduce the glycosidase plate-based assay as a prototype
method of an initial screening assay for IgG galactosylation in a patient population. Following
this, patients which may have a likely change in galactosylation, sialylation or galactosylation
index can selectively be used for a further in-depth IgG glycome analysis such as on a HILIC-
FLD-MS" platform. HILIC-FLD-MS" is a well-established technique that is widely used in
industry for the identification and quantification of glycosylation changes in IgG. In order to
establish the potential of the glycosidase plate-based assay to be used as an initial screening
assay, we wanted to quantitatively compare the galactosylation index of this technique with
that of the HILIC-FLD-MS" method. We chose the galactosylation index as the appropriate
value for making our comparison as it can be precisely calculated from the glycan profiles
obtained by HILIC-FLD-MS" while neglecting the differences in IgG glycoprotein amounts. The
analysis was performed on 15 patient plasma samples suspected of having IBD. The
correlation of the methods resulted in a Pearson’s r correlation coefficient of 0.8208 with p
value 0.0002 (Figure 6 and Supplementary table S8). Although the assay demonstrated a good
correlation to the HILIC-FLD-MS" method, the lack of a stronger correlation cannot simply be
explained by the measurement variations of the assay as RSDs of < 5% were obtained for IgG
from a pooled human plasma standard (Figure 4). However, presence of a quantification
biasness between the methods could be explained by the O-glycans on IgG3 [42] and/or the
presence of co-purified or contaminating proteins having O-glycosylation after the protein G
purification of IgG from plasma. These undesirable glycoproteins could contribute to the
guantified terminal and total galactosylation in the glycosidase plate-based assay and skew
the galactosylation index of the patient samples. Notably the activity of the exoglycosidases
used in the assay has not been tested on intact O-glycans of proteins. Additionally, the co-
elution of multiple glycans under a fluorescence peak on the HILIC-FLD-MS" platform may also
skew the calculated galactosylation index relative to the glycosidase plate-based assay.
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Figure 5. Correlation of the galactosylation index of IgG from human serum measured by
the glycosidase plate-based assay, and by HILIC-FLD-MS" analysis of procainamide labelled
released N-glycans. The human serum sample (n=15) were obtained from an IBD cohort. A
Pearson’s r correlation coefficient of 0.8208 was calculated with a p value of 0.0002. The
trendline drawn is a linear regression of the data points with the error lines as 95% confidence
intervals.

The advantages of the glycosidase plate-based assay over HILIC-FLD-MS" are that it does not
require extensive investments in high-end instrumentation techniques, software packages or
technical skills. The only analytical instrument required is a fluorescence and absorbance
microplate reader. We have demonstrated the assay as a semi-automated method on a
robotic platform, but it can also easily be performed manually with the appropriate
multichannel pipette. Once the samples have been processed in the assay, the measurement
can be performed very rapidly in less than 5 minutes for measuring 96 samples, as opposed
to several days on a HILIC-FLD-MS" platform. Furthermore, data processing is simple and quick
as it simply provides the change in galactosylation and sialylation on IgG in the form of
measured fluorescence intensities. However, a disadvantage of the assay is the lack of
detailed information on glycosylation changes. It does not relay any information on the extent
of galactosylation or sialylation on the different glycan structures such as bisecting or
fucosylated structures. Hence, we do recognize the analytical benefits of the HILIC-FLD-MS"
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technique. However, the purpose of this assay can be two-fold. As a simplistic initial screening
assay to identify the samples that require further in-depth IgG glycomics analysis.
Alternatively, where an established glycan related biomarker has already been demonstrated
using high-end instrumentation, this assay could be used as a simpler analytical solution to
focus on the ‘diagnostic’ glycan feature.

Conclusion

We developed a prototype for a simple glycosidase plate-based assay for the quantification
of galactosylation and sialylation traits on intact human IgG glycoproteins. The measured
galactosylation and sialylation were normalised for the natural variation of IgG amounts in
plasma by using the measured IgG glycoprotein amounts (absolute quantification) or by using
the ratio of the glycan traits itself (galactosylation index). The latter has the advantage of
lower intermediate RSDs (<5%) which has importance in comparing clinically relevant
samples, whilst the former, which have much higher RSDs (~20%), has importance in
characterization of glycoproteins such as biopharmaceuticals, since it provides information of
the moles of galactose or sialic acid per mole of glycoprotein. Finally, we demonstrated the
performance of the assay on clinically relevant human patient serum samples and obtained a
Pearson’s r correlation coefficient of 0.8208 (p = 0.0002) on comparison of the measured
galactosylation index to an industrially established HILIC-FLD-MS" platform. The next step
would be to demonstrate the assay on a much large clinically relevant patient cohort.
Furthermore, it will be interesting to investigate the versatility of this method for the
guantification of galactosylation and sialylation on other immunoglobulins such as IgA and
IgM and/or also non-human mammalian immunoglobulins that may contain different
patterns of galactosylation and sialylation. Finally, it must be stated that although the
optimized assay was performed with non-commercial exoglycosidases, there is no reason for
the assay not be performed with other such exoglycosidases which may or may not be
commercially sourced.
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Discussion and perspectives

Glycomics has proven to be valuable in clinical and medical research. Associations with
disease states complement and occasionally supersede the diagnostic potential of
proteomics, metabolomics or genomics [1-4]. Sometimes, glycomics is also being developed
as an alternative to invasive examinations, such as in the case of prostrate [5, 6] and colorectal
[7, 8] cancers. However, the analysis is often complicated by the complexity of the glycan
structures which show variations in both composition and linkages of the constituent
monosaccharide residues [9, 10]. The major human plasma proteins are estimated to contain
at least 167 N-glycan structures which complicates meaningful associations of disease states
to glycomics data [11, 12]. The identification and quantification of these glycans are usually
performed using chromatographic and spectrometric techniques [12-15]. The compilation of
glycan motifs and epitope features into so-called glycan traits has enabled an improved
comparison of variations in glycosylation between patients [13, 16, 17]. These academic
research successes have created an interest in glycomics as a clinical prognostic assay.
Accordingly, contract research organizations as well as assay developers have entered the
field of glycomics [18-21]. This thesis addresses this commercial interest by developing assays
for routine industrial applications with commercial potential for the development into off-
the-shelf, on-site products.

Analytical techniques in glycomics

In clinical glycomics, development of analytical techniques and medical knowledge is co-
dependent. Advances in separation and identification technologies have allowed for
understanding and confirming the complex mechanism of glycosylation in a living entity [4,
22, 23]. The more we understand the biology behind glycosylation, the more demand in
advanced analytical techniques is developing to further push the boundaries of our
understanding. Early glycomics assays were based on lectin blots which utilise the structure-
specific binding activities of lectins to identify certain glycan motifs [24-26]. Around the same
time, a move into performing glycomics assays on liquid chromatography (LC) - fluorescence
detector (FLD) and pulsed amperometric detection (PAD) platforms gained momentum. In
fact, LC-based assays still remain the main workhorses of industrial and academic glycomics.
They are applied, for example, for the glycosylation characterization of individual proteins
and complex biological samples, such as TPNG [13, 27, 28]. Analyte identification using this
technique is based on retention times which are normalised to a glucose polymer ladder or
other glycan standards which enables data set comparisons [29]. For the elucidation of glycan
structures, a sequential process of exoglycosidase digestion is performed before the LC
analysis [29]. By correlating the shifts in peaks between the digestion regimes, the structure
of a glycan can be built up [29, 30]. Although these chromatographic techniques have been
exceptionally successful in glycomics, they can sometimes be limited by their molecular
resolution. This holds true for hydrophilic interaction liquid chromatography (HILIC) which is
one of the most prominent LC methods used in glycomics assays. The separation performance
of HILIC methods depends on the analytes partitioning between the mobile phase layers
created on the polar stationary phase [31]. However, N-glycans have a characteristic
pentasaccharide core structure, with variations mainly in the antennary branching and
decorations of galactosylation, sialylation and fucosylation [9, 32]. Thus, minor differences
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between glycans, such as a different linkage of a monosaccharide, may result in only minute
differences of physicochemical properties making their HILIC separation challenging. This may
result in several glycan structures co-eluting under a single chromatographic peak. Despite
this limitation, HILIC analysis has time and time again proven to be successful in drawing
associations to certain disease states in patients [15, 33]. Many of the analyses rely on
comparison of the relatively abundance of the chromatographic peaks rather than the
individual glycans that form a peak [34].

However, the analytical questions posed in cutting-edge medical research and
biopharmaceutical development, require detailed analytical answers regarding e.g. the
structure of individual glycans and their quantities [35-39]. Thus, separation techniques with
improved resolutions such as multimodal LC [40], capillary electrophoresis (CE) [11] or
capillary gel electrophoresis (CGE) [41] have been explored. LC and CE can be coupled to mass
spectrometry (MS) devices, mainly via electrospray ionisation (ESI) — MS, which provides a
second analytical dimension namely m/z identification. Thus, even if a chosen separation
technique is unable to differentiate between glycan structures, a mass spectrum obtained
may allow to identify and quantify these structures. Furthermore, improvements in ion optics
over the past decades have allowed for improvements in selective gas phase fragmentations
that enable structural sequencing of the analytes.

Existing glycomics assays

The importance of glycomics is growing along with our understanding of the correlations of
glycomics changes to disease progression. As a result, a growing interest for glycomics is
created in industry. There is only a handful of analytical chemistry companies that specialise
in glycomics analysis of clinical and biopharmaceutical samples. Many of these industrial
applications rely of LC and MS-based methods that screen an entire glycome. However, due
to the complexity of glycomes, such as TPNG, often structures that have clinical or medical
importance are unresolved. The work of this thesis primarily addresses this issue by
developing novel glycomics assays that are designed to specifically quantify targeted epitopes
in TPNG or IgG glycome samples. These assays thus enhance quantification of certain
important glycan epitopes such as antennary fucosylation which are normally tedious to
quantify by the commonly used LC-FLD/MS methods in industry. Besides, the industrial
glycomics services, some of these organisations are also involved in developing kits for
glycomics assays. However, many of these analytical kits are made for sample preparation
such as reducing end labelling [42, 43] and methylation [44] of glycans for analysis on
LC/CE/CGE-FLD/MS platforms [45-48]. The work of this thesis addresses the demand for
innovative kit development by introducing an assay which does not require the latter
analytical platforms but rather a spectrophotometric plate-reader. These assays could hence
meet demand in laboratories that are not specialised in routine glycomics analysis. Especially
since now-a-days many laboratories embark on cross-disciplinary research topics, such
analytical glycomics kits could serve as a quick and efficient solution for attempting to address
a glycomics research question.
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Simple glycomics assays

Glycomics is heavily dependent on chromatography, electrophoresis and MS. However, unlike
proteomics and genomics, not much investigation into alternative non-chromatographic
assays has been done [49, 50]. It is true that detailed analytical questions in proteomics and
genomics require some form of separation. However, many assays have been created as an
alternative to answer certain niche and targeted analytical questions without the need for
chromatography. For instance, enzyme linked immuno sorbent assay (ELISA) are often used
in proteomics and quantitative polymerase chain reactions (qPCR) assays are used in
genomics to quantify the abundance of certain proteins or DNA epitopes in a sample,
respectively. Such plate-based assays have a plethora of advantages which will be discussed
along the span of this section. An established alterative to chromatographic
/electrophoretic/mass spectrometric glycomics assays for complex samples, such as TPNG, is
the lectin microarray assay [51, 52]. Similar to an ELISA format, an analyte of interested is
immobilised and quantified based on the binding specificity of a detection probe.

However, these microarrays are not widely adopted due to the technical skills required for
assay establishment as well as multiple sample processing steps [53, 54]. Moreover,
performance of the assay is heavily dependent on specificity and binding affinity of the lectin
probes. A few research groups have developed another sort of a plate-based assay that is
designed around redox reactions of monosaccharides units to produce a colorimetric signal
[55, 56]. Building from this research, this thesis introduces the development of an assay using
enzyme-based redox reactions for the quantification of glycan epitopes. In general, analytes
and reactants are mixed within a microtitre plate and the colorimetric signal is measured on
a spectrophotometric plate-reader [55, 56]. Thus, these assays do not require the tedious
process of immobilising antibodies/lectins to the microarray. The immobilisation is a common
source of variability arising from variations in immobilised lectin density and stoichiometry
[54].

Critical aspects for assay development targeting industrial
application

One-pot reactions

Analytical chemistry assays used in industrial applications should preferably have a stream-
lined workflow with minimal hands-on time. There are several reasons for these
requirements, but the most important one is the operator’s ability to perform an assay with
minimal training. Therefore, the assays consist of a minimal number of steps; hence one/two-
pot reactions are desirable. This also reduces the necessary laboratory cost on consumables
and waste. Such one pot assays usually also allow for an easy transfer of the assay to a fluidic
handling robotic platforms which aids in throughput. Furthermore, such assays usually allow
for concise comprehensive standard operating protocols. In chemistry, compiling several
reaction steps into a one-pot reaction procedure is seldom easy, due to possible interferences
between the constituents required for the different reaction steps. However, many
biochemical assays such as ELISA and qPCR are based on one-pot biocatalysed enzyme-based
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reactions [57, 58]. Due to the specificity of enzymes to catalyse certain reaction steps, several
steps can be compiled into a one-pot reaction with little to no interference of inter-mediate
reaction steps. However, since enzymes are functional proteins, a deviation from their
suitable reaction conditions can limit their activity [59]. Thus, when designing such one-pot
reactions with multiple enzyme catalysed steps, the physio-chemical conditions of the
reaction should strike a balance between the efficiencies of the constituent enzyme activities
so as not to limit the overall efficiency of the assay [60]. In case of drastic differences in the
required physico-chemical conditions of the different constituent reaction steps, the
individual reactions of the one-pot reaction can be performed in a sequential manner.
Chapter 5 demonstrates such a sequential one-pot assay. Exoglycosidases, dehydrogenases
and an epimerase were the enzyme biocatalysts used in this multi-step one-pot reaction
spectrophotometric glycomics assay. By performing several reaction steps sequentially with
increasing reaction volumes, tolerable biochemical conditions for enzymes were achievable
whilst obvious interferences between reactions steps were limited.

Instrumentation and data
Assays based on spectrophotometric plate-readers are advantageous when it comes to the

overall infrastructure and costs of an assay. These plate-readers usually cost much less than
LC, CE and MS platforms, and often do not require extensive regular maintenance or skilled
technicians. Modern plate-readers are also compact benchtop instruments that require much
less laboratory space and no gas lines or vents as compared to LC, CE or MS instruments. Thus,
a dedicated analytical service laboratory can furnish many such plate-readers easily, if
demand increases. Additionally, the machine time for data analysis of a sample in a
spectrophotometric plate-reader is only a fraction of the time required by separation-based
platforms, which increases throughput. Their ease-of-use is highly desired for industrial
analytical application, e.g enabling quick training of technical staff.

The identification and quantification ability of LC and CE techniques is based on their ability
to separate analytes either in time or space irrespective of the detection system used. This is
usually in contrast to assays based on spectrophotometric plate-readers. A sample containing
one or more analytes of interest is placed in a single well of a microtitre plate, and these
analytes are exclusively selected based on their spectrophotometric profile of the absorbed
and/or emitted light. Thus, the identification and quantification ability of a
spectrophotometric plate-reader assay is limited to the differences in the spectrophotometric
profile of the analytes in the sample, i.e. analytes with similar or overlapping
spectrophotometric profiles cannot be differentiated [61, 62]. However, physical chemical
approaches using quantum dots and Forster resonance energy transfer (FRET) are being
investigated to improve the multiplexing of spectrophotometric assays based on time
dependence and narrow bandwidths of spectrophotometric profiles [63, 64].

LC, CE and MS quantification often rely on relative area comparison of the integrated peaks
in a chromatogram, electropherogram and mass spectrum, respectively. In contrast, for
spectrophotometric plate-reader assays, an absolute quantification is performed based on
comparison to a standard curve which is a concentration series of the analyte of interest. The
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latter can be limiting when it comes to the analysis of some biological molecules, due to the
availability of standards. For example, the quantification of a glycan epitope on a specific
glycoprotein is limited by the fact that pure protein glycoform standards hardly exist. When
only the relative biological variation of the glycan epitopes is clinically relevant, then
measuring absolute glycan epitope amounts would also incorporate the biological variation
of the glycoprotein expression which may not necessarily have clinical relevance. In this case,
the quantified glycan epitope would need to be normalised for the clinically irrelevant
variations of the glycoprotein. One approach is to take the ratio of the glycan epitope
amounts to the protein amounts, wherein the glycan epitopes and protein amounts are firstly
qguantified against their respective molecular standard curves. Alternatively, a relative
guantification approach can also be performed by taking a ratio of two glycan epitopes that
may be structurally inter-dependent in the parent biomolecule. The added benefit of a
normalisation approach using the ratio of epitopes quantified by similar chemical and
detection mechanisms, is the elimination of the need for a standard curve to compare
between samples. For example, taking the ratio of galactosylation and sialylation for a
glycoprotein can eliminate variations coming from the glycoprotein amounts of different
samples. This was exemplified in Chapter 5.

Other research aspects

The assays introduced in this thesis were developed with the intention of easily transforming
them into analytical kits. Besides being potential products for use in established industrial and
academic laboratories, a major advantage of these kit-based assays is the portability for in-
field research applications. Such kits and spectrophotometric plate-readers can be easily
transported and do not require laboratory infrastructure such as gas lines and vents.
Furthermore, the use of light emitting diodes (LEDs) with wavelengths of interest rather than
white-light sources, has allowed for a scaling down of plate readers to the size of booklets
(Absorbance 96, Byonoy GmbH, Germany) and hence has further improving portability [65].

In-field research has its advantages as it saves time for answering an analytical question but
more importantly it removes the need to transport temperature-sensitive biological samples
to an analytical laboratory which is not always located near a site of the field research. It must
be mentioned that the assay in Chapter 5 was performed almost entirely on a Hamilton
robotic system, but there is no reason why it cannot be performed similarly with multichannel
pipettes, which was the case during its development.
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Identification options in (LC-)MS assays

Fragmentation and glycan epitope identification

The complexity of glycomics partially derives from the linkage variants of residues. However,
obtaining information on the exact loci of these residues within a molecule can further
increase the complexity of glycomics analysis. Considering only linkage variations, often two
or more linkage variants of a residue can occur on the same molecule. Sometimes, these
linkage iterations cannot be resolved with a separation method. Thus, a coupled MS
dimension helps to derive the structural features by gas phase fragmentation which, in
glycomics, is usually collision induced dissociation (CID) [66]. Most MS based glycomics assays
are performed in positive ion mode due to the higher (compared to negative ion mode)
ionisation efficiency [66]. However, CID in positive ion mode results in glycosidic bond breaks
which may not always be sufficiently informative, especially in the case of co-eluting linkage
variants [67]. Furthermore, complete coverage of molecular fragmentation patterns is not
always obtainable. However, if we consider N-glycosylation in humans, the linkage variants of
clinical interest are mostly of fucoses (Fuc), N-acetylglucosamines (GIcNAc) and sialic acids
(Sia), which are almost entirely N-acetylneuraminic acid. Linkage variants of galactose (Gal)
and mannose can also be found. Each of these residues has its own generally accepted
manner of identification. In case of Fuc, diagnostic fragment ions representing parts of the
glycan core structure are used for identifying its a(1-6) or a(1-3/4) variants which are
exclusively core or antennary located, respectively [68]. Similar diagnostic ions representing
part of the core can be used for differentiating between B(1-4) bisecting GIcNAc and B(1-
2/4/6) antennary GlcNAcs [69]. However, differentiating between the linkage variants of
antennary GlcNAcs by CID fragmentation is particularly difficult.

In the previous paragraph, we only considered the identification of linkage variants without
considering the loci of these variants within a molecule. It is worth mentioning that glycans
having the same composition including their constitutional isomers, may not necessarily have
the same structure because the residues of antennary GIcNAc, Gal, antennary Fuc and Sia can
be assorted onto different antennary arms. The possibility of the presence of such
regioisomers becomes especially concerning in glycans with multiple antennae. CID in positive
ion mode is unable to provide sufficient information to elucidate the position of such residues.
However, CID in negative ion mode results in sequential cross-ring fragmentation patterns
from which such information can be derived [67]. This makes this method a very powerful
tool in glycomics analysis. However, the drawback is that ESI of glycans in negative ion mode
suffers from low ionisation efficiencies. Furthermore, fragmentation data is not always easily
comprehensible and hence negative ion mode analysis is not widely practiced in glycomics.

Of special relevance to this thesis are the diagnostic fragment ions that are used for
differentiating the linkage variants of Fuc residues due to their core or antennary localisation
on the glycan structure. However, these diagnostic ions are not conclusive due to the
phenomenon of Fuc rearrangement. The a(1-3/4) antennary Fuc residues have a tendency to
undergo a gas phase molecular rearrangement to form isomeric ions, mimicking core
fragment ions [70]. Considering that antennary fucosylation in TPNG has been associated with
several cancers [27, 71], a demand for its accurate quantification has been created. In aid of
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improving the accuracy of antennary Fuc quantification, Chapter 4 takes a different approach
to add selectivity. The novelty of this assay lies in its ability to accurately quantify antennary
fucosylation in complex TPNG samples without the use of MS fragmentation. The assay relies
on an exoglycosidase depletion of core Fuc residues so as to obtain information on the
antennary Fuc residues by matrix assisted laser desorption ionisation (MALDI)-time of flight
(TOF)-MS. This allows for the calculation of antennary Fuc traits without the need for complex
and sometimes inconclusive MS/MS fragmentation experiments. Thus by taking advantage
of the selectivity of exoglycosidase, the need for technical and experimental complexity can
be reduced in glycomics. This approach has potential in differentially branched antennary
GlcNAc isomer quantification where MS/MS experiments required for their identification are
very complex. This is why a portion of the work of this thesis was dedicated to characterising
the substrate specificities of exoglycosidase, which could have potential not only for glycan
profiling but also for similar aforementioned exoglycosidase-based analytical assays. More of
this will be discussed in the later section.

It is also worth mentioning, that when it comes to analytical speed, MALDI-MS methods are
faster than LC-ESI-MS methods on which most antennary Fuc assays are based. This makes
the assay even more attractive for an industrial application as throughput is often vital.

Derivatization

Few years ago, identification of Sia linkages by fragmentation was very challenging due to its
terminal location at the non-reducing end and lack of differentiating diagnostic ions.
However, derivatisation methods such as methyl esterification [72] and ethyl esterification,
and it adaptions [73-75], have greatly enhanced identification of the most prominent a(2-3/6)
Sia variants. During these esterification reactions, a methyl/ethyl ester is preferably formed
on the C1-COOH of a(2-6) Sia rather than a(2-3) Sia, due to their differential relative proximity
to the C2 -OH of the penultimate galactose (Gal) residue [73]. This reaction selectivity causes
a differential mass shift between both linkage variants. As a result the composition of the Sia
variants within a structure can be identified even without the need for fragmentation [76].
Such chemical derivatisation approaches have not been investigated for Fuc and
bisecting/antennary GIcNAc residues, and could possibly be very tedious due to the lack of
unigue and suitable chemically active functional groups in these residues. Thus,
exoglycosidase-based glycan profiling still remains the industrial gold-standard for identifying
Fuc and GIcNAc residue linkages. Hence, obtaining fucosidases and GlcNAc-ases of isomer
specificity is important.
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Exoglycosidases for analytical use
The performance of the analytical assays developed in this thesis as well as other

glycoprofiling techniques are highly dependent on the specificity of the exoglycosidases used.
Hence, it is important that these glycosidases are well characterised in terms of substrate
specificity so as to ensure high accuracy in quantification of isomeric analytes. Glycosidases
have an ever growing demand in bioindustry and academic research applications. Hence,
many of these glycosidases are readily obtainable from commercial vendors as recombinant
or naturally sourced products. Furthermore, molecular biologist with experience in gene
expression can produce these recombinant glycosidases in-house. However, the source of the
glycosidases is highly dependent on the user preferences and reliability of the enzymes
available. This can be exemplified by the choice of the sources of glycosidases used in the
assays developed in this thesis. These glycosidases are either commercially available or can
be produced readily by molecular biologist in-house as recombinant proteins. Commercially
available enzymes are usually well characterised for specificity and kinetic activity and hence
ideal for assay development as it removes the need for enzyme characterisation. In an
academic sense, availability of commercially sourced enzymes also allows the assay to be
reproduced readily by other research groups that are interested in the topic. This was one of
the underlying motives in Chapter 4, were a commercial core fucosidase was used rather than
the non-commercially sourced recombinant core fucosidases which were also available.
However, commercial enzymes can sometimes be quite costly. Since the assay was intended
for cost effective high-throughput analysis, the use of in-house sourced recombinant
exoglycosidases was ideal rather than the more expensive commercial options. Many of these
exoglycosidases can also be inexpensively commercially available as natural sourced
enrichments. These naturally sourced enzymes usually have one or more purification steps
for enriching the enzyme of interest. Since these purification steps are often limited in
purification efficiency, glycan and/or other exoglycosidase contaminants could introduce
variations in the assay when using difference batches of the enzymes. Hence to avoid such
variations, recombinant enzymes of high purity should be used.

Exoglycosidases of potential analytical interest

Although there is a large repertoire of available glycosidases, there is still a demand for certain
glycosidase activities which can be based on specificity to a certain linkage or on a certain
glycan structure. There will always be a demand for obtaining glycosidases of certain
specificity which depends on the needs of a glycomics assay or a glycobiological application.
Enzymology is a large research field and so to convey the importance of glycosidases in
glycomics, | shall exemplify from the work done in this thesis on an antennary fucosidase
(Chapter 2) and a bisecting GIcNAc specific GIcNAcase ([77], Chapter 3). These enzymes were
chosen for screening due to difficulties in identifying their substrate glycan isomers by
analytical glycoprofiling technigues. As mentioned above, identification of isomeric fucose
residues on N-glycans is tedious to due to unreliable diagnostic fragment ions. Similar
diagnostic fragments ions of bisecting GIcNAc isomers are usually present in low abundance
along with the low occurrence of these bisecting glycans in TPNG [78, 79].
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The antennary fucosidase here specifically removes a(1-3/4)-linked antennary Fuc residues
irrespective of sialylation on the Lewis X epitope. This activity is unique, as all reported
antennary fucosidases are hindered by a sialylation on these epitopes. This fucosidase has
immense potential in LC-based glycomics assay for antennary fucose identification. The
mechanism of this activity was elucidated relying on structural characterisation of the
enzyme. The presence of an open void in the vicinity of the active site allowed for the
unhindered accommodation of a a(2-3)-linked Sia residue which was not the case for other
previously reported antennary fucosidases. The information obtained from this chapter will
go on to aid efforts in genetic engineering of other antennary fucosidases with hope of
introducing such a favourable trait. Such approaches of engineering desirable traits into
enzymes have repeatedly proven valuable. A relevant example, the incorporation of a
predominant transfucosidase activity into the a-1,3/4-L-fucosidase BbAfcB from
Bifidobacterium bifidum was achieved by swapping an a-helical loop with the transfucosidase
CpAfc2 from Clostridium perfringens [80]. This has important interest in industrial production
of human milk oligosaccharides since the desirable activities from a pathogen derived enzyme
was incorporated into a probiotic enzyme, thus avoiding possible controversy.

A GlcNAcase was identified that is specific to bisecting GIcNAc residues which gives it a novelty
among known GlcNAcases [77]. However, this enzyme was highly limited in its activity as it
gets hindered by the presence of galactosylation and sialylation. Chapter 3 is an attempt to
understand the mechanism of the enzyme in more detail. Although the mechanism of
antennary GlcNAcase catalysis [81] is well known, the mechanism behind its specificity to
bisecting GIcNAc residues remains a mystery due to the lack of co-crystallised glycans within
its active site. Often these GIcNAcases rely on associated residues encompassing the entry to
the active site to regulate the positioning of glycan’s antennary arms or bisection [77, 82].
Such previously described regulatory residues [77, 82] could not be identified within this
structure. Furthermore, attempts at computer-assisted docking of the glycan into the active
site were not conclusive. Follow-up research would be required to understand the regulatory
mechanism of the enzyme specificity.

On the importance of interdisciplinary research

Finally, I would like to end this chapter by saying that glycomics like so many other sectors of
analytical chemistry, heavily relies on interdisciplinary research. Analytical chemistry projects
are heavily dependent on instrumentation and assay development, and thus we require a
constant input from other sciences to develop and advance our methods. This brings me to
the importance of interdisciplinary collaboration in the research of this thesis as it would not
be possible without a consortium-like investigation by analytical chemists, biochemists,
structural biologists, and process engineers for commercialisation of potential future
products.
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Summary

A large repertoire of medical and clinical research has extensively demonstrated the
importance of glycosylation in human health. This has created a demand for the development
of precision glycomics assays. These assays are not only valuable in academic research, but
have immense potential for high-throughput industrial applications of quality control, quality
assurance and contract-research glycan profiling. Precision glycomics assays are often based
on chromatographic and mass spectrometric techniques which require instrumentation
infrastructure and technical skills that are not always readily available. This creates a demand
in industry for the development of glycomics assays that have a low infrastructure cost and
that are user-friendly with minimal training requirements.

Chapter 1 of this thesis provides an introduction of disease-associated changes in protein N-
glycosylation observed in human plasma and the various analytical techniques used for their
analysis. A description is given of benefits and challenges of chromatography and mass
spectrometry techniques widely used in industrial glycan profiling. These applications often
use glycoenzymes, and the roles of these enzymes as an analytical tool in glycomics assays
are described. Chapter 1 is concluded by defining the scope of this thesis which, in a nutshell,
is the development of novel high-throughput glycomics assays via a re-fashioned approach to
exoglycosidase-based glycan profiling.

The assays developed in this thesis are highly reliant on the exoglycosidases for their accuracy
and precision. Thus, great importance was given to the sourcing of exoglycosidases of certain
desired traits. Chapter 2 outlines the workflow for the screening of exoglycosidases from
natural sources. A metagenomic study of a gut bacteriome highlighted certain genes that
coded for antennary fucosidases. These putative enzymes were recombinantly expressed and
shown to indeed have an antennary fucosidase activity by a commonly used industrial liquid
chromatography-mass spectrometry technique. Remarkably, one of the enzymes was capable
of removing the antennary a(1-3/4) fucosyl linkage from sialylated arms of N-glycans which
makes it an interesting tool in glycan profiling. This was a novel and previously unreported
activity for an antennary fucosidase. An in-depth structural study of the enzyme revealed the
mechanism for its novel activity.

Sourcing novel enzymes for desired traits and understanding their specificity is not always as
straightforward as exemplified in chapter 2. Chapter 3 outlines such a scenario in the sourcing
of an N-acetylglucosaminidase that has potential for industrial applications. This enzyme was
reported to specifically remove the bisecting N-acetylglucosamine residues from N-glycans
which makes it novel in its activity. Such an activity has importance in glycan profiling. A
structural study of the N-acetylglucosaminidase was performed to understand its mechanism
and specificity. However, this understanding remained inconclusive and hence further
research into the mechanism is required.

The predominant goal of this thesis is the development of exoglycosidase-based glycomics
assays which have potential for industrial applications and commercialization. These assays
were developed with a stern backbone i.e. they should be high-throughput, user friendly,
cost-effective and have commercialization potential as analytical kits. Furthermore, these
assays should provide a unique approach to an important analytical challenge.
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The first analytical challenge identified was the quantification of antennary fucosylation in
human plasma N-glycosylation. This glycosylation trait is often associated with inflammatory
diseases such as autoimmune diseases, diabetes and cancer, thus having relevance in medical
sciences. The industrial techniques used for the quantification of antennary fucosylation are
based on HILIC(LC)-FLD/MS". Often these chromatographic techniques take several minutes
up to an hour for analysis of a single sample. In this respect, MALDI-TOF-MS is the superior
techniques when it comes to high-throughput analysis. Chapter 4 introduces a novel MALDI-
TOF-MS based assay for the quantification of antennary fucosylation on human plasma N-
glycosylation. The core fucosylation of N-glycans was depleted by exoglycosidases and the
remaining antennary fucosylation was quantified. By combination of this workflow with sialic
acid derivatization, sialyl Lewis X/A epitopes could be quantified. This MALDI-based assay not
only outperformed an industrial LC-FLD-MS" technique, but also significantly reduced the
required time for analysis which is an important desirable trait in busy industrial analytical
laboratories.

The second analytical challenge was the development of spectrophotometric assays instead
of the previous combinations of chromatography and mass spectrometry. This type of assays
has commercial interest as they are easily producible as kits and can cater to a large clientele
of laboratories that are not equipped for routine high-end glycomics analysis. Chapter 5
introduces a novel plate-based spectrophotometric assay for the quantification of
galactosylation and sialylation on human antibodies. Exoglycosidases are used for releasing
sialic acids and galactose residues from the glycoproteins. These released residues are
subjected to a redox reaction that produces a fluorescence signal which is quantified. This
assay was shown to perform equally well as an industrial LC-FLD-MS" technique for glycan
profiling of antibodies, whilst not requiring the infrastructure or skills of an MS-based
glycomics laboratory.

Finally, the analytical challenges for quantifying N-glycosylation are discussed in chapter 6
with respect to assay development. Firstly, the widely used techniques of chromatography,
electrophoresis and mass spectrometry are discussed along with the less common techniques
of glycan/lectin microarrays. The general pros and cons for these techniques are outlined and
evaluated. Next, the most important and critical characteristics of glycomics assays for
industrial applications are discussed in detail. Many of these assays are based on LC-FLD/-MS"
techniques and their molecular identification options are discussed in-depth. This includes
collision induced dissociation, derivatisation and exoglycosidase-based profiling. Finally, the
importance of glycosidases in industry is discussed, especially the need for sourcing and/or
engineering exoglycosidase as analytical tools in industrial glycan profiling applications.
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Nederlandse samenvatting

Het belang van glycosylering met betrekking tot gezondheid is uitvoerig aangetoond in
medisch en klinisch onderzoek met als gevolg een nieuwe behoefte aan nauwkeurige
glycomics assays. De ontwikkeling van deze testen is niet alleen waardevol voor het uitvoeren
van academisch onderzoek, maar is ook gewenst voor industriéle toepassingen met hoge
doorvoer van  kwaliteitscontrole,  kwaliteitsborging en  glycaanprofilering  bij
contractonderzoek. Precisie glycomics assays zijn vaak gebaseerd op chromatografische en
massaspectrometrische technieken die een infrastructuur en technische vaardigheden
vereisen die niet eenvoudig voorhanden zijn. Dit creéert een vraag in de industrie naar de
ontwikkeling van glycomics assays die lage infrastructuurkosten hebben en die
gebruiksvriendelijk zijn met minimale trainingsvereisten.

Hoofdstuk 1 van dit proefschrift geeft een introductie van ziekte-geassocieerde N-
glycosyleringsveranderingen die zijn waargenomen in humaan plasma en de verschillende
analytische technieken die voor hun analyse worden gebruikt. Er wordt een beschrijving
gegeven van de voordelen en uitdagingen  van  chromatografie- en
massaspectrometrietechnieken die veel worden gebruikt bij industriéle glycaanprofilering.
Deze toepassingen maken vaak gebruik van glyco-enzymen en de rol van deze enzymen als
analytisch hulpmiddel bij glycomics assays wordt beschreven. Hoofdstuk 1 wordt afgesloten
met het kaderen van dit proefschrift, in het kort is dit de ontwikkeling van nieuwe glycomics
assays met hoge doorvoer via een vernieuwde benadering van op exoglycosidase gebaseerde
glycaanprofilering.

De testen die in dit proefschrift zijn ontwikkeld, zijn in hoge mate afhankelijk van de
exoglycosidasen voor hun nauwkeurigheid en precisie. Het was daarom van groot belang
exoglycosidasen te verkrijgen met bepaalde gewenste eigenschappen. Hoofdstuk 2 schetst
de strategie voor het evalueren van exoglycosidasen uit natuurlijke bronnen. Een
metagenomische studie van een darmbacterioom bracht bepaalde genen aan het licht die
codeerden voor antenne-fucosidasen. Deze hypothetisch verwachtte enzymen werden op
recombinante wijze tot expressie gebracht en er werd aangetoond dat ze inderdaad een
antenne-fucosidase-activiteit hebben door een algemeen gebruikte industriéle
vloeistofchromatografie-massaspectrometrietechniek. Opmerkelijk was dat één van de
enzymen in staat was om van N-glycaan antennes een fucoseresidu dat a(1-3/4) gebonden is
aan gesialyleerde armen te verwijderen, wat het een interessant hulpmiddel maakt bij
glycanprofilering. Dit is een nieuwe en voorheen niet-gerapporteerde activiteit voor een
antenne-fucosidase. Een diepgaande structurele studie van het enzym onthulde het
mechanisme voor zijn nieuwe activiteit.

Het vinden van nieuwe enzymen voor gewenste eigenschappen en het begrijpen van hun
specificiteit is niet altijd zo eenvoudig als wordt geillustreerd in hoofdstuk 2. Hoofdstuk 3
schetst een dergelijk scenario bij het verkrijgen van een N-acetylglucosaminidase dat
potentieel heeft voor industriéle toepassingen. Van dit enzym werd gemeld dat het specifiek
de zogenaamde bisecting N-acetylglucosamine uit N-glycanen kan verwijderen, waarmee het
nieuw zou zijn in zijn activiteit. Een dergelijke activiteit is van belang bij glycaanprofilering.
Een structurele studie van de N-acetylglucosaminidase werd uitgevoerd om het mechanisme
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en de specificiteit ervan te begrijpen. De resultaten waren echter niet eenduidig en daarom
is verder onderzoek naar het mechanisme vereist.

Het belangrijkste doel van dit proefschrift is de ontwikkeling van op exoglycosidase
gebaseerde glycomics assays die potentieel hebben voor industriéle toepassingen en
commercialisering. Deze assays moeten voldoen aan een hoge doorvoer, dienen
gebruiksvriendelijk en kosteneffectief te zijn en verder een commercialiseringspotentieel te
hebben als analytische kits. Bovendien moeten deze testen een unieke benadering bieden
voor een belangrijke analytische uitdaging.

De eerste analytische uitdaging die werd geidentificeerd, was de kwantificering van antenne-
fucosylering in N-glycosylering van humaan plasma. Deze glycosyleringseigenschap wordt
vaak geassocieerd met ontstekingsziekten zoals auto-immuunziekten, diabetes en kanker, en
is dus relevant in de medische wetenschappen. De industriéle technieken die gebruikt worden
voor de kwantificering van antennefucosylering zijn gebaseerd op HILIC(LC)-FLD/MS". Vaak
nemen deze chromatografietechnieken enkele minuten tot een uur in beslag voor de analyse
van een enkel monster. In dit opzicht is MALDI-TOF-MS de superieure techniek als het gaat
om high-throughput analyse. Hoofdstuk 4 introduceert een nieuwe op MALDI-TOF-MS
gebaseerde test voor de kwantificering van antenne-fucosylering op N-glycosylering in
humaan plasma. De zogenaamde core-fucosylering van N-glycanen werd verwijderd door
exoglycosidasen en de resterende antennefucosylering werd gekwantificeerd. Door deze
workflow te combineren met derivatisering van siaalzuur, konden sialyl Lewis X/A-epitopen
worden gekwantificeerd. Deze op MALDI gebaseerde test presteerde niet alleen beter dan
een industriéle LC-FLD-MS"-techniek, maar verminderde ook aanzienlijk de benodigde tijd
voor analyse, wat een belangrijke wenselijke eigenschap is in industriéle analytische
laboratoria.

De tweede analytische uitdaging was de ontwikkeling van spectrofotometrische testen die
geen chromatografie en massaspectrometrie toepassen. Dit type assays heeft commercieel
belang omdat ze gemakkelijk als kits kunnen worden geproduceerd en geschikt zijn voor een
grote klantenkring van laboratoria die niet zijn uitgerust voor routinematige high-end
glycomics-analyse. Hoofdstuk 5 introduceert een nieuwe op platen gebaseerde
spectrofotometrische test voor de kwantificering van galactosylering en sialylering op
humane antilichamen. Exoglycosidasen worden gebruikt voor het verwijderen van siaalzuren
en galactoseresiduen uit de glycoproteinen. Deze vrijgekomen residuen worden
onderworpen aan een redoxreactie die een fluorescentiesignaal produceert dat wordt
gekwantificeerd. Deze test bleek even goed te presteren als een industriéle LC-FLD-MS"-
techniek voor glycanprofilering van antilichamen, terwijl de infrastructuur of vaardigheden
van een glycomics laboratorium met massaspectrometrie niet nodig waren.

Tenslotte worden de analytische uitdagingen voor het kwantificeren van N-glycosylering
besproken in hoofdstuk 6 met betrekking tot de ontwikkeling van assays. Ten eerste worden
de huidige veelgebruikte technieken van chromatografie, elektroforese en
massaspectrometrie besproken, samen met de minder populaire technieken van
glycan/lectine microarrays. De algemene voor- en nadelen van deze technieken worden
geschetst en geévalueerd. Vervolgens worden de belangrijkste en meest kritische kenmerken
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van glycomics assays voor industriéle toepassingen in detail besproken. Veel van deze testen
zijn gebaseerd op LC-FLD/-MS"-technieken en hun moleculaire identificatie-opties worden
uitgebreid besproken. Dit omvat door botsingen geinduceerde dissociatie, derivatisering en
op exoglycosidase gebaseerde profilering. Tenslotte wordt het belang van glycosidasen in de
industrie besproken, met name de noodzaak om exoglycosidase te sourcen en/of te
engineeren als analytische hulpmiddelen in industriéle glycanprofileringstoepassingen.
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