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Preface

Glycosylation is one of the most important post-translational modifications of proteins. It is
estimated that half of all proteins are glycosylated. Glycosylation has a critical biological role,
as it is involved in many functions such as cell signaling, cell–cell contact, innate immune
response, protein stability, or host-pathogen recognition. For therapeutic proteins, glyco-
sylation is also considered a critical quality attribute, as it can affect the safety and efficacy of
the drug.

This post-translational modification adds complexity to proteins that are usually already
quite heterogeneous. To achieve a complete characterization of glycoproteins, state-of-the-
art analytical techniques are therefore required. Over the past decade, mass spectrometry has
become the method of choice for the analysis of glycoproteins, as it allows a multi-level
characterization, from the intact protein to the building blocks of the glycans: the
monosaccharides.

The aim of this book is to present methods that can be used for the analysis of
glycoproteins at different levels (intact, subunit, glycopeptide, glycan, monosaccharide),
to solve most analytical challenges that a scientist working on glycoproteins may face.

The book is divided into 26 chapters. The first chapter is a short review dedicated to
therapeutic glycoproteins, which aims to highlight the role of glycosylation on their proper-
ties. In chapters 2–20, the reader will find different analytical methods to characterize
glycosylation, from the intact protein to the glycan level, for both N-linked and O-linked
glycoproteins. Several of these methods were designed for the analysis of therapeutic
glycoproteins but can be easily adapted to any glycoprotein. Chapter 21 describes a mass
spectrometry imaging methodology for glycosylation analysis in tissues. Chapters 22 and 23
propose two approaches to characterizing glycosylation in cultured cells. As scientists, it is
crucial to remain open-minded and to recognize that mass spectrometry can have limita-
tions. Chapters 24 and 25 focus on two alternative methods that can be extremely useful in
some cases, especially for highly glycosylated proteins: SEC/MALS and FT-IR. Finally,
Chapter 26 is dedicated to a new aspect of modern analytical chemistry: the use of cloud
computing to deploy mass spectrometry data analysis.

These chapters differ from conventional articles, because primary emphasis is placed on
providing reliable procedures for users. Special attention is given to important experimental
data, and practical hints in the “Notes” section enable the reader to adapt these procedures
to one’s specific problems.

I sincerely hope that the readers enjoy the information provided in this book and find its
content interesting and stimulating. Even if it is never possible to be exhaustive on the
subject, I also hope that I have prepared a successful compilation of chapters within the
exciting field of MS of glycoproteins.

Eight-seven authors from 30 research laboratories all over the world have contributed to
Mass Spectrometry of Glycoproteins: Methods and Protocols. I want to express my thanks to all
the authors and coauthors for making their expertise and knowledge available to those who
are not already versed in this area.
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I would especially like to thank Dr. John Walker, the series editor, for his invitation to
edit this volume of Methods in Molecular Biology and for his enthusiasm and his support.

I dedicate the book to my wife Aurélie and to my children Lauric, Eden, and Illan.

Donstiennes, Belgium Arnaud Delobel
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Jonathan Sjögren, Arnaud Delobel, and Alain Beck

6 Characterization of Glycosylated Proteins at Subunit Level
by HILIC/MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Valentina D’Atri and Davy Guillarme

7 Analysis of Monoclonal Antibody Glycopeptides by Capillary
Electrophoresis–Mass Spectrometry Coupling (CE-MS) . . . . . . . . . . . . . . . . . . . . . 97
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IAN BLACK • Complex Carbohydrate Research Center, University of Georgia, Athens, GA,
USA
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Belgium

ALLISON DERENNE • Center for Structural Biology and Bioinformatics, Laboratory for the
Structure and Function of Biological Membranes, Université Libre de Bruxelles, Brussels,
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JOSIANE SAADÉ • Laboratoire de Spectrométrie de Masse des Interactions et des Systèmes
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Chapter 1

Glycosylation of Therapeutic Proteins: A Critical Quality
Attribute

Arnaud Delobel

Abstract

Glycosylation is a common posttranslational modification of therapeutic proteins. The glycosylation pattern
is dependent on many parameters such as the host cell line or the culture conditions. N- and O-linked
glycans usually play a great role on the stability, safety, and efficacy of the drug. For this reason, glycosylation
is considered as a critical quality attribute of therapeutic glycoproteins, and a thorough characterization
should be performed, as well as a systematic control for each batch produced. This chapter gives a short
presentation of the structure of glycans commonly found on recombinant therapeutic proteins, and their
role on the properties of the drug, in terms of stability, pharmacokinetics, safety, and efficacy. Lastly, the use
of mass spectrometry for the analysis of glycoproteins is briefly described.

Key words Glycoprotein, Monoclonal antibody, Glycosylation, Pharmacokinetics, Immunogenicity,
Critical quality attribute, Mass spectrometry

1 Introduction

1.1 Glycoproteins

as Therapeutics

Therapeutic proteins are among the most promising drugs cur-
rently under development. They are used for many different indica-
tions, such as cancer, autoimmunity and inflammation, genetic
disorders, or infections. In 2018, the market share of biopharma-
ceuticals was estimated to 28% of the total market, and to 53% when
only Top 100 pharma companies are considered [1]. This figure
keeps increasing year after year. The global demand for biopharma-
ceuticals by product is led by monoclonal antibodies (mAbs), esti-
mated at US$ 82.3 billion (33.2% share) in 2018, and is also
expected to grow with a 10.8% CAGR (compound annual growth
rate) between 2018 and 2025. The global market for biopharma-
ceuticals in 2019 is expected to reach US$ 269.3 billion [2].

Glycosylation is one of the most common posttranslational
modification of proteins in nature. It is estimated that more than
half of all proteins found in nature are glycoproteins [3]. The share
of glycoproteins among therapeutic proteins is even higher. Among

Arnaud Delobel (ed.), Mass Spectrometry of Glycoproteins: Methods and Protocols, Methods in Molecular Biology, vol. 2271,
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these are monoclonal antibodies, that usually contain (at least) two
sites of N-glycosylation [4]. Monoclonal antibodies (and related
compounds such as bispecific antibodies, antibody–drug conju-
gates, or Fc-fusion proteins) represent today most of the therapeu-
tic proteins under development. Among the 10 top-selling drugs in
2018, seven were glycosylated proteins [5], all being monoclonal
antibodies or related products (such as Fc-fusion proteins).

In most cases, the glycosylation pattern of the drug can have a
significant impact on the efficacy and safety of the drug. Therefore,
glycosylation is commonly considered as a critical quality attribute
(CQA) of glycoproteins, and more specifically of monoclonal anti-
bodies [6–8]. Regulatory authorities have issued guidelines that
require the characterization of the glycosylation using state-of-
the-art techniques, and the control of this quality attribute for
each batch produced [9–11].

1.2 Structure

of Glycosylated

Proteins

1.2.1 Monosaccharides,

the Building Blocks

of Glycans

Glycans found on therapeutic glycoproteins are oligomers of
monosaccharides [12], linked together via glycosidic bonds. The
different monosaccharides commonly found on therapeutic glyco-
proteins are presented in Fig. 1. Different types of monosaccharides
are present: neutral sugars such as glucose, mannose, galactose,
fucose, and xylose (found only in proteins expressed in plant
cells); amino sugars such as N-acetylglucosamine and N-acetylga-
lactosamine; and sialic acids such as N-acetylneuraminic acid and
N-glycolylneuraminic acid (not found in human glycoproteins).

The nomenclature of the linkage is presented in Fig. 2. The two
numbers correspond to the carbons involved in the linkage, and the
terms α and β correspond to the stereochemistry on the anomeric
carbon: if the oxygen is axial/down, the carbon is α, if the oxygen is
equatorial/up, then the carbon is β.

1.2.2 N-Glycans N-glycosylation is probably the most important type of glycosyla-
tion as regards therapeutic proteins, as most of them contain only
N-glycosylation. N-glycans are linked to asparagine residues via a
glycosidic bond involving the nitrogen atom of the side chain
(Fig. 3).

Not all asparagine can be N-glycosylated: they must be part of
a so-called “consensus sequence”, consisting of an asparagine resi-
due followed by any amino acid (except proline) and a serine or
threonine (N-X-S/T). But even in the presence of this sequon, not
all asparagine residues may be glycosylated. They can either be
glycosylated, nonglycosylated, or partially glycosylated, which
adds heterogeneity to the protein.

N-glycans of therapeutic proteins share a common core
sequence: Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1–4GlcNAcβ1–
Asn-X-Ser/Thr.

They can be classified into three types: (1) oligomannose (also
known as “high mannose”), in which only mannose residues are
added to the core structure; (2) complex types, for which core
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GlcNAc residues will be extended by antennae; and (3) hybrid
types, in which mannose residues extend the Manα1-6 arm of the
core and one or two GlcNAcs extend the Manα1-3 arm (see Fig. 4).

As it will be discussed in Subheading 2, the structure of N-
glycans will have an impact on the properties of the drug, including
its safety and efficacy. A precise control of the N-glycosylation will
therefore be mandatory for the therapeutic use of the glycopro-
teins. The analysis of N-glycosylation can be performed by using
specific enzymes such as PNGases [13], that allow the cleavage of
the oligosaccharide from the peptidic backbone. But many other
endo- or exoglycosidases with various specificities can also be used
for precise characterization of N-glycosylated proteins [14].

β-D-glucose (Glc) β-D-galactose (Gal) β-D-mannose (Man)

N-acetylglucosamine
(GlcNAc)

N-acetylgalactosamine
(GalNAc)

α-L-fucose (Fuc)

β-D-xylose (Xyl)
N-acetylneuraminic acid

(Neu5Ac)
N-glycolylneuraminic acid

(Neu5Gc)

Fig. 1 Structure of monosaccharides commonly found in recombinant glycoproteins

Man(α1-6)Man

Man(α1-3)Man

Man(β1-4)GlcNAc

Gal(α1-3)Gal

Fig. 2 Nomenclature of glycosidic linkages
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1.2.3 O-Glycans O-glycosylation is less common in therapeutic glycoproteins, but it
can be found in some of them such as Enbrel® (etanercept), a fusion
protein composed of the Fc portion of an IgG1 monoclonal anti-
body fused to TNFα receptor [15]. The linker between the Fc
portion and the TNFα receptor is heavily O-glycosylated.

O-glycans are linked to the protein via the oxygen atom of a
serine or threonine residue, as shown in Fig. 5, which shows an
example of mucin-type Core 1 glycan containing two N-acetyl-
neuraminic acids. Unlike N-glycosylation, there is no consensus
sequence for O-glycosylation, and virtually any serine or threonine
residue could be O-glycosylated. Heavily O-glycosylated proteins
usually contain a cluster of serine and/or threonine residues that
can be fully or partially modified.

Fig. 3 Chemical structure of N-linked glycans (asparagine residue in blue; core structure of the N-glycan in
red)

Mannose

Galactose

N-acetylglucosamine

Fucose

N-acetyl
neuraminic acid

N-glycolyl
neuraminic acid

Fig. 4 Different types of N-glycans commonly found in therapeutic glycoproteins

4 Arnaud Delobel



O-glycosylation is more complex than N-glycosylation, and
different types of core structures are found. The most common
modification is mucin-type O-glycosylation, in which a serine or a
threonine is linked to N-acetylgalactosamine, giving rise to differ-
ent core structures as presented in Fig. 6, the most common being
Core 1 to Core 4. Sialic acids can then be linked to these core
structures, leading to complex glycans, as shown in Fig. 7. O-
fucosylation, O-glucosylation, and O-mannosylation can also be
found [16].

UnlikeN-glycosylation, there is no enzyme that can specifically
cleave O-glycans, and chemical release is commonly used, which
makes the characterization ofO-glycosylation quite complex. How-
ever, new enzymes were recently developed for the characterization
of O-glycosylation [17], that may facilitate this type of work in the
future.

When choosing an expression system to produce a recombinant
protein for further therapeutic use, its impact on glycosylation
should be carefully studied. One will want to choose a system that
is able to produce proteins with glycans that will positively affect the

Fig. 5 Chemical structure of a Core 1 O-glycan (in red) linked to a serine residue
(in blue) and decorated with two N-acetylneuraminic acids (in black)

Core 1

3� � 3� � 3� � 6� �

3� �6� �

3
6

�

�
�

3
6

�

�
�

Core 2

Core 3 Core 5

Core 6 Core 8

Core 7

Core 4

Fig. 6 Core structures of mucin-type O-glycans
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1.3 Impact

of the Expression

System

on the Glycosylation

Profile

potency of the drug, while avoiding safety issues to the patient.
Therefore, glycosylation patterns as similar as possible to the ones
of human proteins are preferred. Indeed, nonhuman cells may pro-
duce glycans that are not present in human proteins, or decorate
proteins with glycans that contain chemical groups, monosaccharides
or linkages between monosaccharides that are not present in human.
Nonhuman glycosylation is one of the major causes of immunoge-
nicity [18]. These glycoproteins may also be rapidly cleared from
circulation, leading to a loss in efficacy (see Subheading 2).

The choice of the expression system will have a great impact on
the glycosylation of the protein produced [19–21]. The repertoire
of glycans that will be produced will mainly depend on the glyco-
syltransferase and glycosidase enzymes available, but also on the cell
culture conditions. For example, yeast cells will mainly produce
high-mannose structures [22], while insect [23] and plant [24]
cell lines will produce unique glycans, different from those of
mammalian cell lines. But even when mammalian cell lines are
used, significant differences can be observed from one host to
another [25].

In the recent years, glycoengineering of cell lines has been an
important matter of research [26–29] with the aim of producing
glycoproteins with optimal glycosylation, both in terms of safety
and efficacy, with high production yields [30, 31]. Using such
approaches, the first therapeutic protein produced in plant (taliglu-
cerase alfa, Elelyso®) was approved by the US FDA in 2012 [32].

Fig. 7 Examples of mucin-type O-glycans
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1.4 Impact

of the Manufacturing

Process on Protein

Glycosylation

As shown in the previous section, the cell line used for the produc-
tion of a recombinant protein will have a great impact on the
glycosylation pattern. Even for a given cell line, using different
cell culture conditions could make a difference. Therefore, optimiz-
ing these conditions may allow for fine tuning of the glycan struc-
ture, and then modify the physicochemical and biological
properties of the drug. For example, high concentrations of ammo-
nia have an impact on terminal glycosylation [33, 34], while pH can
have an impact on galactosylation and sialylation microheterogene-
ity [35]. Reduced culture temperature [36] and the production
method [37] (fed batch vs. perfusion) are also parameters that
affect sialylation. Other parameters such as dissolved oxygen con-
centration should also be considered, but their effect is more vari-
able and cell-specific [38].

1.5 Biosimilar Drugs With the loss of patent protection for the first generation of
biotherapeutics, biosimilars have been of major interest for bio-
pharmaceutical companies over the last few years [39, 40]. At the
end of 2019, the EMA had approved 56 biosimilar products via the
European Union–wide authorization procedure, and the USA had
only begun to catch up with the EU with 19 products approved
since the first biosimilar approval in 2015.

The analytical similarity assessment is a critical step in the
biosimilarity assessment, as it can potentially avoid the need for
costly clinical studies, or at least limit the extent of these studies
[41, 42]. Unsurprisingly, as glycosylation is a critical quality attri-
bute of biotherapeutics, the characterization of glycans is of great
importance in the demonstration of similarity. Therefore, the regu-
latory guidelines related to biosimilars highlight the importance of
this characterization [43–45]. In order to detect minor differences
in glycosylation patterns that may significantly impact the safety
and/or efficacy of biosimilar drugs, state-of-the-art analytical
methods are used, and the extent of the glycosylation characteriza-
tion studies for biosimilars can be even higher than those of origi-
nators [46, 47]. However, recent studies showed a significant
variability in originators products, without significant impact on
biological activity [48, 49]. This may broaden the range of glyco-
sylation pattern for biosimilars.

2 Impact of the Glycosylation Profile on the Properties of Therapeutic Proteins

Since the advent of biotherapeutics, the influence of glycosylation
on the physical and biological properties of glycoproteins has been
studied in detail. N-glycosylation was studied extensively [50],
while the role of O-glycosylation has historically received less atten-
tion [51]. However, both types of glycosylation can have a great
impact on properties such as stability, half-life in blood circulation,
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efficacy, propensity to aggregation, solubility, and immunogenicity.
All these parameters are inextricably linked, and glycosylation
should therefore be clearly considered as a critical quality attribute
of therapeutic glycoproteins. In Subheadings 2.1–2.4, glycopro-
teins in general will be considered; the specific subject of monoclo-
nal antibodies will be covered in Subheading 2.5.

2.1 Influence

of Glycosylation

on Solubility

and Stability

of Glycoproteins

The first impact of glycosylation is related to the physicochemical
properties and the stability of the protein [52]. Glycans can interact
with the peptidic backbone, and then modify the intrinsic proper-
ties of the protein. By masking hydrophobic amino acids, or regions
that are prone to aggregation, glycosylation can improve the solu-
bility of the protein and limit aggregation–oligomerization phe-
nomena. For example, charged glycans such as sialic acids, will
impact the charge of the protein, and then its stability. The stabili-
zation will be dependent on the number of glycans, their length,
their branching, and their charge. The negative charge due to the
presence of sialic acids also confers resistance toward proteolytic
cleavage, and consequently improve the in vivo stability. For exam-
ple, it was demonstrated that sialylation had a positive impact on
resistance to proteolysis for von Willebrand factor [53].

The stabilization of the native structure also has a positive
influence on the protection against factors such as temperature
and pH, as shown in studies on granulocyte-colony stimulating
factor (G-CSF) and erythropoietin (EPO) [54, 55], but also chem-
ical denaturation, for example induced by agents such as guanidine
hydrochloride (GdnHCl) or sodium dodecyl sulfate (SDS) [55]. A
study also demonstrated that EPO, whose activity is affected by
oxidation, can be protected against oxidation when it is glycosy-
lated [56]. A study on G-CSF showed that glycosylation protected
the protein against intermolecular crosslinking via disulfide bridges
[57]. Finally, glycosylation was shown to facilitate the folding of
some proteins, such as EPO [58].

The improved stability conferred by glycosylation is very
important for therapeutic proteins. As aggregation can induce
immunogenicity reactions, limiting the aggregation phenomena
can improve the safety of the drug. The stabilization of the native
structure and the resistance against proteolytic cleavage will help
maintaining the biological activity of the drug, and then its efficacy
in the patient.

2.2 Influence

of Glycosylation

on Pharmacokinetics

The impact of glycosylation on pharmacokinetics (PK) is due nota-
bly to two types of endocytic receptors highly expressed on liver
cells: mannose receptors (ManR) and asialoglycoprotein receptors
(ASGPR) [59]. Mannose receptors will mainly bind terminal man-
nose, N-acetylglucosamine, and fucose residues, while asialoglyco-
protein receptors will bind terminal galactose and N-
acetylglucosamine residues, especially on highly branched glycans

8 Arnaud Delobel



(such as tri- and tetraantennary glycans). The proteins that bind
these receptors will be adsorbed from serum by receptor-mediated
endocytosis to the lysosomes, where they will be degraded by
proteases and glycosidases.

The presence of sialic acids is thus able to improve the serum
half-life of glycoproteins, by masking galactose residues and avoid-
ing the binding to ASGPR in hepatocytes. This was demonstrated
for example for recombinant erythropoietin and PEGylated eryth-
ropoietin [60–62], for von Willebrand factor [53] and for recom-
binant Factor VIII [63]. For EPO, a linear relationship was
demonstrated between the sialic acid content (especially on N-
glycans) and the in vivo activity [64]. If serum half-life is increased,
systemic exposure is also improved, which can improve the efficacy
of the drug and avoid too frequent dosing for the patient and
increase the quality of life. For this reason, the influence of glyco-
sylation on the pharmacokinetics should be carefully studied during
the design of a therapeutic glycoprotein.

Proteins containing nonhuman glycans can also be cleared
more rapidly due to their binding to preexisting antibodies target-
ing these glycosylation patterns. The choice of the cell lines used to
produce recombinant glycoproteins is critical to avoid these non-
human glycans.

Finally, glycosylation and its impact on PK can be used to
improve the stability of some drugs. In the recent years, small
antibody fragments with two specificities (“diabodies”) were devel-
oped for oncology indications [65]. Their structure that is simpler
than the one of full antibodies has some advantages. They are
indeed easier to produce and penetrate tumors more efficiently
thanks to their small size. This small size is also a problem, as
diabodies are cleared quite rapidly from serum. Stork et al. have
shown that glycosylation of diabodies was a way to improve the
pharmacokinetics of those constructs [66]. FSH (follicle-
stimulating hormone) is also a nice example of how glycosylation
can improve the properties of a protein. The clinical interest of FSH
is limited due to its very rapid clearance. Many attempts to improve
the PK properties were reported, the most interesting one being
the development of corifollitropin alfa, a fusion product of human
follicle-stimulating hormone and the C-terminal peptide of the
β-subunit of human chorionic gonadotropin (hCG) [67]. In this
fusion product, additional glycosylation sites are introduced, which
improves greatly the pharmacokinetics of the product. Corifollitro-
pin alfa is considered as a “long-acting FSH.”

2.3 Influence

of Glycosylation

on Receptor Binding

As it will be discussed in Subheading 2.5, the influence of glycosyl-
ation on receptor binding is more critical for monoclonal antibo-
dies. However, for some other recombinant proteins, glycosylation
can also play a role. It was shown that EPO binding to its receptor
was inversely proportional to its sialylation content: the more sialic
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acids are present on the protein, the lower the association constant
[68]. The same phenomenon was observed on darpoetin alfa, a
glycoengineered analog of human recombinant EPO with two
additional N-glycans [69]. The glycoengineering allowed to
improve half-life by a factor of three and improve the in vivo
activity, but the binding to receptor was decreased. It was proved
that this was due to sialic acids, and not to steric hindrance related
to additional N-glycans. However, the loss in receptor binding was
overcome by the improved pharmacokinetics properties [70].

2.4 Influence

of Glycosylation

on Immunogenicity

Glycosylation can, directly or indirectly, induce an immune
response in the patient. When used as a drug, the glycoproteins
should be carefully designed to avoid these adverse effects.

Nonhuman glycans could indeed be recognized by preexisting
antibodies in the patient. For example, human serum contains
antibodies against Gal-α-1,3-Gal motifs, that are not present in
human glycoproteins due to the lack of the enzyme α1,3 galacto-
syltransferase in human. The presence of such glycoforms in thera-
peutic drugs could induce a fast clearance of the drug, and then a
loss of efficacy, or an immune response that can in some cases be a
life-threatening safety issue [71].

N-glycolylneuraminic acid (Neu5Gc) is a sialic acid found in
nonhuman mammals. Host cells commonly used to produce thera-
peutic glycoproteins, such as CHO, NS0, or Sp2/0 cells, may
produce glycans containing Neu5Gc. As most humans have preex-
isting antibodies against Neu5Gc, sometimes at high levels, thera-
peutic drugs with Neu5Gc-containing glycoforms may represent a
safety issue. To overcome this problem, the use of specific cell
culture conditions can limit the presence of this sialic acid [72, 73].

Plant and insect cells also produce glycans that are not found on
human glycoproteins. Plant N-glycans can be oligomannose, com-
plex, hybrid and paucimannose (short mannose structures) with the
N-glycans often modified by a xylose residue [24]. The GlcNAc
core of the N-glycan can also be modified by an α1,3 fucose. This
core modification is known to be allergenic in humans. Generally,
insectN-glycans are either high-mannose or paucimannose glycans
and the N-glycans can also be modified at the GlcNAc core by an
α1,3 fucose [23]. Unless genetically engineered, these cells are not
used for therapeutic glycoproteins production, due to the risk of
immune reactions in patients.

However, such immune reactions should be put in perspective:
a recent study was conducted to evaluate the impact of plant glycans
on immunogenicity in patients. It was concluded that there was a
low prevalence of preexisting antibodies against plant glycans, and
that the exposure to a therapeutic drug containing these glycans
had no significant impact on the antibodies [74]. Moreover, the
mechanism for immunogenicity can be quite complex, and for
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monoclonal antibodies, the presence of an immunogenic glycan
will not have the same impact if it is present on a Fab or on a Fc
glycan [75, 76].

In other cases, glycosylation can have a positive impact on
immunogenicity. This is the case of recombinant human
granulocyte-macrophage colony-stimulating factor (GM-CSF),
that can be expressed in yeast, bacteria, or mammalian cells.
GM-CSF expressed in E. coli was found to be immunogenic
[77]. This immunogenicity comes from antibodies that react with
an epitope of the protein that is masked by glycans in proteins
expressed in other hosts that are capable of producing glycosylated
proteins.

2.5 Glycosylation

of Monoclonal

Antibodies (mAbs)

and Related

Constructs

Although some aglycosylated antibodies are in clinical development
[78], most mAbs are glycoproteins and the glycosylation is critical
for their biological activity. Most of these products currently in
clinical development have one glycosylation site on each heavy
chain in the Fc region, but some of them, such as cetuximab [79]
(approved for oncology indications), also contain a glycosylation
site in the Fab region, with usually more complex glycan structures.
It was estimated that about 20% of polyclonal IgG contain a second
glycosylation site in the Fab region [80].

Even more significantly than for other therapeutic proteins, the
glycosylation of therapeutic antibodies will have a strong influence
on their properties. The N-glycan in the Fc region will indeed
modulate the binding to Fc receptors, and then the activity and
half-life of the protein in the circulation. Nonhuman glycans may
also trigger immunogenicity responses. Examples of glycans that
are found on monoclonal antibodies are presented in Fig. 8.

The most commonly found glycans in human antibodies are
G0F, G1F, and G2F, complex-type glycans containing a core fuco-
sylation and 0–2 terminal galactose residues. A terminal sialic acid,
N-acetyl neuraminic acid, is sometimes also present. CHO cells
produce very similar glycosylated antibodies, except for the pres-
ence of glycans containing a bisecting N-acetylglucosamine, and
low levels of terminal sialylation [82].

Murine cells (NS0 and SP2/0) also mainly produce similar
glycans, but also low levels of Gal-α-1,3-Gal and terminal N-gly-
colyl neuraminic acid, which are both immunogenic in human.
However, the amount of such glycoforms remains relatively low,
and no serious adverse effects were reported for approved antibo-
dies produced in these murine cells [83]. The case of cetuximab is
somewhat different, as higher amounts of immunogenic glyco-
forms are present: on the second N-glycosylation site in the Fab
portion of the antibody, it was shown that about 30% of the glycans
contain a Gal-α-1,3-Gal motif, and more than 10% contain N-
glycolyl neuraminic acid [84]. Consequently, more than 20% of
patients treated with cetuximab had severe hypersensitivity
reactions [85].
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Oligomannose species (also known as “high mannose,” glycans
that contain between 5 and 9 mannose residues) are commonly
found in proteins expressed in mammalian, yeast, plant or insect
cells, but are present at very low levels in normal human antibodies
[86]. These glycoforms are rapidly cleared from serum, and should
therefore be considered as a critical quality attribute as they may
affect pharmacokinetic properties of the drug [87].

The biological activity of monoclonal antibodies and other
therapeutic proteins containing a Fc domain is linked to their
interaction with Fcγ (fragment crystallizable γ) and FcRn receptors.
Fcγ receptors are cell surface receptors that can be found on innate
immune effector cells. The binding of monoclonal antibodies to
those receptors is one of the modes of action, especially for oncol-
ogy indications [88, 89]. Fc glycosylation of antibodies and
Fc-fusion proteins is critical for the binding to Fc receptors, and
consequently for the biological activities of these proteins used as
therapeutics. Many groups have studied the influence of the glyco-
sylation on Fc binding, as for example a recent study by Wada et al.
[90]. Using a combination of surface plasmon resonance (SPR)
assays, affinity chromatography and ADCC (antibody-dependent

Low half-life glycoforms

Immunogenic glycans

Glycans commonly found
on human and 

recombinant an�bodies

An�-inflammatory glycoforms

ADCC
CDC

Glycans enhancing effector
func�ons

N-acetylglucosamine

Mannose

Fucose

Galactose

N-acetyl neuraminic acid

N-glycolyl neuraminic acid

Fig. 8 Examples of glycan structures that can be found in recombinant monoclonal antibodies, with their
impact on pharmacokinetics, safety and efficacy (adapted from [81])
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cell-mediated cytotoxicity) reporter bioassay, they showed that
defucosylation, and to a lesser extent galactosylation, had a positive
effect on FcγRIIIa binding and on ADCC activity, whereas sialyla-
tion decreased the activity. They also showed that terminal galacto-
sylation had a small positive impact on binding to C1q complex,
which is involved in the CDC (complement-dependent cytotoxic-
ity) activity of monoclonal antibodies.

Binding to FcRn (neonatal receptor) was also studied, as it has
an impact on the half-life of antibodies [91]. FcRn extends the half-
life of antibodies by reducing lysosomal degradation in endothelial
cells. IgGs are continuously internalized through pinocytosis.
While most serum proteins are generally transported from the
endosomes to the lysosome, where they are degraded, IgGs bind
to FcRn at slightly acidic pH, and recycled to the cell surface where
they are released in blood at a neutral pH. In this way they avoid
lysosomal degradation and they can have a long serum circulation
half-life. SPR assays showed no significant influence of glycosyla-
tion on FcRn binding, whereas affinity chromatography showed
that galactosylated and sialylated species increased the binding
[90]. FcRn binding is the most critical parameter for the serum
half-life of antibodies, and the nature of the glycans is less impor-
tant than for other receptors. FcRn binding and its influence on
serum clearance is used in fusion proteins, in which the Fc domain
of an antibody is fused to another protein. This fusion is a way to
improve the half-life of proteins that would otherwise be cleared
rapidly from serum. One well-known example is etanercept
(Enbrel®), a fusion protein containing a Fc part fused to TNFα
receptor via an O-glycosylated linker [15].

Studies were also performed to study the influence of glycosyl-
ation on the stability of antibodies. It was shown that glycosylation
protected these proteins against proteolysis and thermal denatur-
ation [52, 92]: deglycosylated antibodies exhibit less thermal sta-
bility, especially in the CH2 domain, and are less resistant to
unfolding induced by guanidine hydrochloride. They are also
more susceptible to papain digestion.

The influence of glycosylation on antibody properties is now a
great area of research, and glycoengineering is widely used to
improve the pharmacokinetics, affinity and stability of monoclonal
antibodies. A summary of the influence of glycosylation on the
properties of a monoclonal antibody are summarized in Fig. 9. As
cell lines are not able to produce naturally the optimal glycoforms,
they are genetically modified to have them produce antibodies with
an optimized glycosylation based on the intended mode of action
[21, 29, 31, 81, 94–96].
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3 The Role of Mass Spectrometry on the Analysis of Glycosylation

Glycosylation makes the analytical characterization of proteins very
complex. Macroheterogeneity (heterogeneity related to the pres-
ence or absence of glycans on a protein) as well as microhetero-
geneity (heterogeneity of glycans linked to a specific glycosylation
site) should both be characterized, and state-of-the-art analytical
techniques are required. Advances in analytical sciences over the
years have allowed a much more in-depth characterization of gly-
cosylated proteins. The techniques that are commonly used are
(ultra)high-performance liquid chromatography and capillary elec-
trophoresis, with optical (UVor fluorescence) or mass spectromet-
ric detection. Mass spectrometry alone is not commonly used for
this kind of studies, and most of the time it will be used after a
chromatographic separation. The aim of this section is not to
provide an exhaustive view on the use of mass spectrometry for
the characterization of glycoproteins, but rather to discuss briefly
how it can be used and what information this technique can pro-
vide. The focus will be made on purified therapeutic glycoproteins.

The easiest way to analyze glycoproteins is to work at the intact
level, without sample preparation, in order to have a view of the
macroheterogeneity of the protein. In this case, chromatography
can be used to desalt the sample before MS analysis and avoid
offline desalting. Excellent mass accuracies can be obtained using
QTOF or Orbitrap analyzers, down to 10 ppm or less, depending
on the equipment and the mass of the protein. However, this
approach is limited when glycoproteins are highly heterogeneous
(this is the case for proteins containing many glycosylation sites,
and/or both N- and O-glycans). In that case, MALDI-TOF mass
spectrometry can be better suited to obtain the average
molecular mass.

Fig. 9 Influence of the glycosylation pattern on the properties of monoclonal
antibodies (reproduced with permission of Glycotope GmbH [93])
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Although intact level analysis is useful to get a quick view of the
glycosylation profile, limitations are quickly encountered. The next
step is to work at the subunit level. This approach is commonly used
for monoclonal antibodies and Fc fusion proteins, that can be either
reduced or digested with enzymes such as papain or IdeS for
example. In that case, shorter fragments are obtained, which allows
to improve mass accuracy and chromatographic resolution.
Reversed-phase chromatography is not the best option to separate
the subunits, and HILIC chromatography was successfully used for
this purpose, as it is able not only to separate glycosylated and
nonglycosylated species but also to separate quite efficiently the
different glycoforms of a protein [97, 98].

The next step is to analyze glycopeptides. Using an enzyme
such as trypsin, the glycoprotein is digested into peptides, some of
which are glycosylated. After chromatographic separation, mass
spectrometry can identify the peptides based on their molecular
mass and determine which glycans are linked to the peptides.
MALDI-TOF mass spectrometry, without separation, can also be
used but the analysis of complex peptide mixtures will be more
challenging. Using this approach, a determination of site-specific
glycosylation is possible. Reversed-phase chromatography is widely
used for the analysis of tryptic digests, but HILIC can also be
valuable as with this separation mode glycosylated and nonglyco-
sylated peptides are well separated [99].

If site-specific glycosylation is not the focus of the analysis,
released glycans analysis is the method of choice. This is usually
the method chosen for the control of glycosylation during batch
release of monoclonal antibodies. For N-glycans, enzymes such
as PNGases can be used, whereas a chemical release will be required
for O-glycans. The released glycans can be analyzed by MS without
derivatization, for example after separation on a porous graphitic
carbon (PGC) column, or, after derivatization, by MALDI-TOF,
LC/MS (using HILIC columns), or CE/MS. Many derivatizing
agents have been developed for LC/MS analysis of glycans that
now allow the detection of minor glycoforms below 0.05%
[100]. Ultrahigh-resolution separations also allow the separation
between isomers of some glycans [101]. Using more complex
analyses such as GC/MS, data can also be obtained on the linkages
between the sugar units [102].

All these basic principles that were briefly described can be
incorporated in more complex workflows, combining different
separation and/or detection modes and involving sample prepara-
tion and prefractionation. Due to the complexity of some thera-
peutic glycoproteins, a combination of orthogonal techniques,
most of which involving mass spectrometry, is necessary to get a
fine characterization of the glycosylation [103]. An example of
workflow describing the techniques that can be used for the char-
acterization of N- and O-glycosylated therapeutic proteins is pre-
sented in Fig. 10.
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51. Sjögren J, Lood R, N€ageli A (2019) On enzy-
matic remodeling of IgG glycosylation;
unique tools with broad applications. Glyco-
biology 30(4):254–267. https://doi.org/10.
1093/glycob/cwz085
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Chapter 2

Characterization of Protein Glycoforms at Intact Level
by Orbitrap Mass Spectrometry

Dan Bach Kristensen, Trine Meiborg Sloth, Martin Ørgaard,
and Pernille Foged Jensen

Abstract

Intact mass analysis of proteins is simple, fast, and specific, and it effectively provides structural insight into
the proteoforms or variants of the analyzed protein. For instance, the multiple glycoforms of recombinant
monoclonal antibodies can be effectively analyzed by intact mass spectrometry (MS). A recent development
in the Orbitrap technology has made this platform particularly well suited for analysis of large intact
biomolecules, and here we describe procedures for performing intact mass analysis of intact glycoproteins
using the Orbitrap platform, with the aim of identifying and quantitating the glycoforms. Emphasis is
placed on the analysis of biopharmaceutical immunoglobulins (IgGs), but the procedures can be extended
to other glycoproteins as needed.

Key words Antibody, Biopharmaceutical, Glycoprotein, IgG, Native intact mass spectrometry, Orbi-
trap, Glycoform

1 Introduction

N-linked glycosylation plays a critical role in the structure and
function of glycoproteins. For instance, biopharmaceutical IgGs
are glycosylated in a conserved Asn in the constant region of the
heavy chain, and this glycosylation plays an important role for
effector functions, including antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) [1]. Furthermore, the glycosylation pattern of biopharma-
ceuticals may impact drug stability [2], in vivo pharmacokinetics
[3], as well as immunogenicity and safety in humans, as the IgGs are
often product by nonhuman cell lines [4]. Consequently, it is
critical to control and monitor glycosylation of biopharmaceuticals.
A broad range analytical techniques have been established for gly-
can analysis of glycoproteins, ranging from analysis of (a) intact
glycoproteins, (b) glycopeptides (following glycoprotein diges-
tion), (c) release glycans (following enzymatic or chemical release
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of glycans) and (d) monosaccharides (following acid hydrolysis of
glycans) [5]. Analysis of intact glycoproteins requires the ability to
resolve or partially resolve glycoforms, and analytical methodolo-
gies applied for this purpose include reversed-phase (RP) liquid
chromatography (LC), ion exchange (IEX) LC, capillary electro-
phoresis (CE) and lectin arrays [5]. Common for these technolo-
gies are that they rely on physical separation of glycoforms before
detection and quantitation. In contract, mass spectrometry (MS)
analysis of intact glycoproteins primarily relies on the spectral reso-
lution of the MS instrument, that is, separation of glycoforms is not
per se required before MS analysis. The recent advancement of MS
instruments purpose built for analysis of large biomolecules, has
made intact MS one of the most simple, fast, specific and robust
tools available for characterization of glycoproteins.

In recent years the Orbitrap technology has become a powerful
platform for characterization of large intact biomolecules. While
the Orbitrap MS was originally optimized for small molecules,
recent developments has focused on compatibility with large bio-
molecules, and the latest instrument generations, such as the Q
Exactive HF and Orbitrap Exploris 480, have been designed for
measuring large biomolecules [6]. Several Orbitrap instruments
now come with a so-called BioPharma Option, which includes a
High Mass Range Mode (HMR) with an extended mass range up
to 8000 m/z. The HMR Mode is designed for the analysis of large
intact biomolecules. Analysis can be performed under protein dena-
turing conditions (e.g. RP LC-MS), or more recently using LC
conditions, under which the protein remain folded or in its
“native” state. This intact MS approach is referred to as native MS
[7]. Native MS can be performed under gentle conditions, that is,
neutral or near neutral pH, room temperature, and without organic
solvents, thereby minimizing the risk of introducing artefacts dur-
ing analysis. Furthermore, by preserving protein folding during
native MS, the resulting average charge state and the total number
of charge states are significantly reduced compared to denaturing
LC-MS approaches, such as RP LC-MS. Consequently, for native
MS the protein signal is distributed over a lower number of lower
charge states, which results in simpler, cleaner spectral data with
high spatial separation between the individual charge states (Fig. 1).
Finally, current Orbitraps have a very high effective (i.e., measured)
spectral resolution. Indeed, at optimal settings the measured spec-
tral peak width of a 150 kDa IgG is very close to the theoretical
peak width (natural isotope distribution), as illustrated in Fig. 2.
This illustrates that a near ideal spectral peak width can be obtained
for large biomolecules on Orbitrap instruments equipped with the
BioPharma Option (in this case data was acquired at resolution
35.000 on a Q Exactive Plus with Biopharma Option).

A range of chromatographic techniques can be hyphenated to
the Orbitrap MS for denatured and native MS analysis, including

24 Dan Bach Kristensen et al.



Fig. 1 Raw and deconvoluted spectra of a Symphogen reference IgG (IgG1). (a) The main charge states are
shown in the small spectrum and a zoom of the most intense charge state (+26) is shown in the large
spectrum. (b) The deconvoluted spectrum. Deconvolution was performed in Protein Metrics Intact Mass
software (see Fig. 10). The data quality of the Orbitrap spectral raw data is very high and has minimal
background noise, and consequently the deconvolution algorithm has minimal impact spectral data quality

Fig. 2 Raw spectra showing the charge states (upper right corner) and zoomed view of the +26 charge state of
a reference IgG. The reference IgG was measured by native SEC MS on a Q Exactive Plus with BioPharma
Option. The theoretical spectral peak of the main form of the reference IgG (glycoform G0F/G0F) is shown in
blue. The theoretical spectral peak was determined based on the elemental composition (C6588 H10236
N1730 O2092 S46) obtained from GPMAW (http://www.gpmaw.com/). The theoretical peak was determined
using IDCalc (https://proteome.gs.washington.edu/software/IDCalc/). The measured spectral peak of the
G0F/G0F peak matches the theoretical peak well, illustrating the high effective (or measured) resolution of
the Orbitrap MS. In other words, the measured spectral peak width matches the natural peak width (isotope
distribution) well for large biomolecules on the Orbitrap MS
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RP, size exclusion chromatography (SEC), cation exchange chro-
matography (CIEX), and Protein A for IgGs, and in recent years a
multitude of native MS applications have been developed with
success [8–12]. At Symphogen, native MS is established as the
principal intact MS platform for biopharmaceutical development,
and native MS is extensively used during e.g. lead selection studies,
where up to 400 IgGs are analyzed consecutively [13]. Here three
intact MS approaches are presented: (1) native SEC MS, (2) native
CIEXMS, and (3) denaturing RP LC-MS. Native SECMSmethod
is the default method for intact mass analysis, but for complex
samples (e.g., antibody mixtures or antibody–drug conjugates)
requiring chromatographic separation the native CIEX MS or RP
LC-MS approaches may be applied (see Note 1).

The presented methods were developed for intact MS analysis
of IgG molecules, but the methods are to some extent generic in
nature and can be applied to other glycoproteins with little or no
modification to the presented methods. No sample preparation is
required for intact MS analysis, the main challenge lies in selecting
the appropriate solvents, LC columns, MS instrument settings, and
how the raw MS data is processed. Consequently, the focus of this
chapter is on the preparation of solvents, choice of LC columns,
optimal MS settings, and considerations relating to processing of
raw MS data with the aim of detecting and quantifying protein
glycoforms.

2 Materials

All solutions should be prepared using MS grade reagents, unless
otherwise indicated. Prepare and store all solvents at room temper-
ature. LC solvents are prepared by adding reagents directly to the
purchased solvent bottles (see Note 2). Native MS solvents should
be discarded after 1 week. Choice of column is critical for optimal
performance during native MS, particularly for native SECMS, and
recommendations should be followed carefully (see Note 3).

2.1 LC-MS System A Thermo Scientific Vanquish Horizon LC was used but other
biocompatible LC systems can be used. An Orbitrap MS equipped
with a BioPharma Option (HMR Mode) is required to run native
MS. The methods described here are based on the Q Exactive Plus
with BioPharma Option. Other suitable instruments include Q
Exactive HF-X, Q Exactive HF, Orbitrap Exploris 480, and Orbi-
trap Eclipse Tribrid equipped with BioPharmaOption. The LC-MS
instrument configuration used in the current chapter is summar-
ized in Table 1.

2.2 MS Data

Processing

Data processing and reporting was done using Protein Metrics
Intact Mass™ software [14], but other software solution can be
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used as needed [15, 16]. Data processing requirements for intact
raw MS data include (1) deconvolution of raw spectra, (2) assign-
ment of glycoforms to peaks in the deconvoluted spectra, and
(3) relative quantitation of peak intensities for assigned glycoforms.
It is not the intention of the current chapter to describe the use of
these software tools. Instead, reference is made to the software user
manuals.

2.3 Columns The choice of column, including dimensions, is critical for optimal
chromatographic performance during LC-MS (see Note 3). The
recommended columns for the different LC-MS methods are sum-
marized in Table 2.

2.4 Solvents and

Solutions

2.4.1 Native MS Solvents

1. Native CIEX solvent A (also the solvent used for native SEC
MS): 25 mM ammonium acetate pH 5.4. Add 1.93 g ammo-
nium acetate and 220 μL 100% acetic acid directly to the 1 L
MS grade H2O bottle. Mix by gently vortexing and inverting
the bottle. Aspirate solvent and measure the pH (should be
between 5.3 and 5.5). Do not measure pH directly in the
bottle. Store at room temperature. Discard after 1 week.

Table 1
Instrument Configuration. Configuration of LC components and MS instrument used in the current
chapter

Category Description Producer
Catalogue
no.

Vanquish horizon system, Equipped with:
VH-C10-A column compartment

UHPLC system Thermo
Scientific

VH-C10-A

Pump duo VH-P10-A high pressure
binary pump

Thermo
Scientific

VH-P10-A

Mixer 10 μL + 25 μL Thermo
Scientific

–

Autosampler VH-A10-A autosampler Thermo
Scientific

VH-A10-A

Sample loop 100 μL (V ¼ 130 μL) Thermo
Scientific

–

Column compartment Column compartment H Thermo
Scientific

–

Detector VF-D40-A VWD detector Thermo
Scientific

VF-D40-A

Flow cell Bio 2.5 μL—7 mm Thermo
Scientific

–

Q Exactive plus with biopharma option MS—Orbitrap Thermo
Scientific

–
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2. Native CIEX solvent B: 10 mM ammonium hydroxide
pH 10.7. Remove 10.0 mL water from a new 1 L bottle of
MS grade H2O. Add 10.0 mL of 1 N ammonium hydroxide
directly to the 1 L MS grade H2O bottle. Mix by gently
vortexing and inverting the bottle. Aspirate 1 mL and measure
the pH (should be between 10.6 and 10.8). Do not measure
pH directly in the bottle. Store at room temperature. Discard
after 1 week.

3. Column storage solution: 20 mM MES, 0.1% (w/v) sodium
azide, pH 6.5. Add 19.5 g MES, 50 mL 10% (w/v) sodium
azide and 4500 mL ultrapure water. Dissolve by mixing using
magnetic stirrer. Adjust pH to 6.5 with 1 N NaOH. Remove
magnet and add ultrapure water to 5000 mL. Store at room
temperature for up to 6 months.

2.4.2 RP LC-MS Solvents 1. RP LC-MS solvent A: 0.1% difluoroacetic acid (DFA) in H2O
(seeNote 4). Add 1 mLDFA directly to the 1 LMS grade H2O
bottle. Mix by swirling in hand.

2. RP LC-MS solvent B: 0.1% DFA in acetonitrile (see Note 4).
Add 1mLDFA directly to purchased 1 L acetonitrile bottle (see
Note 4). Mix by swirling in hand.

3. Column storage solution: 80% acetonitrile in water. Add pure
acetonitrile and H2O to independent solvent lines on the LC,
mix to 80% acetonitrile and flush the column with a minimum
of two column volumes.

3 Methods

Native SEC MS is preferred method for analyzing most glycopro-
teins due to ease of data processing (typically only one chro-
matographic peak to process) and high quality of the MS data (see

Table 2
Recommended Columns. Choice of column is critical for optimal chromatographic performance
during native LC-MS. This includes column dimension, particularly for native CIEX MS

LC-MS method Column Producer
Catalogue
no.

Native SECMS ACQUITY UPLC BEH200 SEC, 4.6 � 150 mm,
1.7 μm

Waters VH-C10-A

Native CIEX
MS

MabPac SCX-10 RS, 2.1 � 50 mm, 5 μm Thermo
Scientific

082675

RP LC-MS MabPac RP, 2.1 � 150 mm, 4 μm Thermo
Scientific

303270
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Subheading 3.1). However, native CIEXMS or RP LC-MS may be
applied in cases where sample complexity (e.g., IgG mixtures or
complex antibody–drug conjugates) requires chromatographic
reduction of sample complexity prior to MS analysis (see Subhead-
ings 3.2 and 3.3) (see Note 5). Please note that, although focus is
on analysis of glycoforms of glycoproteins in the current chapter, all
methods presented here have the potential analyze quality attri-
butes not related to glycosylation, including aggregation, charge
variants, and oxidized forms (see Note 6).

3.1 Native SEC MS

3.1.1 Instrument Settings

and Methods

MS instrument scan and source settings play a critical role in native
MS (see Note 7). The LC and MS settings used for native SEC MS
are shown in Tables 3 and 4, respectively. The MS settings from the
Chromeleon™ interface is furthermore shown in Fig. 3. The chro-
matographic run is performed according to Table 3 and a chro-
matogram of a Symphogen IgG reference sample in shown in Fig. 4
(see Note 8).

Table 3
Native SEC MS—LC settings

Vanquish Horizon

Parameter Value

Flow 0.3 mL/min

Run time 8 min

Column temperature Setpoint: 20.0 �C, acceptable range: 18.0–22.0 �C

Thermostatting mode: Still air

Preinject wash 100 s

Postinject wash 100 s

Max. column pressure 483 bar

Autosampler temperature Setpoint: 5.0 �C

Detection type:
∙ Primary wavelength (reporting)
∙ Secondary wavelength (characterization)

UV detection
∙ 280 nm
∙ 214 nm

Data collection rate 4.0 Hz

Response time 1.00 s

Narrowest peak width 0.100 min

Sample injection amount Target: 10 μg (minimum 2 μg, maximum 20 μg)

Sample injection volume Maximum 20 μL
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3.1.2 Start-Up (New

Column)

1. Equilibrate with mobile phase A by ramping up flow slowly
from 0.1 mL to 0.3 mL/min.

2. Equilibration must be with at least 10 column volumes mobile
phase A (140 mL).

3. Obtain stable baseline.

4. Obtain stable chromatography with a suitable reference sample
(minimum 2 injections of 10 μg, up to 10 injections of 10 μg
may be required).

5. It is recommended to define acceptance criteria for the refer-
ence material, e.g. retention time window for main peak, rela-
tive area limits for monomer peak and high molecular weight
(HMW) peak(s). The last two injections should be pass accep-
tance criteria.

Table 4
Intact MS settings for native MS and RP LC-MS. Same settings apply to native SEC and CIEX MS

Q exactive plus with biopharma option

Scan parameter Native SEC and native CIEX—values RP LC-MS—values

Scan type HMR—Full MS HMR—Full MS

Scan range 2500 to 8000 m/z 1500 to 6000 m/z

Fragmentation In-source CID 130.0 eV In-source CID 80.0 eV

Resolution 35,000 35,000

Polarity Positive Positive

Microscans 10 10

Lock masses Off Off

AGC target 3 � 106 3 � 106

Maximum inject time 200 200

HESI source Value

Sheath gas flow rate 25 25

Aux gas flow rate 5 5

Sweep gas flow rate 0 0

Spray voltage (kv) 4.20 3.5

Spray current (μA) – –

Capillary temp. (�C) 275 300

S-lens RF level 200.0 100

Aux gas heater temp (�C) 175 150
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Fig. 3 Chromeleon™ MS Settings for native SEC MS. Total run time is 8 min. Solvent path is directed to the
MS between 2 and 5.2 min using the divert valve, and MS data acquisition is active between 2 and 5.4 min
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Fig. 4 SEC UV trace of Symphogen’s IgG reference sample. The flow is directed to the MS between 2 and
5.5 min. It is important to direct the flow to waste before the buffer peak elutes, to avoid contamination of the
MS with the potentially harmful components (e.g., salts and buffer components) that are part of the sample
formulation. HMW: high molecular weight form (e.g., IgG dimer). The summed average spectrum time window
is highlighted in red (final spectrum is an average of all mass spectra in the time window). The time window is
defined tightly around the monomer peak to ensure good MS signal intensity
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3.1.3 Start-Up (Used

Column)

If the column has been stored at long term storage conditions,
perform the following with the flow path going to waste:

1. Equilibrate with Mobile phase A.

2. Continue, until a stable baseline is obtained.

3.1.4 Sample Analysis 1. Build a sample sequence in Chromeleon and run samples using
the LC-MS conditions described in Subheading 3.1.1.

2. Run reference sample as system suitability control at regular
intervals (see Note 9).

3.1.5 Column Storage

and Cleaning

1. Short-term storage (<24 h): Mobile phase A at 0.1 mL/min.

2. Long-term storage (>24 h): flush column with at least 2 column
volumes of storage solution (Subheading 2.4.1) (see Note 10).

3.2 Native CIEX MS

3.2.1 Instrument Settings

and Methods

If sample complexity is high (i.e., there is a significant overlap in
isotope pattern of different glycoproteins) native CIEX MS can
reduce complexity prior to MS analysis. Native CIEX MS may be
relevant for antibody mixtures and antibody–drug conjugates (see
Note 11). Two native CIEXMSmethods, named low gradient and
high gradient, have been developed for analysis of IgGs with a pI
below and above approximately 8.5, respectively (seeNote 12). The
LC gradient and MS settings for low and high gradient are shown
in Figs. 5 and 6, respectively. Details on the MS scan and source

Fig. 5 Native CIEX LC and MS Settings for Low Gradient Method. The low gradient is generally applicable to
IgGs with a pI below 8.5. The optimal gradient will however need to be determined experimentally. Theoretical
pIs calculated in GPMAW software (http://www.gpmaw.com/) according to [19]. The MS data acquisition
windows and divert valve settings are shown for each method. For the Low Gradient Method, the solvent path
is directed to the MS between 2.5 and 16 min using the divert valve, and MS data acquisition is active between
2 and 16 min
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settings are shown in Table 4. Details of the LC settings are sum-
marized in Table 5. A native CIEX chromatogram of a mixture of
six IgGs is shown in Fig. 7. For such a complex, sample chro-
matographic separation prior to MS detection is required and this
can be achieved by native CIEX MS.

3.2.2 Start-Up (New

Column)

1. Ramp flow up slowly from 0.1 mL to 0.2 mL/min using
solvent according to gradient start conditions (see Figs. 5 or 6).

2. Equilibration must be with at least 10 column volumes mobile
phase.

3. Obtain stable baseline.

4. Obtain stable chromatography with a suitable reference mate-
rial (minimum 2 injections of 25 μg, more injections may be
required).

5. It is recommended to define acceptance criteria for the refer-
ence material, e.g. retention time window for major charge
variant peaks, relative area limits for major charge variant
peak(s). The last two injections should be pass acceptance
criteria.

Fig. 6 Native CIEX LC and MS Settings for High Gradient Method. The High Gradient Method is generally
applicable to IgGs with a pI above 8.5. The optimal gradient will however need to be determined experimen-
tally. Theoretical pIs calculated in GPMAW software (http://www.gpmaw.com/) according to [19]. The MS data
acquisition windows and divert valve settings are shown for each method. For the High Gradient Method, the
solvent path is directed to the MS between 2.5 and 22.5 min using the divert valve, and MS data acquisition is
active between 2 and 22.5 min
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3.2.3 Start-Up (Used

Column)

1. Equilibrate column with solvent using gradient start conditions
(see Figs. 5 or 6).

2. Continue, until a stable baseline is obtained.

3.2.4 Sample Analysis 1. Build a sample sequence in Chromeleon and run samples using
the LC-MS conditions described in Subheading 3.2.1.

2. Run reference material as system suitability control at regular
intervals (see Note 9).

Table 5
LC Methods. For gradient conditions of the gradient methods refer to Figs. 5, 6 and 8

Vanquish Horizon

Parameter Native CIEX MS—Values RP LC-MS—Values

Flow 0.2 mL/min 0.3 mL/min

Run time Low-gradient: 18 min
High-gradient: 30 min

35 min

Column temperature Setpoint: 25.0 �C, acceptable range:
23.0–27.0 �C

Setpoint: 70.0 �C, acceptable range:
69.0–71.0 �C

Thermostatting mode: Still air Still air

Preinject wash 60 s 60 s

Postinject wash 60 s 60 s

Max. Column pressure 483 Bar 275 bar

Autosampler
temperature

Setpoint: 5.0 �C Setpoint: 5.0 �C

Detection type:
∙ Primary

wavelength
∙ Secondary

wavelength

UV detection
1. 280 nm
2. 214 nm

UV detection
1. 280 nm
2. 214 nm

Data collection rate 4.0 Hz 4 Hz

Response time 1.00 s 1.00 s

Narrowest peak width 0.100 min 0.100 min

Sample injection
amount

Target: 25 μg (per IgG for mixtures) Target: 10 μg (per IgG for mixtures)

Sample injection
volume

Maximum 130 μL Maximum 20 μL
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3.2.5 Column Storage

(See Subheading 3.1.5)

3.3 Intact RP LC-MS

3.3.1 Instrument Settings

and Methods

If sample complexity is high (e.g., antibody mixtures and complex
antibody–drug conjugates) RP LC-MS can reduce complexity prior
to MS analysis. However, it is recommended to run native SECMS
whenever possible, due to simple data processing and the high
quality of the MS data (see Note 13). The RP LC gradient and
MS settings are shown in Fig. 8, and details on the MS scan and
source settings are shown in Table 4. The LC settings are summar-
ized in Table 5. A RP LC chromatogram of a mixture of two IgGs is
shown in Fig. 9.

3.3.2 Start-Up (New

Column)

1. Equilibrate column with solvent using gradient start conditions
(see Fig. 8).

2. Inject a suitable number of reference material samples (10 μg)
until acceptable and reproducible chromatographic perfor-
mance is obtained with respect to retention time, peak resolu-
tion, and selectivity.

3.3.3 Start-Up (Used

Column)

1. Equilibrate column with solvent using gradient start conditions
(see Fig. 8).

2. Continue, until a stable baseline is obtained.

Fig. 7 Native CIEX base peak chromatogram of a mixture of six IgGs, including deconvoluted spectra. For
complex samples native CIEX MS can be applied to reduced sample complexity prior to MS detection. When
glycoproteins are chromatographically resolved as shown in this example, a deconvoluted spectrum, and thus
glycoprofile, can be generated for each glycoprotein in the sample. The summed average spectrum time
windows are highlighted in red. These are defined tightly around the main peak for each IgG to avoid
overlapping IgG signals and to ensure good MS signal intensity. The peak eluting between 17 and 18 min
represents an acidic (glycated) form of IgG6
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3.3.4 Sample Analysis 1. Build a sample sequence in Chromeleon and run samples using
the LC-MS conditions described in Subheading 3.3.1.

2. Run reference material as system suitability control at regular
intervals (see Note 9).

3.3.5 Column Storage 1. Short term storage (<24 h): run 27% mobile phase A and 73%
mobile phase B at 0.05 mL/min.

2. Long term storage (>24 h): flush column with at least 2 col-
umn volumes of 80% acetonitrile and 20% water. Store at room
temperature.

Fig. 8 RP LC-MS—LC and MS Settings. The RP gradient was optimized for IgG1 molecules. Other gradients
may be required for other IgG molecules and especially for non-IgG glycoproteins. In those cases, the optimal
gradient will have to be determined experimentally. The solvent path is directed to the MS between 3 and
30 min using the divert valve, and MS data acquisition is active between 3 and 30 min. Notice that the scan
range and in-source CID differ from the native MS setting. Refer to Table 4 for further details on the MS
settings

Fig. 9 RP LC-MS base peak chromatogram of a mixture of two IgGs, including deconvoluted spectra. For
complex samples RP LC-MS can be applied to reduced sample complexity prior to MS detection. However,
when reduction of sample complexity is not required it is recommended to use native SEC MS, due to simpler
data processing and higher spectral data quality (see Subheading 3.1). The RP LC gradient may need to be
optimized for individual glycoproteins, but the presented gradient is a good starting point for IgG1 samples
(see Fig. 8). The summed average spectrum time windows are highlighted in red. These are defined tightly
around the main peak for each IgG to avoid overlapping IgG signals and to ensure good MS signal intensity
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3.4 Data Processing Protein deconvolution, peak assignment and relative quantitation
of glycoforms were performed using Protein Metrics Intact Mass™
software [14]. Refer to user manual for details. Other software
solution may be used, such as Genedata Expressionist [16] and
Thermo BioPharma Finder [15], but it is beyond the scope of
this chapter to provide instruction on the use of the different
software applications. Instead, general considerations and critical
settings for processing of data from the current native SEC, native
CIEX MS and RP LC-MS methods (in Protein Metrics Intact
Mass™) are presented here.

The intact MS data processing involves (1) deconvolution of
raw mass spectra, (2) assignment of glycoforms to the peaks in the
deconvoluted spectrum, and (3) relative quantitation of the inten-
sities of the assigned glycoforms in the deconvoluted spectrum.
Assignment of glycoforms to the peaks in the deconvoluted spec-
trum is based on the theoretical molecular mass of the analyzed and
a delta mass list, containing a list of mass changes associated with
the relevant glycoforms. A list of biantennary glycans typically
associated with recombinant IgGs expressed in Chinese hamster
ovary (CHO) expression systems is shown in Table 6. The list
includes both IgGs carrying a single glycan on one heavy chain or
IgG carrying two glycans, one on each heavy chain. Figures 10 and
11 summarizes the settings used for processing native SEC/CIEX
MS and RP LC-MS data in Protein Metrics Intact Mass™, respec-
tively, including the deconvolution settings (see Note 14).
Figure 12 shows the delta mass list used at Symphogen, including
mass tolerance (6 Da). For a correctly calibrated Orbitrap MS the
measured, deconvoluted mass should not deviate more than 2 Da
(~13 ppm) form the theoretical mass for an IgG. The list contains
all the typical glycoforms derived from a recombinant CHO-based
expression system, including the non-glycosylated form, single
glycan forms and glycoforms carrying a glycan on each heavy
chain, including the G0F/G0F form which is typically the domi-
nant form in CHO-based expression systems (see Note 15).
Figure 13 shows the deconvoluted spectrum of a Symphogen
reference sample, including assignment of glycoforms, and
Fig. 14 shows relative intensities of assigned glycoforms, both
graphically and numerically. Figure 14 illustrates a key advantage
of the intact MS approach, which is that information is obtained at
the intact glycoprotein level, that is, structural insight is obtained
on the level of nonglycosylated IgG forms, IgG forms glycosylated
on only one of the heavy chains (monoglycosylated) and IgG forms
glycosylated on both heavy chains (diglycosylated). This informa-
tion is lost when employing strategies based on analysis of released
glycans or glycopeptides. Native MS on the Orbitrap platform thus
allows confident assignment and quantitation of approximately
20 glycoforms of Symphogen’s reference material, which represents
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Table 6
Delta Mass List—IgG Glycoforms. The list contains glycoforms that are typically observed for IgGs in
a CHO-based expression system

Glycoform Description (single glycans) Delta Mass (average, Dalton)

Nonglycosylated Nonglycosylated 0.0

Man3 Hex(3)HexNAc(2) 892.8

Man4 Hex(4)HexNAc(2) 1054.9

Man5 Hex(5)HexNAc(2) 1217.2

Man6 Hex(6)HexNAc(2) 1379.2

G0F-GlcNAc dHex(1)Hex(3)HexNAc(3) 1242.2

G0 Hex(3)HexNAc(4) 1299.3

Man5F dHex(1)Hex(5)HexNAc(2) 1363.3

G0F dHex(1)Hex(3)HexNAc(4) 1445.4

G1 Hex(4)HexNAc(4) 1461.3

G1F dHex(1)Hex(4)HexNAc(4) 1607.6

G2 Hex(5)HexNAc(4) 1623.5

G2F dHex(1)Hex(5)HexNAc(4) 1769.7

Man3/Man3 1785.6

G1F + NeuAc dHex(1)Hex(4)HexNAc(4)NeuAc(1) 1898.8

G2F + NeuAc dHex(1)Hex(5)HexNAc(4)NeuAc(1) 2061.0

Man4/Man4 2109.8

G2F + 2NeuAc dHex(1)Hex(5)HexNAc(4)NeuAc(2) 2352.2

Man5/Man5 2434.4

Man5/G0 2662.6

G0F/G0F-GlcNAc 2687.6

G0F/G0F-Fuc 2744.6

Man6/Man6 2758.4

G0F/G0F 2890.8

G0F/G1F 3053.0

G1F/G1F 3215.1

G0F/G1F + NeuAc 3344.2

G1F/G2F 3377.3

G1F/G1F + NeuAc 3506.4

G2F/G2F 3539.4

G1F/G2F + NeuAc 3668.5

G2F/G2F + NeuAc 3830.7

G1F/G2F + 2NeuAc 3959.8

G2F/G2F + 2NeuAc 4121.9
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a typical recombinant IgG1. Please be aware that IgG glycation
(chemical addition of hexose to primary amines [17]) may impact
the glycosylation distribution (see Note 16).

4 Notes

1. For glycoproteins with multiple glycosylation sites andmultiple
glycan structures at each site intact MS may not be the optimal
choice. Such glycoproteins have an inherently complex hetero-
geneity (i.e., a very large number of glycoforms), which may
result in MS signal dilution/suppression and challenges with
overlapping isotopic patterns which cannot be resolved spec-
trally. For such glycoproteins alternative methods are recom-
mended, such as peptide mapping, which can provide site
specific and quantitative information about glycan structures.

Fig. 10 Critical settings for processing of native SEC and CIEX MS data in Protein Metrics Intact Mass software.
Settings are based on the analysis of recombinant IgGs and will have to be adjusted (e.g., mass range for
deconvolution) if different glycoproteins are being processed. (a) Deconvolution basic settings. These are the
same for all native SEC MS and native CIEX MS methods. (b) Deconvolution advanced settings. These are the
same for all native SEC MS and native CIEX MS methods. The parameters have been adjusted to have minimal
impact on the spectral data quality (see Note 14). (c) Advanced settings for native SEC MS method only. The
settings return the base peak intensity (BPI) trace. Integration window adjusted to elute time of monomer
peak. (d) Advanced settings for native CIEX MS method only. The settings return the base peak intensity (BPI)
trace in the result windows. Integration window adjusted to native CIEX gradient
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2. Do not filter or expose solvents to reusable glass ware (e.g.,
measuring cylinder). Simply dissolve reagents directly in the
purchased glass bottle, assuming the purchased bottle contains
1 L of MS grade H2O.

3. Native MS employs solvents with low buffering capacity and
ionic strength. Consequently, choice of column is critical for
effective chromatographic performance, such as the separation
of glycoproteins from, for example, buffer and salt components
of the sample which may harm the MS instrument. Column
reconditioning may be challenging with native solvents, and
consequently column dimensions are critical, that is, when
possible smaller column volume is preferable to larger column
volume (particularly for native CIEX MS).

4. It is essential to use difluoroacetic acid (DFA) to obtain the best
combination of chromatographic performance and MS signal
intensity. Trifluoroacetic acid (TFA) provides good chro-
matographic performance but is not compatible with MS of

Fig. 11 Critical settings for processing of intact RP LC-MS data in Protein Metrics Intact Mass software.
Settings are based on the analysis of recombinant IgGs and will have to be adjusted (e.g., mass range for
deconvolution) if different glycoproteins are being processed. (a) Deconvolution Basic settings. m/z range
should be lower than the values for native MS (b) Deconvolution advanced settings. Charge range should be
higher than the values for native MS. The parameters have been adjusted to have minimal impact on the
spectral data quality (see Note 13). (c) Advanced settings. The settings return the base peak intensity (BPI)
trace in the results windows. Integration window adjusted to RP LC gradient

40 Dan Bach Kristensen et al.



large biomolecules. Formic acid results in good MS signal
intensity, but chromatographic performance is poor for large,
intact biomolecules.

5. Use native SEC MS whenever this is adequate, that is, when
sample complexity does not require separation of glycoproteins
prior to MS detection. As a rule of thumb the Orbitrap MS
detector can adequately resolve and quantitate glycoforms that
differ by more than 25 Da in average molecular mass for IgGs

Fig. 12 Delta mass list of typical CHO-derived glycoforms for recombinant IgGs. The non-glycosylated
(a-glycosylated) mass of the analyzed IgG is defined as the reference mass and the Protein Metrics Intact
Mass™ associates glycoforms with the masses on the deconvoluted spectrum based on the delta mass list.
An example of the assigned glycoforms for Symphogen reference material is shown in Fig. 13
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Fig. 13 Deconvoluted mass spectrum of Symphogen reference material with glycoforms assigned by Protein
Metrics Intact Mass™ software. A key strength of intact glycoprotein analysis is that it provides information
about the glycoforms of the assembled glycoprotein, including the presence of non-glycosylated form and
forms carrying a single glycan on one of the heavy chains of IgGs. The high spectral resolution and accuracy of
the of the Orbitrap MS furthermore allow distinction between glycoforms with a small mass differences and
overlapping isotope distributions, such as Man5/G0F and G0F/G0F-GlcNAc (delta mass 25 Da)

A B
Glycoform

Average 
Rela�ve 
Intensity 

RSD

G0F/G0F 42.3 % 0.7%
G0F/G1F 24.6 % 1.4%
G1F/G1F 7.8 % 2.6%
Man5/G0F 4.1 % 3.0%
G0F/G0F-GlcNAc 3.8 % 6.4%
Non-glycosylated 3.5 % 2.4%
Man5/Man5 3.3 % 3.3%
G0F 2.9 % 3.1%
G1F/G2F 1.2 % 7.9%
Man3 1.2 % 4.5%
G1F 0.9 % 6.6%
Man3/G0F 0.7 % 5.2%
Man3/Man3 0.7 % 6.5%
Man5 0.5 % 6.2%
G0/G0F 0.5 % 22.6%
G0/G0F-GlcNAc 0.5 % 11.5%
G0F-GlcNAc 0.4 % 11.6%
G1F/G1F+NeuAc 0.3 % 10.0%
Man4/Man4 0.2 % 13.1%
G1F/G2F+NeuAc 0.2 % 14.3%
Man4 0.1 % 19.6%

Mono-glycosylated 
IgG forms

Di-glycosylated IgG forms

Fig. 14 Relative peak intensities for identified glycoforms of Symphogen reference material, which represents
a typical IgG1. The values were generated using Protein Metrics Intact Mass™ software [14]. Results are
based on a lead selection study in which 384 IgG leads were analyzed by native SEC MS together with
Symphogen reference material, which was analyzed after every 25th sample. A total of 18 reference standard
runs were performed. (a) Bar chart of the average (n¼ 18) relative intensity of identified glycoforms, including
error bars (standard deviation). Glycoforms are sorted after increasing mass from left to right. (b) Average
relative intensity (n ¼ 18) for identified glycoforms, including relative standard deviation (RSD). The glyco-
forms are sorted based relative intensity, going from high to low

42 Dan Bach Kristensen et al.



(less for smaller glycoproteins, more for larger glycoproteins).
For IgG mixtures, in which significant isotopic overlap of
different of glycoforms may be present, it may be preferable
to use native CIEX MS or RP LC-MS. The aim of native CIEX
MS and RP LC-MS is to chromatographically separate glyco-
proteins prior to MS analysis when this is required.

6. SEC can be used for the analysis of aggregation and to some
extent fragmentation. CIEX can be used for the analysis of
charge variants derived from e.g. deamidation, glycation and
C-terminal lysine (on IgGs). RP LC can be used for the analysis
variants with altered hydrophobicity, for example variants
derived from oxidation, isomerization, and fragmentation.

7. MS instrument source and scan settings are critical for native
MS performance. The in-source CID is particularly critical, and
a good starting point for native MS is 130 eV. For a general
recommendation of source and scan settings for intact MS refer
to [18].

8. Make sure to switch the solvent flow to waste using the divert
valve before the buffer peak elutes as this may contain compo-
nents that are not compatible with the MS instrument (see
Fig. 4).

9. Run the system suitability test at start and end of sequence and
at regular intervals for large sample sets (e.g., for every 25th
sample). Define relevant system suitability criteria, such as
minimum main peak intensity, retention time window for
main peak, and relative peak area(s) for the UV trace, and
mass accuracy and relative peak intensity limits for major glyco-
forms in the deconvoluted spectrum.

10. Make sure the flow goes to waste when flushing the column
with storage solution, as the storage solution is damaging to
the MS instrument. Alternatively, flush the column with stor-
age solution on a different LC system.

11. Be aware that some glycoforms (such sialic acid containing
forms) may separate chromatographically from other glyco-
forms of the same glycoprotein by CIEX. In such cases, the
data processing software needs to deconvolute, assign, and
quantitate chromatographically resolved glycoforms (see Sub-
heading 3.4).

12. The optimal pH gradient will have to be determined experi-
mentally; this is just a rough guideline. Be aware that the native
CIEX methods are only suitable for glycoproteins with a pI
above 7. For glycoproteins with a pI below 7 anion exchange
chromatography (AIEX) may be a better option.

13. RP LC-MS is only recommended if native MS is not an option
(i.e. if the Orbitrap is not equipped with a Biopharma option or
sample complexity requires the use of RP separation prior to
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MS), since higher quality MS data is obtained by native MS.
Furthermore, RP LC-MS is more prone to introduce sample
artefacts (e.g., cleavage of acid labile sites) due to the harsher
analysis condition (high column temperature, acidic pH,
organic solvents).

14. The Orbitrap platform with BioPharma Option produces
excellent spectral raw data in native MS mode. Consequently,
the need for spectral data processing (e.g. spectral smoothing)
is minimal, and the deconvolution settings should be set to
have minimal impact on spectral data quality. That is, the
appearance of spectral features should highly similar between
the raw and the deconvoluted data, in order to preserve quan-
titative information and minor spectral features, as shown in
Fig. 1.

15. For non-CHO expression systems and non-IgG glycoproteins
other glycoform list may be appropriate [5].

16. The molecular mass of G0F/G1F equals that of G0F/G0F + 1
glycation, the mass of G1F/G1F equals that of G0F/G1F + 1
glycation, and so on. To get an estimate of the glycation level
(using the methods presented in the current chapter) the IgG
samples can be deglycosylated using PNGase F according to
manufacturer’s instruction prior to intact MS analysis. This will
result in a deconvoluted mass spectrum in which the main peak
represent the deglycosylated IgG. IgGs carrying a single glyca-
tion are seen as the main peak +162 Da, IgGs carrying two
glycations are seen as the main peak +2 � 162 Da, and so on.

References

1. Beck A, Wagner-Rousset E, Ayoub D et al
(2013) Characterization of therapeutic antibo-
dies and related products. Anal Chem
85:715–736. https://doi.org/10.1021/
ac3032355

2. Kayser V, Chennamsetty N, Voynov V et al
(2011) Glycosylation influences on the aggre-
gation propensity of therapeutic monoclonal
antibodies. Biotechnol J 6:38–44. https://
doi.org/10.1002/biot.201000091

3. Liu L (2015) Antibody glycosylation and its
impact on the pharmacokinetics and pharma-
codynamics of monoclonal antibodies and
Fc-fusion proteins. J Pharm Sci
104:1866–1884. https://doi.org/10.1002/
jps.24444

4. CMC Biotech Working group (2009) A-Mab:
a case study in bioprocess development. CASSS
2.1:

5. Zhang L, Luo S, Zhang B (2016) Glycan anal-
ysis of therapeutic glycoproteins. MAbs

8:205–215. https://doi.org/10.1080/
19420862.2015.1117719

6. Makarov A, Denisov E (2009) Dynamics of
ions of intact proteins in the Orbitrap mass
analyzer. J Am Soc Mass Spectrom
20:1486–1495. https://doi.org/10.1016/j.
jasms.2009.03.024

7. Bailey AO (2018) The quest for highly effec-
tive resolution: therapeutic protein characteri-
zation via separations-coupled native MS. Am
Chem Soc:1–15

8. van de Waterbeemd M, Fort KL, Boll D et al
(2017) High-fidelity mass analysis unveils het-
erogeneity in intact ribosomal particles. Nat
Methods 14:283–286. https://doi.org/10.
1038/nmeth.4147

9. Gault J, Donlan JAC, Liko I et al (2016) High-
resolution mass spectrometry of small mole-
cules bound to membrane proteins. Nat Meth-
ods 13:333–336. https://doi.org/10.1038/
nmeth.3771

44 Dan Bach Kristensen et al.

https://doi.org/10.1021/ac3032355
https://doi.org/10.1021/ac3032355
https://doi.org/10.1002/biot.201000091
https://doi.org/10.1002/biot.201000091
https://doi.org/10.1002/jps.24444
https://doi.org/10.1002/jps.24444
https://doi.org/10.1080/19420862.2015.1117719
https://doi.org/10.1080/19420862.2015.1117719
https://doi.org/10.1016/j.jasms.2009.03.024
https://doi.org/10.1016/j.jasms.2009.03.024
https://doi.org/10.1038/nmeth.4147
https://doi.org/10.1038/nmeth.4147
https://doi.org/10.1038/nmeth.3771
https://doi.org/10.1038/nmeth.3771


10. Belov ME, Damoc E, Denisov E et al (2013)
From protein complexes to subunit backbone
fragments: a multi-stage approach to native
mass spectrometry. Anal Chem
85:11163–11173. https://doi.org/10.1021/
ac4029328
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Chapter 3

Analysis of Intact Glycoproteins by Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometry

Estela Giménez, Montserrat Mancera-Arteu, Fernando Benavente,
and Victoria Sanz-Nebot

Abstract

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) can be
regarded as a key tool to rapidly obtain molecular mass information of intact glycoproteins in glycopro-
teomic studies and quality control of recombinant biopharmaceuticals. However, MALDI-TOF MS of
these glycosylated compounds is a tricky task due to its low ionization efficiency and fragmentation of labile
groups such as sialic acids.
Here, we offer the reader a practical overview of the available methodologies for the confident analysis of

intact glycoproteins with different glycosylation degree by MALDI-TOFMS. The three proposed methods
fulfil the requirements of reproducibility and low extent of glycan fragmentation required to successfully
analyze intact glycoproteins.

Key words MALDI, Intact glycoprotein, Matrix, Ionic liquid, Glycosylation degree

1 Introduction

Glycosylation is an important posttranslational protein modifica-
tion which modulates a wide variety of biological functions and
plays a major role in disease initiation and progresion [1–3]. In this
context, investigations in glycoproteomics, which demand sensitive
and selective analytical tools for glycoprotein analysis, have gained
importance in biomedical and biotech research. Mass spectrometry
has proven itself to be a leading technology in the analysis of
glycoproteins due to its reliability and sensitivity [4–8]. Identifica-
tion and comprehensive characterization of glycoproteins usually
requires multiple complementary mass spectrometry approaches,
including the analysis of the intact protein (top-down approach) and
the glycopeptides or glycans generated by enzymatic digestion
(bottom-up approach).
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Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) is widely used in glycoproteo-
mics because its specific advantages such as tolerance toward differ-
ent buffers, uncomplicated spectra due to the almost exclusive
generation of singly charged molecular ions, appropriate sensitivity,
simplicity of operation, and possibility of rapid and high-
throughput analyses with low sample and reagents consumption
[8–10]. Thus, this technique is an excellent tool to rapidly obtain
molecular mass information of intact glycoproteins in glycoproteo-
mic studies or quality control of recombinant biopharmaceuticals.
However, MALDI-TOF MS of glycosylated compounds such as
intact glycoproteins is a difficult task due to its poor ionization
efficiency and the presence of labile groups such as sialic acids or
N-acetylglucosamine (GlcNAc) units, which are prone to fragmen-
tation in the ion source or during acceleration [11, 12]. Moreover,
the quality of the mass spectra is strongly dependent on the choice
of the matrix compound and its capability to absorb laser energy
and assist the ionization process. Many authors have described the
properties that an ideal matrix should have, and a wide variety of
substances have been tested and applied as MALDI matrices for the
analysis of different compounds [13–16]. For glycoprotein analysis,
benzoic acid derivatives like 2,5-dihydroxibenzoic acid (DHB)
have been described as “cool” or soft matrices, since they enable
minimized glycan fragmentation [9, 12, 17]. These MALDI matri-
ces seem to be more suitable than other typical MALDI matrices
derived from cinnamic acid (e.g., sinapinic acid [SA], ferulic acid
[FA], or α-cyano-4-hydroxycinnamic acid [CCA]).

Besides the choice of the matrix, results obtained in MALDI
experiments are strongly influenced by the sample-matrix prepara-
tion procedures. Among the different procedures available in the
literature [12, 16, 18], the dried-droplet method is the most widely
used in MALDI-TOF MS. However, this method is not suitable
enough for some matrices and analytes as it may promote the
generation of heterogeneous spots. This issue affects the reproduc-
ibility of the results and increases the time required to make the
measurements because of the need to find a “sweet” spot. There-
fore, alternative crystallization procedures as fast evaporation or
vacuum drying methods have been investigated in the analysis of
intact glycoproteins [12].

To overcome many of the shortcomings of solid matrices,
Armstrong et al. [19] successfully introduced ionic liquids as
MALDI matrices in 2001. Ionic liquid matrices (ILMs) are organic
salts, with a melting point at or below 100 �C, formed by equimolar
mixtures of the typical acidic MALDI matrix compounds (e.g., SA
or DHB) with organic bases (e.g., tributylamine or pyridine) [14–
16, 20]. They are easily prepared and require no cocrystallization
with the analyte, providing better spot-to-spot and shot-to-shot
reproducibility. This fact can make the automatic acquisition in
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MALDI-TOF MS instruments easier and is crucial for quantitative
analysis. In addition, ILMs have been reported to show a reduction
of fragmentation of labile groups in glycoprotein analysis compared
to solid matrices [21–23].

In this chapter, three methodologies are described in order to
offer the reader a practical overview of the available strategies for
the reliable analysis of intact glycoproteins by MALDI-TOF
MS. The proposed methods fulfil the necessary requirements of
reproducibility and low extent of glycan fragmentation. We have
selected three different combinations of matrix compounds and
sample-matrix preparation procedures depending on the percent-
age of glycosylation of the glycoprotein. For glycoproteins with
glycosylation percentages lower than 10% (m/m), like human
transferrin (hTf, ~6% (m/m)) or mouse transferrin (mTf, ~3%
(m/m)) (Fig. 1), the methodology using SA as matrix and the
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Fig. 1 Mass spectra and experimental molecular mass obtained by MALDI-TOF
MS of (a) human transferrin (hTf) and (b) mouse transferrin (mTf) with sinapinic
acid (SA) as MALDI matrix and the fast evaporation method as sample-matrix
preparation procedure (laser intensity close to the threshold)
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fast evaporation method as sample-matrix preparation procedure,
provides homogeneous spots with a superior number of smaller
crystals, which resulted in higher reproducibility of the obtained
mass spectra. Moreover, working with this matrix at laser intensities
close to the threshold enables the analysis of glycoproteins with
low-carbohydrate content with adequate sensitivity and reduced
fragmentation of the labile groups.

The combination of DHB and the vacuum drying method
shows better performance for glycoproteins with higher glycosyla-
tion degree like recombinant human erythropoietins (i.e., rhEPO
and a basic rhEPO with lower sialic acid content, 40% (m/m) and
35% (m/m) of glycosylation degree, respectively) (Fig. 2). Repro-
ducibility improves owing to the more homogeneous spots and
greater number of glycoprotein–matrix cocrystals compared to

B) rhEPO

8000 21400 34800 48200 61600 75000

Mass (m/z)

%
 In

te
ns

ity
20

%

28516
[M+H]+

14262
[M+2H]2+

30257
[M+H]+

15305
[M+2H]2+

55721
[2M+H]+

59726
[2M+H]+

A) basic rhEPO

Mr: 28516

Mr: 30256

Fig. 2 Mass spectra and experimental molecular mass obtained by MALDI-TOF
MS of two recombinant human erythropoietins (a) basic rhEPO and (b) rhEPO
with 2,5-dihydroxybenzoic acid (DHB) as MALDI matrix and the vacuum drying
method as sample-matrix preparation procedure (laser intensity close to the
threshold)

50 Estela Giménez et al.



the dried droplet method. Using DHB-vacuum drying, the loss of
labile groups was less significant than with other solid matrices like
SA even working at higher laser intensities.

Alternatively, for these highly glycosylated proteins, the use of a
SA-butylamine ILM (SA-ILM) matrix provides better spot-to-spot
and shot-to-shot reproducibility (Fig. 3), but it normally shows a
slight decrease in signal-to-noise ratio values compared to DHB
solid matrix. Nevertheless, this issue needs to be evaluated in depth
for each studied glycoprotein. Moreover, as other authors have
indicated with other ILMs [15, 23], the ionization efficiency with
SA-ILM is slightly worse for glycoproteins with lower sugar con-
tent (i.e., below ~20%). Hence, SA-ILM may be regarded as a
reproducible and robust alternative to DHB-vacuum drying to
obtain a reliable average molecular mass value for intact glycopro-
teins with high glycosylation degree [21].
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Fig. 3 Mass spectra and experimental molecular mass obtained by MALDI-TOF
MS of two recombinant human erythropoietins (a) basic rhEPO and (b) rhEPO
with sinapinic acid and the ILM method (SA-ILM) (laser intensity close to the
threshold)
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2 Materials

2.1 Instrumentation 1. 4800 Plus MALDI TOF/TOF mass spectrometer (AB Sciex,
Framingham, Massachusetts) equipped with a nitrogen laser
(355 nm) and a microchannel plate detector (MCP). Data
acquisition and data processing are performed using the 4800
Series Explorer™ and Data Explorer® softwares (AB Sciex) (see
Note 1).

2. For vacuum drying of the spots, the tank of a solid-phase
extraction vacuum manifold from Supelco (Bellefonte, Penn-
sylvania, USA) connected to a vacuum pump is used.

3. Mikro 220R centrifuge (Hettich Zentrifugen, Tuttlingen,
Germany).

2.2 Chemicals

and Solutions

Prepare all solutions using ultrapure water (conductivity value
lower than 0.05 μS/cm at 25 �C) and analytical grade reagents.
Store all solutions at 4 �C and allow to stand at room temperature
before use.

1. Protein solutions: Prepare 1000 μg/mL stock solution of each
glycoprotein in water. Mouse transferrin (mTf, Mr ~ 76,000)
and human transferrin (hTf, Mr ~ 79,000). Recombinant
human erythropoietins (rhEPO and basic rhEPO,
Mr ~ 28,000–30,000) (see Notes 2 and 3). Prepare a
1000 μg/mL solution of bovine serum albumin (BSA) in
water as calibrant.

2. Fast evaporation method solutions: 27 mg/mL of sinapinic
acid (SA) in acetone–water (99:1 v/v). Weight 27 mg of SA
and add 990 μL of acetone and 10 μL of water. Vortex for 15 s.
10 mg/mL of SA in acetonitrile–water (50:50 v/v) with 0.1%
v/v of trifluoroacetic acid (TFA). Weight 10 mg of SA and add
500 μL of acetonitrile (ACN), 499 μL of water and 1 μL of
trifluoroacetic acid (TFA). Vortex for 15 s.

3. Vacuum drying method solution: 10 mg/mL of
2,5-dihydroxybenzoic acid (DHB) in ethanol–water
(50:50 v/v). Weight 10 mg of DHB and add 500 μL of
ACN, 499 μL of water and 1 μL of TFA. Vortex for 15 s.

4. Ionic liquid matrix solution (SA-ILM): Weight 100 mg of SA
and add 3242 μL of methanol and 64.1 μL of butylamine. Cap,
vortex for 15 s, and evaporate to approximately 100 μL with air
(see Note 4). Finally reconstitute the mixture with 100 μL
of ACN.

52 Estela Giménez et al.



3 Methods

3.1 Sample-Matrix

Preparation Procedure

All sample-matrix preparation procedures are performed in a ther-
mostatted room at 25 �C (see Note 5).

3.1.1 Fast Evaporation

Method

1. Deposit 1 μL of 27 mg/mL of SA in acetone–water (99:1, v/v)
onto the stainless steel MALDI plate and let dry.

2. Sample-matrix solution: Mix 1 μL of glycoprotein solution
with 1 μL of 10 mg/mL of SA in ACN–water (50:50 v/v,
0.1% v/v TFA). Vortex for 15 s in order to obtain an homoge-
neous sample (see Note 6).

3. Deposit 1 μL of sample-matrix solution over this first layer and
let dry.

3.1.2 Vacuum Drying

Method

1. Sample-matrix solution: Mix 1 μL of glycoprotein solution
with 1 μL of 10 mg/mL of DHB in ethanol–water (50:50 v/v,
0.1% v/v TFA). Vortex for 15 s in order to obtain an homoge-
neous sample (see Note 6).

2. Deposit 1 μL of sample-matrix solution onto the MALDI plate
and place it immediately inside the vacuum tank in order to dry
the spots under a vacuum of approximately 2 kPa (seeNote 7).

3.1.3 ILM Method 1. Sample-matrix solution: Mix 1 μL of glycoprotein solution
with 1 μL of SA-ILM solution. Vortex for 15 s in order to
obtain an homogeneous sample (see Note 6).

2. Deposit 1 μL of sample-matrix solution onto the MALDI plate
and let dry (see Note 8).

3.2 MALDI-TOF MS

Analysis

1. Before introducing the MALDI plate in the instrument, clean
the plate and remove the moisture passing a slow stream of
nitrogen over the surface of the plate.

2. Mass spectra are acquired over a range of 8000–75,000 and
20,000–100,000 m/z using the mid mass and high mass posi-
tive linear mode, respectively (see Note 9). The final mass
spectrum is typically obtained as a summation of 100 consecu-
tive laser shots (i.e., measured mass spectra).

3. Prior to starting acquisition, the instrument is externally cali-
brated using the singly and doubly charged molecular ions
from bovine serum albumin (BSA), prepared following the
fast evaporation method described in subheading 3.1.1 (see
Note 10).

4. Measurements must be performed close to the laser intensity
threshold value required for molecular ion generation to avoid
carbohydrate fragmentation, specially when analyzing highly
glycosylated proteins (see Note 11).
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5. Acquire the MALDI mass spectrum of the glycoprotein in the
selected m/z ratio scanning range (see Note 12). Figures 1, 2,
and 3 show the spectra of the studied glycoproteins (see
Note 13).

6. Determine the average molecular mass of the glycoprotein with
the singly charged molecular ion (seeNote 14). Relative molec-
ular masses (Mr) obtained by MALDI-TOF MS are shown in
Figs. 1, 2, and 3 for the studied glycoproteins.

4 Notes

1. Other MALDI-TOF mass spectrometers have been also
reported to allow this type of MS application.

2. Interfering contaminants such as excipients or salts must be
removed by ultrafiltration with centrifugal filters of 10,000 Mr

cutoff. Wash the filter with 50 μL of water and centrifuge at
13,680 � g. Add the glycoprotein sample and again centrifuge
for 10 min. Wash the residue three times with 100 μL of water.
Discard the filtrates from each of the five previous steps.
Recover the sample from filter by centrifugation upside down
in a new vial (3 min at 590 � g). Add water to adjust the
glycoprotein concentration to 1000 μg/mL.

3. Here, we describe the analysis of intact glycoproteins at high
concentration (~500 μg/mL). The analysis at lower concentra-
tion should be evaluated for each studied glycoprotein and also
depends on the complexity of the sample and the instrumental
set-up.

4. ILM-SA solution should exhibit a glycerol-like viscosity. Dis-
card the ILM if solidifaction is observed during the preparation
procedure as redissolution is not possible.

5. Temperature is an important parameter to control to obtain a
reproducible and optimum crystallization of the spots on the
MALDI target plate.

6. When working with such small volumes, centrifuge to recover
all the liquid at the bottom of the vial.

7. If vacuum drying is not avaliable, the dried droplet method can
be used, although poorer reproducibility will be obtained due
to the lower spot homogeneity.

8. Spots with the ILM-SA take more time to dry compared to
spots prepared with the solid matrix methods. Complete dry-
ing is not achieved and spots finally remain as dense and homo-
geneous glycerin-like drops.

9. Only select the “high mass mode” when strictly necessary as
the instrument parameters of these acquisition methods can
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promote glycan fragmentation in intact glycoproteins, espe-
cially those with high glycosylation degree.

10. In order to improve calibration accuracy, take special precau-
tion in spotting the calibrant protein solution next to the
sample spots being analyzed.

11. Start the measurements with a very low laser intensity and
increase gradually until the detection threshold is reached.
Finally, select a laser intensity value, that provides an adequate
signal-to-noise ratio, but remaining always near the threshold
to prevent fragmentation.

12. MALDI mass spectrum of an intact glycoprotein usually shows
the singly and doubly charged molecular ions and, occasionally,
the singly charged ion of a dimeric form generated during the
desorption process (as can be observed in Figs. 2 and 3 when
analyzing the recombinant erythropietins).

13. The percentage of glycosylation of the protein normally deter-
mines the selection of the MALDI matrix and the sample-
matrix preparation procedure. For glycoproteins with a low
glycosylation degree (up to ~10%), such as human and mouse
transferrin (Fig. 1), SA and the fast evaporation method is
preferred. For glycoporoteins with higher degrees of glycosyl-
ation, DHB with vacuum drying is an adequate method to
obtain confident molecular masses of intact glycoproteins as
it minimizes glycan fragmentation. However, to achieve higher
spot-to-spot and shot-to-shot reproducibility, the ILM-SA is a
better choice for highly glycosylated glycoproteins (above
~20% of glycosylation), although in some cases it can be less
sensitive.

14. The experimental molecular mass is usually calculated with the
singly charged molecular ion as, generally, it is the most
intense, and thus, less mass error is achieved.

Acknowledgments

This work was supported by a grant from the Spanish Ministry of
Economy and Competitiveness (RTI2018-097411-B-I00) and the
Cathedra UB Rector Francisco Buscarons Ubeda (Forensic Chem-
istry and Chemical Engineering). Montserrat Mancera-Arteu
acknowledges the University of Barcelona for an ADR fellowship.

References
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Chapter 4

Fc Glycosylation Characterization of Human
Immunoglobulins G Using Immunocapture and LC-MS

Yosra Helali, Shilpee Sharma, Marie Vandeput, Dansala Welba,
Pierre Van Antwerpen, Arnaud Marchant, and Cédric Delporte

Abstract

Immunoglobulins G (IgG) are proteins produced by the immune system of higher life forms that play a
central role in the defense against microbial pathogens. IgG bind pathogens with the hypervariable Fab
component and mediate a diversity of effector functions by binding to immune effector cells via their
crystallizable (Fc) component. All IgG Fc carry a polymorphic N-glycan that regulates its binding proper-
ties and thereby its effector functions. The glycosylation profile of IgG Fc is modulated by physiological and
pathological conditions, including infectious diseases and inflammatory disorders. Characterization of IgG
Fc glycosylation profiles is a promising approach to understand the pathogenesis of diseases involving the
immune system and to develop novel biomarkers of disease activity. Measuring the proportion of the
different IgG Fc glycoforms remains an analytical challenge, that requires a sensitive and reproducible
analytical approach.
This chapter describes an optimized approach for the preparation and the analysis of Fc N-glycans from

total serum or plasma IgG using magnetic beads, RapiFluor MS label©, and LC-MS.

Key words N-glycosylation, LC-MS, RapiFluor-MS protocol, Immunoglobulins IgG, Fragment
crystallizable region (Fc), Characterization, Fluorescence, Beads

1 Introduction

Immunoglobulins (Ig) are glycoproteins produced and secreted by
a specialized immune cell population, called B lymphocytes. B
lymphocytes can produce five different classes of Ig: IgA, IgD,
IgE, IgG, and IgM. IgG is the most abundant Ig in the blood,
with concentrations ranging from 7 to 18 g/L in healthy adults
[1]. IgG play a central role in the defense against infectious patho-
gens. They bind and neutralize pathogens with their hypervariable
Fab component and they mediate a diversity of effector functions
via the binding of their crystallizable (Fc) component to comple-
ment proteins and to Fcγ receptors expressed by immune effector
cells, includingmacrophages and natural killer cells [1, 2]. Although
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human IgG are divided in four subclasses, that is, IgG1, IgG2,
IgG3, and IgG4, which are named in order of decreasing abun-
dance in serum, the four subclasses share more than 95% of their
amino acid sequence. Yet they have very different affinities for
complement proteins and Fcγ receptors and therefore stimulate
qualitatively different immune responses [3, 4]. A second and
essential layer of structural diversity of IgG is provided by post-
translational modifications, primary N-glycosylation, of the Fc
component.

Glycosylation is one of the most prominent posttranslational
modification, and it plays an important role in the maintenance of
the structure and function of glycoproteins. Over the past decades,
research from many laboratories has defined the role of glycans in
the etiology of major diseases, and a key challenge is to understand
the phenotypic consequences of changes in protein glycosylation
[5]. The composition of the IgG Fc N-glycan has a profound
impact on the quaternary structure and on the stability of the
protein. Variations in glycosylation profile influence different
biological processes such as signal transduction, protein-folding
and immune responses [6]. The most characterized groups of
glycosylation are N- and O-linked glycans. Glycans represent
around 15% of IgG weight [7]. O-glycosylation is only present at
the hinge region of 10% of IgG3, whereas all IgG subclasses carry
an N-glycan at the Asn 297 of the CH2 domain of each the two
heavy chains (Fig. 1). This N-glycan has a constant biantennary
heptasaccharide that can carry variable levels of fucose, N-acetyl-
glucosamine, galactose, and sialic acid. Glycosylation of IgG Fc can
be asymmetrical, that is, two different glycan structures expressed
by each of the two heavy chains. On the other hand, about 15–25%

N-acetylglucosamine (GlcNAc)
Mannose
Fucose
Galactose
N-acetylneuraminic acid
(Neu5A)

Fab

Fc

Fab glycan is 
present in only  
20% of IgG

Fc conserved glycans are linked to 
asparagine 297 in the CH2 domain 

Fig. 1 IgG glycosylation, Fc glycans are linked to asparagine 297 in the CH2 domain
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of the Fab component of IgG areN-glycosylated but the role of this
glycan remains incompletely elucidated [8, 9]. IgG Fc glycosylation
is a highly regulated process, influenced by age, sex, hormones, and
inflammatory mediators [2]. As a result, IgG carrying different IgG
Fc glycans have different affinity for complement proteins, lectins
and Fcγ receptors and thereby promote different immune effector
functions [2]. Characterizing IgG Fc glycosylation profiles is there-
fore an important approach to understand the pathogenesis of
diseases involving the immune system and to develop novel bio-
markers of disease activity and response to therapies [6, 10, 11].

In the present chapter we describe an optimized method to
purify IgG FcN-glycan by immunocapture using beads coated with
antibodies against the two light chains of IgG (Lambda and Kappa)
and to characterize the N-glycan using RapiFluor-MS label and
LC coupled to fluorescence (FLD) and mass spectrometry (MS)
detection. The aim of this analytical method is to study the varia-
tion of IgG FcN-glycosylation between healthy adults and patients
with infectious or inflammatory diseases. The purification of the
Fc fragment from the total IgG is based on the use of magnetic
beads: Lambda and Kappa (which are catch respectively lambda
and kappa Fab fragments) and enzymes. Firstly, the total IgG is
fixed on the beads (incubated for 1 h at the room temperature),
then the IDEZ (IgG Digestion Enzymes) is added. These enzymes
cleave below the hinge region (between two glycines for IgG 1, 3,
4 or between a glycine and an alanine for IgG 2) to give 2*Fc/
2 and F(ab)02 [12]. In the present approach, this digestion enables
to release Fc in the solution and then analyze only the Fc N-
glycosylation profile (removing the variation from Fab part)
(Fig. 2).

Kappa and Lambda 
Beads

Addi�on of total IgG
for 1h at RT Addi�on of the enzymes 

(IDEZ) for 1h at 37 °C

Use Magne�c stand to 
keep the beads and collect
the supernatant with Fc
frac�on

The beads with 
Fab fragment

Fc frac�on on the 
supernatant

Fig. 2 Purification of the Fc fragment using magnetic beads
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2 Materials

2.1 Chemicals 1. Lambda and Kappa magnetic beads (Merck, Ref
LSKMAGLM02/LSKMAGKP02).

2. Washing/binding buffer: PBS (Lonza, Ref. 17-516).

3. IdeZ enzyme (New England BioLabs, Ref P0770S).

4. Samples: Purified IgG from Serum or plasma of patients or
healthy volunteers (For the purification of the total IgG a
purification kit: Thermo Scientific Melon Gel IgG Spin Purifi-
cation Kit is used).

5. Intact mAb check standard (intact mouse IgG1 monoclonal
antibody used as a control) (Waters, from Glycoworks Rapi-
Fluor-MS kit).

6. Rapid PNGase F (0.035 mL of PNGase F, enzyme used for
rapid deglycosylation) (Waters, from Glycoworks RapiFluor-
MS kit).

7. GlycoWorks Rapid Buffer (Buffer used to dissolve the RapiGest
SF (0.25 mL of 250 mM HEPES pH 7.9) (Waters, from
Glycoworks RapiFluor-MS kit).

8. RapiGest SF (enzyme-friendly surfactant used to denature the
glycoproteins and to facilitate the deglycosylation reaction)
(Waters).

9. RapiFluor-MS Label powder of the reagent RapiFluor-MS
from Waters.

10. Anhydrous dimethylformamide (DMF) (anhydrous DMF)
used to solubilize the RapiFluor-MS Label powder.

11. 18.2 MΩ water.

12. Formic acid (FA), LC/MS-grade.

13. Acetonitrile (ACN), LC/MS-grade.

2.2 Equipment 1. A 6520 series mass spectrometer: electrospray ionization
(ESI)-Quadrupole-Time-of-Flight (Q-TOF) high-resolution
MS (HRMS) from Agilent Technologies.

2. A 1200 series Rapid Resolution Liquid Chromatography
(RRLC) from Agilent Technologies with a binary pump, a
degasser, a thermostated autosampler, a column oven, and a
fluorescence detector.

3. A Magnetic Bead System (Ref: LSKMAGA02 from Merk).

4. XBridge BEH Amide XP Column 130 Å, 2.5 μm,
2.1 mm � 150 mm (Waters, ref.: 186006724).

5. Heating block: Esco Provocell shaking micro incubator
(Speed: 800 rpm).
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6. 96-well plate extraction Vaccum Manifold, used for the
μElution SPE.

7. Mobile phase solvent A: 50 mM formate solution, pH ¼ 4.4.

8. Mobile phase solvent B: pure acetonitrile.

3 Methods

3.1 Sample

Preparation

3.1.1 IgG Binding

1. Calculate the required volume of bead slurry based on the
number of reactions.

30 μL of Lambda and Kappa beads mixed at the ratio of 1:1
(15 μL of Lambda +15 μL of Kappa) is required per sample.

2. Mix the bead slurry so that all the beads are uniformly
resuspended.

3. Pipet the required volume of resuspended bead slurry into a
microcentrifuge tube. Place the tube into the Magnetic Bead
System and allow the beads to migrate to the magnet. Remove
the storage buffer with a pipette and discard it.

4. Wash the beads twice using 500 μL of PBS for each wash add
PBS to the tube, vortex 10 s, put the tube back on the magnet
stand and discard the supernatant (see Note 1).

5. Resuspend the beads by adding the required volume of PBS
(to get the same volume calculated in the step 1).

6. Add 30 μL of the resuspended beads solution to the fresh
tubes, put the fresh tubes on the magnet for 1 min and discard
the supernatant.

7. Take the tubes out of the magnet and add the required volume
of purified IgG samples (Ensure that the IgG volume is at least
five times the settled bead) volume mix well using the pipette.
This protocol is designed for 25 μg of total IgG (see Note 3)).

8. Incubate for 1 h at the room temperature, with continuous
mixing or end-over-end rotation (¼spinning rotor).

3.1.2 IDEZ Digestion 1. Take the tubes from the spinning rotor, briefly spin down, and
put it on the magnet for 1 min, and discard the liquid.

2. Take the tubes out of the magnet, wash the beads twice by
adding 200 μL of PBS, then take off the supernatant (always
using the magnet sand).

3. Reconstitute the sample (¼IgG attached on beads) in 20.0 μL
of PBS, then add 1.0 μL of IDEZ and incubate for 1 h
(spinning/shaking) at 37 �C.
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3.1.3 Collecting the Fc

Fraction

1. Use the magnet to collect the supernatant (Fc fraction) and
transfer it to the new tubes (see Note 4).

3.1.4 IgG Denaturation 1. Prepare the buffer solution: dissolve the content ofRapiGest SF
(1 vial of 3 mg) in 60 μL of Glycoworks RapidBuffer (see
Note 6).

2. Put 15.3 μL of 18.2 MΩ water into a 1 mL tube (seeNote 11).

3. Add 7.5 μL of the collected Fc fraction solution into the 1 mL
tube (see Note 5).

4. Add 6 μL of the buffer solution to the sample and aspirate and
dispense to mix.

5. Put the sample for 3 min in a heat block set to 90 �C (see Note
8).

3.1.5 Digestion 1. Take out the sample from the heat block, and let it cool down
for 3 min.

2. Add 1.2 μL of PNGase F, to get a sample concentration of
0.5 mg/mL of IgG, and aspirate and dispense to mix (seeNote
9).

3. Incubate the sample for 5 min in the heat block set to 50 �C (see
Note 8).

4. Remove the samples from the heat block, and let it cool down
at the room temperature for 3 min.

3.1.6 Labeling 1. Prepare the labeling: dissolve the RapiFluor-MS Label powder
(1 vial of 9 mg) in 131 μL of anhydrous DMF (be sure the all
the powder is dissolved by aspirating and dispensing gently
5–10 times (see Note 10)).

2. Put 12 μL of the labeling solution to the sample.

3. Mix the reagent solution.

4. Let the sample a few minutes at the room temperature to allow
the labeling reaction.

5. After 5 min, add 358 μL of ACN to dilute the sample before
the HILIC SPE (hydrophilic interaction chromatography
based solid phase extraction).

3.1.7 Cleaning up with

HILIC-SPE

1. Connect the μElution plate to the vacuum manifold outfitted
(set to 2.5–4 Hg), and put the waste tray below.

2. Condition the μElution plate with 200 μL of 18.2 MΩ water.

3. Equilibrate wells with 200 μL of 15:85 water–acetonitrile.

4. Load the diluted samples to wells.

5. Wash the well two times with 600 μL of 1:9:90 (v/v/v) FA–
water–CAN.
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6. Remove the waste tray and replace it with a 96-well collection
plate, fitted with 600 μL tapered bottom inserts.

7. Elute glycans three times with 30 μL of GlycoWorks SPE Buffer
(200 mM ammonium acetate in 5% acetonitrile). This three
elutes have to be collected in the same tube.

3.1.8 Prepare

the Samples

for the Injection

1. Add 310 μL of GlycoWorks Sample Diluent—DMF/ACN—to
the 90 μL of the eluate.

2. Aspirate and dispense five times to ensure the mixing.

3. Cap the vial and store it at 4 �C if the injection will take place in
the next 3 days, or put the samples at �80 �C for longer-term
storage.

3.2 Analysis

Conditions

3.2.1 LC Conditions

N-glycans are eluted using a gradient method starting with 68%
solvent B at 0.5 mL/min. From 0 to 25 min, solvent B is decreased
to 57% with the same flow. During this gradient, N-glycans are
eluted and separated. Depending on the dimension of the column
(particle size, porosity, length, and diameter) these gradients might
be changed. For example, starting and final % of ACN might be
optimized as well as the time length of the gradient. From 26 to
29 min, solvent B is decreased to 20% with a flow rate of 0.25 mL/
min. The flow is decreased, as pressure will be very high. This
segment enables a complete wash of the phase. Then initial condi-
tions are reloaded (68% solvent B from 31 min to 35 min at
0.25 mL/min). Finally, flow rate is increased at 0.5 mL/min at
40 min. Total run time is 50 min. The samples are maintained at
4 �C in the injector for the best stability the separation is performed
with a column temperature sets to 35 �C.

3.2.2 ESI-Q-TOF and FLD

Detector Parameters

1. MS analysis is performed with an Agilent Q-TOF 6520
equipped with electrospray ionization (ESI) used in
positive mode.

2. Source temperature is set at 300 �C, with 7 L/min (420 L/H)
for the drying gas, 45 psi for the nebulizer and 4.5 kV for the
capillary voltage. Fragmentor is at 174 V.

3. Data Storage: Centroid mode, mass spectra are recorded from
100 to 3200 m/z, and the acquisition rate is 1 spectrum/s.

4. MS data acquisition and processing respectively by Agilent
Mass Hunter LC/MS Acquisition B.08.00 and Agilent Mass
Hunter Qualitative Analysis B10.0.

5. Calibration is done using the ESI-L Low Concentration Mix
(Ref: G1969-85000) from Agilent Technologies.

6. A reference solution was nebulized for continuous calibration
in the positive mode using the reference masses of m/z
121.0508 and m/z 922.0097.
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7. The fluorescence detector is set to 265 nm for the excitation
and 425 nm for the emission wavelengths.

3.2.3 Data Analysis N-glycans profile characterization remains a complex task but is
fundamental to investigate the impact of glycosylation of IgG in
several immunological diseases. Here, we take advantages to collect
data with two different detectors FLD and MS, to characterize the
N-glycan profile of the Fc domain of IgGs. Usually, the IgG N-
glycosylation profile includes fifteen different N-glycans, which are
illustrated on Fig. 3.

FLD usually offers a high sensitivity. However, coeluting ana-
lytes might not be properly detected which is a common issue
HILIC-FLD profiling of N-glycans. Higher resolution power of
LC-HILIC systems has improved the resolution. However, the
combination of FLD detection with MS detection enables to iden-
tify each peaks and even to refine the presence of differentN-glycan
in one FLD peak. Figure 4 is a zoom on one part of the chromato-
grams of Fig. 3 (see red box on Fig. 3). On the FLD chromatogram
we observe only one peak unresolved triple peak (dashed green
curve on Fig. 4), but using the MS we were able to differentiate
three N-glycan (both G1F glycan and G1FB glycan). These is
confirmed as those two glycans have two different m/z values.
Indeed, on the left side of Fig. 4, we observe the different extracted

N-acetylglucosamine (GlcNAc)

Mannose

Fucose

Galactose

N-acetylneuraminic acid (Neu5A)

G2F G2FS1

B : FLD

A: MS

G0

G0F

G0FBG1

G1F

G1F

G1FB G2 G2FB
G1FS1

G2S1
G2S2

G2FS2

RT (min)

Signal

Fig. 3 (a) MS-Total compound chromatogram (MS) and (b) Fluorescence (FLR) chromatograms obtained by
HILIC-FLR-MS analysis of IgG Fc N-glycans. The combination of the two detectors allows the identification of
the fifteen most abundant IgG glycans
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spectrum of each compound. Furthermore, we may observe that
the most abundant observed charge states are [M + 2H]2+ and
[M + 3H]3+, this may be explained by the high proton affinity of
the RapiFluor-MS label.

For quantification approach, N-glycans profiles are usually
expressed in relative percentages. However, some differences are
usually observed in the glycosylation profiles using the two differ-
ent detectors (namely FLD and MS). It is well known that MS
responses vary between N-glycan as the ionization efficiency might
change, even if the RapiFluor MS tag brings a highly ionizable
function. Indeed, retention time change might itself involved ioni-
zation change as the mobile phase composition is different. Fur-
thermore, inherent charge of the glycan in LC condition can
explain these variations of ionization observed between glycans;
one example is the charge of sialylated glycans versus neutral gly-
cans. However, fluorescence response is stable between N-glycan
and in a quantitative approach might be more relevant. The only
disadvantage of FLD remains the coeluting peaks where resulting
total AUC of the peak is the addition of both glycan AUC. In this
case, the ratio of MS data remain the best way to estimate the
relative composition of the FLD peak AUC between two coeluting
glycans. This method of calculation of FLD coeluting peak is so
used to determined AUC of each glycan.

Figure 5 shows the variation of the abundance percentage of
total fucosylation in a group of eight subjects (n ¼ 8) using both
FLD and MS. This percentage is the sum of percentage of all

(�me)

0

968.8947

646.2653

(m/z)
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[M+3H] 3+

[M+2H] 2+

Signal

0

714.2941
1070.4339

(m/z)

675 775 875 975 1075

[M+3H] 3+

[M+2H] 2+

FLR peak
MS peak

A B

Fig. 4 (a) Zoom on one peak of Fig. 3, the MS chromatogram and FLR chromatogram of the selected peak and
(b) The two different spectra of the selected peak corresponding to G1F and G1FB
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detected fucosylated glycans (G0F, G0FB, G1F, G1FB, G2F,
G2FB, G1FS1, G2FS1, G2FS2). This figure demonstrates the
light decrease of the fucosylation percentage using theMS detector,
comparing to the FLR, which confirm the variability of responses of
glycans to the ionization process and the stability of the FLR
response.

Nevertheless, both methods may be used for N-glycans
profiling as the trend is conserved either in MS or in FLD detection
and so enables a comparison of two groups or of several samples as
soon as the same detection is used. These hyphenated approach
(using HILIC-FLD and MS) was used for characterizing N-glyco-
sylation profiles in two medical conditions. For the purpose of the
present chapter, the number of subjects was restricted to n ¼ 4.

This method is so used to monitor different glycosylation in
clinical studies.

1. Galactosylation.
In general, IgG- G0 and G1 (monogalactosylated struc-

tures) represent about 35% of total IgG Fc glycan, while G2
(digalactosylated structures) represents around 15% [13]. This
quantity may varied with several diseases [7]; it increases for
some cancers (Urothelial carcinoma [14], thyroid cancer and
multiple myeloma) or decreases with inflammatory, autoim-
mune diseases such as rheumatoid arthritis and infectious dis-
eases (leprosy, infective endocarditis, and HIV) [15]. This
alteration is partially associated to the modification of the
estrogen level. Indeed, it increases for the pregnant women
and decreases for the postmenopausal women [7].

75.0

80.0

85.0

90.0

95.0

100.0

FLD MS

ecn adnu ba fo  
%

Fig. 5 Comparison of fucosylation abundance using both detectors (FLR and MS) (n ¼ 8)
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Thanks to the HILIC-FLD-MS approach and the sample
treatment, we could monitor galactosylation of Fc from circu-
lant IgG in patients under two medical conditions.

Figure 6 shows these variations of galactosylation: a signif-
icant decrease of G0 and G1, and a rise of G2 is observed for
the medical condition 1. This makes sense as G2 is produced
from G1 which is produced from G0. So an increase of G2
might involve a decrease of G1/G0.

2. Core Fucosylation and Bisecting N-acetylglucosamine:
The fucosylated glycans represent the major part of N-

glycan. A lack of the core fucose can improve the ADCP and
ADCC (Antibody-dependent cellular cytotoxicity) activity by
macrophages, monocytes, naturel killer (NK) cells, and granu-
locytes [16, 17].

On the other hand, an increase of fucosylation can signifi-
cantly reduce the affinity to FcγR classes, and particularly
FcγIII (50–100 fold), due to a sterically disturbed interaction
of the IgG (Asn 297) and receptor glycan (Asn 162) [18, 19].

N-glycan with bisecting N-acetylglucosamine represent a
small part of IgG Fc glycans (10–15%). This modification is
partially the opposite of the addition of core fucose during the
synthesis of N-glycan which making it difficult to discriminate
the effect of the bisecting N-acetylglucosamine from the core
fucosylation.

Using the protocol described above, a small decrease of
bisecting-glycans was observed in medical condition 1. How-
ever, there was no significant variation of the fucosylation
observed in this case (Fig. 7). This may be due to the reciprocal
manner with proximal bisecting GlcAc blocking the core
fucose. However, the number of subjects in each group is
only four (n ¼ 4) and might be not enough for a significant
change observation.

Medical 
condi�on 1 

Medical 
condi�on 2

Medical 
condi�on

1 

Medical 
condi�on

2
Medical 

condi�on 
1 

Medical 
condi�on

2

G0 G1 G2

Fig. 6 Variation of galactosylation between medical condition 1 and medical condition 2
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3. Sialylation:
For the healthy adults, sialylated N-glycan represent

10–15% of total glycans Fc [7].
The sialic acid is reported to have the most effect on the

structure of the Fc domain of the antibody. The sialylated Fc
glycans (G2FSX) associated to the protein of the Cγ2 domain
cause the closed conformation, resulting in a cryptic binding
site for place for the DC-SIGN in the CH2–CH3 interface
which raise the immunomodulatory function [20].
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Fig. 8 Variation of sialylation between medical condition 1 and medical condition 2
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Fig. 7 Variation of fucosylation and bisecting between medical condition 1 and medical condition 2
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Furthermore, the presence or absence of sialic acid can
negatively impact IgG binding to FcγR different classes, reduc-
ing ADCC and CDC. [16]

Different changes of sialylation were reported, example, an
increase of the quantity of terminally sialylated glycans with
some cancer (stage-dependent) [7], or with pregnancy [15].

Figure 8 shows the increase of the quantity of sialylated
glycans between the two medical conditions 1 and 2. This
variation is generally correlated with an increase of galactosyla-
tion, this may be explained by the fact that galactosylated IgG is
the substrate for sialytransferases. This leads to different
hypothesis as for example the rapid processing of proteins in
Golgi apparatus than might be not sufficient for a sialylation.

3.3 General

Discussion on Data

Interpretation

in Disease

IgG glycosylation is a complex posttranslational modification. It
may be altered with the availability of glycosidase and glycosyltrans-
ferase. For this reason, the interpretation of the different variation
should not be studied separately for each glycan, without the rest of
the other glycoforms. Instead, the different derived traits (galacto-
sylation, fucosylation, bisecting, and sialylation) has to be expressed
using a normalization in percentage over the total signal (¼100%).

For example, the decrease of the galactosylation is generally
associated to a simultaneous decrease, of the sialylation and an
increase for the agalactosylation, which is the case when the major-
ity of IgG glycans persist at the level of G0. This IgG glycoprofile
can be typical for highly inflammatory cases. On the other hand, the
same variation of galactosylation correlated with an increase of
sialylation and a decrease of agalactosylation may be explained by
the use of the terminally galactosylated IgG as a substrate for
subsequent sialylation. This change may be an indicator for a highly
anti-inflammatory IgG.

So in conclusion, the approach using a Fc characterization after
IgG purification and digestion by IDEZ on beads enables the rapid
and easy characterization of Fc glycosylation profiles by HILIC-
FLD-MS. As illustrated above, FLD and MS detections are com-
plementary as MS enables the correct identifications of N-glycans
observed in FLD profile and even enables the correct attribution of
AUC to each coeluting glycans. Furthermore, FLD profiling
enables a better quantitative approach than MS because FLD is
not sensitive to response variation with glycan nature and retention
time. Nevertheless, both detection methods might be used to
compare different conditions of glycosylation as illustrated here
with two medical conditions.
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4 Notes

1. For the steps of washing of the beads using the magnet, it is
recommended to withdraw the washing solution slowly, other-
wise, you lose a part of the beads.

2. Make sure that the volume of the added IgG is at least five times
the settled bead volume.

3. To purify the IgG from plasma or serum, we used a Thermo
Scientific™ Melon Gel IgG Spin Purification Kit, which pro-
vides recovery greater than 90% and a purity higher than 80%.
The yield was measured using a Nano drop (spectrophotome-
ter) upon the purification.

4. For the Fc collecting step, make sure to collect all supernatant
(all the Fc fraction).

5. The purification protocol using the beads is optimized for a
glycoprotein quantity of 25 μg, while, the RFMS label protocol
is designed for 15 μg.

6. When you add the GlycoWorks RapidBuffer to the RapiGest
SF powder, do not mix the solution, otherwise, bubbles will be
observed. In this case you have to wait or centrifuge.

7. Just before using the Rapid PNGase F, get it out from the
fridge and centrifuge it.

8. For the incubation steps (at 50 �C and 90 �C), the heat block
has to be settled a bit higher in temperature to be sure that the
sample are incubated at the recommended temperature (check
the temperature before use for each instrument).

9. Here the deglycosylation step with PNGase F is short (5 min).
It is so mandatory to use Rapid PNGase F, to assume a rapid
and complete deglycosylation.

10. Different forms of the RapiFluor-MS kit are available for
96 samples or 24 samples; therefore, different forms of
reagents are available, so pay attention to the indicated reactive
quantity/concentration on the vials.

11. To obtain optimal reaction of the protein without any lost, use
Protein Low binding Eppendorf tube.

12. To ensure the stability, the prepared samples (up to labeling
and purification steps) are stored at �80 �C.

13. Columns for glycans analysis are also available from many
suppliers. However, each column has its own chemistry and
dimensions, so modification in the gradient might be per-
formed to get the best resolution of the N-glycans. Here we
also illustrated that MS might help in the identification and
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quantification of coeluting N-glycans. So when both technics
of detection are combined, full resolution of coeluting glycans
is less critical.

14. For low sensitivity mass spectrometers, dry the eluted 90 μL
(end of purification step) and resuspended it with 4.5 μL of
water, 5 μL of DMF, and finally 10.5 μL of ACN.
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Chapter 5

Fast Afucosylation Profiling of Glycoengineered Antibody
Subunits by Middle-Up Mass Spectrometry

Elsa Wagner-Rousset, Olivier Colas, Stéphane Chenu,
Yannis-Nicolas François, Davy Guillarme, Sarah Cianferani,
Yury O. Tsybin, Jonathan Sjögren, Arnaud Delobel, and Alain Beck

Abstract

Middle-up LC-MS antibody characterization workflows using reduction or IdeS digestion for a focused
assessment of N-glycan profiling of three representative glycoengineered monoclonal antibodies (mAbs),
namely, obinutuzumab (GlycomAb technology, Glycart/Roche), benralizumab (Potelligent Technology,
BioWa, Kyowa Kirin) and mAb B (kifunensine) and compared to mAb A, produced in a common CHO cell
line. In addition, EndoS or EndoS2 enzyme are used for quantitative determination of Fc-glycan core
afucosylation and high mannose for these antibodies, as requested by health authorities for Fc-competent
therapeutics mAbs critical quality attributes (CQAs).

Key words IdeS, EndoS, EndoS2, Kifunensine, Obinutuzumab, Benralizumab, Low fucose, High
mannose, ADCC, Mass spectrometry

1 Introduction

Chinese hamster ovary cells (CHO) and mouse myeloma cells
(NS0, SP2/0) have become the gold-standard mammalian host
cells to produce therapeutic antibodies and Fc-fusion proteins
[1]. The glycoforms identified on recombinant IgGs produced
from CHO cells are close to human ones except for the third
GlcNac bisecting arm, which represents ~10% of human IgGs
glycoforms, and very low amounts of terminal N-acetylneuraminic
acid (NANA) [2]. NS0 produced IgGs such as NISTmAb reference
material show additional complex glycoforms [3].

Glycoengineering technologies are developed to control the
composition of carbohydrates and to enhance the pharmaco-
logical properties of monoclonal antibodies (mAbs) and other
proteins. The approval, in 2012 in Japan, of mogamulizumab
(POTELIGEO, Kyowa Kirin), the first glycoengineered antibody
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to reach the market, was a landmark in the field of Fc-engineered
biopharmaceuticals [4]. Mogamulizumab is a humanized mAb
with enhanced antibody-dependent cell-mediated cytotoxicity
(ADCC) activity linked to optimized a-fucosylated glycoforms
(Potelligent Technology) and indicated for patients with relapsed
or refractory CCR4-positive adult T-cell leukemia-lymphoma.
Since, two other glycoengineered antibodies have been approved
in 2013 (obinutuzumab, Gazyvaro, Roche) [5] and in 2019 (ben-
ralizumab, Fasenra, Astra-Zeneca) [6], respectively. Benralizumab
(MEDI-563) is a humanized IgG1 anti-IL-5Ra fucosylated anti-
body based on alpha 1,6-fucosyl transferase knock out CHO cells
(also based on Potelligent Technology).

Obinutuzumab (GA101, Glycart Biotechnology) is a glycoen-
gineered tumor-targeting anti-CD20 mAb with a modified crystal-
lizable fragment (Fc) domain designed to increase the affinity for
the FcγRIIIA/CD16 receptor, which was recently approved for
clinical use in chronic lymphocytic leukemia (CLL) and follicular
lymphoma [7]. Obinutuzumab is expressed from stable CHO K1
cell lines engineered to constitutively overexpress the heavy and
light chains of as well as recombinant wild-type β-1,4-N-acetyl-
glucosaminyltransferase III and wild-type Golgi α-mannosidase II
using the glutamine synthetase expression system (Lonza) reduced
fucose levels (<30%) [8].

In addition, a Fc glycoengineered antibody drug conjugate
(ADC) based on Potelligent technology is also investigated in
phase II pivotal and phase III clinical studies (belantamab mafodo-
tin, GSK) [9]. A Biologics License Application (BLA) was filed in
January 2020, with FDA priority reviews in Multiple Myeloma and
in Prostate Cancer [10].

The development and optimization of antibody and related
products rely on improving their analytical and functional charac-
terization [11]. Structural insights can be obtained for intact mAbs
by mass spectrometry (MS) [12], the higher mass accuracy
provided by the more straightforward RP-HPLC-MS or HILIC-
MS [13] analysis of their subunits remains valuable for example for
Quality Control Labs and for comparability studies [14]. MAbs
profiles can be simplified by reduction (yielding the light and heavy
chains at ~25 and ~50 kDa, respectively) or by enzymatic treat-
ments, such asN-deglycosylation (EndoS/IgGZERO or EndoS2/
Glycinator) particularly useful for core afucosylation quantification
[15, 16]carboxypeptidase B digestion or glutaminyl-peptide cyclo-
transferase treatment. Smaller mAb fragments can also be gener-
ated by papain digestion (producing ~50 kDa Fab/Fc fragments)
or IdeS digestion (Fabricator, immunoglobulin degrading enzyme
of Streptococcus pyogenes) followed by reduction with dithiothreitol
(DTT, for Fc/2, LC, and Fd fragments of ~25 kDa) [17–19]. This
approach has the advantages of being fast (requiring less than 2 h
for the entire analysis, including digestion and RP-HPLC-MS anal-
ysis), informative, and inexpensive in terms of materials. Reduction
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experiments leading to individual light and heavy chains or IdeS
treatment are also use for middle up and down mass spectrometry
sequencing of IgGs as well as CE-MS analysis as orthogonal
method to LC-MS [20].

1.1 Characterization

of Obinutuzumab

Subunits Under

Reducing Conditions

and EndosS2 Digestion

(Middle-Level,

23–54 kDa Fragments)

(Fig. 1)

Reducing treatments are a routine way to divide the analysis of
mAbs, Fc-fusion proteins and ADCs into more manageable pieces.
This middle-up strategy can be implemented on any current
HPLC-MS instrumentation and is therefore available in most
labs. Treatment mAbs with DTTor tris(2-carboxyethyl) phosphine
(TCEP) fully reduces the remaining interchain disulfides and yields
two main species: light chains, and heavy chains with different N-
glycoforms. These species are stable in the denaturing organic
solvent and can be successfully separated on a reversed phase col-
umn as illustrated here for obinutuzumab.
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Fig. 1 obinutuzumab (CHO, GnT III, and a-ManII GlycoMAb), reduction + EndoS2 (Roche/Glycart). (a) The
glycoprofile of the heavy chains includes mainly biantennary complex structures with a third bisecting N-
acetylglucosamine (G0B, G0BF, and G1BF). (b) After deglycosylation with Glycinator, the ratio of GlcNAc/
GlcNAc-Fuc is 50/50 (Level of afucosylated glycans ¼ 50%)
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1.2 Characterization

of Benralizumab

Subunits After

Enzymatic Cleavage

(IdeS), Reduction

and EndoS

Deglycosylation

(Middle-Level,

23–28 kDa Fragments)

(Fig. 2)

Downsized mAbs (or ADCs) can also be obtained by limited pro-
teolytic cleavage under nondenaturing conditions in the hinge
region of the heavy chain, yielding Fab or (Fab0)2, and Fc frag-
ments, whose reduction (with DTT) produces even smaller frag-
ments of approximately 25 kDa: the light chain and the two halves
of the heavy chain (Fc/2 and Fd). Formerly conducted with pro-
teases with a limited specificity, such as papain, pepsin, and endo-
protease Lys-C, the enzymatic cleavage for middle-level analyses is
currently mostly conducted using IdeS, a bacterial protease that
specifically cleaves IgGs under the hinge region. The interest of
IdeS has also been demonstrated for cysteine-linked ADCs
[21]. The data can also be used for biosimilar comparability studies
and Fc-fusion protein studies [22].
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Fig. 2 benralizumab (CHO, FUT8�/�, Pottelligent): reduction + IdeS + reduction + EndoS. (a) The glycoprofile
of Fc/2 displays only afucosylated biantennary complex structures G0 and G1. (b) Deglycosylated Fc/2 with
IgGzero (Level of afucosylated glycans ¼ 100% confirmation)

76 Elsa Wagner-Rousset et al.



1.3 Characterization

of mAb A (Produced

in CHO Cells) and mAb

B (Produced in CHO

Cells) and Subunits

Cultivated After

Enzymatic Cleavage

(IdeS), Reduction,

and EndoS2

Deglycosylation

(Middle-Level,

23–28 kDa Fragments)

(Fig. 3a, b)

N-glycosylation of recombinant IgGs produced in CHO cells can
be metabolically modulated using kifunensine, an amannosidase I
inhibitor, resulting in the production of antibodies with
oligomannose-type N-glycans (see Note 1). Growing for 11 days
in batch culture with a single treatment of kifunensine (60 ng/mL)
is enough to elicit this effect without any significant impact on cell
viability or antibody production. The resulting antibodies
contained mainly oligomannose-type glycans and demonstrated
increased ADCC activity and affinity for FcgRIIIA, but reduced
C1q binding [23–26].
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Fig. 3 mAb A (CHO) vs. mAb B (mAb A, CHO + kifunensine). (a) The glycoprofile of Fc/2 of typical CHO cells
produced mAb A displays mainly G0F and G1F and a smaller amount of G0, Man5, and G2F; Deglycosylated
Fc/2 with IgGzero (Level of afucosylated glycans¼ 8–10%). (b) The glycoprofile of Fc/2 of CHO cells produced
mAb B with culture medium completed with kifunensine displays mainly high mannose glycans; Deglycosy-
lated Fc/2 with IgGzero (Level of afucosylated glycans ¼ 100%). In both mAbs, around 3–4% glycated heavy
chains are also detected
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2 Materials

2.1 Chemicals Ultrapure water produced from a Milli-Q Water System™(Milli-
pore). All chemicals were of analytical grade. References are given as
information and may be replaced by equivalent reagents.

1. Acetic acid 90%, (VWR, ref.: 20109.295).

2. Acetonitrile (Carlo Erba, ref.: 412342).

3. Cesium Iodide (CsI, Merck, ref.: 102861).

4. Dithiothreitol (DTT, Aldrich, ref.: 150460).

5. FabRICATOR 2000 units (IdeS, Genovis, ref.:
A0-FR1-020) (see Note 2).

6. IgGZERO, 5000 units (EndoS, Genovis, ref.: A0-IZ1-050)
(see Note 3).

7. GlycINATOR, 2000 units (EndoS2, Genovis, ref.:
A0-GL1-020) (see Note 4).

8. Ethylenediamine tetraacetic acid (EDTA, ref.: ED2SS).

9. Guanidine hydrochloride 99% (Aldrich, ref.: 177253).

10. Trifluoroacetic Acid (TFA, Fluka, ref.: 91699 or).

11. Tris HCl (Trizma Base, Sigma, ref.: T6066).

2.2 mAbs Obinutuzumab was purchased from Roche and benralizumab from
MedImmune. MAbs A and B were produced by Pierre Fabre.

2.3 Ultra-

performance Liquid

Chromatography

1. LC equipment. Acquity™UPLC system consisting in a Binary
solvent manager, a sample manager, and a TUV detector
(Waters).

2. Column Bioresolved RP mAb Polyphenyl 450 Å,
2.1 � 150 mm, 2.7 μm (Waters 186,008,946).

3. Mobile phases. Eluting solution A: MilliQ water + 0.05% TFA.
Eluting solution B: Acetonitrile + 0.05% TFA.

2.4 Mass Analysis Synapt G2Si™ Waters mass spectrometer equipped with an elec-
trospray (ESI) source and a time-of-flight (TOF) analyzer.

Calibration and Lock Spray CsI solution: dissolve CsI in water/
isopropanol, 50/50 (v/v) to have a 2 mg/mL solution for
daily use.

After instrument conditioning with a mixture of eluting solu-
tions A/B 50/50 (v/v) at 0.2 mL/min, calibrate the mass spec-
trometer by infusing the CsI calibration solution. CsI forms
12 charged clusters from 900 to 4000 m/z.

2.5 Reagents

Preparation

1. 0.5 mL Eppendorf tubes.

2. Pipettes and corresponding tips.
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3. Thermomixer + block tube 0.5 mL.

4. Reduction buffer. 6M guanidine buffer pH 8 containing 2mM
EDTA and. 0.1 M Tris–HCl. For 10 mL: dissolve 0.121 g Tris
HCl, 7.4 mg EDTA, 5.730 g guanidine hydrochloride, solubi-
lize in 9 mL MilliQ water, adjust the pH at 8.0 with 6 N HCl
and complete to 10 mL with MilliQ water.

5. Reducing reagent. Dissolve DTT in MilliQ water to have a
500 mM solution (77 mg/mL) for extemporaneous use.

3 Methods

3.1 General Principle The mAbs are either reduced into two chains (light chain and heavy
chain) or IdeS digested and reduced into three fragments (Fc/2,
Fd, LC). Deglycosylation using EndoS/S2 can be done together
with IdeS or sequentially. All enzymes work in combination so the
IdeS digestion + EndoS/S2 deglycosylation can be performed in
the same vial.

These mAbs subunits are adsorbed on the reversed phase col-
umn thanks to hydrophobic interactions. They are then eluted by
increasing the amount of eluting solution B during the chro-
matographic gradient.

UV detection at 210 nm of the separated mAbs fragments. MS
detection is achieved in parallel to check the identity of each
fragment.

3.2 Sample

Preparation

3.2.1 Reduction

1. Add 25 μg of the mAb sample into an Eppendorf tube.

2. Dilute with reduction buffer to reach a volume of 23.5 μL.
3. Add 1.5 μL of 500 mM DTT. The final concentration of mAb

is 1 mg/mL and DTT concentration is 30 mM.

4. Incubate for 45 min in the thermomixer at 56 �C under agita-
tion (750 tr/min).

5. Quench the reaction by adding 1 μL acetic acid.

3.2.2 IdeS Digestion

and Reduction

1. Add 25 μg of the mAb sample into an Eppendorf tube.

2. Add 1.25 μL of FabRICATOR (IdeS, see Note 2) (1 unit of
IdeS/μg of sample).

3. Complete to 10 μL with MilliQ Water.

4. Incubate for 30 min in the thermomixer at 37 �C under agita-
tion (750 tr/min).

5. Dilute with reduction buffer to reach a volume of 23.5 μL.
6. Add 1.5 μL of 500 mM DTT. The final concentration of mAb

is 1 mg/mL and DTT concentration is 30 mM.

7. Incubate for 45 min in the thermomixer at 56 �C under agita-
tion (750 tr/min).
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8. Quench the reaction by adding 1 μL acetic acid.

9. LC-ESI-TOF sample analysis: equilibrate the column by run-
ning through 95% solvent A at a flow rate of 0.3 mL/min
during 10 min.

10. Set up the mass spectrometer and check the stable spray with
elution buffer. The voltage applied to the capillary was set to
2500 V. Ions are scanned over a m/z range of 500–5000.
Source and desolvation temperatures are set to 100 �C and
300 �C, respectively. Cone and source offset voltages are set to
45 V and 60 V, respectively. Nitrogen gas flow rates are set at
100 L/h for the cone and 1000 L/h for desolvation.

11. Inject the mAb sample preparation (5 μg) onto the column and
simultaneously start both the chromatography gradient and
the mass spectrometer data collection.

12. The analytical column is eluted typically at a flow rate of
0.3 mL/min by a four-steps linear gradient: (1) 5% B to 30%
B in 8 min, (2) 30% B to 40% B in 32 min, (3) 40% B to 95% B
in 10 min, (4) 95% B to 5% B in 2 min, followed by a 10 min
equilibration step at 5% B.

3.3 Data Analysis

3.3.1 MS Data Treatment

1. Using MassLynx™, open the Total Ion Chromatogram.

2. The lockmass correction factor is calculated from theMS signal
of CsI solution infused within the lockspray (m/z: 1691.765)
(see Note 5).

3. Combine spectra of each chromatographically separated peak.

4. Smooth and perform spectrum deconvolution using Maxent-
1™.

3.3.2 UV Data Treatment 1. Display the UV chromatogram at 210 nm in MassLynx™.

2. Integrate each chromatographic peak (reduced mAbs or IdeS
digested and reduced mAbs).

3. From the result of integration (peak surfaces), calculate the
percentage of each N-glycoforms.

4 Notes

1. EndoS2 (GlycINATOR®) is an IgG-specific endoglycosidase
that hydrolyzes all glycoforms present at the Fc-glycosylation
site. The enzyme acts on the chitobiose core and leaves the core
GlcNAc intact.

2. After lock mass correction, measured masses should be within
�5 Da around theoretical masses calculated from the amino-
acid sequence.
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3. IdeS (FabRICATOR®) is a cysteine protease that digests anti-
bodies at a specific site below the hinge, generating a homoge-
nous pool of F(ab0)2 and Fc/2 fragments for Human IgG1-4,
IgG from monkey, rat, rabbit and sheep.

4. EndoS (IgGZERO®) is an IgG-specific endoglycosidase acting
on complex type N-glycans at the Fc-glycosylation site of IgG.
The enzyme acts on the chitobiose core and leaves the core
GlcNAc intact.

5. High mannose-type N-glycans contain from five to nine man-
nose residues and are found on antibodies produced in mam-
malian cells, yeast, insect cells, and plants, but only at a very low
level in normal human antibodies. High mannose glycans on
the Fc region of therapeutic IgG antibodies increase serum
clearance in humans. As a consequence, only mammalian-
based production systems are used for the manufacturing of
approved biopharmaceuticals, which need near-human
glycosylation.
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Chapter 6

Characterization of Glycosylated Proteins at Subunit Level
by HILIC/MS

Valentina D’Atri and Davy Guillarme

Abstract

Hydrophilic interaction chromatography (HILIC) coupled to mass spectrometry (MS) is considered as the
reference analytical technique for glycans profiling, especially for the characterization of glycosylated
protein therapeutics such as monoclonal antibodies (mAbs) and mAbs-related products. Although
HILIC/MS is mainly known to profile enzymatically released and fluorescently labeled N-glycans, the
recent commercialization of new widepore HILIC amide bonded stationary phases packed with sub-2 μm
particles has allowed for remarkable separations also at the subunit level. Here, we describe a simple
protocol to perform the mAb glycans profiling at subunit level by HILIC/MS.

Key words Hydrophilic interaction chromatography, Mass spectrometry, N-glycosylation, Biophar-
maceutical proteins, Protocol, Monoclonal antibodies

1 Introduction

Glycosylation is reported as the most complex posttranslational
modification (PTM) occurring in the expression of eukaryotic pro-
teins [1]. It can greatly affects the structural heterogeneity of
proteins and consequently their physical and functional properties
such as solubility, conformation, folding, stability as well as their
biological role [1]. For these reasons, glycosylation is of utmost
importance in the field of biopharmaceutical drugs. In fact, the
characterization of the glycans profile of protein therapeutics,
such as monoclonal antibodies (mAbs) and mAbs-related products,
is one of the most important critical quality attribute (CQA), due to
the effects that glycans might have on the immunogenicity and
clinical efficacy of these biopharmaceutical products [2].

N-linked glycosylation is the predominant type of glycosylation
in protein therapeutics and it occurs on a conserved Asn residue
through the Asn-X-Thr/Ser consensus sequence (where X is not a
Pro). Major N-glycans components consists of a complex, bian-
tennary and generally fucosylated main core including
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N-acetylglucosamines and mannoses that could include up to 2 ter-
minal galactoses (G0F, G1F, and G2F species). Minor forms might
also consist of high-mannose (M5) or afucosylated species (G0, G1,
and G2) and eventually include sialylation (G2S1, G2FS1, G2S2
and G2FS2 species). Figure 3 gives a synopsis of the typical N-
glycoforms identified in protein therapeutics represented based on
the Symbol Nomenclature for Graphical Representation of Glycans
(SNFG) [3].

The analytical characterization of N-glycosylation in protein
therapeutics is mainly performed by high-performance liquid chro-
matography coupled to spectroscopic detector (HPLC-UV and
HPLC-FLD) or mass spectrometry (HPLC/MS) at different level
of the analysis, including released glycans, glycopeptides (bottom-
up level), protein subunits (middle-up level) and intact proteins
[4]. Hydrophilic interaction chromatography (HILIC) is consid-
ered as the reference chromatographic technique at the released
glycans level, although this approach requires the tedious chemical
release, labelling and purification of the glycans prior their HILIC
separation. On the other hand, reversed-phase liquid chromatogra-
phy (RPLC) is mainly used at bottom-up level for peptides analysis.
However, HILIC is also becoming a valid orthogonal technique to
this approach thanks to its ability to separate the glycopeptides that
would otherwise be poorly retained in RPLC [5, 6]. In this context,
HILIC has also been reported as innovative approach for glycans
profiling at middle-up level of analysis, after protein subunits gen-
eration obtained by combining enzymatic digestions and chemical
reductions [7–9]. In fact, therapeutic antibodies treated with
immunoglobulin-degrading enzyme of Streptococcus pyogenes (IdeS
enzyme) are cleaved in two main protein subunits denoted as F
(ab0)2 and Fc fragments. Indeed, six protein domains of around
25 kDa each (respectively two light chains (LC), Fd0 and Fc/2
fragments) can be obtained when IdeS digestion is followed by
disulfide bond reduction, with glycosylation generally occurring
on the Fc/2 domains [10]. The novelty of the HILIC analysis
performed at middle-up level lies in the fact that protein subunits
bearing different glycans are resolved on HILIC widepore (300 Å)
sub-2-μm particles, amide bonded stationary phases based on the
increase of hydrophilicity/polarity of each subunit that is mainly
due to the size of the glycan attached on it. The same analysis
performed by RPLC would result in the coelution of the subunits
bearing the glycans, thus limiting the separation of the species at
the chromatographic level [11].

Here, we present a protocol for the glycans profiling of thera-
peutic proteins performed at subunit level by HILIC/MS by using
two representative commercial therapeutic mAbs, trastuzumab and
rituximab. An overview of the workflow is represented in Fig. 1.
The HILIC/MS chromatograms and deconvoluted mass spectra
obtained from the analysis of trastuzumab and rituximab
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N-glycosylated protein subunits are depicted in Fig. 2, together
with the graphic representation of each protein subunits eventually
bearing a specific glycan. Detailed retention times and mass assign-
ments are reported in Table 1.

Applying a middle-up approach streamlines the process of
assessing glycosylation profiles, since a facilitated deconvolution
of each peak and an easier assignment by MS are allowed by the
increased chromatographic and mass spectrometric resolution
obtained at subunit level, given that the analysis is conducted on
subunits of around 25 kDa. After IdeS digestion and dithiothreitol
(DTT) reduction, the structural heterogeneity of the mAbs is bro-
ken down and the three main protein subunits (LC, Fd0 and Fc/2)
are resolved by hyphenating HILIC with MS, thanks to the wide
pore HILIC stationary phase used here. For the characterization of
trastuzumab and rituximab, Fig. 2 shows the total ion chromato-
grams (TIC) obtained from HILIC/MS analysis, with the light
chains and the Fd0 fragments resolved as single peaks while the
Fc/2 subunits are resolved as multiple peaks corresponding to
individual Fc/2 protein subunits bearing different glycan moieties.
Each peak is then deconvoluted (Fig. 2i–vii), identified against a
theoretical molecular mass and assigned to a specific species, as
reported in Table 1. Specifically, Fc/2 subunits bearing G0F,
G1F, and G2F glycans species were identified for both trastuzumab
and rituximab and Fc/2 bearing the G0 moiety was only identified
for trastuzumab. Interestingly, other PTMs were highlighted, such

Fig. 1 Strategy for HILIC/MS analysis of N-glycosylated protein subunits derived from IdeS digestion and DTT
reduction
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Fig. 2 HILIC/MS analysis of trastuzumab (a) and rituximab (b). N-glycosylated protein subunits derived from
IdeS digestion and DTT reduction. TIC chromatograms and deconvoluted mass spectra of each peak (i–vii).
Detailed retention times and mass assignments are reported in Table 1
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as the C-terminal Lys truncation for both trastuzumab and ritux-
imab Fc/2 subunits and the pyroglutamic acid formation for the
Fd0 and LC fragments of rituximab.

Thanks to the high selectivity of the HILIC separation, it is
possible to directly assess qualitative differences in the mAbs glyco-
sylation patterns and the application of the presented methods may
be eventually used to support comparative analyses of glycans pro-
files, such as batch-to-batch controls or comparison between origi-
nator and biosimilars mAbs at the protein level [5, 8].

2 Materials

Follow appropriate laboratory practices and use LC-MS grade sol-
vents and ultrapure water (18.2 MΩ·cm at 25 �C) to prevent
contaminations in LC-MS. Prepare and store all reagents at room
temperature, unless otherwise specified.

Table 1
Trastuzumab and rituximab middle-up analysis performed by HILIC/MS. Protein subunits retention
times and mass assignments

Tr (min) Assignment Theoretical mass (Da) Experimental mass (Da) Δm (Da)

Trastuzumab

5.12 Fd0 25379.59 25378.62 0.97

6.49 LC 23439.11 23438.27 0.84

8.35 Fc/2—K + G0 25085.31 25084.71 0.60

8.63 Fc/2—K + G0F 25231.50 25231.10 0.40

9.18 Fc/2—K + G1F 25394.42 25393.36 1.06

9.34 Fc/2—K + G1F 25394.42 25393.20 1.22

9.89 Fc/2—K + G2F 25556.56 25555.61 0.95

Rituximab

5.74 LC (Q/pE) 23035.67 23034.64 1.03

6.49 Fd0 (Q/pE) 25324.48 25323.34 1.14

8.60 Fc/2—K + G0F 25200.22 25199.21 1.01

9.14 Fc/2—K + G1F 25362.36 25361.53 0.83

9.29 Fc/2—K + G1F 25362.36 25361.19 1.17

9.84 Fc/2—K + G2F 25524.50 25523.96 0.54
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2.1 Generation

of Protein Subunits

1. Digestion buffer: 100 mMTris–HCl, pH 7.5. Add about 5 mL
ultrapure water to a 10 mL graduate cylinder. Weight
121 � 1 mg TRIZMA base and transfer to the cylinder. Mix
and adjust the pH with HCl. Complete up to 10 mL with
ultrapure water. Store at 4 �C.

2. Reduction solution: 1 M dithiothreitol (DTT). Weight
31 � 1 mg DTT and transfer to a 500 μL Eppendorf. Add
200 μL ultrapure water and homogenize the solution. Store at
4 �C.

2.2 Hydrophilic

Interaction

Chromatography

(HILIC) Coupled

to Electrospray

Ionization Mass

Spectrometry (ESI-MS)

1. ACQUITY UPLC Glycoprotein BEH Amide, 300 Å, 1.7 μm
column (Waters, Milford, MA, USA). Alternatively, the Advan-
ceBio Glycan Map, 1.8 μm column (Agilent, Santa Clara, CA,
USA) can be used (see Note 1).

2. Mobile phase A (MPA): 0.08% TFA and 0.02% FA in water.
Add 400 mL ultrapure water in a 500 mL graduate cylinder.
Add 400 μL TFA by using a 1 mL micropipette. Add 100 μL
FA by using a 200 μL micropipette. Complete to 500 mL with
ultrapure water. Transfer to a 500 mL Duran bottle. Sonicate
5 min.

3. Mobile phase B (MPB): 0.08% TFA and 0.02% FA in ACN.
Add 400 mL LC-MS grade ACN in a 500 mL graduate cylin-
der. Add 400 μL TFA by using a 1 mL micropipette. Add
100 μL FA by using a 200 μL micropipette. Complete to
500 mL with LC-MS grade ACN. Transfer to a 500 mL
Duran bottle. Sonicate 5 min.

4. Weak wash solvent: 85:15 ACN–water. In a 200 mL graduate
cylinder, add 30 mL of ultrapure water and complete up to
200 mL with LC-MS grade ACN. Transfer to a 250 mL Duran
bottle.

5. Strong wash solvent: 40:60 ACN–water. In a 200 mL graduate
cylinder, add 80 mL of LC-MS grade ACN and complete up to
200 mL with ultrapure water. Transfer to a 250 mL Duran
bottle.

6. Seal wash: 10:90 methanol–water. In a 200 mL graduate cylin-
der, add 20 mL of LC-MS grade methanol and complete up to
200 mL with ultrapure water. Transfer to a 250 mL Duran
bottle.

7. HPLC system: ACQUITY UPLC system (Waters, Milford,
MA, USA) equipped with an autosampler, a binary pumping
system, and a fixed loop injector (1 μL), and coupled to a
fluorescence detector (FLD, λex at 280 nm and λem at
360 nm). Typical HILIC elution parameters: flow rate:
0.4 mL/min; column temperature: 45 �C; first column equili-
bration time: 20 min at 85% MPB; gradient conditions: from
85% to 73% MPB in 0.2 min (fast high acetonitrile initial

90 Valentina D’Atri and Davy Guillarme



gradient, see Note 2), from 73% to 65% MPB in 12 min (sepa-
ration step), from 65% to 15% MPB in 0.3 min, 1 min at 15%
MPB (washing step), from 15% to 85% MPB in 0.5 min, 9 min
at 85% MPB (column reequilibration step).

8. Mass spectrometer: Quadrupole time-of-flight (Q-ToF) mass
spectrometer (Xevo from Waters, Milford, MA, USA). Typical
MS parameters: positive ion mode; capillary voltage: 3 kV; cone
voltage: 30 V; source temperature: 150 �C; desolvation tem-
perature: 500 �C; desolvation gas (N2) flow rate: 1000 L/h;
acquisition range: 400 to 4000 m/z; calibration of the instru-
ment performed with sodium iodide (NaI, 2 μg/μL in 50%
isopropanol).

3 Methods

3.1 Generation

of Protein Subunits

1. In a 500 μL Eppendorf, add 100 μg of mAb, 100 U of
immunoglobulin-degrading enzyme of Streptococcus pyogenes
(IdeS enzyme, see Note 3), 10 μL of digestion buffer and
complete to 90 μL with ultrapure water.

2. Vortex and incubate at 37 �C for 30 min.

3. After having performed the digestion, add 10 μL of DTT
solution to the sample (seeNotes 4 and 5). Vortex and incubate
at 45 �C for 30 min.

4. Quench the reaction by acidification of the sample by adding
1% of TFA to the solution.

5. Transfer to HPLC vial equipped with a 100 μL insert (see
Note 6).

3.2 HILIC-MS Data

Treatment

and Assessment

of N-Glycan Profile

Mass spectra of mAb subunits separated by HILIC and obtained
under electrospray conditions in positive ion mode typically exhibit
multiply charged ions (the charge envelope) in charge states from
+30 to +50 with mass range values within 4000 m/z.

1. Apply a mass deconvolution algorithm, to transform the mul-
tiply charged spectrum into a zero-charge, average molecular
mass spectrum (deconvoluted mass spectrum) that represents
the experimental mass of the mAb subunits (Fig. 1).

2. Identify the mAb subunits against an available theoretical
molecular mass calculated, taking into account the mAb
amino acids sequence and the possible presence of glycan moi-
eties or others post-translational modifications (PTMs).

3. Reliable mAb amino acids sequences are available [12, 13] and
can be used to compute the theoretical molecular mass of each
mAb subunit through the use of specific software (seeNote 7).
Table 2 reports the amino acid sequences of trastuzumab and
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Table 2
Amino acid sequences of light chain and heavy chain of trastuzumab and rituximab. N-glycosylation
site is in red and the IdeS proteases consensus site is in bold. Sequence source: DrugBank [13]

Tratuzumab Rituximab

Li
gh

t C
ha

in

DIQMTQSPSSLSASVGDRVTITCRA
SQDVN
TAVAWYQQKPGKAPKLLIYSASFL
YSGVPS
RFSGSRSGTDFTLTISSLQPEDFATY
YCQQ
HYTTPPTFGQGTKVEIKRTVAAPSV
FIFPP
SDEQLKSGTASVVCLLNNFYPREA
KVQWKV
DNALQSGNSQESVTEQDSKDSTYS
LSSTLT
LSKADYEKHKVYACEVTHQGLSSP
VTKSFN
RGEC

QIVLSQSPAILSASPGEKVTMTCRASSS
VS
YIHWFQQKPGSSPKPWIYATSNLASGV
PVR
FSGSGSGTSYSLTISRVEAEDAATYYCQ
QW
TSNPPTFGGGTKLEIKRTVAAPSVFIFPP
S
DEQLKSGTASVVCLLNNFYPREAKVQ
WKVD
NALQSGNSQESVTEQDSKDSTYSLSST
LTL
SKADYEKHKVYACEVTHQGLSSPVTK
SFNR
GEC

H
ea

vy
 C

ha
in

EVQLVESGGGLVQPGGSLRLSCAA
SGFNIK
DTYIHWVRQAPGKGLEWVARIYPT
NGYTRY
ADSVKGRFTISADTSKNTAYLQMN
SLRAED
TAVYYCSRWGGDGFYAMDYWGQ
GTLVTVSS
ASTKGPSVFPLAPSSKSTSGGTAAL
GCLVK
DYFPEPVTVSWNSGALTSGVHTFP
AVLQSS
GLYSLSSVVTVPSSSLGTQTYICNV
NHKPS
NTKVDKKVEPKSCDKTHTCPPCPA
PELLG/G
PSVFLFPPKPKDTLMISRTPEVTCV
VVDVS
HEDPEVKFNWYVDGVEVHNAKTK
PREEQYN
STYRVVSVLTVLHQDWLNGKEYK
CKVSNKA
LPAPIEKTISKAKGQPREPQVYTLPP
SREE
MTKNQVSLTCLVKGFYPSDIAVEW
ESNGQP
ENNYKTTPPVLDSDGSFFLYSKLTV
DKSRW
QQGNVFSCSVMHEALHNHYTQKS
LSLSPGK

QVQLQQPGAELVKPGASVKMSCKASG
YTFT
SYNMHWVKQTPGRGLEWIGAIYPGNG
DTSY
NQKFKGKATLTADKSSSTAYMQLSSLT
SED
SAVYYCARSTYYGGDWYFNVWGAGT
TVTVS
AASTKGPSVFPLAPSSKSTSGGTAALGC
LV
KDYFPEPVTVSWNSGALTSGVHTFPAV
LQS
SGLYSLSSVVTVPSSSLGTQTYICNVNH
KP
SNTKVDKKAEPKSCDKTHTCPPCPAPE
LLG/
GPSVFLFPPKPKDTLMISRTPEVTCVVV
DV
SHEDPEVKFNWYVDGVEVHNAKTKPR
EEQY
NSTYRVVSVLTVLHQDWLNGKEYKCK
VSNK
ALPAPIEKTISKAKGQPREPQVYTLPPS
RD
ELTKNQVSLTCLVKGFYPSDIAVEWES
NGQ
PENNYKTTPPVLDSDGSFFLYSKLTVD
KSR
WQQGNVFSCSVMHEALHNHYTQKSLS
LSPGK
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rituximab that have been used to compute the theoretical
masses of each protein subunits. The glycosylation site is high-
lighted in red and the cleavage site of the IdeS enzyme is
emphasized in bold to distinguish the two fragments deriving
after the digestion, namely the Fd0 and the Fc/2 fragments,
which respectively represent the N- and C-terminal portions of
the heavy chains. Since glycosylation occurs on the Fc/2
domain, theoretical molecular masses of this subunit have to

SNFG ON Name Shorthand 
name

Average
mass shift (Da)

M5 M5 1217.09

A2 G0 1299.19

FA2 G0F 1445.33

FA2G1 G1F 1607.47

A2G2 G2 1623.47

FA2G2 G2F 1769.61

A2G2S1 G2S1 1914.73

FA2G2S1 G2FS1 2060.87

A2S2S2 G2S2 2205.98

FA2G2S2 G2FS2 2352.12

Fig. 3 Schematic representation of typical N-glycoforms identified in protein
therapeutics along with their corresponding shorthand names based on the
Oxford Notation (ON). Glycans represented based on the Symbol Nomenclature
for Graphical Representation of Glycans (SNFG)
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be evaluated by taking into account the typical mass shifts
characteristic for each specific glycan moiety (Fig. 3). Addition-
ally, other PTMs may be considered for the prediction of the
theoretical molecular masses. Typical PTMs could include
C-terminal Lys truncation (�K, �128.17 Da), pyroglutamic
acid formation of the N-terminal Glu (E/pE, �18.02 Da) or
Gln (Q/pE, �17.03 Da) residues and eventually Met or Trp
oxidation (+15.99 Da) and Asn deamidation (+0.98 Da) (see
Note 8).

4 Notes

1. Conditioning of previously unused HILIC columns should be
performed through sequential injections of a representative
protein sample until a stable chromatographic profile is
achieved.

2. Under HILIC conditions, protein samples diluted in aqueous
solutions could compromise the retention and generate break-
through phenomena (peak distortion and band broadening)
due to the strong eluotropic strength of the sample diluent. To
prevent this issue, a fast initial gradient ramp that integrates a
high percentage of ACN (85%) at the beginning of the method
can be implemented to efficiently counterbalance the elutropic
effect of the sample diluent [7–9, 14, 15].

3. IdeS proteases cleaves human IgG1-4 and chimeric IgG from
monkey, rat, sheep and rabbit as well as Fc-fusion proteins.
However, it has limited activity on murine IgG2a and IgG3,
and IgG containing the LALA mutation (CPAPEAAG/
GPSVF consensus site instead of CPAPELLG/GPSVF). For
digestion of these species, we recommend using IdeZ protease.

4. Be careful in performing the reactions in the proper order.
Based on our experience, the IdeS digestion could be not
effective or partially incomplete if the DTT reduction is per-
formed before the IdeS digestion.

5. Amounts of protein and enzyme can be adapted based on
specific needs by respecting the proportion of each component:
1 U of IdeS enzyme is able to digest 1 μg of IgG protein.
Volumes could also be adapted based on the final required
volume: final Tris–HCl and DTT concentrations are 10 mM
and 100 mM, respectively.

6. Glass-silanized or polypropylene inserts should be preferred to
avoid adsorption of the protein to vial wall [16].
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7. MassLynx 4.1 software (Waters) was used to compute the
theoretical molecular mass of each mAb subunit. Alternatively,
the pI/Mw tool of ExPASy might be used free of charges [17].

8. The presence of Asn deamidation should be validated by
performing peptide map analysis.
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Chapter 7

Analysis of Monoclonal Antibody Glycopeptides by Capillary
Electrophoresis–Mass Spectrometry Coupling (CE-MS)

Josiane Saadé, Michael Biacchi, Jérémie Giorgetti, Antony Lechner,
Alain Beck, Emmanuelle Leize-Wagner, and Yannis-Nicolas François

Abstract

Glycosylation is a crucial posttranslational modification (PTM) that might affect the safety and efficacy of
monoclonal antibodies (mAbs). Capillary electrophoresis–mass spectrometry (CE-MS) enables the charac-
terization of the primary structure of mAbs. A bottom-up proteomic workflow is designed to provide
detailed information about the glycosylation. In this chapter, we describe the validated experimental
protocol applied for the characterization and relative quantification of mAbs N-glycosylation at the
glycopeptide level.

Key words Monoclonal antibody, Glycopeptide, Glycosylation profiling, Structural characterization,
Capillary electrophoresis–mass spectrometry

1 Introduction

Monoclonal antibodies (mAbs) are therapeutic proteins efficacious
for various diseases including oncology, inflammatory diseases,
organ transplantation, cardiology, viral infection, allergy, and tissue
growth and repair [1–3]. MAbs are tetrameric glycoproteins having
a molecular mass of approximately 150 kDa, composed of two
heavy chains and two light chains, interlinked by several disulfide
bonds, and having at least one conserved N-glycosylation site
located in the fragment crystallizable Fc domain [4, 5]. Glycosyla-
tion forms are attached on an Asparagine residue enclosed in a
specific amino acid sequence composed of Asn-X-Ser/Thr where
X can be whichever amino acid except a Proline. Due to their
heterogeneity caused by posttranslational modification (PTM),
the characterization of mAbs structure has become a challenge for
analytical sciences [2, 6–8]. Several PTM can be observed in bio-
pharmaceuticals [9], including glycosylation and small chemical
modifications such as methionine or tryptophan oxidation
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(+ 15.99 Da) and asparagine deamidation (+ 0.98 Da). Glycosyla-
tion depends on multiple factors like production system, selected
clonal population, manufacturing process and may be genetically or
chemically engineered [2]. The Fc glycosylation pattern is a critical
PTM because it greatly affects the mAb characteristics such as
solubility, stability, pharmacokinetic and pharmacodynamic proper-
ties, as well as in vivo efficacy [10–12]. As a consequence, the mAbs
glycosylation profile is considered as a critical quality attribute
(CQA) and must be thoroughly analyzed [13–17]. The main core
of a glycan is usually composed of N-acetyl-glucosamines and
mannoses residues, and then additional saccharides can be present,
such as fucose, galactose, and sialic acid (Fig. 1) [18]. The com-
plexity and heterogeneity of the glycosylation (Fig. 2) requires a
number of orthogonal analytical techniques to be fully character-
ized. Separative techniques (liquid chromatography (LC), capillary
electrophoresis (CE)) often coupled to spectrometric, amperomet-
ric and mass spectrometric detection have been described for the
glyco-variants characterization at different levels (from released
glycans to intact protein level) [19–21]. Reusch’s group published
two studies dealing with the analysis of Fc-glycosylation profiles,
and comparing several separation methods hyphenated or not with
mass spectrometry (MS) detection [21]. If all the methods showed
excellent precision and accuracy, some differences were observed
with regard to the detection and the quantitation of minor glycan
species, such as sialylated glycans.

Concerning MS-based methods, a large panel was evaluated
[20–23]. High-performance liquid chromatography coupled to
mass spectrometry (HPLC-MS) plays a key role in the structural
characterization. Especially, reversed-phase liquid chromatogra-
phy-MS/MS (RPLC-MS/MS) is used at the bottom-up level to
perform amino acid sequence verification and PTMs targeting. In

Fig. 1 Graphical representation and corresponding names, abbreviations, for-
mula, and average masses of the saccharides involved in the formation of N-
glycans [18]
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theo M

(glycan)

theo M 
(glycopep�de)

z=1 (+) z=2 (+) z=3 (+) z=4 (+)

Pep�de EEQFNSTYR 1172.510 1172.510 1173.510 587.255 391.837 294.127

G0F

[H3N4F1
]

1444.534 2617.044 2618.044 1309.522 873.348 655.261

G1F

[H4N4F1
]

1606.587 2779.097 2780.097 1390.548 927.366 695.774

G2F

[H5N4F1
]

1768.640 2941.149 2942.149 1471.575 981.383 736.287

G0F-N

[H3N3F1
]

1241.455 2413.964 2414.964 1207.982 805.655 604.491

G1F-N 1403.507 2576.017 2577.017 1289.009 859.672 645.004

[H4N3F1
]

G0

[H3N4]
1298.476 2470.986 2471.986 1236.493 824.662 618.746

G1

[H4N4]
1460.529 2633.039 2634.039 1317.519 878.680 659.260

G2

[H5N4]
1622.582 2795.091 2796.091 1398.546 932.697 699.773

G0-N

[H3N3]
1095.397 2267.906 2268.906 1134.953 756.969 567.977

G1-N

[H4N3]
1257.449 2429.959 2430.959 1215.980 810.986 608.490

G1FS-N

[H4N3FS
1]

1710.598 2883.107 2884.107 1442.554 962.036 721.777

G1FS

[H4N4FS
1]

1913.677 3086.187 3087.187 1544.093 1029.729 772.547

M5

[H5N2]
1216.423 2388.933 2389.933 1195.466 797.311 598.233

M6

[H6N2]
1378.476 2550.985 2551.985 1276.493 851.328 638.746

Fig. 2 Overview of glycopeptide masses of natalizumab. For detailed information on saccharides involved in
the glycan composition, refer to Fig. 1
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order to enhance N-glycan characterization, peptide mapping is a
method of choice to boost the different glycopeptides tracing and
allow glycan structure analysis.

Regarding CE-MS coupling, Gennaro et al. described the
development of capillary electrophoresis to electrospray ionization
mass spectrometry (CE-ESI-MS) technology with online laser-
induced fluorescence (LIF) detection that allows identification of
major and minor glycan species observed in the routine CE-LIF
assay [24]. More recently, CE-ESI-MS/MSmethods with a sheath-
less interface have been developed to perform the characterization
of mAbs in one injection including amino acid sequence, glycosyla-
tion characterization and other types of posttranslational modifica-
tions (methionine oxidation, asparagine deamidation, . . .) [14, 25,
26]. In 2018, Giorgetti et al. validated a CE-ESI-MS method in
terms of robustness and reproducibility through the relative quan-
titation of glycosylation profiles for ten different mAbs produced in
different cell lines [27]. Systematic comparison of the glycosylation
patterns obtained for each mAb was compared with that obtained
with the HILIC-FD reference method. Results obtained with the
CE-ESI-MS approach and hydrophilic interaction liquid chroma-
tography—Fluorescence Detector (HILIC-FD) showed very simi-
lar glycoprofiling, demonstrating the attractiveness of CE-ESI-MS
method to characterize and quantify the glycosylation heterogene-
ity of a wide range of therapeutic mAbs, with high accuracy and
precision. To enhance the repeatability for glycopeptides analysis
with higher sensitivities by sheathless CE-ESI-MS/MS, Kammeijer
et al. combined a Dopant Enriched Nitrogen Gaz (DEN-Gaz) to
sheathless CE-ESI-MS/MS [28]. Moreover, the same group
demonstrated CE-ESI-MS/MS technique as a promising tool for
separating sialic acid linkage isomers [29]. Due to very identical
molecular formulas and similar fragmentation patterns, the separa-
tion of isomeric sialylated glycopeptides remains challenging.
Where conventional MS(/MS) approaches cannot resolve these
isomers, CE enabled the baseline separation of sialylated glycopep-
tides due to a difference in their electrophoretic mobilities, corre-
lated by a difference of acidity, as shown for the two representative
compounds α 2,3-sialyllactose and α 2,6-sialyllactose.

In this chapter, we detail a CE-ESI-MS/MS method which
enables the comprehensive characterization and relative quantifica-
tion of mAbs N-glycosylation. As an example to describe this
methodology, natalizumab (Tysabri®) results have been selected.

2 Materials

2.1 Reagents and

Buffers

1. 0.2% RapiGest solution: Add 500 μL of water to a 1 mg vial of
RapiGest SF surfactant (Waters, Milford, MA, USA).

100 Josiane Saadé et al.



2. 0.5 μg/μL trypsin solution: dissolve sequencing grade trypsin
(Promega, Madison, WI, USA) in reconstitution buffer to a
final concentration of 0.5 μg/mL.

3. 200 mM ammonium acetate buffer, pH 4.0: Add about 10 mL
of water to a 25 mL volumetric flask. Weigh 0.385 g of ammo-
nium acetate and transfer to the flask. Add 0.996 mL of acetic
acid (>99%). Make up to 25 mL with water.

4. 1 M ammonia solution: Add about 10 mL of water to a 25 mL
volumetric flask. Add 1.56 mL of 30% ammonia (16.04 M).
Make up to 25 mL with water.

5. 50 mM ammonium bicarbonate buffer, pH 8.0: Add about
10 mL of water to a 50 mL volumetric flask. Weigh 0.2085 g of
ammonium bicarbonate and transfer to the flask. Add 0.05 mL
of 1 M ammonia solution. Make up to 50 mL with water.

6. 500 mMDTT solution: Weigh 0.077 g of DTT and transfer to
a 2.5 mL microtube. Make up to 1 mL with ammonium
bicarbonate buffer (50 mM, pH 8.0).

7. 500 mM IAA solution: Weigh 0.092 g of IAA and transfer to a
2.5 mL microtube. Make up to 1 mL of ammonium bicarbon-
ate buffer (50 mM, pH 8.0).

8. Calibration solution: Mix 5 μL of digest of β-galactosidase
(8 μM) and 15 μL ammonium acetate 200 mM, pH 4.0 to
obtain a final concentration of 2.0 μM.

9. Monoclonal antibody: Natalizumab EMA/FDA-approved for-
mulations kindly provided by Pierre Fabre laboratories (Saint-
Julien en Genevois, France). mAbs were stored at 4 �C.

2.2 Instrumentation 1. CESI8000 system (Sciex, Brea, CA, USA) was hyphenated to
MS detection using a sheathless nanoelectrospray (nanoESI)
interface.

2. Separations were performed using bare fused-silica capillaries
(total length 100 cm; 30 mm i d.) with characteristic porous tip
on their final end on 3 cm.

3. A second capillary (total length 80 cm; 50 mm i.d.) filled
during experiments with 10% acetic acid background electro-
lyte (BGE) allows electric contact.

4. A Triple TOF 5600+ mass spectrometer (Sciex, Darmstadt,
Germany) is equipped with a hybrid analyzer composed of a
quadrupole followed by a time-of flight (TOF) analyzers.

5. Analyst software (Sciex, Darmstadt, Germany) to control the
MS system.

6. PeakView software (Sciex, CA).

7. Dedicated software to process protein MS data (e.g., Biotools
(Bruker, Germany)).
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3 Methods

The following protocol details the different steps for the character-
ization of mAbs N-glycans using sheathless CE-ESI-MS instru-
ment. Carry out all procedures at room temperature, unless
otherwise specified.

3.1 Trypsin Digestion 1. Mix 10 μL of protein at 66.7 μM and 5 μL of ultrapure water in
a 500 mL microtube to obtain a protein concentration of
45.6 μM (total volume 15 μL).

2. Add 15 μL of 0.2% RapiGest surfactant (see Note 1) to obtain
mAb concentration of 22.2 μM. Heat sample at 40 �C for
10 min (total volume 30 μL).

3. Add 1.5 μL of 500 mM DTT solution to obtain a concentra-
tion of 25 mM (see Note 2). Heat sample at 95 �C for 5 min
(total volume 31.5 μL).

4. Once cooled down to room temperature, alkylate the cysteines
(Cys) to avoid the reformation of the disulfide bonds (seeNote
3): add 0.65 μL of 500 mM IAA to obtain a final concentration
of 10 mM. Leave sample at room temperature for 20 min in the
dark (total volume 32.15 μL).

5. Add a first volume of 1 μL of trypsin (0.5 μg/μL). Leave at
room temperature for 3 h (total volume 33.15 μL).

6. Add a second volume of 1 μL of trypsin (0.5 μg/μL). Heat
sample overnight at 37 �C (total volume 34.15 μL).

7. Add 0.35 μL of formic acid (final concentration of 1% (v/v))
(see Note 4). Leave sample at room temperature for 2 h. The
final concentration of mAb is 3 μg/μL (20 μM) (total volume
34.5 μL).

8. Before CE-MS analysis, mix 1 μL of mAb sample and 9 μL of
200 mM ammonium acetate, pH 4.0 to obtain a final protein
concentration of 2 μM (see Note 5).

3.2 CE-ESI-MS

Analysis

1. New capillaries are flushed at 75 psi (5.17 bars) for 10 min with
methanol, then 10 min with 0.1 M sodium hydroxide, fol-
lowed by 10 min with 0.1 M hydrochloric acid and water for
20 min.

2. Before each analysis, separation capillary is flushed at 75 psi
(5.17 bars) for 10 min with the BGE composed of 10% acetic
acid. The second capillary for maintaining the electric fields is
flushed with the same BGE for 5 min at 75 psi (5.17 bars).

3. After each analysis, separation capillary is flushed at 50 psi (3.45
bars) for 5 min with methanol, then 5 min with 0.1 M sodium
hydroxide, followed by 5 min with 0.1 M hydrochloric acid.
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After each solvent, rinse the capillary with water at 75 psi (5.17
bars) for 3 min. The second capillary is flushed with the same
BGE for 3 min at 75 psi (5.17 bars). A rinsing step of 5 min at
50 psi (3.45 bar) with ultrapure water is performed between
each flush.

4. Add 10 μL of digested mAb sample (2 μM) in a microvial. Place
it in the sample platform of the instrument.

5. Perform a hydrodynamic injection of 100 nL by applying 6 psi
for 2 min (around 200 fmol injected).

6. Perform the separations using a voltage of +20 kV for 60 min
(see Note 6).

7. Set ESI source parameters as follows: ESI voltage �1.75 kV
while Gas Supplies (GS1 and GS2) were deactivated. Source
heating temperature 150 �C and curtain gas value 5 (see Note
7). Mass/charge (m/z) range was 100–2000 in MS and
50–2000 in MS/MS.

8. Calibrate all spectra by external calibration using a digest of
β-galactosidase.

3.3 MS and MS/MS

Data Analysis

1. Use Analyst software to convert your MS-raw data from .wiff
format to .mgf format (see Note 8).

2. Open the .mgf file with a dedicated software to perform the
identification of the primary structure of the mAb. The mass
tolerance for search algorithm identification was set to �5 ppm
for precursor ions and �0.05 Da for fragment ions.

3. For the missing peptides not found by the search algorithm,
calculate the theoretical monoisotopic masses using a fragment
ion calculator (e.g., Proteomics Toolkit). Extract found masses
from the MS-raw data using PeakView software and validate
the presence of missing peptides using MS/MS data.

4. For glycopeptides, enter the theoretical modification in the
search algorithm and perform the identification.

5. For the missing glycopeptides, follow the same protocol
described in step 3 with the masses of modified peptides
(Fig. 2).

6. To perform the glycan profiling of each mAb, estimate relative
occurrence levels from the sum of isotopic peak intensities,
considering all charge states of the ion corresponding to one
glycopeptide (Fig. 3a) [27]. Perform the comparison of all
glycoforms abundance (Fig. 3b) (see Note 9).
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4 Notes

1. RapiGest surfactant is a well-known denaturing agent used in
this protocol. Other denaturing agents such as guanidine
hydrochloride or urea could be used [30].

2. DTT is a well-known reducing agent used in this protocol.
Other reducing agent such as TCEP (tris(2-carboxyethyl)
phosphine) could be used [31].

3. Alkylation step may not necessary if a short digestion time is
applied or acidic conditions sustained [31].

4. RapiGest, also known as sodium 3-[(2-methyl-2-undecyl-1,3-
dioxolan-4-yl)methoxy]-1-propanesulfonate is an acid-
cleavable anionic detergent used to enhance the enzymatic
digestion of proteins. Addition of an acid is mandatory to
cleave the surfactant promoting MS detection of peptides.

5. Dilution of mAb sample (3 μg/μL) in 200 mM ammonium
acetate, pH 4.0modifies the sample buffer and allows sample to
be in favorable conditions to perform online preconcentration
by transient isotachophoresis during the CE-ESI-MS analysis.

Fig. 3 (a) Extracted ion electropherogram (EIE) of m/z ratios 878.68 and 1317.52 ([EEQFN*STYR] + G0F) and
corresponding MS/MS fragmentation spectra (right-hand side). (b) Glycoforms relative abundance results
obtained through the CE-ESI-MS data for the natalizumab Fc glycopeptide. (Copyright (2018) Elsevier)
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6. CE instrument allows for following the current profile during
the separation. If the current drops, this indicates that you have
a loss of separation and therefore a decrease in resolution.
Among the most probable causes, the formation of air bubble
at the capillary inlet, the clogging or rupture of the capillary
have to be checked.

7. Due to the ultra-low flow rate obtained with the sheathless CE-
ESI-MS interface, curtain gas must be less than 10 to get a
stable spray.

8. Each mass spectrometer manufacturer requires obtaining raw
data in a proprietary format (For example, .wiff for Sciex). How-
ever, analysis of this data implies the use of dedicated software.
The most commonly used file format used in MS proteomics is
the Mascot Generic Format (.mgf) file. The mgf file was devel-
oped byMatrix Science (London,UK), themaker ofMascot, the
most widely used commercial search engine, but it is widely
supported by many proteomics search engines. Then it allows a
better flexibility for data treatment of obtained MS data.

9. Peak area or peak intensity of the different glycosylation can be
displayed automatically with designed software as Skyline.
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Chapter 8

Enrichment of Intact Glycopeptides Using Strong Anion
Exchange and Electrostatic Repulsion Hydrophilic
Interaction Chromatography

Abel Bermudez and Sharon J. Pitteri

Abstract

Glycosylation is a biologically important and complex protein posttranslational modification. The emer-
gence of glycoproteomic technologies to identify and characterize glycans on proteins has the potential to
enable a better understanding the role of glycosylation in biology, disease states, and other areas of interest.
In particular, the analysis of intact glycopeptides by mass spectrometry allows information about glycan
location and composition to be ascertained. However, such analysis is often complicated by extensive glycan
diversity and the low abundance of glycopeptides in a complex mixture relative to nonglycosylated peptides.
Enrichment of glycopeptides from a protein enzymatic digest is an effective approach to overcome such
challenges. In this chapter, we described a glycopeptide enrichment method combining strong anion
exchange, electrostatic repulsion, and hydrophilic interaction chromatography (SAX-ERLIC). Following
enzymatic digestion of proteins into peptides, SAX-ERLIC is performed by solid phase extraction to enrich
glycopeptides from biological samples with subsequent LC-MS/MS analysis. Glycopeptide data generated
using the SAX-ERLIC enrichment yields a high number of total and unique glycopeptide identifications
which can be mapped back to proteins. The enrichment strategy is robust, easy to perform, and does not
require cleavage of glycans prior to LC-MS/MS analysis.

Key words Glycopeptide enrichment, Glycoproteomics, LC-MS, Protein glycosylation

1 Introduction

Covalent attachment of glycans to proteins is a common type of
post-translational modification that has important downstream
effects on a variety of cellular functions as well as health and disease
[1, 2]. Despite its biological importance, protein glycosylation
remains understudied and poorly understood due to substantial
analytical challenges in the complexity of the modification. First,
glycosylation is a nonstoichiometric modification with variable
occupancy at a given glycosite which can be dynamic and change
with biological condition. Second, site heterogeneity is common
where a given glycosite can be occupied by any number of different

Arnaud Delobel (ed.), Mass Spectrometry of Glycoproteins: Methods and Protocols, Methods in Molecular Biology, vol. 2271,
https://doi.org/10.1007/978-1-0716-1241-5_8, © Springer Science+Business Media, LLC, part of Springer Nature 2021

107

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1241-5_8&domain=pdf
https://doi.org/10.1007/978-1-0716-1241-5_8#DOI


glycoforms (e.g., high mannose, complex branched, hybrid struc-
tures). Third, in a typical protein tryptic digest, glycopeptides
comprise a minor component of the overall mixture compared to
nonglycopeptides, thereby creating a dynamic range challenge
which is further amplified in a complex mixture. Fourth, glycopep-
tides can suffer from poor ionization efficiency in the presence of
coeluting nonglycosylated peptides hindering LC-MS/MS analy-
sis. To help overcome some of these challenges, enrichment of
glycopeptides from a complex mixture of total peptides is a reason-
able strategy to simplify the mixture by reducing the background of
nonglycopeptides. Enrichment aids the analysis of intact glycopep-
tides by LC-MS/MS thereby retaining information about glycosyl-
ation site and composition. Such analysis allows systematic studies
of protein glycosylation in biological and clinical samples.

Examples of common approaches for enrichment of glycopro-
teins and glycopeptides include the use of hydrazide chemistry or
titanium dioxide (TiO2). The hydrazide chemistry-based approach
typically utilizes a solid support that is functionalized with hydra-
zide to capture glycans through the formation of hydrazone bonds
[3–6]. This method provides outstanding specificity for glycopro-
teins, and results in the identification of thousands of novel glyco-
sites. However, this approach requires the release of the glycan from
the peptides, usually by PNGase F, and subsequent analysis of
deglycosylated peptides for identification of glycosylation sites—
thereby, losing important information about the glycan structures
that occupied the glycosylation site. TiO2 has also been shown to
be highly selective for capture and enrichment of sialylated glyco-
peptides, but also typically involves the cleavage of the glycan from
the peptide [7–12].

Other types of glycopeptide enrichment methods have been
developed that allow subsequent analysis of intact glycoproteins or
glycopeptides, allowing information about glycosite localization,
occupancy, and glycan composition to be obtained [13–
17]. Some of the most common enrichment strategies of this type
include lectin affinity chromatography which uses proteins (lectins)
with binding affinities toward specific carbohydrate moieties to
capture glycosylated species at the protein or peptide level [18–
23]. However, the typical lectin density is often insufficient for
efficient binding of glycopeptides with only a single glycan struc-
ture (binding site) on each peptide. Hydrophilic interaction chro-
matography (HILIC) chromatography has also been use for
glycopeptide enrichment. HILIC-based approaches separate glyco-
peptides based on hydrophobicity and glycan size, and in general
show less bias for specific glycan types compared to lectin affinity
and TiO2 [24–27].

Electrostatic repulsion hydrophilic interaction liquid chroma-
tography (ERLIC) is a method that combines hydrophilic interac-
tion and electrostatic repulsion [28, 29]—essentially combining
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the characteristics of HILIC and ion exchange chromatography in a
mixed mode. The hydrophilic interactions are controlled by the
percentage of organic solvent versus water in the mobile phase,
whereas the electrostatic interactions are controlled by the charge
of the media. At high organic solvent in the mobile phase, hydro-
philic interactions are stronger than electrostatic interactions so
both positive and negative species can be retained. The negative
charges on sialic acid sugars and the hydrophilic nature of the
glycans promote their retention on an anion exchange (positively
charged) column. In high aqueous solvent, hydrophilic species,
including glycopeptides are eluted. ERLIC has been demonstrated
as an effective method for the enrichment of phosphopeptides and
glycopeptides and an attractive alternative to traditional HILIC
strategies which show lower selectivity [7, 28, 30–35].

In this chapter, we describe a method using ERLIC with a
strong anion exchange resin (SAX-ERLIC) using solid phase
extraction (SPE) to capture and enrich glycopeptides from complex
mixtures. The general principle of this method is shown in Fig. 1.
At high organic mobile phase, the positively charged media inter-
acts with the negative charges on sialic acids. Glycans on glycopep-
tides are highly hydrophilic and acidic which further allows for their
retention on the SPE cartridge at high organic. At high organic,
most nonglycosylated (and nonphosphorylated) peptides are
eluted. When the mobile phase is changed to a higher concentra-
tion of aqueous solution, the hydrophilic interaction of the glyco-
peptides predominates, allowing their elution from the media.
A significant advantage of ERLIC is that the use of charged chro-
matography media may select a wider range of glycopeptides than
other methods, thereby reducing the enrichment bias due to glycan
or peptide size. Furthermore, the glycopeptides are eluted intact,
thereby allowing analysis of the peptide sequence and glycan struc-
ture simultaneously by LC-MS/MS.

The SAX-ERLIC method described in this chapter is versatile
and can be used for enriching both N- and O-linked glycopeptides
from a variety of biological and clinical sample types. The ability to
study intact glycopeptides allows one to obtain both protein and
glycosylation information simultaneously. The method is easy to
use with a variety of practical forms of implementation.
SAX-ERLIC is a practical, simple, and robust reasonable means of
enriching glycopeptides from biological and clinical samples such as
serum/plasma, tissue, and cells. SAX-ERLIC does not require N-
glycan cleavage prior to LC-MS/MS analysis and thus retains site-
specific information and glycosite mapping, thereby enabling
biological research and systematic studies of protein glycosylation
with unprecedented coverage and depth. Also, SAX-ERLIC
method allows a high number of total and unique glycopeptide
identifications, some of the highest ever reported among compara-
ble studies [29].
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From a practical perspective, SAX-ERLIC is relatively simple to
perform in the laboratory, and does not require additional desalting
steps which minimizes sample loss and experimental variability.
Furthermore, N- and O-linked glycopeptides could be isolated
simultaneously, thereby allowing for concurrent studies of both
glycosylation types. One potential pitfall to this approach is that
O-linked glycans are typically smaller and possibly less hydrophilic
than N-linked glycans. In cases where O-linked glycopeptides have
small glycan moieties and have no sialic acid, the SAX-ERLIC may
be less effective at capturing these species. Sample complexity is a
major technical challenge for analysis of glycopeptides which are a
minor species in a complex mixture. SAX-ERLIC can be used to
separate glycopeptides from other peptides.

2 Materials

2.1 Sample

Homogenization (See

Note 1)

1. 5� Homogenization Buffer: 1.0 M Tris–HCl, pH 8.0, 0.5
Ethylenediaminetetraacetic acid (EDTA) (see Note 2).

2. Urea Buffer: 8 M urea. Weigh 12 g of urea and add 16 mL
LC-MS grade water (see Note 3).

3. Lysis Buffer: Combine 4 parts Urea Buffer with 1 part 5�
Homogenization Buffer and 1 cOmplete, Mini, EDTA-free
Protease Inhibitor tablet (Sigma Aldrich).

4. Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) or
similar.

5. Falcon Tubes 5 mL (Corning) or similar.

2.2 Sample Digestion 1. Ammonium Bicarbonate Buffer: Weight 39.5 mg ammonium
bicarbonate and add 10 mL of LC-MS grade water for a
concentration of 50 mM ammonium bicarbonate.

2. Trypsin Solution: Reconstitute 20 μg lyophilized trypsin
enzyme in 50 mM ammonium bicarbonate buffer for a final
concentration of 0.2 μg/μL trypsin.

3. Reduction Solution: Weight 25.0 mg Tris(2-carboxyethyl)
phosphine (TCEP) and add 500 μL of LC-MS grade water to
make a 200 mM TCEP.

4. Alkylation Solution: Weight 7.4 mg iodoacetamide and add
200 μL of LC-MS grade water to make 200 mM
iodoacetamide.

2.3 SAX-ERLIC 1. SOLA SAX Solid-Phase-Extraction (SPE) Columns
(PN#60109-003, Thermo Fisher Scientific).

2. Disposable Flow Control Valve Liners for the Visiprep DL
(Supelco).
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3. Safe-Lock centrifuge tubes (1.5 and 2.0 mL).

4. Conical Centrifuge 15 mL tubes.

5. LC-MS grade acetonitrile.

6. 100 mM triethylammonium acetate: dilute 1 M stock solution
by 10� using LC-MS grade water (see Note 4).

7. 1% trifluoroacetic acid (TFA) in water.

8. 95% acetonitrile with 1% TFA in water.

9. 50% acetonitrile with 0.1% TFA in water.

10. 5% acetonitrile with 0.1% TFA in water.

2.4 Reversed-Phase

Chromatography

and Mass

Spectrometry

1. Reversed-Phase Buffer A: 0.1% formic acid in LC-MS grade
water.

2. Reversed-Phase Buffer B: 0.1% formic acid in LC-MS grade
acetonitrile.

3. C18 trap column (Thermo Fisher Scientific Acclaim PepMap
100 or similar).

4. C18 analytical column (Picofrit 75 μM ID, New Objective,
packed to 25 cm long with Magic C18 AQ resin, or similar).

2.5 Instrumentation 1. PRO250 Homogenizer (ProScientific) or similar.

2. Brason SLPe Digital Sonifier (Fisher Scientific) or similar.

3. Visiprep SPE Vacuum manifold or similar.

4. Acid-Resistant CentriVap Centrifugal Concentrator (Lab-
conco) or similar.

5. Ultimate 3000 RSLCnano System (Thermo Fisher Scientific)
or similar.

6. LTQ Orbitrap Elite Mass Spectrometer (Thermo Fisher Scien-
tific) or similar.

7. Byonic Software (Protein Metrics Inc.) or similar.

3 Methods

The protocol described here is optimized for 500 μg of starting
protein material from biological or clinical samples.

3.1 Sample

Homogenization

1. Fill a 100 mL beaker with ice and deionized water for cooling
samples during homogenization (see Note 5).

2. Rinse homogenizer probe with water and ethanol.

3. Set homogenizer to level 4.

4. Transfer tissue sample into a 5.0 mL Falcon tube and immedi-
ately add 800 μL (see Note 6) of Lysis Buffer.

112 Abel Bermudez and Sharon J. Pitteri



5. Place the sample on ice and insert the homogenizer probe into
the sample solution not touching the bottom of the Falcon
tube. Move the probe up and down during homogenization.

6. Homogenize the sample for 20 s, followed by 30 s resting on
ice. Repeat this cycle two additional times. If tissue is not
completely homogenized, repeat this process again until the
tissues has been completely homogenized.

7. Clean the probe by rinsing with water and ethanol between
samples and after use. Ensure that no residue is stuck between
the probe’s blades.

8. Following homogenization, sonicate samples using the probe
sonicator in a continuous mode with the amplitude set at 40%.
Sonicate for 15 s (seeNote 7) on ice, followed by resting on ice
for 30 s. Note: Keep the sample on ice at all times and do not let
the sample heat up.

9. Transfer lysed samples to a 2.0 mL Eppendorf tube. Centrifuge
samples for 10 min at 14,000 � g at 4 �C. Collect the superna-
tant and transfer to a 1.5 mL Eppendorf tube.

10. Use a BCA Protein Assay kit to measure the protein concentra-
tion in the sample.

11. For disulfide bond reduction, aliquot 500 μg of protein into a
new 1.5 mL Eppendorf tube and bring the sample volume to
120 μL using 50 mM ammonium bicarbonate. Add 6 μL of
Reduction Solution. Incubate samples for 2 h at room temper-
ature (see Note 8).

12. Alkylate proteins by adding 9 μL Alkylation Solution and incu-
bate sample for 45 min in the dark at room temperature.

3.2 Trypsin Digestion 1. Dilute the urea concentration in the sample to less than
500 mM using 50 mM ammonium bicarbonate (see Note 9).

2. Add trypsin at a ratio of 1:30 trypsin to protein. Incubate
sample at 37 �C overnight without shaking.

3. Concentrate sample volume down to 200 μL (if needed) using
a speed vacuum.

3.3 Strong Anion

Exchange

and Electrostatic

Repulsion Hydrophilic

Interaction Liquid

Chromatography

(SAX-ERLIC)

Precondition, load, wash, and elution steps for a single SPE car-
tridge are shown in Fig. 2.

1. Open the SPE vacuum valves and insert disposable liners inside
individual wells on the SPE vacuum manifold. Close the SPE
valves.

2. Place 15 mL conical tubes inside the SPE vacuum manifold to
collect waste solvents.

3. Place a SOLA SAX SPE cartridge for each sample on top of
each disposable liner.
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4. Precondition SAX-ERLIC SPE cartridges as follows (see
Note 10):

(a) Using a pipette, add 3 mL of acetonitrile to the SPE
cartridge, 1 mL at the time (see Note 11). Start adjusting
the flow rate by opening the SPE valves slowly to an
approximate flow rate of 1 mL/min. Do not let the SPE
cartridges dry out during the glycopeptide enrichment.

(b) Activate the SPE cartridge with 3 mL of 100 mM triethy-
lammonium acetate.

(c) Condition the SPE cartridge with 3 mL of 1% TFA in
water.

(d) Equilibrate the SPE cartridge with 3 mL of 95% acetoni-
trile with 1% TFA in water. Leave approximately 50 μL of
95% acetonitrile with 1% TFA on the SPE cartridge by
closing the SPE valve.

1. Wash 2. Activate 3. Condition

Acetonitrile
(3 mL)

Triethylammonium
acetate
(3 mL)

1% TFA 
in water
(3 mL)

change 
collection 

tube

4. Equilibrate 5. Load 6. Wash

95% ACN w/ 
1% TFA in water

(3 mL)

Sample, 
Reload 
Eluate

95% ACN w/ 
1% TFA in water 

(500 �L)

change 
collection 

tube

8. Elute 17. Wash 9. Elute 2

5% ACN w/ 
1% TFA in water 

(2 x 850 �L)

50% ACN w/
1% TFA in water

(2 x 850 �L)

95% ACN w/ 
1% TFA in water 

(6 mL)

change 
collection 

tube

change 
collection 

tube

Fig. 2 Overview of SAX-ERLIC workflow
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5. Transfer the tryptic peptide sample solution into a 15 mL
conical tube and adjust the organic solvent content of the
solution by adding 3 mL of 95% acetonitrile with 1% TFA in
water (see Note 12).

6. Remove the waste 15 mL conical tube from the SPE vacuum
manifold and replace with a new 15 mL conical tube to collect
the sample flow through.

7. Pipet the digestion solution (sample) on the SOLA-SAX SPE
cartridge, 1 mL at the time at a flow rate of 0.5 mL/min.

8. Collect the sample flow through and reload onto the SOLA-
SAX SPE cartridge as in the previous step. If necessary, apply
gentle pressure on the SOLA-SAX SPE cartridge using a
pipette bulb or syringe to elute the digestion solution.

9. Wash the cartridge with 500 μL of 95% acetonitrile with 1%
TFA in water. Nonglycosylated peptides will flow through the
SOLA-SAX SPE cartridge into the conical tube.

10. Remove the 15 mL conical tube containing the flow through
and replace with a new 15 mL conical tube.

11. Wash the cartridge with an additional 6 mL of 95% acetonitrile
with 1% TFA in water.

12. Remove the 15 mL conical collection tube and replace them
with a 2 mL Eppendorf tube to collect the 50% acetonitrile
elution fraction.

13. Slowly start eluting glycopeptides with two 850 μL aliquots of
50% acetonitrile with 0.1% TFA in water into the 2 mL
Eppendorf tube.

14. Remove the 2.0 mL Eppendorf tube containing the 50% ace-
tonitrile enriched glycopeptide fraction and replace with a new
2.0 mL Eppendorf tube labeled 5% acetonitrile fraction.

15. Elute larger glycopeptides with two 850 μL aliquots of 5%
acetonitrile with 0.1% TFA in water.

16. Concentrate eluate from 50% and 5% acetonitrile fractions
using a speed vacuum, combine both fractions, dry down,
and store at �80 �C if needed.

3.4 Reverse-Phase

Liquid

Chromatography–

Tandem Mass

Spectrometry Analysis

Dried glycopeptides are reconstituted in 20 μL of 0.1% formic acid
in water prior to LC-MS/MS analysis. The analysis described below
is performed on a LTQ-Orbitrap Elite mass spectrometer coupled
with a nanoLC. The reversed-phase liquid chromatography gradi-
ent for glycopeptide separation is shown in Table 1.

1. Load 4 μL of each glycopeptide enriched sample onto a 20 μL
sample loop.

2. Load the sample from the loop onto a C18 trap column using 2%
Reversed-Phase Buffer B for 10 min at a flow rate of 5 μL/min.
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3. Glycopeptides are separated based on their hydrophobicity on a
25 cm long C18 column.

4. A LTQ-Orbirap Elite mass spectrometer is used to acquire
spectra utilizing two complementary methods of
fragmentations.

(a) Higher Energy Collision Dissociation (HCD) for obtain-
ing glycan fragmentation; and

(b) Electron transfer dissociation (ETD) to acquire peptide
backbone fragmentation.

Peptides are first fragmented by HCD. If glycan oxo-
nium ions (singly charged glycan fragment ions such as
m/z: 138.0545, 204.0867, 274.0900, 292.0800, and
366.1396) are observed (indicating a glycopeptide), a
subsequent scan with electron transfer dissociation is trig-
gered (method known as HCD-product dependent-ETD
[36]) to obtain peptide fragmentation.

5. 1.8 kV is supplied to the mobile phase to protonate glycopep-
tides and the heated capillary temperature is set to 280 �C for
solvent desolvation.

6. The FT resolution on the LTQ-Orbitrap Elite mass spectrom-
eter is set to 30,000, scanning within mass scan range
400–1800 m/z for MS, followed by an MS/MS on the top
10 most abundant ions with +2 and higher charge state. +4
charge state is used as the default for HCD selection with a
normalized collision energy of 35.0 and 15,000 resolution for
the MS/MS scans. Dynamic exclusion is enabled with repeat
count of 3 and exclusion duration of 30 s. Precursor ion
isolation width is set to 4.0m/z and the FTHCD scan window
is fixed at 100 m/z.

Table 1
Nano-flow reverse-phased liquid chromatography method

Time (min) Flow rate μL/min Buffer B (%) RP chromatography

0 0.5 2.0 Starts loading on C18 trap

10 0.5 2.0 Gradient starts

125 0.5 22.0

130 0.5 85.0 Gradient ramps to high organic solvent %

140 0.5 85.0

140.1 0.5 2.0 Equilibration begins

150 0.5 2.0
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3.5 Glycoprotein

Identification

LC-MS raw data is searched using Byonic software from Protein
Metrics Inc. for glycoprotein identification. Suggested search para-
meters are listed here.

Protein Database: Swiss-Prot or similar containing species of
interest. The database can be customized and/or also created from
shotgun proteomics analysis of the sample of interest.

N-Glycan Library: Curated glycan library from Byonic or cus-
tom glycan database.

Sample Digestion

1. Cleavage sites: RK.

2. Cleavage side: C-terminal.

3. Digestion Specificity: Fully specific (fastest).

4. Missed Cleavages: 2.

Instrument Parameters

1. Precursor mass tolerance: 10 ppm.

2. Fragmentation type: QTOF/HCD.

3. Fragment mass tolerance: 20 ppm.

4. Recalibration lock mass: None.

Modifications

1. Carbamidomethyl/+57.021464@C fixed.

2. Oxidation/+15.9949@M common1.

3. Deamidated/+0.984016@N rare2.
Total common max: 2.

Minimum mass: �40.

Maximum mass: 100.

Spectrum Input Options

1. Charge states apply to unassigned spectra: 2, 3, 4, 5.

2. Precursor isotope off by x: Too high or low (narrow).

3. Maximum precursor mass: 10,000.

4. Precursor and charge assignments: Compute from MS1.

5. Maximum # of precursors per scan: 2.

6. Smoothing width (m/z): 0.01.

Peptide Output Options

1. Automatic score cut: enabled.

2. Show all N-glycopeptides: enabled.
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Protein Output Options

1. Protein FDR: 1% FDR (or 20 reverse count).
Data can be filtered by a score cut off greater than 150.

Manual checking of the identifications to determine quality and
most appropriate score cutoffs for specific experiments are
recommended.

4 Notes

1. The protocol described here is for tissue samples. Other sample
types can be used.

2. Always prepare solutions using ultrapure LC-MS grade sol-
vents (e.g., water, acetonitrile) and store reagents as stated in
this protocol.

3. Urea solution should be made fresh, ideally on the day of
homogenization.

4. Triethylammonium acetate buffer should be made fresh on the
day of use.

5. Keep samples on ice all the time during the lysing process to
prevent proteolysis.

6. The amount of lysis buffer should be optimized to result in a
protein concentration greater than 4 mg/mL following
homogenization.

7. If 15 s of sonication is too long and the sample heats up, reduce
the sonication time to 10 s.

8. Do not heat up samples during reduction step if lysis buffer
contains urea. Increasing temperature may result in carbamyla-
tion on the side chains of lysine and arginine residues possibly
preventing proteins from enzymatic digestion.

9. Samples can also be desalted using a desalting spin column.

10. Subsequent SAX-ERLIC steps are given for a single SPE car-
tridge but can be applied to each cartridge in the manifold
before moving to the next step.

11. Gravity will pull the acetonitrile through the cartridge, no need
to use a vacuum pump.

12. If precipitation occurs, centrifuge the sample and proceed with
supernatant only.
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Chapter 9

In-Depth Glycan Characterization of Therapeutic
Glycoproteins by Stepwise PGC SPE and LC-MS/MS

Myung Jin Oh, Youngsuk Seo, Unyong Kim, and Hyun Joo An

Abstract

Glycosylation of biologics, an important factor in pharmacological functions such as efficacy, safety, and
biological activity, is easily affected by subtle changes in the cellular environment. Therefore, comprehensive
and in-depth glycan characterization of therapeutic glycoproteins should be performed to ensure product
quality and process consistency, but it is analytically challenging due to glycan microheterogeneity occur-
ring in the glycan biosynthesis pathway. LC-based chromatographic separation combined with mass
spectrometry (MS) has been widely used as a prominent tool for the qualitative and quantitative analysis
of glycosylation of therapeutic glycoproteins. However, prior to LC/MS analysis, glycans are selectively
captured and fractionated by solid-phase extraction (SPE) utilizing physicochemical characteristics for
comprehensive characterization of a wide range of glycan heterogeneity on glycoengineered therapeutic
proteins. In particular, porous graphitized carbon (PGC) SPE has been employed as a useful technique for
the fractionation of native glycans having different sizes and polarities. Here, we describe a systematic
method for comprehensive glycan characterization of therapeutic proteins using stepwise PGC SPE and
LC/MS.

Key words Glycan, PGC, SPE, Fractionation, Biotherapeutics, Mass spectrometry

1 Introduction

Glycosylation, one of the most common and complex posttransla-
tional modifications (PTMs), significantly impacts on physico-
chemical properties, bioactivity, stability, and immunogenicity of
biopharmaceutical products [1]. Since glycosylation is influenced
by host cells and fermentation conditions, it should be thoroughly
monitored throughout the life cycle of the drug from development
to routine manufacturing to ensure safety, product consistency, and
quality [2]. Glycans in therapeutic glycoproteins exist in various
forms and they may be neutral, acidic (sialylated, phosphorylated,
sulfated, or O-acetylated), highly branched, and polylactosaminy-
lated [3, 4]. To date, there is no single assay platform for glycan
simultaneous detection of highly glycosylated biotherapeutics
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containing various glycan forms. Therefore, analytical platform
capable of analyzing a variety of glycans with various physicochem-
ical and pharmacological properties is definitely needed for com-
prehensive characterization of therapeutic glycoproteins.
Chromatographic separation techniques such as high-performance
liquid chromatography (HPLC) and capillary electrophoresis
(CE) coupled with mass spectrometry have emerged as a premier
tool for glycan analysis [5]. However, due to glycan heterogeneity
and complexity, comprehensive glycan analysis often requires addi-
tional fractionation beyond of what chromatography can provide.
Consequently, SPE-based prefractionation is often adapted to
reduce glycan complexity by capturing of target glycans based on
physicochemical properties [3, 6].

SPE is one of the representative separation techniques to isolate
analytes of interest from sample mixtures [7]. The PGC cartridge
consisting of flat layers of hexagonally arranged carbon atoms has
been applied to capture native glycans prior to LC/MS or CE-MS
analysis [8, 9]. All types of glycans including neutral and acidic
moieties are tightly bound to PGC [10]. In particular, low polar
glycans such as high-mannose and nonacidic glycans can be sepa-
rated early from the PGC by organic and aqueous solvent, while
high polar glycans containing sialylation or acetylation group are
eluted later [11–13]. Therefore, glycans with different sizes and
polarities can be fractionated via PGC by adjusting elution solution
of organic solvents and acid [6].

This chapter will introduce comprehensive glycan profiling of
therapeutic glycoproteins using PGC SPE combined with LC/MS
analysis. Stepwise SPE fractionation based on glycan size and polar-
ity (acidity, pKa) on PGCs was used to capture neutral and acidic
glycans containing phosphorylated or sialylated groups, respec-
tively prior to LC/MS. This analytical strategy can be applied to
other therapeutic glycoproteins with complex glycoform [12, 14,
15] as well as biological samples such as serum [16], saliva [17],
tissue [18], and cell [10].

2 Materials

2.1 Samples 1. Infliximab (Recombinant monoclonal antibody) from Janssen.

2. Agalsidase-beta (Recombinant human alpha-galactosidase)
from Genzyme.

2.2 Detergent

Removal

1. Protein concentrator for 10,000 MWCO (Molecular Weight
Cut-Off).

2. Washing solution: deionized water.

3. Centrifuge.
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2.3 Release

of N-Glycans

1. Enzyme digestion solution: 200 mM ammonium bicarbonate
(NH4HCO3) and 10 mM dithiothreitol (DTT).

2. Peptide-N-glycosidase F (PNGasF).

2.4

Release of N-Glycans

1. SPE graphitized carbon cartridges (250 mg, 6 mL).

2. SPE activation solution: deionized water and 80% acetonitrile
(ACN) in 0.1% trifluoro acetic acid (TFA) (v/v).

3. SPE Washing solution: deionized water.

4. Elution solutions:

Monoclonal antibody (infliximab) Lysosomal enzyme

(a) 10% ACN in H2O (a) 20% ACN in H2O

(b) 20% ACN in H2O (b) 10% ACN in H2O with 0.05%
TFA

(c) 40% ACN in H2O with 0.05%
TFA

(c) 40% ACN in H2O with 0.05%
TFA

2.5 LC Separation

and MS Analysis

of Glycans

1. The nano-LC Hypercarb porous graphitized carbon (PGC)
chip (a 9 � 0.075 mm i.d. enrichment column and a
43 � 0.075 mm i.d. analytical column, both packed with
5 μm PGC as the stationary phase, with an integrated nano-
ESI spray tip).

2. LC Solutions.

Monoclonal antibody (infliximab) Lysosomal enzyme

(a) 3% ACN in H2O with 0.1% formic
acid (FA) (v/v)

(a) 3% ACN in H2O with 0.5%
FA (v/v)

(b) 90% ACN in H2O with 0.1% FA (v/v) (b) 90% ACN in H2O with 0.5%
FA (v/v)

3 Methods

The whole procedure from purification of a therapeutic glycopro-
tein to SPE fractionation of glycans is outlined in Fig. 1. Initially,
drug excipients such as surfactants, stabilizer, and buffers were
removed by spin-filtering the glycoprotein solution using
MWCO. N-glycans on a therapeutic protein were enzymatically
released by PNGase F digestion. Prior to LC/MS analysis, the
liberatedN-glycans were fractionated through PGC SPE according
to their molecule size and polarity to reduce the sample complexity.
In particular, this chapter focuses on the PGC SPE procedure for
glycan analysis of therapeutic mAb and lysosomal enzyme, respec-
tively containing different types of glycans.
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3.1 Detergent

Removal

1. Rinse the spin concentrator with deionized water to remove
trace additives such as glycerin and sodium azide within the
concentrators (see Note 1).

2. After prerinsing the spin concentrator with water, solution of
biological product (100 μg/500 mL) is loaded into the sample
chamber.

3. Place the concentrator assembly into the rotor with a proper
counterbalance, then centrifuge at 12,000 � g for 10 min to
until the desired concentration factor is achieved.

4. Discard filtered solution in a collection tube.

5. Dilute the sample to the original volume with deionized water.

6. This filtration step (steps 3–6) was repeated three times.

7. Recover the concentrated and desalted solution from the sam-
ple chamber and then dry the solution under vacuum.

Fig. 1 Experimental workflow for stepwise PGC SPE fractionation of various
glycans. Prior to the PGC SPE, N-glycans were enzymatically released from a
therapeutic glycoprotein purified by spin filtration
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3.2 Enzymatic

Release of N-Glycans

1. Add sample (100 μg/50 μL) to 50 μL of digestion solution (see
Note 2).

2. Heat the reaction mixture by alternating between a 100 and
25 �C water bath for six cycles of 20 s each (see Note 3).

3. After cooling at room temperature, add 2 μL of PNGaseF and
incubate the mixture (pH 7.5) at 37 �C for 16 h (see Note 4).

3.3 Purification

and Fractionation

of Neutral

and Sialylated Glycans

on mAb Using

PGC SPE

1. Wash the PGC cartridge sequentially with deionized water and
80% ACN in 0.1% aqueous TFA (v/v) and then deionized
water.

2. Load the glycan solutions to the PGC cartridge and wash
subsequently with 6 mL of deionized water. The flow rate
during the SPE extraction should be kept at 200 μL/min
after the sample loading to maximize the interaction of glycans
with the stationary phase of the cartridge.

3. After the wash, elute the glycans with 6 mL of 20% ACN in
H2O (v/v) and 6 mL of 40% ACN with 0.05% TFA in H2O
(v/v), respectively (see Note 5).

4. Collect each fraction and dry under vacuum.

5. Reconstitute the fractions in 10–30 μL of nano pure water
prior to MS analysis.

3.4 Purification

and Fractionation

of Neutral, Sialylated,

and Phosphorylated

Glycans on Lysosomal

Enzyme Using

PGC SPE

1. Stabilization, sample loading, and purification of PGC SPE
cartridge were conducted in the same manner as the mAb.

2. First, elute preferentially neutral glycans from the PGC using
6 mL of 20% ACN in water (v/v).

3. Selectively fractionate phosphorylated glycans by 6 mL of 10%
ACN in water with 0.05% TFA (v/v).

4. Lastly, collect the sialylated glycans remained on the PGC
cartridge by 6 mL of 40% ACN in 0.05% TFA (v/v) (see Note
5).

5. Dry all SPE fractions under vacuum.

3.5 PGC-LC/MS

Analysis

1. Purified glycans are chromatographically separated and ana-
lyzed using a PGC chip nano-LC/Q-TOF MS system.

2. The mAb glycan elution gradient is delivered at 0.3 μL/min
using solutions of: (A) 3.0% ACN with 0.1% FA (v/v) in H2O,
and (B) 90.0% ACN with 0.1% FA (v/v) in H2O, at the
following proportions and time points: 6% B, 0–2.5 min;
6–16% B, 2.5–20 min; 16–30% B, 20–38 min; and
30–99.9% B, 38–42 min. Remaining nonglycan compounds
are flushed out with 99.9% B for 10 min. Finally, the column is
reequilibrated with 5% B for 10 min. In the case of a lysosomal
enzyme, neutral and phosphorylated glycan fractions are chro-
matographically separated in the applied gradient, individually:
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3% B, 0–4 min; 3–5% B, 4–6 min; 5–20% B, 6–25 min;
20–100% B, 25–30 min. Sialylated glycan fraction is analyzed
in the LC gradient: 3% B, 0–4 min; 3–10% B, 4–6 min;
10–40% B, 6–25 min; 40–100% B, 25–30 min. More acidic
solutions of (A) 3% ACN with 0.5% FA (v/v) in H2O and
(B) 90% ACN with 0.5% FA (v/v) in H2O are used for
LC/MS analysis of glycans with acidic functional groups.

3. Acquire MS spectra in the positive ion detection mode over a
mass range of m/z 500–2000 with an acquisition time of 1.5 s
per spectrum.

3.6 MS Data Analysis 1. After data acquisition, identify glycans within 20 ppm accurate
mass criteria using the Molecular Feature Extractor algorithm
included in the Mass-Hunter Qualitative Analysis software.

2. Filter MS peaks with a signal-to-noise ratio of 5.0 and parse
them into individual ion species. Using expected isotopic dis-
tribution, charge-state information and retention time, sum
together all ion species associated with a single compound
(e.g., the doubly protonated ion, the triply protonated ion,
and all associated isotopologs), and calculate the neutral mass
of the compound.

3. Use computerized algorithms to identify N-glycan composi-
tions by accurate mass. Compare deconvoluted experimental
masses against theoretical glycan masses using a mass error
tolerance of 5 ppm. On the basis of known biosynthetic path-
ways and glycosylation patterns, glycan compositions contain-
ing hexose (Hex), N-acetylhexosamine (HexNAc), fucose
(Fuc), N-acetylneuraminic acid (NeuAc), and N-glycolyneur-
aminic acid (NeuGc), and phosphate (P) can be determined
[19, 20].

3.7 Glycan Profiling 1. Neutral and sialylated glycans on mAb. In order to demon-
strate the glycan profiling of therapeutic mAb using PGC SPE
and LC/MS analysis, infliximab produced in SP2/O cell line,
representative commercial therapeutic mAb, was used. Glycans
of infliximab were fractionated according to their size and
polarity by PGC SPE. Representative extracted compound
chromatograms (ECCs) of N-glycans identified in 20% ACN
and 40% ACN with 0.05% TFA fraction, respectively were
shown in Fig. 2. Indeed, glycan size as well as glycan polarity
increases together as ACN progressed from 20% to 40%. To be
specific, high mannose and small neutral complex/hybrid type
glycans (blue color) were found in the 20% ACN elution
(Fig. 2a), while sialylated complex and hybrid type glycans
(red color) were mainly detected in 40% ACN solution with
0.05% TFA (Fig. 2b). Each of the identified glycan composi-
tions included two or more peaks corresponding to structural
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and/or linkage isomers. All N-glycans found in PGC fractions
were listed in Table 1 with glycan composition, accurate mass,
and normalized intensity. Normalized intensity of individual
glycan composition was calculated by dividing the peak inten-
sity of a single glycan into the sum of peak intensities of all
glycans found in each SPE fraction. Finally, 19 neutral N-
glycans and 7 sialylated N-glycan compositions were obtained
in LC/MS profile from combined the 20% and 40% ACN SPE
fractionation.

2. Neutral, sialylated, and phosphorylated glycans on a lyso-
somal enzyme. Fig. 3 is the representative ECCs of three
glycan fractions obtained via the stepwise PGC SPE in glycan
analysis of a therapeutic lysosomal enzyme. Neutral, phos-
phorylated, and sialylated glycans were successfully captured
by SPE solutions with different proportions of ACN, pure
water, and TFA [6]. Numerous glycans of each SPE fraction
were reseparated and determined by PGC-LC/MS analysis. To
be specific, high mannose and neutral complex-type glycans
were observed in the SPE eluent of 20% ACN in water (v/v)
(Fig. 3a). In addition, we found that phosphorylated high
mannose and hybrid-type glycans were collected altogether in

Fig. 2 Representative extracted compound chromatograms (ECCs) of mAb N-glycans obtained from two PGC
SPE fractions. (a) The first fraction by 20% ACN in H2O, (b) the second fraction by 40% ACN in H2O with 0.05%
TFA. Chromatograms are color-coded: blue for neutral glycan and red for sialylated glycan
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Table 1
The list of total glycans on infliximab found in each PGC SPE fraction

Molecular mass [M] Compositiona Glycan typeb AVEc SEd

The first eluent by 20% ACN in H2O

910.3272 3_2_0_0_0 Core 0.23 0.01

1072.379 4_2_0_0_0 HM 0.29 0.08

1113.405 3_3_0_0_0 C 1.57 0.07

1234.431 5_2_0_0_0 HM 1.12 0.11

1259.466 3_3_1_0_0 C–F 4.74 0.14

1275.462 4_3_0_0_0 CH 1.13 0.21

1316.488 3_4_0_0_0 C 3.07 0.37

1421.520 4_3_1_0_0 CH–F 3.13 0.22

1437.515 5_3_0_0_0 H 2.61 0.21

1462.548 3_4_1_0_0 C–F 44.26 0.20

1478.540 4_4_0_0_0 CH 1.55 0.04

1583.572 5_3_1_0_0 H–F 1.07 0.03

1599.568 6_3_0_0_0 H 1.31 0.08

1624.601 4_4_1_0_0 CH–F 29.16 0.40

1640.593 5_4_0_0_0 CH 0.35 0.05

1745.625 6_3_1_0_0 H–F 0.45 0.03

1786.653 5_4_1_0_0 CH–F 3.67 0.41

1948.706 6_4_1_0_0 H–F 0.29 0.02

The second eluent by 40% ACN in H2O with 0.05% TFA

1462.548 3_4_1_0_0 C–F 3.55 0.25

1624.596 4_4_1_0_0 CH–F 1.84 0.03

1786.651 5_4_1_0_0 CH–F 0.36 0.09

1728.610 4_3_1_0_1 H–F–S 33.76 2.56

1890.664 5_3_1_0_1 H–F–S 5.26 0.97

1906.659 6_3_0_0_1 H–S 10.62 0.87

1931.692 4_4_1_0_1 CH–F–S 18.53 0.65

2052.718 6_3_1_0_1 CH–F–S 5.46 0.61

2093.743 5_4_1_0_1 H–F–S 15.67 0.61

2255.801 6_4_1_0_1 H–S 4.96 0.23

aComposition: Hex_HexNAc_Fuc_NeuAc_NeuGc
bGlycan type:HM high mannose,H hybrid type, C complex type, CH complex or hybrid type, F fucosylated, S sialylated
cAVE average
dSE standard error
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10% ACN in water with 0.05% TFA (v/v) fraction (Fig. 3b).
Lastly, sialylated glycans containing bi- and trisialylated com-
plex type as major components were eluted only by 40% ACN
solution with 0.05% TFA (v/v) (Fig. 3c).

4 Notes

1. Excipients present in pharmaceutical formula should be
removed prior to LC/MS because they interrupt glycan analy-
sis. Excipient removal can be performed by various tools,
depending on the specific physicochemical characteristics, but
in this experiment, ultrafiltration membrane was applied to
remove polysorbates or other surfactants and enrich the target
therapeutic glycoprotein. Note that MWCO filter should not
exceed half of the molecular mass of target biotherapeutic
protein to minimize possible sample loss.

Fig. 3 Representative extracted compound chromatograms (ECCs) of three
glycan fractions of lysosomal enzyme obtained from PGC SPE. (a) The first
SPE fraction by 20% ACN in H2O, (b) the second SPE fraction by 10% ACN in
H2O with 0.05% TFA, and (c) the third SPE fraction by 40% ACN in H2O with
0.05% TFA
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2. Ammonium bicarbonate buffer containing dithiothreitol
(DTT) was used for protein denaturation. The final concentra-
tion used in the denaturation process is 100 mM ammonium
bicarbonate buffer and 5 mMDTT. The denaturation solution
was prepared in 2� concentration of ammonium bicarbonate
andDTTand the denaturation solution and sample were mixed
in 1:1 (vol: vol) to the final concentration.

3. It is best to perform the protein denaturation using the cycling
of hot water and room temperature water to prevent protein
aggregation.

4. For complete deglycosylation, a sufficient amount of PNGase F
and incubation time is required depending on protein structure
with glycosylation sites. In the presence of α1,3-core fucosy-
lated N-glycan producing in plant or insect glycoproteins, an
alternate enzyme such as PNGase A should be used instead of
PNGase F, which can no longer function.

5. For sophisticated fractionation of diverse glycans, the volume
of SPE elution solution as well as the ratio of solution compo-
nents such as organic (ACN) and acid (TFA) can be changed.
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Chapter 10

Site-Specific N-glycosylation Analysis of Recombinant
Proteins by LC/MSE

Kevin Canis, Estelle Garénaux, and Jean-François Boe

Abstract

The glycosylation process is extremely heterogeneous, dynamic, and complex compared with any other
post-translational modification of protein. In the context of recombinant glycoproteins, glycosylation is a
critical attribute as glycans could dramatically alter protein functions and properties including activity, half-
life, in vivo localization, stability, and, last but not least, immunogenicity. Liquid chromatography com-
bined to mass spectrometry constitutes the most powerful analytical approach to achieve the comprehensive
glycan profile description or comparison of glycoproteins. This chapter details a versatile yet straightforward
LC-MS approach for sample preparation, analysis, and data interpretation, enabling the evaluation of site-
specific N-glycosylation of recombinant glycoproteins.

Key words Recombinant glycoprotein, Microheterogeneity, Mass spectrometry, Liquid chromatog-
raphy, Site-specific glycosylation

1 Introduction

Glycosylation is the most complex and diverse post-translational
modification of proteins. The intracellular machinery underlying
this process is very dynamic thus the resulting glycosylation
depends not only on the expression cell type but also on its
biological status and local environmental conditions. In nature,
glycan’s structural heterogeneity reflects a wide diversity of func-
tions at each molecular, cellular, and tissular levels including protein
functions and activity, tissue adhesion, metastasis, and cell-to-cell or
cell-to-matrix interactions [1, 2].

As most therapeutics bioproducts are glycoproteins, glycosyla-
tion is conventionally a central feature to control. Glycosylation of
biotherapeutics plays a predominant role on their pharmacokinet-
ics, pharmacodynamics, stability, and immunogenicity. Beyond the
expression cell type, the growth conditions must be finely regulated
within the bioreactor to ensure consistency of the production.
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Selected key glycosylation attributes of the final recombinant prod-
uct must be monitored to guarantee its safety and efficacy [3, 4].

Unlike nucleic acids and proteins, biosynthesis of carbohy-
drates is a non-template driven process that leads to significant
structural heterogeneity. Comprehensive glycomics study of glyco-
proteins traditionally includes three main levels of investigation:

1. Monosaccharide level: determination of carbohydrate content
in terms of neutral, amino, and acidic monosaccharides.

2. Oligosaccharide level: qualitative and quantitative description
of each individual species of the glycan population.

3. Glycopeptide level: determination of the glycan distribution at
each glycosylation site along the amino acid sequence
(microheterogeneity).

Considering the complexity and versatility of glycosylation,
characterisation and monitoring are a challenging task requiring
complementary analytical approaches. Mass spectrometry (MS)
technologies offer strong advantages with high sensitivity, acquisi-
tion of fragmentation data, and high performances on complex
samples when coupled to separative systems such as liquid chroma-
tography (LC) [5]). Examples of combination of LC andMS-based
glycoproteomics approaches are available from a growing number
of publications [6–8].

In this chapter, we cover the study of site microheterogeneity
by investigatingN-glycosylation at the glycopeptide level. Based on
a peptide mapping approach, we propose a robust procedure
involving little protein chemistry and relatively common LC-MSE

instrumentation. The procedure consists in three successive phases,
respectively in silico sequence investigation, sample preparation/
analysis, and data interpretation. The whole process is illustrated
using data produced from LC-MSE analysis of human coagulation
factor VIII.

2 Materials

2.1 Equipment

and Consumables

1. Cooled centrifuge.

2. Vortex.

3. Thermostated water or dry bath.

4. ThermoFisher Zeba spin columns, 0.5 mL 7K MWCO.

5. Lo-bind microcentriguge eppendorf tubes.

2.2 Reagents We recommend to prepare all the following solutions
extemporaneously.
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1. Processing buffer: 50 mM Ammonium bicarbonate pH 7.8
solution. Add 198 mg Ammonium bicarbonate in 50 mL of
ULC/MS grade H2O into a centrifuge tube. Vortex until
dissolved.

2. Reduction buffer: 20 mM dithiothreitol (DTT) in processing
buffer. Add 3.1 mg DTT in 1 mL of processing buffer into a
microcentrifuge tube. Vortex until dissolved.

3. Alkylation buffer: 200 mM iodoacetamide (IAM) in processing
buffer. Add 37.0 mg IAM in 1 mL of processing buffer into a
microcentrifuge tube. Vortex until dissolved and keep pro-
tected from light.

4. Quenching buffer: 200mMDTT in denaturation solution. Add
3.1 mg DTT in 100 μL of processing buffer into a microcen-
trifuge tube. Vortex until dissolved.

5. LC-MS Solvent A: 0.1% trifluoroacetic acid (TFA) in H2O. Add
1 mL of TFA into 1 L of H2O.

6. LC-MS Solvent B: 0.1% TFA in ACN/H2O (90/10). Add
1 mL of TFA into 900 mL ACN with 100 mL H2O.

7. MS Calibrant solution: 2 mg/mL sodium iodide (NaI). To
40mg of NaI, add 20mLH2O and 20mL isopropanol. Vortex
until dissolved.

8. MS Lockspray™ solution: 1 μg/mL Leu-Enkephaline. To
10 mg of Leu-Enkephaline (Leucine Enkephalin acetate salt
hydrate), add 10 mLH2O to prepare a Stock solution at 1 mg/
mL. Vortex until dissolved. Dilute 200 μL of 1 mg/mL
Leu-Enkephaline solution with 100 mL H2O, 100 mL ACN,
and 200 μL glacial acetic acid.

9. Formic acid (FA).

10. Trypsin (Sequencing Grade, Promega Product No. V5111).

2.3 Equipment

2.3.1 Hardware

The LC-MS system is a Waters Acquity™UPLC I-Class integrated
chromatography system coupled to a Waters Xevo G2-S™ Q-TOF
mass spectrometer. The UPLC is composed of a Binary Solvent
Manager, a Sample Manager, and a Column Manager. The Xevo
G2-SQ-Tof is a hybrid, quadrupole, orthogonal acceleration, time-
of-flight (TOF) mass spectrometer fitted with an ElectroSpray
source and a LockSpray™ source.

2.3.2 Software The LC-MS system is operated by Waters MassLynx™ software
version 4.1. Interpretation of the raw data is aided by the use of the
Waters BioLynx™ software. The use of Microsoft Excel™ is
recommanded to produce lists of target ions.
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2.3.3 Column Reverse-phase Waters Acquity UPLC™ BEH C18 column, 1.7 μm
particle diameter, 2.1 mm � 150 mm (Product No. 186002353).

3 Methods

On overview of the method workflow is presented in Figure 1.

3.1 In Silico Analysis The first phase of the study consists in carefully examining the
protein amino acid sequence and its expression system. This pre-
parative work is crucial and should never be overlooked as it directly
determines the quality of the study outcome. Before starting, we
advise to refer to the expert MIRAGE guideline series, discussing
critical aspects of sample preparation and analysis in the context of
glycomics studies [9–11].

The assistance of appropriate open-source tools and resources
remains very valuable to anticipate the complexity of recombinant
glycoproteins. In this regard, the portals held by ExPASy
(www.expasy.org) and Consortium of Functional Glycomics

Fig. 1 Overview of the experimental procedure
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(www.functionalglycomics.org) are suggested here as they offer a
large set of complementary prediction tools and comprehensive
databases. However, despite the availability of a large number of
algorithms for glycopeptide analysis developed in recent years [12],
the following procedure assumes a minimal use of automated data
interpretation and instead encourages manual targeted
investigation.

3.1.1 Amino Acid

Sequence Examination

1. Examine the protein amino acid sequence to identify the posi-
tion of potential N-glycosylation consensus sequons, that is,
Asn-Xxx-Ser/Thr tripeptide sequence were Xxx is any amino
acid except Pro. Using most MS instrument manufacturer
software (in our case Waters MassLynx™) or open-access
resources such as NetNGlyc [13], the protein can be readily
screened to highlight putative N-glycosylation sites along the
sequence.

2. For each site identified, examine the amino acid sequence
surrounding theN-glycosylation sequon for proteases cleavage
sites. An overview of common enzymes and chemicals used for
proteomics studies is given in Note 1 and further discussed in
Ref. 14.

3. Perform in silico digestions with the most relevant protease
(s) selected using Waters MassLynx™ or open-access resources
such as PeptideMass [15]. Peptide sequences covering each
potential N-glycosylation sequons should be examined.

4. Select the protease to be used taking the following rules into
account:

(a) The size of the resulting peptides: best MS sensitivity and
resolution are generally achieved for glycopeptides rang-
ing from 1500 to 5000 Da.

(b) The protease specificity and efficiency: limiting non-specific
or missed cleavages improves the detection of
low-abundancy glycopeptides as well as reproducibility.

(c) The position of the glycosylation site within the peptide:
enzymatic proteolysis may not occur efficiently at the
vicinity of glycosylated Asn residues. At least two amino
acids between the cleavage site and the glycosylated Asn is
preferable.

(d) The hydrophobicity of the resulting peptides: our strategy
takes advantage of reverse-phase chromatography for its
capacity of eluting closely the glycoforms of a single pep-
tide. Better retention improves this relative selectivity.

5. Consider the use of several proteases if no single enzyme allows
to generate a set of suitable peptides for each N-glycosylation
sequon. Proteases can be used either combined sequentially or
independently in separate assays.
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6. Once the protease is selected, use the appropriate in silico
digestion prepared in step 3 to generate a list containing each
potentially N-glycosylated peptides together with their respec-
tive monoisotopic molecular weight.

3.1.2 Glycosylation

Properties

of the Expression System

The objective is to identify a set of N-glycan candidates which
are most likely expressed on the recombinant protein.

1. A literature survey is the first task to undertake. In addition the
general knowledge of glycan biosynthetic pathways, the glyco-
sylation capacities of many expression cell types are well
documented [16].

2. The cell and tissue glycan profiling database hosted by the
Consortium of Functional Glycomics (CFG) together with
the glycomics links contained in the portal can also be a good
starting point to gather useful information on most com-
mon expression systems.

3. Any set of experimental data generated from the recombinant
product should be included in the investigation, such as N-
glycan profiling by MALDI-MS [17] or LC-FLR-MS
[18, 19]. These are further discussed in Subheading 4.

4. Once an expected glycan repertoire is defined, select a set of
three to five N-glycan structures on the basis of their relative
abundancy. These glycans will be used to probe the MS data
and facilitate the data interpretation. It is advisable to choose
N-glycan species structurally different from each other to max-
imize hits during data processing.

5. Determine the monoisotopic molecular weight of the selected
N-glycans using the monosaccharide residual masses reported
in Table 1. The use of at least three decimals for calculations is
recommended.

Table 1
Monosaccharides commonly found on therapeutic proteins and corresponding residual monoisotopic
masses [21]
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6. Alternatively, open-access software such as GlycoWorkbench
[20] calculates the monoisotopic molecular mass of glycans
from their carbohydrate content. Additionally, the software
offers useful features to build up structures and provide sup-
port to MS data interpretation.

3.1.3 Creation

of the Glycopeptide

Database

1. Combining the monoisotopic masses predicted for both the
peptide and the glycan moieties, produce a list containing
masses of likely occurring glycopeptides.

2. Calculate the m/z values of relevant charge states for each
glycopeptide using MH

+ ¼ 1.0078. Usually, [M + H]+ to
[M + 4H]4+ ions are appropriate but depends on glycopeptide
properties (size, amino acid composition, sialic acids, etc.).

3. An example of calculation is given in Table 2.

(a) Peptide: human factor VIII amino acids 1804-1813 (KN
FVKPNETK).

(b) Expression system: human liver and endothelial cells.

(c) N-glycan candidate: monosialylated biantennary core
fucosylated structure (compositionHex5HexNAc4dHex1-
NeuAc1, FA2G2S1).

3.2 Sample

Preparation

and Analysis

The following procedure applies to glycoprotein samples at a con-
centration of 1 mg/mL in formulation buffer containing moderate
amounts of salts and low molecular weight compounds (amino
acids, mono or disaccharides, etc.). Variations of the protein con-
centration, high content of formulation compounds, potential
interferents or presence of polymers/surfactants may require
adjustments as discussed in Note 2.

3.2.1 Sample

Deformulation

1. Set the centrifuge at 8 �C and prepare a Zeba™ spin desalting
column (0.5 mL, 7KMWCO) in a collection tube (seeNote 2).

2. Remove the storage solution from the column by centrifuga-
tion for 1 min at 1500 � g.

3. Condition the resin by addition of 300 μL of processing buffer
followed by centrifugation for 1 min at 1500 � g (see Note 3).
This step is repeated two additional times.

4. Transfer the desalting column into a clean collection tube and
load a 100 μL aliquot of the sample solution (i.e., 100 μg of
glycoprotein sample) onto the resin.

5. Collect the buffer-exchanged sample by centrifugation for
2 min at 1500 � g.
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3.2.2 Sample Reduction 1. Transfer a 50 μL aliquot of the buffer-exchanged sample into a
clean collection tube. The remaining buffer-exchanged sample
can be stored as back-up in a deep freezer.

2. Add 30 μL of processing buffer followed by 10 μL of reduction
buffer (see Note 4).

3. Vortex and incubate the sample for 60 min at 37 �C. Following
the incubation, leave the sample to cool down at room temper-
ature for 5 min.

3.2.3 Sample Alkylation 1. Add 10 μL of alkylation buffer into the reduced sample (see
Note 5).

2. Vortex and incubate the sample for 30 min at room tempera-
ture protected from light.

3. Following the incubation, quench the reaction by adding 5 μL
of quenching buffer. Vortex and leave to incubate at room
temperature for 10 min.

3.2.4 Sample Desalting 1. Set the centrifuge at 8 �C and prepare a Zeba™ spin desalting
column (0.5 mL, 7K MWCO) in a collection tube.

2. Remove the storage solution from the column by centrifuga-
tion for 1 min at 1500 � g.

3. Condition the resin by addition of 300 μL of processing buffer
followed by centrifugation for 1 min at 1500 � g. This step
should be repeated two additional times.

4. Transfer the desalting column into a clean collection tube and
load a 100 μL aliquot of the sample solution onto the resin.

5. Collect the desalted sample by centrifugation for 2 min at
1500 � g.

3.2.5 Proteolytic

Digestion

1. Prepare the trypsin solution (see Note 1) by resuspending
20 μg of Sequencing Grade Trypsin in 200 μL of processing
buffer. Vortex until dissolved.

2. Add 25 μL of trypsin solution into the desalted sample (1/20e
weight-to-weight enzyme–substrate ratio).

3. Vortex and incubate the sample for 4 h at 37 �C. Following
incubation, quench the reaction by addition of 1 μL acetic acid,
vortex the sample and leave to cool down for 5 min at room
temperature before transfer into an injection vial for analysis.

3.2.6 Glycopeptide

Enrichment (optional)

It is well established that glycopeptides exhibit poor ionization
efficiency compared to their non-glycosylated counterparts
[22]. In recent years various strategies focusing on glycopeptides
purification or enrichment have been developed. These separative
techniques generally rely on glycans hydrophilicity, charge, or affin-
ity to specific targeted terminal glycoepitopes.
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Enriching glycopeptides can greatly improve detection of gly-
copeptides in the context of site-specific N-glycosylation analyses.
A comprehensive review of these methods cannot be proposed in
these pages, but consult Note 6 for some examples. Glycopeptide
enrichment can also be further explored in Ref. 12, 23.

3.2.7 LC-MS Analysis

Liquid Chromatography

Solvent A: 0.1% TFA in H2O.

Solvent B: 0.1% TFA in ACN/H2O (90/10).

Column: Acquity BEH C18, 1.7 μm, 2.1 mm � 150 mm (see
Note 7).

Flow rate: set at 300 μL/min.

Chromatographic gradient: see Table 3.

Column temperature: set at 60 �C.

Autosampler temperature: set at 8 �C.

Injection volume: 1–5 μL.

Mass Spectrometry Calibration is performed using 2 mg/mL Sodium iodide and Lock-
Spray™ is recorded using 1 μg/mL Leu-Enkephaline.

MS acquisition is acquired using two separate channels: Func-
tion 1 records data at low-collision energy (MS) and Function
2 records data at high-collision energy (MSE). Detailed experimen-
tal conditions are given in Table 4.

3.3 Data

Interpretation

Proteolytic digests of large glycoproteins produce a very complex
mixture of components reflected in the LC-MS data by a great
variety of signals of diverse intensities. As an example, the total
ion chromatograms (TIC) acquired during the LC-MS analysis of
Human coagulation Factor VIII is shown in Fig. 2, top panel.
Generally, glycopeptide signals are very low and not identifiable
on TIC while intense signals correspond to non-modified peptides.

Table 3
Liquid chromatography solvent gradient

Time (min) % solvent B

0 0

1.0 0

61.0 40

81.0 60

81.1 100

86.0 100

86.1 0

90.0 0
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3.3.1 Detection

of Glycopeptide-Related

Clusters

Glycans produce very distinctive ions when subjected to fragmen-
tation [9]. At high-collision energy, sugar loss from the glycan
moieties of glycopeptides produces diagnostic ions that act as a
diagnostic signature. Taking advantage of these ions, MSE data
are filtered to highlight glycopeptide signals.

Reverse-Phase chromatography of a proteolytic digest separates
the mixture mostly on the basis of the peptide moieties. In this
procedure, we take advantage of this property to achieve a moder-
ate separation of the glycoforms of each individual peptide
sequence. Consequently, MS signals relevant to glycoforms of the
same peptide are grouped within clusters.

1. Select a series of appropriate sugar diagnostic fragment ions
based on the N-glycan species selected during the in silico
investigation (see examples in Table 5). If necessary, Glyco-
Workbench software provides useful features to anticipate frag-
mentation of definite glycan structures [20].

2. Using the selected diagnostic fragment ions, produce an
extracted ion chromatograms (EIC) of the high-collision
energy channel. The combination of appropriate fragment
ions is recommended to improve signal sensitivity but also to
target specific glycan species.

3. The extraction window used to produce the EIC should be well
chosen to maximize both signal detection and specificity (see
Note 8). Also, the selection of appropriate isotopes is also
important to maximise EIC signal sensitivity (see Note 9).

4. As a result, EIC signals would generally appear as clusters
(Fig. 2, bottom panel), each consisting in the different glyco-
forms of individual peptide sequence.

Table 4
Mass spectrometry experimental conditions

Parameter Value

Scanning mode Positive electrospray MSE

m/z range 100–3000

Capillary 3.0 kV

Sampling cone 30 V

Function 1 collision energy 4.0 eV

Function 2 collision energy 15–50 eV

Calibration Better than 10 ppm

LockSpray™ Real-time correction

Site-specific Glycosylation by LC/MSE 143



3.3.2 Identification

of the Peptide Sequences

Analysis of individual clusters is initiated with the objective of
identifying their associated peptide sequence. The following sec-
tion focuses on the EIC cluster detected at 16.7 min in Figure 2,
bottom panel.

1. Using the high-collision energy channel, combine scans
corresponding to the whole cluster. The resulting combined
MSE spectrum displays multiple signals, including fragment
ions related to each glycan, glycopeptide, and peptide moiety
(Fig. 3).

2. Examine the MSE spectrum: first the detection of low mass
range [M + H]+ monosaccharide diagnostic ions should con-
firm the presence of glycan fragments (Fig. 3).

Table 5
Examples of common diagnostic fragments observed from mammalian glycans

Nature of fragment ion Associated N-glycan motif Monoisotopic m/z value

HexNAc Complex-type glycans 204.087

NeuAc Sialylated glycans 274.088–292.103

NeuGc Sialylated glycans 308.262

HexNAc–Hex LacNAc antennae 366.140

HexNAc–HexNAc LacdiNAc antennae 401.166

Hex–HexNAc–Fuc Fucosylated antennae 512.198

Hex–HexNAc–NeuAc Sialylated antennae 657.236

Fig. 2 UPLC-MSE results produced from reduced, alkylated and trypsin-digested human coagulation Factor
VIII. Top panel: Total Ion Chromatogram (low collision energy channel) acquired from 0 to 30 min. Bottom
panel: Extracted Ion Chromatogram (high collision energy channel) generated using a combination of sugar
diagnostic fragment ions (m/z 204.087 + 274.088 + 366.140 + 657.236)
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3. The mid- to high-mass range region should display a series of
ions related altogether by mass shifts consistent with monosac-
charide residues and thus consistent with glycopeptide
fragments.

4. If necessary, a deconvolution algorithm such as Waters Max-
Ent 3™ can be applied on the combined spectrum to ease the
peak assignment (Fig. 4) (see Note 10).

5. Starting from the highest m/z glycopeptide ion, successively
assign the related ions by trimming off monosaccharide units
(Table 1) and using your knowledge of mammalian glycan
biosynthetic pathways (see Note 11).

6. Once the last residues of the N-glycan chitobiose trimannosyl
core have been removed, the m/z ions consistent with the

Fig. 3 Top panel: Combined mass spectrum (high collision energy channel) recorded between 16.5 and
17.1 min. Bottom panel: Summary of data interpretation highlighting the identification of fragment ions
consistent with the peptide (in red), glycan (in blue), and glycopeptide moieties (in green)
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peptide itself should be identified. Based on the m/z value
monitored, determine themolecular weight of the peptidemoi-
eties then identify it using the list prepared in Subheading 3.1.

7. The confirmation of the peptide identity allows to firmly assign
the composition of at least one full glycopeptide structure. For
example in Fig. 3, the [M + 2H]2+ fragment ions at m/z
1632.695 correspond to KNFVKPNETK substituted to a
glycan composition dHex1Hex5HexNAc4NeuAc1.

3.3.3 Determination

of the Glycan Repertoire

Once the peptide sequence is identified, the exhaustive description
of its associated glycan repertoire is undertaken.

1. Combine MS spectrum corresponding to cluster of interest in
the low-collision energy channel. The resulting MS spec-
trum generated should include signals consistent with all the
glycoforms of the identified peptide (Fig. 5).

2. In our example, two series of signals glycopeptides are
observed: the first one is composed of [M + 3H]3+ ions (m/z
range 900–1300) and the second one of [M + 2H]2+ ions (m/z
range 1500–1900). Give priority to the most intense set of
signals for assignment.

3. Using information gathered from the previous section, assign
all signals consistent with glycopeptides, bearing in mind that
glycopeptide species are related altogether by mass shifts con-
sistent with monosaccharide residues as found in Table 1.

4. As in the previous section, a deconvolution algorithm could be
applied to ease peak assignment although loss of signals could
occur and alter final results (see Note 12).

Fig. 4 Deconvoluted mass spectrum generated from the data shown in Fig. 3
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3.3.4 Evaluation

of Peptide’s

Microheterogeneity

The appropriate integration of EIC signals allows to evaluate the
relative occurrence of each glycopeptide species, making the crude
assumption that each molecule has a similar MS response (see
Note 12).

1. Produce the EIC specific to each individual glycopeptide
assigned using the low-collision energy channel. The combina-
tion of at least two relevant charge states is recommended to
improve the accuracy of the evaluation (Fig. 6).

2. For each EIC produced, integrate the signal, record the peak
area and proceed to the semi-quantitative evaluation of each
glycoform using a spreadsheet software.

%Glycoform X ¼ Area Glycoform X
P

Area of detected Glycoforms

3.3.5 Sample

Monitoring/Batch-to-Batch

Comparison

Providing that a reference batch has been preliminarily character-
ized, comparing glycosylation of recombinant protein batches can
be readily achieved by using appropriate sugar diagnostic fragment
ions to generate EICs. Figure 7 illustrates a straightforward
approach for batch-to-batch monitoring of a same recombinant
protein produced in different experimental conditions, as exempli-
fied by the different glycopeptide cluster highlighted in orange.

Fig. 5 Top panel: Combined mass spectra (low collision energy channel) recorded between 16.5 and 17.1 min.
Bottom panel: Summary of data interpretation highlighting the identification of molecular ions related to the
glycoforms of the peptide identified
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Fig. 6 Extracted ion chromatograms (low collision energy channel) produced using individual molecular ions
diagnostic to glycopeptides detected

Fig. 7 Extracted ion chromatograms (high collision energy channel) obtained from the UPLC-UV-MSE analysis
of reduced, alkylated, and human coagulation factor VIII expressed from three different expression systems
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3.4 Complementary

MS-Based Approaches

This last section briefly discusses the advantages of combining
complementary glycomic approaches when aiming at the compre-
hensive description of a glycoprotein glycan repertoire. Comple-
mentary approaches particularly apply to the context of
recombinant therapeutic protein characterization at early stage of
development and production.

A straightforward approach could consist in performing pro-
tein intact or reduced mass measurement before and after PNGase
F treatment. Doing so provides preliminary information on the
type of N-glycans substituted to the protein and may point out
the subunit to focus on in the case of multimeric proteins.

In terms of complementarity to site-specific N-glycosylation
data, analytical approaches at the oligosaccharide level are of pri-
mary interest. The most powerful technique for describing an
oligosaccharide population consists in analyzing permethylated
glycans by MALDI-TOF/TOF analysis [17]. Permethylation sig-
nificantly enhances detection sensitivity but, more interestingly, will
confer predictable fragmentation pathways to oligosaccharides.
Taking advantage of these fragmentation rules while interpreting
MS/MS spectra helps evidencing the presence of biologically rele-
vant epitopes such as ABO blood groups, GalαGal, Lewis motif, or
LacDiNac elongation.

Working with permethylated N-glycans also allows to get one
step deeper into structural characterization through preparation of
partially methylated alditol acetates (PMAA) from permethylated
glycans. By analyzing PMAA by GC-MS, inter-monosaccharide
linkages can be characterized, which provides precious supportive
data for deciphering of oligosaccharide structures by MS/MS [24].

A final effective approach for N-glycan profiling is HILIC LC-
FLR-MS analysis of fluorophore-labeled glycans. Such application
allows to separate, identify and achieve relative quantification of
individual N-glycan species using a minute amount of glycopro-
tein sample [18, 19].

4 Notes

1. The most useful and commonly used proteases and chemicals
are summarized in Table 6. Sequencing Grade products are
always recommended when undertaking proteomic analysis.
Also, pay a particular attention to their degree of specificity.
Manufacturer’s instructions should include best digestion
buffer composition and pH, as well as tolerance toward salts
or other potential interferent. Expert comments are available in
[14] .

2. Alternatives to gel filtration cartridges are available to achieve
the deformulation of a sample solution. When choosing,
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carefully consider the desired molecular weight cutoff, the
sample volume capacity and the possible resulting dilution
factor.

If the sample formulation contains high concentration of
low molecular weight compounds, dialysis cassettes offer the
most powerful option in terms of deformulation efficiency
(e.g., Thermo Fisher Slide-A-Lyzer™ cassettes). Look care-
fully for protein precipitation while performing buffer
exchange and remember that sample dilution might not be
neglectable. If the initial protein concentration is low and the
sample needs to be concentrated while buffer-exchanged, then
filter centrifugal devices should be preferred (e.g., Merck™
Amicon™ Ultra Centrifugal Filters).

Finally, if the formulation contains surfactants, the use of
specific detergent removal system is recommended as such
compounds prove difficult to remove using the aforemen-
tioned techniques (e.g., DetergentOUT™ Tween® Removal
Spin Column).

3. The efficiency of protein unfolding can be enhanced by
performing reduction and alkylation in presence of a chaotro-
pic reagent, such as guanidine hydrochloride or urea. Such
reagent might interfere with the proteolytic enzyme, therefore
refer to manufacturer’s instructions to assess the enzyme com-
patibility. If necessary, perform a buffer exchange prior to
proteolysis to switch into a compatible digestion buffer.

4. The prevention of any alteration of the glycoprotein such as
deamidation or oxidation is a prerequisite to generate
high quality results. In general, high temperature, alkaline
pH, and long incubation time favor such alterations. If signifi-
cant levels of alteration is observed using the standard proce-
dure, the use of tris(2-carboxyethyl)phosphine (TCEP) as
reducing agent is an interesting alternative. Compared with
DTT, TCEP has stronger reducing properties and is effective
within a larger pH range.

Table 6
Proteases and chemicals most commonly used for peptide mapping approaches

Enzyme/Chemical Specificitya Suggestion

Trypsin C-terminus of Lys and Arg Promega prod. No. V5111

Chymotrypsin C-terminus of Phe, Trp, and Tyr Promega prod. No. V1061

Lys-C C-terminus of Lys Promega prod. No. V1071

V8 protease (Glu-C) C-terminus of Asp and Glu Promega prod. No. V1651

Cyanogen bromide C-terminus of Met Sigma-Aldrich prod. No. C91492

aThe enzyme specificities is broadly described here and can be subjected to sequence specificities. The reader must refer to
manufacturer’s instructions for complementary information
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5. As for alterations mentioned in Note 4, overalkylation of the
glycoprotein must be avoided. Excessive incubation time and
concentration of reactive are common sources of overalkyla-
tion. If necessary, many alternatives to Iodoacetamide are avail-
able, some of which could be based on a more favorable
chemistry for your sample (iodoacetic acid, 4-vinylpyridine,
N-ethylmaleimide, etc.).

6. Enrichment of glycopeptides can greatly improve their detec-
tion by MS and ease data interpretation. Enrichment is better
implemented once the peptide/glycopeptide mixture is pro-
duced . Such techniques are based on either general properties
of glycans (hydrophilicity, charge) or on affinity towards spe-
cific glycoepitopes through the use of lectins.

Based on hydrophilicity of glycans, hydrophilic interaction
liquid chromatography—solid phase extraction (HILIC SPE) is
probably the most versatile method available to achieve glyco-
peptide enrichment disregarding their glycan component [25].

In contrast, if a focus is given to specific glycan attributes,
other chromatographic methods are investigated: for example,
titanium oxide (TiO2) resin allows enrichment of sialylated
glycopeptides by retention based on the charges carried by
sialic acids [26]. Other glycoepitopes can be targeted by affinity
chromatography using lectins. Examples of a few effective lec-
tins are shown in Table 7.

7. In our procedure, we take advantage of hydrophobic properties
of the reverse-phase C18 chromatography to obtain a moderate
separation of the glycoforms of each individual peptide
sequence.

8. The extraction window used to produce EIC should ideally be
as narrow as possible to improve signal specificity. However,
mass accuracy must be considered to avoid a significant

Table 7
Common lectins available in view of glycopeptide affinity chromatography

Lectin Specificitya Note

Ulex europaeus UEA-I Anti-O(H)

Preliminary desialylation of glycans requiredGriffonia simplicifolia GS-I Anti-B

Helix pomatia HPA Anti-A

Sambucus nigra SNA-I NeuAcα2,6Gal n/a

aLectin specificity is broadly described here and can be subjected to sequence specificities. Refer to manufacturer for

further information
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sensitivity decrease while generating EIC. Considering the
mass accuracy of our instrument, best results are achieved
with an absolute 0.01 amu window for sugar diagnostic ions.

9. When targeting glycopeptides, EIC sensitivity is improved by
extracting the m/z related to the major isotopic signal of the
isotopic massif instead of the m/z from the monoisotopic
signal. These isotopes corresponding to +1, +2, or +3 amu
are more abundant for biomolecules above 2000 Da such as
glycopeptides.

10. The intensity of minor signals observed on the MS spectrum
can be significantly reduced or even lost following deconvolu-
tion. While it may not affect the identification of fragments at
high-collision energy, a loss of signal will result in an incom-
plete description of glycopeptide repertoire when interpreting
data at low-collision energy.

11. When tentatively identifying the peptide related to each cluster,
keep in mind that any N-glycan is characterized by its consti-
tutive pentasaccharide core (GlcNAc2Man3). Identifying the
corresponding ions will lead you to the peptide backbone. The
N-glycan core indeed produces a series of successive mass
decrements of 162, 162, 162, 203, and 203, down to the
peptide backbone itself. Remember that the proximal GlcNAc
residue can be fucosylated. Also, it should be remembered that
the “naked” peptide moieties commonly display a lower charge
state than their glycosylated counterparts.

12. It is understood that such approach is not truly quantitative
due to differential ionization and transmission of glycopeptide
species, possible variations of ionization source regime, or MS
signal suppression if eluted together with highly ionizable
molecules. However, it remains a fast and reasonably reliable
way to assess microheterogeneity and to compare the glyco-
forms distribution during batch-to-batch monitoring.
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Chapter 11

Mapping O-glycosylation Sites Using OpeRATOR and LC-MS

Maria Nordgren, Andreas N€ageli, Helén Nyhlén, and Jonathan Sjögren

Abstract

O-glycosylation is a difficult posttranslational modification to analyze. O-glycans are labile and often cluster
making their analysis by LC-MS very challenging. OpeRATOR is an O-glycan specific protease that cleaves
the protein backbone N-terminally of glycosylated serine and threonine residues. This enables the genera-
tion of glycopeptides of suitable size for mapping O-glycosylation sites in detail by bottom-up LC-MS
analysis. In this chapter we demonstrate a simple workflow for in-depth analysis of O-glycosylation sites on
heavily glycosylated proteins using OpeRATOR digestion and HILIC-MS/MS analysis.

Key words O-glycosylation, OpeRATOR, O-glycan specific protease, Glycoproteomics, Glycopep-
tides, Mass spectrometry, LC-MS

1 Introduction

Protein glycosylation is an important posttranslational modification
thatmay impact the structure and function of the glycoprotein and in
this way affect cell signaling, transportation, receptor binding, adher-
ence, inflammation, andmuchmore [1]. The successful development
of proteins as therapeutic drugs has spurred great interest in the
detailed characterization of glycosylation profiles of biopharmaceuti-
cals. The most common and well-studied type of glycosylation is
carbohydrates attached to asparagine, the so-called N-linked glyco-
sylation, whereas sugar residues attached to serine or threonine,
called O-linked glycosylation, is far less studied. Nevertheless, O-
glycans are present on biotherapeutics and characterization is of
importance during development and quality control. An example is
etanercept, one of the best-selling biologics currently on the market.
It is an Fc-fusion molecule consisting of the extracellular domain of
the TNF receptor II fused to an IgG1 Fc domain with theC-terminal
domain of the receptor carrying 13 O-glycosylation sites [2].

The study of O-glycans has long been challenging due to the
lack of an O-glycan consensus motif, density and clustering of
O-glycans, and the lack of specific enzymatic tools for O-glycans
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[3, 4]. The approaches for studying O-glycosylation include identi-
fication of glycosylated proteins using lectins or antibodies, analysis
of released glycans (glycomics) or glycopeptides (glycoprotemics).
A multicenter study of methods for O-glycan analysis concluded
that the most reliable methods included mass spectrometric analysis
of permethylated reduced glycans in positive mode, native reduced
glycans in negative mode and LC-MS analysis of glycopeptides
[5]. However, released glycan approaches often include tedious
chemical methods for chemical release of the glycans and all infor-
mation on the origin of specific glycans is lost. Glycoproteomics on
the other hand is able to deliver site-specific information in some
cases. However, traditional sample preparation methods using tryp-
sin or Lys-C are often complicated by the clustering of the mucin-
type O-glycans resulting in large chunks of glycopeptides with
many O-glycosylation sites present. The poor ionization efficiency
of heavily glycosylated peptides limits the sensitivity of such
approaches and site-specific identification of O-glycans becomes
challenging. Due to the lability of O-glycans, standard collision-
based fragmentation techniques such as CID or HCD are ill-suited
to this type of analysis and high-end instrumentation capable of
alternative fragmentations (ETD, EThcD, and/or UVPD) is nec-
essary [6, 7].

Recently, a novel O-glycan specific protease (OpeRATOR®,
Genovis AB) originating from the mucin-degrading gut bacterium
Akkermansia muciniphila has been brought to the market. OpeR-
ATOR binds to O-glycosylated structures and hydrolyzes the pep-
tide bond N-terminally to the O-glycosylated serine or threonine
residue. The enzyme is specific for core 1 mucin-typeO-glycans and
shows increased activity on desialylated glycans. This allows diges-
tion of heavily O-glycosylated proteins into peptides of suitable size
for bottom-up proteomics applications and enables easier mapping
of O-glycosylation sites based on identification of digestion sites
rather than ETD fragmentation. A solid-phase method based on
OpeRATOR digestion has been employed for in-depth analysis of
O-glycosylation of Zika virus proteins [8] and for mapping over
3000 new O-glycosylation sites in human kidney tissues, T-cells,
and serum [9]. In the same study a comparison of healthy and
tumour kidney tissue was carried out, indicating OpeRATOR as a
promising tool for clinical diagnostics.

In this chapter we outline the sample preparation and analytical
workflows for obtaining site-specific information on the O-glyco-
sylation of a biopharmaceutical using plasma derived human C1
inhibitor as an example. Briefly, samples were treated with OpeRA-
TOR for digestion at O-glycosylation sites, a broad acting sialidase
mix (SialEXO) to remove sialic acids and increase the performance
of OpeRATOR, and PNGaseF to removeN-glycans. After graphite
enrichment the resulting O-glycosylated peptides were analyzed by
HILIC-MS/MS using an ESI-Q-TOF instrument. The OpeRA-
TOR digestion sites were identified and allowed for mapping of the
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O-glycosylation sites. Taken together this method presents a new
workflow for site-specific analysis of O-glycosylated proteins with
applications in characterization of biopharmaceuticals as well as
basic research.

2 Materials

2.1 Protein Buffer

Exchange

1. Microspin desalting column 40K, sample size 50–200 μl (cat #
87766, Thermo Scientific).

2. 20 mM Tris buffer, pH 7.5.

3. Centrifuge with fixed angle rotor that can accommodate
1.5–2 ml centrifuge tubes.

2.2 O-Glycoprotein

Digestion

1. OpeRATOR™ 2000 U (cat # G2-OP1-020, Genovis AB).
Endo-O-protease (Akkermansia muciniphila) recombinant,
expressed in E. coli. Digest the protein backbone
N-terminally to a desialylated core 1 O-glycan.

2. SialEXO™ 2000 U (cat # G1-SM1-020, Genovis AB). Mix of
two neuraminidases (Akkermansia muciniphila) recombinant,
expressed in E. coli. Cleaves all nonreducing terminal sialic acid
residues α (2-3,6,8).

3. PNGaseF (cat # F8435, Sigma Aldrich). N-glycosidase (Eliza-
bethkingia meningoseptica) recombinant, expressed in E. coli.

4. Human C1-esterase inhibitor (commercially available drug),
glycoprotein derived from pooled human plasma [10].

5. 20 mM Tris buffer pH 7.0.

6. Incubator or water bath for 37 �C.

2.3 Sample Cleanup

Using Graphite Spin

Columns

1. Graphite spin columns™ (cat # 88302, Pierce).

2. 1 M NH4OH Approximate strength 56.6% (14.5 M). Prepare
1 M by the addition of 0.6 ml 56.6% strength to 8.1 ml MQ.

3. MQ grade water prepared from purification of deionized water
with a PureLAB Classic ELGA system.

4. Acetonitrile, LC-MS grade.

5. 1.0% trifluoroacetic acid (TFA), LC-MS grade. Dilute in MQ
to 1% (v/v).

6. 2.5% TFA, LC-MS grade. Dissolve in MQ to 2.5% (v/v).

7. 50% acetonitrile containing 0.1% formic acid (FA), LC-MS
grade. Add 5 ml acetonitrile and 10 μl FA in 5 ml MQ (v/v).

8. Centrifuge with fixed angle rotor that can accommodate
1.5–2 ml centrifuge tubes.

9. Optional: vacuum centrifuge that can accommodate 1.5–2 ml
centrifuge tubes.
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2.4 O-Glycopeptide

Separation by

Hydrophilic Interaction

Chromatography and

Tandem MS Analysis

of O-Glycopeptides

Using Collision Energy

Stepping CID

Fragmentation

Technique

1. Agilent UHPLC system equipped with a 1290 Infinity binary
pump, 1290 high performance sampler with thermostat, 1290
temperature-controlled column compartment and 1260 multi
wavelength detector.

2. Bruker Daltonics HyStar software version 3.2 for instrument
control.

3. Acquity UPLC Glycoprotein Amide Column, 300 Å, 1.7 μm,
2.1 mm � 150 mm (cat # 186007963 Waters) (see Note 1).

4. KrudKatcher Ultra HPLC In-Line filter, 2.0 μm Depth Fil-
ter � 0.004 in. (cat # AF0-8497, Phenomenex) (see Note 2).

5. 0.5% FA in MQ.

6. 0.5% FA in 95% acetonitrile.

7. Hybride Quadrupole Time-Of-Flight mass spectrometer
equipped with Apollo II Electrospray Ion Source, Impact II
(Bruker).

8. Infusion syringe pump.

9. Bruker otof Control version 4.0 for instrument control.

10. Bruker Compass DataAnalysis version 4.4.

11. Biopharma Compass version 2.0.1519 with GlycoQuest
integrated search engine for glycans.

12. ESI-L Low Concentration Tuning Mix (cat # G1969-85000
Agilent Technologies).

3 Methods

3.1 Protein Buffer

Exchange

1. Reconstitute 500 U of the commercially available C1-inhibitor
drug in 1000 μl of MQ to a concentration of 40 mg/ml [10].

2. A buffer exchange step is required to replace the C1-inhibitor
drug formulation with a buffer that is compatible with the
enzymatic activities.

3. Break off the bottom closure of the micro spin desalting col-
umn. Loosen the lid (do not remove the lid).

4. Place the column in a collection tube (1.5–2 ml) and centrifuge
at 1500 � g for 1 min to remove the storage solution.

5. Discard the flow-through and place the column in the
collection tube.

6. Add 300 μl 20 mM Tris pH 7.5 buffer on top of the resin.
Centrifuge the column at 1500 � g for 1 min and discard the
flow-through.

7. Repeat steps 5 and 6 two more times. Last spin for 2 min.

8. Blot the bottom of the column to remove excess liquid. Place
the column in a new collection tube (1.5–2 ml).
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9. Apply the protein solution on top of the resin (100–200 μl).
10. Centrifuge at 1500 � g for 2 min to recover the flow-through

with antibody in TBS buffer.

3.2 O-Glycoprotein

Digestion

OpeRATOR is an O-glycan specific protease that catalyzes the
hydrolysis of peptide bonds on O-glycosylated proteins,
N-terminally to the glycosylated serine and threonine residues.
OpeRATOR activity is significantly enhanced when the sialic acids
are removed. SialEXO™, is a mix of two sialidases for complete
removal of sialic acids (α2-3, α2-6, and α2-8 linkages). PNGaseF
(see Note 3) is added to hydrolyze all N-glycans to reduce com-
plexity and enable improved detection of the O-glycopeptides. The
N-terminal domain of the C1-inhibitor is heavily O-glycosylated
with glycans of mainly core 1 structure. From this domain, manyO-
glycopeptides can be generated using the OpeRATOR enzyme only
(Fig. 1) (see Notes 4 and 5).

Desialylation
OpeRATOR digestion
N-deglycosylation

Graphite 
Clean-up

Elution in 
organic 
phase

HILIC MS/MS

Serpin domainN-terminal domain

Fig. 1Workflow for site specific determination of O-glycans on the C1 inhibitor protein. The sialic acids and N-
glycans of the glycoprotein are enzymatically removed whilst OpeRATOR digests the protein N-terminally of
the O-glycosylated sites. After sample cleanup on graphite spin columns, the O-glycopeptides are separated
on a HILIC column and analyzed with tandem MS using a collision energy stepping CID fragmentation
technique. The overlapping peptides generated from OpeRATOR digestion will provide information on the
modified sites
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1. Reconstitute OpeRATOR enzyme 2000 U in 50 μl MQ to
40 U/μl.

2. Reconstitute SialEXO enzyme 2000U in 50 μl MQ to 40U/μl.
3. Reconstitute PNGaseF enzyme 300 U in 150 μl MQ to 2 U/μl.
4. Prepare digestion reactions of 100 μg by adding: 37.5 μl

20 mM Tris buffer pH 7.5, 2.5 μl C1-inhibitor (40 mg/ml),
2.5 μl SialEXO (40 U/μl), 2.5 μl OpeRATOR (40 U/μl), and
5 μl PNGaseF (2 U/μl) (see Note 3), resulting in a final
concentration of 2 mg/ml C1 inhibitor, 1 U/μg of SialEXO,
1 U/μg OpeRATOR, and 0.1 U/μg of PNGaseF.

5. Incubate the samples at 37 �C overnight.

3.3 Sample Cleanup

Using Graphite Resin

Prior to analysis by LC-MS, sample clean-up is done on Graphite
Spin columns. The graphite resin efficiently captures hydrophilic
peptides and remove hydrophobic peptides, salts and other con-
taminants that interfere with LC-MS analysis (see Note 6).

1. Remove top and bottom cap of the spin column and place into
a 1.5 ml collection tube.

2. Centrifuge the column at 2000 � g for 1 min to remove the
storage solution.

3. Discard the flow-through.

4. Place the column in the collection tube.

5. Prepare the graphite by addition of 100 μl 1 MNH4OH on top
of the resin and reseal the column with the lid.

6. Centrifuge the column at 2000 � g for 1 min and discard the
flow-through.

7. Repeat the steps 5 and 6 one more time.

8. Activate the graphite with 100 μl 100% acetonitrile.

9. Centrifuge the column at 2000 � g for 1 min and discard the
flow-through.

10. Equilibrate the column by addition of 100 μl 1% TFA on top of
the resin and reseal the column with the lid.

11. Centrifuge the column at 2000 � g for 1 min to remove the
solution.

12. Repeat the steps 8 and 9 one more time.

13. Dilute the entire 50 μl volume of the digested protein sample
with 50 μl 2.5% TFA. Verify that pH is between 2.0 and 2.5
using pH indicator strips.

14. Apply sample (50 μl digest + 50 μl 2.5% TFA) and incubate for
10 min with periodic vortex mixing.

15. Centrifuge the column at 2000 � g for 3 min to remove the
flow-through fraction.
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16. Wash the resin by addition of 100 μl 1% TFA.

17. Centrifuge the column at 2000 � g for 1 min to remove the
solution.

18. Repeat the steps 16 and 17 one more time.

19. Elute O-glycopeptides with 50 μl 0.1% FA in 50% acetonitrile
(see Note 7).

20. Centrifuge the column at 2000 � g for 1 min to remove the
solution.

21. Reapply the eluted volume to the resin and repeat centrifuga-
tion three more times (see Note 8).

22. The organic content of the samples needs to be increased for
retention on the HILIC column. Two options are described
below (see Note 9).

23. Option 1: dry the eluted O-glycopeptides in a vacuum centri-
fuge/concentrator (see Note 10). Dissolve the peptides in
10 μl MQ (see Note 11), then add 40 μl 100% ACN + 0.25 μl
of 100% FA to reach an acetonitrile concentration high enough
for binding to the HILIC column [80% ACN 0.5% FA].

24. Option 2: adjust the eluted sample to approximate starting
conditions of HILIC LC. To 20 μl of eluted sample add 30 μl
of 100% ACN and 0.25 μl 100% FA [80% ACN 0.5% FA]. At a
20 μl injection this is enough organic phase for this sample to
retain the material on this HILIC column (see Note 12).

3.4 Hydrophilic

Interaction

Chromatography and

Tandem MS Analysis

of O-Glycopeptides

Using Stepping

Collision Energy CID

Fragmentation

Technique

Separation of the purified and concentrated O-glycopeptides is
performed on a hydrophilic interaction column where the polar
peptides are retained and eluted in a gradient of increasing water. In
this experiment a Waters Acquity UPLC Glycoprotein Amide Col-
umn 300 Å is used (see Note 1). The O-glycopeptides are analysed
by MS and MS/MS using an Impact II Q-TOF mass spectrometer
(Bruker) interfaced with a standard electrospray ionization source.
In order to gain information on both the glycan structures and the
peptide sequences, fragmentation spectra were acquired at different
collision energies [11]. From the resulting mass spectra, glycopep-
tide spectra were identified based on the presence of diagnostic
oxonium ions and searched for composition matches against a
glycan database. The acquired glycan information is combined
with peptide matches from a theoretical digest of the C1-inhibitor
protein using N-terminal digestion to serine and threonine (Fig. 2).
As a result of the OpeRATOR enzyme specificity, the O-glycosyla-
tion sites can be mapped based on the digestion sites (Fig. 3). Each
identified O-glycopeptide carries a core 1 O-glycan at the
N-terminal serine or threonine residue.
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pep

pep

Fig. 2 Example of combined results from theoretical digest peptide annotation and GlycoQuest glycan
annotation. From the acquired data, the O-glycosylated peptide TSSSSQDPESLQDRGEGKVAT (27-47) HexNA-
cHex could be identified, and as a result of OpeRATOR specificity, the N-terminal threonine was defined as the
site of modification. The identified oxonium ions are those of HexNAcHex (m/z 366.138) and (HexNAc m/z
204.087)

D A T S S S S Q D E P S L Q D R G E G K V A T T V I S K M L F V E P I L E V S S L P T T D S T T N S A

T K I T A D T T D E P T T Q P T T E P T T Q P T I Q P T Q P T T Q L P T D S P T Q P T T G
80 90 100 110 120

30 40 50 60 70

Fig. 3 Peptide map of the O-glycosylation sites of C1 inhibitor. The identified O-glycosylation sites are shown
in bold text. The two most C-terminal sites (T118, T119) could only be inferred from the digestion pattern
without direct identification of a peptide containing the glycosylated amino acid. The sequence variation of O-
glycopeptides is a result of the heterogeneous O-glycosylation
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1. Equilibrate the column with the starting conditions of the
gradient, 10% mobile phase A (0.5% FA in MQ), 90% mobile
phase B (0.5% FA in 95% ACN 5% MQ), using a flow of
0.2 ml/min and a column temperature of 40 �C.

2. The gradient applied is 85 min. Hold 10% A for 0.5 min and
increase to 50% A for 70 min. Wash the column at 95% A for
1 min and reequilibrate the column at 10% A for a minimum of
10 min.

3. Inject 20 μl of the prepared sample (see Note 12).

4. Queued samples are kept at 4 �C in the autosampler.

5. The LC system is connected to the mass spectrometer using the
Apollo II ESI sprayer.

6. Calibrate the MS using the ESI-L Low Concentration Tuning
Mix G1969-85000 Agilent Technologies at a rate of 180 μl/
h using an infusion pump.

7. Applied settings for MS and MS/MS fragmentation analysis
using the defined instrumentation (Table 1) (see Note 14).

Table 1
Applied settings for MS and MS/MS fragmentation

Mode Positive ion mode

Drying gas Nitrogen

ESI source temperature 220 �C

ESI source voltage 4.5 kV

Nebulization gas pressure 1.8 Bar

Nebulization gas flow rate 8.0 l/min

MS spectra rate 2 Hz

Collision gas Nitrogen

Precursor selection range 300–3000 m/z

Quadrupole ion energy 5.0 eV

Collision cell energy 7.0 eV

Isolation and fragmentation Mass 300–1300, 23–65 eV
Increasing with m/z and lower charge state

Stepping RF 800 Vpp, 100 μs
RF 2000 Vpp, 140 μs
Peptide fragmentation:
100% of collision energy, 80% of the time
glycan fragmentation:
50% of collision energy, 20% of the time
(see Note 12)
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8. Convert the acquiredMS/MS data to .xml files in DataAnalysis
v.3.0 and import into Biopharma Compass as singly charges
masses. The Spectra Classifier based on diagnostic MS/MS
spectra features, detects glycopeptide spectra and calculates
the mass of the peptide moiety.

9. Applied classification parameters as follows. The m/z Da sig-
nals of the expected oxonium ions is added in the search:
H-163.0601, N-204.086649, HN-366.139472. Additional
ions that could be present S-H2O-274.092128,
S-292.102693, HNS-657.234889, HS-454.155516
(if missed by the sialidase), HH-325.113471,
HHN-528.192296 and F-147.065185. Accept a distance tol-
erance of 0.02 Da.

10. The classified glycopeptide spectra are searched against a glycan
databank for structure assignment. Here against Glycome DB
(www.glycome-db.org) using the search engine GlycoQuest,
which is integrated in Biopharma Compass. Apply free end and
a glycan composition restriction of H 0-3, N 1-3, S 0-2, F 0-2,
MS tolerance (m/z) 10 ppm and MS/MS tolerance (m/z)
0.05 Da.

11. All glycopeptide spectra with corresponding calculated peptide
mass from the glycopeptide classification are searched for
matches against the known protein sequence (see Note 15).
If the endo-O-protease is not already available in the enzyme
list, add a new enzyme with N-terminal digestion to serine and
threonine residues. The number of missed cleavages needs to
be considered based on the protein sequence as O-glycans are
often present in serine and threonine rich stretches but there is
not an O-glycan at every site.

12. The theoretical digest and glycan search results are combined
to a glycopeptide result.

13. The MS data is processed using DataAnalysis v.3.0. The
acquired intact glycopeptide masses are deconvoluted and the
identity of the peaks are supported by the assessed MS/MS
result (Fig. 4).

4 Notes

1. The glycoprotein amide column used in this experiment
requires a specific conditioning, including injection of a glycan
mix. Follow the column instructions provided by the supplier
prior first-time use.

2. The KrudKatcher Ultra HPLC In-Line filter is used as an
alternative to a guard column to protect the column and pro-
long the lifetime.
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3. Make sure to use a PNGaseF preparation that is free from
detergents, chelating agents, or other substances that may
inhibit the enzymatic activities of the other enzymes. Deter-
gents will in addition interfere with the following graphite
clean up protocol.

4. The O-glycans of the C1 inhibitor studied here, are all situated
at the N-terminal part of the protein. In this heavily O-glyco-
sylated region from amino acid number 27 to 119 there are no
disulfide bonds. The experimental setup may need adjustment
depending on the nature of the specific protein to be studied.
The amino acid sequence in combination with the potential/or
known O-glycan sites, must be evaluated to find out if addi-
tional proteolytic enzymes are required to get O-glycopeptides
of suitable sizes. If there are no N-glycans, PNGaseF can be

TIC

1

2

3

4

5

15(a)

(b)

20 25 30 35 40 45

Time (min)

XIC (204.087)

1

2

3 4

5 6 7
8

9

10

R
el

at
iv

e 
in

te
ns

ity

50

No. P. Range Mr Exp. Mr Theo. Δ ppm G. Composition
1 48 - 62 2082.1140 2082.1058 - 3.96 Hex1HexNAc1-pep
2 48 - 63 2185.1364 2185.1327 - 1.67 Hex1HexNAc1-pep
3 64 - 70 1084.4672 1084.4659 - 1.19 Hex1HexNAc1-pep
4 47 - 63 2635.3183 2635.3177 - 0.22 Hex2HexNAc2-pep
5 76 - 82 1113.5303 1113.5289 - 1.31 Hex1HexNAc1-pep
6 113 - 117 1258.5152 1258.5188 + 2.80 Hex2HexNAc2-pep
7 31 - 46 2079.9450 2079.9444 - 0.29 Hex1HexNAc1-pep
8 106 - 112 1869.7764 1869.7725 - 2.04 Hex3HexNAc3-pep
9 27 - 46 2442.0887 2442.0882 - 0.21 Hex1HexNAc1-pep
10 27 - 47 2543.1353 2543.1358 + 0.22 Hex1HexNAc1-pep

Fig. 4 HILIC-MS analysis of peptides generated by OpeRATOR digestion of the C1-inhibitor protein. (a) The
overlaid TIC and XIC traces of HexNAc oxonium ion (204.087 m/z) confirms that most of the peaks are O-
glycopeptides. (b) A selection of the identified peptide sequences and glycoforms verified by the
corresponding MS/MS data are presented in the table
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excluded. Disulfide bonds can usually be reduced with 4–6 M
urea and up to 100 mM DTT or TCEP in a 1 h reaction at
37 �C. If this step is performed prior enzymatic digestion the
sample need to be adjusted to<1M urea before addition of the
enzymes.

5. As OpeRATOR is the only protease used in this experiment,
the most C-terminal O-glycan sites can only be inferred from
the digestion pattern and not directly detected as a
glycopeptide.

6. If another protease like trypsin is used, the graphite step will
efficiently remove the more hydrophobic peptides that other-
wise would interfere with the analysis, as nonglycosylated pep-
tides generally show higher ionization efficiency in ESI-MS.

7. In the graphite spin protocol elution step, TFA is exchanged
for FA as TFA can cause signal suppression in ESI-MS analysis.

8. If option 1 described below, vacuum centrifugation, is used to
reach the right organic concentration, the O-glycopeptide
recovery can be increased by applying a fresh volume of 0.1%
FA in 50% acetonitrile for each of the repeated elution steps.
The resulting elution fractions are pooled prior to evaporation
in the vacuum centrifuge.

9. It is preferable that the samples are prepared in the operating
mobile phase or (as in this case) in an organic concentration
high enough for the peptides to be retained on the column.
Visually inspect the samples prior injection on the LC as too
high organic phase concentration might precipitate some
peptides.

10. When evaporating acetonitrile–water mixtures, solvent bump-
ing can occur and result in product loss or cross-
contamination. By employing a controlled vacuum ramp this
phenomenon can be avoided. For this mixture, an initial step at
450 mbar for 60 min was used, followed by a second (1 min)
ramp down to 20 mbar where the samples were evaporated to
dryness. Both steps were kept at 40 �C.

11. If the O-glycopeptide samples are evaporated to dryness,
reconstitution is facilitated by the initial addition of a small
volume of MQ, followed by the organic solution.

12. A higher injection amount can compensate to some degree for
the general tendency of glycopeptides to ionize less well. If the
injection volume is increased, the composition of the prepara-
tion buffer is crucial and needs to match the starting mobile
phase conditions to ensure retention of the glycopeptides on
the HILIC column.
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13. The stepping energies and times applied here are according to
Glycopeptide instant expertise™ acquisition method from
Bruker [12].

14. Carbohydrate fragmentation via tandem mass spectrometry
can be achieved using standard collision induced dissociation
(CID) conditions, but to obtain optimal fragmentation data of
the peptide moieties as well, especially with higher m/z ratios,
higher collision energies and increased time is required.

15. The amino acid numbering applied for human C1 inhibitor
analysed in this study is based on the P05155 UniProtKB
entry.
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Chapter 12

Site-Specific O-Glycosylation Analysis by Liquid
Chromatography–Mass Spectrometry
with Electron-Transfer/Higher-Energy Collisional
Dissociation

Noritaka Hashii and Junya Suzuki

Abstract

O-glycosylation is a major post-translational modification of proteins. Accurate and detailed analysis to
reveal O-glycosylation patterns at each site (site-specific O-glycosylation analysis) is essential to deeply
understand glycoprotein function. Recent reports also demonstrated that unintended O-glycosylation
occurs on therapeutic fusion glycoproteins; therefore, it is increasingly important to perform detailed and
exhaustive O-glycosylation analysis during the development of therapeutic glycoproteins. Here, we describe
a method of in-depth site-specific O-glycosylation analysis by liquid chromatography–mass spectrometry
using electron-transfer/higher-energy collisional dissociation (EThcD) and database analysis.

Key words O-Glycosylation, Electron-transfer/higher-energy collisional dissociation, Liquid chro-
matography–mass spectrometry, Database search

1 Introduction

Glycosylation is one of the most common post-translational mod-
ifications in living organisms, including mammals, plants, and fungi
[1]. Protein glycosylation is involved in several biological events
such as cell differentiation and inflammation and in diseases such as
cancer and congenital disorders [2, 3]. Therefore, glycosylation
analysis is important to deeply understand the biological functions
of glycoproteins and pathogenic glycosylation. In addition, recent
reports demonstrated that unexpected O-glycosylation occurred
on therapeutic fusion glycoproteins [4–7]. Detailed and exhaustive
O-glycosylation analysis has become increasingly important in the
development of therapeutic glycoprotein products.

Glycans are classified roughly into two kinds: N-linked glycans
and O-linked glycans. Identification of N-glycosylation sites is easy
because N-lined glycans are attached to asparagine (Asn) residues in
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a consensus sequence (Asn-X-Ser/Thr). On the other hand,
although O-linked glycans are attached at serine (Ser) or threonine
(Thr) residues, identification of O-glycosylation sites is difficult
because the consensus sequence for O-glycosylation is unknown;
there are many kinds of O-glycosylation, such as O-N-
acetylgalactosamine (O-GalNAc), O-N-acetylglucosamine
(O-GlcNAc), O-mannose (O-Man), and O-fucose (O-Fuc) gly-
cans; and heavy O-glycosylation often occurs at sequential multiple
Ser/Thr residues in glycoproteins, including mucins [8, 9].

A new mass spectrometric fragmentation method called elec-
tron-transfer/higher-energy collisional dissociation (EThcD) has
been used for site-specific glycosylation analysis in glycoproteomics
[10]. An EThcD spectrum includes b-, y-, c-, and z-ions. As a result,
EThcD enables a more complete fragmentation of a peptide moiety
than higher-energy collisional dissociation (HCD) or electron-
transfer dissociation (ETD) alone. Previously, we demonstrated
the unexpected O-glycosylation of a commercially available thera-
peutic human glucagon-like peptide-1 (GLP-1)-Fc fusion protein
with a glycine-serine (G4S)3 linker peptide by liquid chromatogra-
phy–mass spectrometry (LC-MS) with EThcD and a database
search [11]. Actually, the glycoprotein sample was tryptically
digested after denaturation using guanidine hydrochloride and
carboxymethylation using dithiothreitol and monoiodoacetate.
The resulting tryptic digests were separated by nano-flow LC with
a reversed-phase column. MS/MS spectra of glycopeptides were
obtained by two acquisition modes: data-dependent HCD-MS/
MS and EThcD-MS/MS. The EThcD-MS/MS data acquisition
was triggered by the presence of glycan oxonium ions in
HCD-MS/MS. Finally, the microheterogeneity of each O-glyco-
sylation site of glycopeptides was determined by a database search
analysis using Bionic™ software as a search engine. Here, we show
our detailed experimental sample preparation, LC-MS conditions
and database search analysis for site-specific O-glycosylation analy-
sis of glycoproteins.

2 Materials

2.1 Sample

Preparation

1. Reaction vial and sample vial: PROTEOSAVE™ SS 1.5 mL
micro tube (Cat. MS-4215 M, Sumitomo Bakelite, Tokyo,
Japan) and 0.3 mL ultra-low adsorption sample vial (Cat.
PSVial100, AMR, Tokyo Japan), respectively.

2. Denaturing buffer (0.5 M Tris–HCl (pH 8.6) containing 7 M
guanidine hydrochloride and 5 mM EDTA): Dissolve 668.7 g
of guanidine hydrochloride in ultrapure water and fill up to
800 mL. Add 60.57 g of Tris–HCl (Trizma Base) and 1.86 g of
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EDTA. Then, adjust to pH 8.6 with 1 M hydrochloric acid and
fill up to 1 L with ultrapure water. Store at room temperature.

3. Reducing buffer (1 M dithiothreitol): Dissolve 7.7 mg of
dithiothreitol in 50 μL of ultrapure water. Freshly prepared.

4. Alkylation buffer (1 M sodium monoiodoacetate): Dissolve
10 mg of sodium monoiodoacetate in 48 μL of ultrapure
water. Freshly prepared (see Note 1).

5. Stopping solution (1 M dithiothreitol solution): Reducing
buffer was used.

6. Desalting solution: Ultrapure water.

7. Digestion buffer (50 mM Tris–HCl buffer, pH 8.3): Dissolve
605.7 mg of Tris–HCl in 80 mL of ultrapure water, then adjust
to pH 8.3 with 1 M sodium hydroxide solution and fill up to
100 mL. Store at 4 �C.

8. Desalting column (PD MiniTrap G-25 column®, Cat.
28-9180-07, GE Healthcare Bio-Sciences, Buckinghamshire,
England): Use the column according to the instruction
manual.

9. Desalting buffer: Ultrapure water. Use in equilibration and
elution processes.

10. PNGase F solution: Dissolve 250 units of PNGase F (Cat.
11-365-193-001,N-glycosidase F®, Roche Diagnostics, Man-
nheim, Germany) in 250 μL of ultrapure water.

11. Trypsin/Lys-C solution: Dissolve 20 μg of Trypsin/Lys-C
Mix, Mass Spec Grade (Cat. V5073, Promega) in 20 μL of
50 mM acetic acid.

12. Analytical buffer: 0.1% (v/v) TFA (trifluoroacetic acid).

2.2 Liquid Chromato-

graphy–Mass

Spectrometry

and Database Search

1. Liquid chromatography: UltiMate 3000 RSLCnano LC system
(Thermo Fisher Scientific).

2. Mass spectrometer: Hybrid ion trap-Orbitrap mass spectrome-
ter (Orbitrap Fusion Lumos mass spectrometer, Thermo Fisher
Scientific).

3. Database search software: Proteome Discoverer 2.0 software
(Thermo Fisher Scientific).

3 Methods

The presented method is composed of three steps: sample prepara-
tion, LC-MS acquisition, and database searching (see Note 2). The
detailed procedures of each step are described below. The buffers,
solutions, vials and columns that are represented by italic letters are
defined in Subheading 2.1.
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3.1 Sample

Preparation:

Preparation of Tryptic

Digests

1. Denaturation: Place a volume of a sample equivalent to 10 μg
of a glycoprotein into a reaction vial, add 50 μL of denaturing
buffer and mix (see Note 3).

2. Carboxymethylation: Add 2.0 μL of reducing buffer after dena-
turation and incubate at room temperature for 30 min. To the
solution, add 4.8 μL of alkylation buffer, incubate at room
temperature for 40 min in the dark, and then add 1.2 μL of
stopping solution to stop the reaction. Remove reagents in the
reaction mixture using a desalting column with desalting solu-
tion according to the instruction manual and then freeze-dry in
a new reaction vial.

3. Add 20 μL of digestion buffer after freeze-drying and dissolve
the carboxymethylated protein completely. Add 10 units of
PNGase F solution and then incubate at 37 �C for 16 h (see
Note 4).

4. Add 5 μL of trypsin/Lys-C solution (see Note 5) and then
incubate at 37 �C for 16 h (see Note 6).

5. Dry by a centrifugal concentrator (Savant SpeedVac SPD1030,
ThermoFisher Scientific) at room temperature, and then add
50 μL of analytical buffer and use as a sample for LC-MS
analysis.

3.2 Liquid Chromato-

graphy–Mass

Spectrometry

1. Analytical conditions of LC.
In this LC system, a sample solution is loaded into a trap

column using a micro-flow pump via a sample loop (Fig. 1).
Adjust the loading time considering the flow rate, sample
volume, and line volume from sample loop to trap column.

(a) Analytical column: Reversed-phase column (Cat.
ES800A, Easy-Spray LC column, C18, 3 μm,
0.075 � 150 mm, Thermo Fisher Scientific).

(b) Trap column: Reversed-phase column (Cat. 752450,
L-column 2 ODS, 5 μm, 0.3 � 5 mm, Chemicals Evalua-
tion and Research Institute, Tokyo, Japan).

(c) Mobile phase A: 0.1 (vol%) formic acid.

(d) Mobile phase B: 0.1% (vol%) formic acid in acetonitrile.

(e) Loading buffer: 0.1 (vol%) formic acid.

(f) Mobile phase flow: Control the gradient by mixing
mobile phases A and B as directed in Table 1.

(g) Flow rate of nano-flow pump: 300 nL/min.

(h) Flow rate of loading pump: 30 μL/min.

(i) Injection volume: 5 μL.
2. Operating conditions for MS.

In this MS operation, spectra are acquired from full-mass
scan, data-dependent HCD-MS/MS using an Orbitrap and
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triggered-EThcD-MS/MS using an ion trap. EThcD-MS/MS
is performed only when glycan oxonium ions from HCD-MS/
MS are detected (Fig. 2). The detailed operating conditions are
as follows:
(a) Electrospray voltage: 2.0 kV in positive ion mode.

(b) Capillary temperature: 250 �C.

(c) Full mass resolution: 60,000.

(d) Full mass range: m/z 700–2000.

(e) Intensity threshold for precursor ions: 2.0 � 104.
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Fig. 1 Illustration of the nano-flow liquid chromatography system. The sample solution is loaded into the trap
column using a loading pump after being loaded in a sample loop

Table 1
Gradient conditions of nano-flow liquid chromatography

Time after injection (min) Mobile phase A (vol%) Mobile phase B (vol%)

0–3 98 2

3–90 98 ! 60 2 ! 40

90–91 60 ! 10 40 ! 90

91–95 10 90

95–96 10 ! 98 90 ! 2

96–125 98 2
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(f) Range of charge state of precursor ions: 3–8.

(g) Dynamic exclusion: 30 s (mass tolerance: �10 ppm).

(h) Conditions for HCD-MS/MS using Orbitrap.
l Resolution: 7500.

l Isolation window: m/z 3.0.

l Collision energy: 30%.

l Maximum injection time: 60 ms.

(i) Targeted mass trigger.
l Glycan oxonium ions: m/z 138.0545 (HexNAc frag-

mentation), 204.0867 (HexNAc), and 274.0921
(NeuNAc).

l Mass tolerance: �15 ppm.

(j) Conditions for EThcD-MS/MS.
l Supplemental activation collision energy: 23% (see

Note 7).

l Isolation window: m/z 3.0.

l Maximum injection time: 250 ms.

3.3 Database Search

Analysis

1. Search engine in Proteome Discoverer: Bionic software (Pro-
teinMetrics, CA, USA).

2. Database: In-house FASTA file for target protein(s).

3. Missed cleavages: One.

Full MS scan using Orbitrap

Filtering based on Intensity and charge state of precursor ion 

Data-dependent-MS/MS by HCD using Orbitrap

Database search analysis

Targeted Mass Trigger based on glycan oxonium ions 

Glycopeptide-targeted EThcD-MS/MS using ion trap 

Fig. 2 Flowchart of triggered electron-transfer/higher-energy collisional
dissociation (EThcD) using glycan oxonium ions as the diagnostic ions of
glycopeptides. Orbitrap, Kingdon trap; HCD, higher-energy collisional
dissociation
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4. Precursor ion mass tolerance: 5 ppm.

5. Mass tolerance for fragment ions in HCD-MS/MS spectra:
20 ppm.

6. Mass tolerance for fragment ions in EThcD-MS/MS spectra:
0.4 Da.

7. Static modification: Carboxymethylation (58.005 Da) for Cys.

8. Dynamic glycosylation modifications: [HexNAc]1
(203.079 Da), [HexNAc]2 (406.385 Da), [Hex]1[HexNAc]1
(365.132 Da), [Hex]1[HexNAc]2 (568.212 Da), [Hex]1[-
HexNAc]1[NeuAc]1 (656.228 Da), [Hex]1[HexNAc]1[-
NeuAc]2 (947.323 Da), [pentose ([Pent])]1 (132.042 Da),
[Pent]1[Hex]1 (294.095 Da), and [Pent]1[Hex]1[NeuAc]1
(585.190 Da) for Ser and Thr.

9. Other dynamic modifications: Deamidation (0.984 Da) of Gln
and Asn and oxidation (15.995Da) ofMet and Trp (seeNote 8).

10. False discovery rate (FDR) for extraction of targeted peptide
spectrum matches: <0.05 at the spectrum level.

11. Site probability threshold of peptide group modifications: 75.
Figure 3 shows a typical base peak chromatogram of

trypsin/Lys-C digests of therapeutic GLP1-Fc fusion protein.
This glycoprotein possesses a small amount of mucin-type
O-glycans, such as on the GLP1 moiety [11]. Precursor ions
from an O-glycosylated GLP1 peptide (HGEGTFTSDVSSY-
LEEQAAK) were eluted at approximately 59 min. As shown in
Fig. 4a, the precursor ion (monoisotopic m/z value,
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Fig. 3 Base peak chromatogram (m/z 700–2000) acquired by LC-MS of tryptic digests of GLP1-Fc fusion
protein
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1035.106; triply charged ion) of a peptide that eluted at
62 min yielded glycan-related oxonium ions by HCD-MS/
MS. The triggered EThcD-MS/MS spectrum of the glycopep-
tide was identified to represent GLP1 bearing the glycan
[Hex]1[HexNAc]1[NeuNAc]2 by database analysis (Fig. 4b).
The corresponding c-type ion and radical z-type ion (z+1)
proved that the glycosylation site is Thr-5 of this glycopeptide.
In addition, the glycan structure was deduced as NeuAc-
Hex-(NeuAc)HexNAc based on a ladder of glycan-related
fragment ions: [peptide + 2H]2+ at m/z 1078, [peptide +
HexNAc + 2H]2+ at m/z 1180, [peptide + HexNAc + Hex +
2H]2+ at m/z 1261, [peptide + HexNAc + NeuAc + 2H]2+ at
m/z 1406, and [peptide + HexNAc + Hex + 2NeuAc + 2H]2+

([M + 2H]2+) at m/z 1553.
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Fig. 4 (a) Higher-energy collisional dissociation (HCD)-MS/MS and (b) triggered electron-transfer/higher-
energy collisional dissociation (EThcD)-MS/MS spectra of the glycopeptide at m/z 1035.106 (3+). The m/z
value of the calculated monoisotopic triply charged precursor ion of the glycopeptide (HGEGTFTSDVSSYLEE
QAAK+[Hex]1[HexNAc]1[NeuAc]2) is 1035.108. [Hex], hexose; [HexNAc], N-acetylhexosamine; [NeuAc], N-
acetylneuraminic acid
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4 Notes

1. Store sodium monoiodoacetate at �20 �C in the dark.

2. Samples must be analyzed using an optimized LC-MS system.
For example, when 100 fmoles of bovine serum albumin is
analyzed, (1) typical precursor ions, such as those appearing
at m/z 582.32, 723.38, and 997.59, are observed in the full
mass spectrum, (2) the coverage rate (%) of the amino acid
sequence is not less than 50%, and (3) multiple individual
analyses show similar peaks at the same retention time. If the
major peaks are asymmetric, check the fittings of the trap
column and analytical column.

3. Change the amount of sample in accordance with experimental
purposes. For example, in the case of an analysis of glycosyla-
tion with high-site occupancy, the amount of protein can be
reduced to approximately 0.1 μg or even less.

4. If you analyze N-linked andO-linked glycopeptides at the same
time, skip this step. However, the presented method is not
optimized for N-glycosylation analysis. It must be noted that
the analysis of glycopeptides having both N- and O-glycosyla-
tion sites could be more difficult due to the complication of
MS/MS spectra caused by predominant fragmentation of
N-glycans.

5. It is recommended that the protease is selected considering the
amino acid sequence of the target glycoprotein. More impor-
tantly, short peptide fragments are not applicable to the
EThcD-MS/MS analysis, which generally requires triply or
more highly charged precursor ions to obtain c-/z-series
fragment ions.

6. Change the incubation time because the digestion efficacy is
different for each protein.

7. The supplemental activation collision energy of EThcD is the
most important parameter to optimize for efficiently generat-
ing c-/z-series ions in the EThcD-MS/MS spectrum. Gener-
ally, the range of collision energy could range from 15 V to
25 V. Optimize the supplemental activation collision energy in
advance.

8. Long-term digestion often leads to unintended chemical mod-
ifications, such as deamidation. In particular, Asn residues next
to Gly are prone to be deamidated even if conventional diges-
tion buffers are used. A database search considering deamida-
tion in addition to O-glycosylation is recommended.
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Chapter 13

Profiling of N-Linked Oligosaccharides of a Glycoprotein
by UPLC-FLR-ESI-MS After Derivatization with Fluorescent
Anthranilamide

Claire I. Butré, Eric Largy, and Arnaud Delobel

Abstract

N-glycans are described to have a large influence on the properties of therapeutic proteins, including safety
and efficacy. For this reason, the extent and type of glycosylation is a characterization parameter for the
analysis of antibodies and other therapeutic proteins. The method described here is a fast and high-
throughput method for identification and semiquantification of N-glycans by HILIC-FLR-ESI-MS. Sam-
ple preparation has been optimized and simultaneous preparation of a large number of samples can be
achieved within a day. The use of MS coupled to fluorescence detection is an additional tool for identifying
the N-glycan type.

Key words HILIC, N-glycan, Monoclonal antibodies, Mass spectrometry

1 Introduction

Glycosylation is a common posttranslational modification of thera-
peutic proteins, including antibodies and fusion proteins. This
linkage of a carbohydrate to a protein is known to influence the
properties of the proteins such as stability, pharmacokinetics, and
safety [1]. For instance, glycosylation is reported to protect the
proteins from in vivo enzymatic degradations. This has been
showed in vitro by comparing the degradation rate of three IgG,
which were either glycosylated or deglycosylated [2]. For the three
examples, faster degradation of the intact protein by papain was
observed for the deglycosylated IgG compared to the glycosylated
ones. Glycosylation is also reported as an influencing parameter of
the cytotoxicity of the proteins. It was for instance showed that the
removal of fucose on Fc-fusion proteins enhances the potent cyto-
toxicity toward target cells [3]. Pharmacokinetics is described to be
related to the mannose content, where high-mannose glycans are
found to increase the clearance rate of proteins [4]. From these
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examples, it is clear that the presence and the type of glycans are
important properties of therapeutic proteins. Consequently, ade-
quate methods for proper identification and quantification of N-
glycans are a prerequisite for antibodies and recombinant proteins
characterization.

Different types of N-glycosylation are found in therapeutic
proteins depending on the host cell. The common core of N-
glycans is made of two N-acetylglucosamine and three mannose
residues (Fig. 1). From this, based on the monosaccharides they
contain, the N-glycans can be defined as high mannose (with only
mannose residues), complex with any number of other type of
monosaccharides, and finally hybrids, with mannose residues on
one branch and other saccharides on the other branch. Subclasses
are defined based on the presence of a fucose residue (fucosylated
glycans) or a sialic acid (charged glycans) and the number of
antenna (tri/tetra antennary glycans).

For complete identification of all types of N-glycans, in the
method presented here, the N-glycans are first cleaved from the
protein using the endoglycosidase PNGase F. The cleaved N-gly-
cans are then derivatized with the chromophore anthranilamide
(2-aminobenzamide), leading to the formation of a Schiff’s base,
which is reduced into a secondary amine as the final reaction
product (Fig. 2). The use of a chromophore allows optical detec-
tion, by fluorescence in this case. With this, the sensitivity of the
analytical method is increased and semiquantification can be per-
formed. If the approach is quite common, the originality of the
method presented here is its high-throughput. Complete sample
preparation including release and derivatization of the N-glycan
can be done within a day, while previous methods would describe
3-day protocols [5]. In addition, besides the short time needed for
deglycosylation, the use of a 96-well plate for purification instead of
a column is a large gain in terms of time thanks to the large number

Fig. 1 Examples of monosaccharide, depicted with symbols according to the CFG (consortium for functional
glycomics)

180 Claire I. Butré et al.



of samples that can be purified simultaneously. Finally, the method
presented here by coupling the fluorescence detection with a mass
spectrometric detection enables N-glycan identification.

2 Materials

All solutions are prepared using ultrapure water (prepared by pur-
ifying deionized water to attain a sensitivity of 18MΩ·cm at 25 �C).
Whenever possible, the use of mass spectrometry grade reagents is
recommended.

2.1 Apparatus 1. UPLC system (autosampler and quaternary solvent manager,
Acquity system, Waters).

2. Q-TOF mass spectrometer equipped with an electrospray ion
source (XEVO G2-XS QTOF, Waters).

3. UPLC BEH Glycan (length 150 mm ID 2.1 mm, particle size
1.7 μm, Waters).

4. Fluorimetric FLR detector for Acquity (Waters).

5. Manifold equipped with a pressure regulation system and
a pump.

2.2 UPLC Preparation 1. Mobile phase A: 100 mM ammonium formate pH 4.5. Weigh
6.31 g of ammonium formate in a 1.0 L volumetric flask and
bring to volume with purified water. Adjust the pH to
4.50 � 0.05 with formic acid.

2. Mobile phase B: acetonitrile.

3. Wash solvent: water–acetonitrile 50:50 v/v.

4. Purge solvent: water–acetonitrile 50:50 v/v.

5. Seal wash solvent: water–methanol 90:10.

Fig. 2 Derivatization reaction of N-glycan by anthranilamide
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2.3 Sample

Preparation

1. 50 mg/mL RapiGest: Dissolve a 1 mg RapiGest vial (Waters,
article no. 186001861) with 20 μL of Rapid PNGase F buffer
5� (Bioke, article no. P0710S) and homogenize with vortex.

2. Derivatization buffer. Weigh 4.0 g of sodium acetate trihydrate
and 2.0 g of boric acid in a 100.0 mL volumetric flask. Dissolve
and bring to volume with methanol.

3. Derivatization reagent. Weigh 300 mg of anthranilamide and
300 mg of cyanoborohydride in an amber 10.0 mL volumetric
flask. Dissolve and bring to volume with the derivatization
buffer. Store away from light (see Note 1).

4. 95% acetonitrile: acetonitrile–H2O (95:5 v/v).

5. 20% acetonitrile: acetonitrile–H2O (20:80 v/v).

6. 0.5 mL Amicon Ultra desalting and concentration devices with
molecular weight cutoff of 3 kDa (Merck Chemicals, article
no. UFC500324) or 10 kDa (Merck Chemicals, article
no. UFC501024).

7. Oasis HLB μelution 30 μm purification plate (Waters, article
no. 186001828BA).

2.4 Standard 1. Dissolve the dextran ladder (Waters, article no. 186006841) by
adding 60 μL of water and 140 μL of acetonitrile to reach a final
concentration of 1 μg/μL.

2. System performance standard. Dissolve the Glyko 2-AB
(Human IgG N-linked glycan library, Prozyme Europe, article
no. GKSB-005) by adding 15 μL of water and 35 μL of
acetonitrile.

3 Methods

3.1 Sample

Preparation (see

Note 2)

Digestion can be done via a one-step protocol or a two-step proto-
col (see Note 3). Both protocols are described below.

3.1.1 N-Glycan

Release—One-Step

Protocol

1. Desalt and/or concentrate samples using 0.5 mL AmiconUltra
centrifugal device with a molecular weight cutoff of 3 kDa or
10 kDa (see Note 4).

2. To 50–250 μg of protein, add 1 μL of Rapid PNGase F per
25 μg of protein and the volume of Rapid PNGase F buffer 5�
necessary to reach a final 1� concentration (i.e., for 10 μL of a
5 mg/mL protein solution, add 3 μL of Rapid PNGase F buffer
5� and 2 μL of Rapid PNGase F).

3. Vortex and centrifuge.

4. Incubate at 50 �C for 30 min.
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3.1.2 N-Glycan

Release—Two-Step

Protocol

1. Desalt and/or concentrate samples using 0.5 mL AmiconUltra
centrifugal device with a molecular weight cutoff of 3 kDa (see
Note 3).

2. To 50–250 μg of protein, add the proper volume of 50mg/mL
RapiGest to reach a final concentration of 10 mg/mL (i.e., for
10 μL of a 5 mg/mL protein solution, add 3 μL of RapiGest in
Rapid PNGase F buffer).

3. Vortex and centrifuge.

4. Incubate at 90 �C for 3 min.

5. Cool down for 3 min at room temperature.

6. Add 1 μL of Rapid PNGase F per 25 μg of protein; aspirate and
dispense to mix.

7. Incubate at 50 �C for 5–30 min.

3.1.3 Derivatization (see

Note 5)

1. After cooling down of the samples to room temperature, add
2 μL of glacial acetic acid.

2. Vortex and centrifuge (see Note 6).

3. Add 100 μL of derivatization reagent, vortex and centrifuge.

4. Incubate at 80 �C for 1 h.

5. After cooling down of the samples to room temperature, cen-
trifuge the samples 1 min at 12,000 � g.

6. Add 1.0 mL of 95% acetonitrile and vortex thoroughly.

3.1.4 Purification 1. Purification is done using Oasis HLB μelution 30 μm purifica-
tion plate Vacuum of 2.5–4.0 in Hg should allow a slow and
steady elution.

2. Condition the wells with 95% acetonitrile (5 � 500 μL).
3. Load the samples (2� 600 μL).
4. Centrifuge samples prior to second addition to ensure com-

plete recovery.

5. Wash the wells with 95% acetonitrile (2 � 200 μL).
6. Elute the N-glycans with 20% acetonitrile (2 � 50 μL) (see

Note 7).

7. Dry the samples using a Speed-Vac (see Notes 8–10).

8. Dissolve the samples in water–ACN 30:70 v/v (see Note 11).

3.2 UHPLC

Separation

1. Inject 4–8 μL (see Notes 12 and 13).

2. The detector parameters are set to λexcitation ¼ 330 nm and
λemission ¼ 420 nm with a gain of 10 (see Note 14).

3. Samples are kept at 10 �C.

4. Column temperature is set to 40 �C.
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5. The gradient is 0–2 min isocratic on 70% B at 0.4 mL/min,
2–34.8 min; linear gradient from 70% to 53% B at a flow rate of
0.4 mL/min, followed by 34.8–36 min a linear gradient from
53% to 20% B with flow rate decreasing to 0.25 mL/min;
36–39 min, isocratic on 20% B at 0.25 mL/min; 39–40 min
from 20% to 70% B and flow rate up to 0.4 mL/min; and
40–45 min isocratic on 70% B at 0.4 mL/min.

3.3 MS Conditions 1. Samples are analyzed with an hyphenated Q-TOF MS spec-
trometer, in positive sensitivity ESI mode. Parameters listed
below are provided for a Xevo G2-XS QTOF (Waters) and
should be adapted for other MS systems.

2. The cone voltage is set to 80 V and the capillary voltage to
2.75 kV.

3. The source temperature is 120 �C and the cone gas flow is
100 L/h.

4. The desolvation gas temperature is 500 �C with a desolvation
gas flow of 800 L/h.

5. Acquisition is done between m/z 100 and 2500 with a 1 s scan
time. Acquisition is done in MSE mode (as defined by Waters,
allowing both MS and “MS/MS-like” acquisition without prior
knowledge of them/z to be fragmented) with a low energy of 6V
and high energy ramp from 20 to 30 V (seeNote 15).

6. Identification of the N-glycan obtained after derivatization
is performed based on a glucose unit (GU) calibration (see
Note 16) (dextran ladder, Fig. 3)) and confirmed with m/z
determined by mass spectrometry (using a database of the
software UNIFI, Waters for instance) (see Note 17).

Fig. 3 Fluorescence chromatogram of the dextran calibration ladder
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7. Further confirmation can be obtained from the high energy
MS data (obtained with theMSE mode). Relative abundance of
each N-glycans is reported as relative fluorescence % peak area.
Additionally, abundance can be reported by type of N-glycans
(antennary number, sialylated, etc.).

8. Examples of chromatograms are provided in Figs. 4, 5, 6, 7.

Fig. 4 Fluorescence profile of the Glyko-2-AB-standard and peak annotation

Fig. 5 Fluorescence profile of Ribonuclease B (rich in mannose) with peak assignment
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4 Notes

1. Derivatization reagent cannot be stored more than a week and
should be stored away from light.

2. Optimal protein amounts are 50–250 μg and protein concen-
trations of 1–10 mg/mL. Typical preparation is performed
with 50 μg of protein. Protein amount can be scaled up to
250 μg when identification of species in low abundance is
needed.

3. In some cases, the one step protocol is not fully efficient to
remove some of the glycans, for instance N-glycans found on

Fig. 6 Fluorescence profile of Adalimumab with peak assignment and summary by glycan type

Fig. 7 Fluorescence profile of Fetuin with peak assignment
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the Fab of some mAb. The additional step of denaturation of
the mAb in the presence of Rapigest as surfactant in the
two-step protocol allows for a complete deglycosylation of
the mAb. If no denaturant is added, mAb might precipitate.

4. The efficacy of the N-glycan release might be affected by
molecules present in the buffer. SDS is known to inhibit the
PNGase F for instance.

5. From the derivatization step onward, the sample should be
protected from light.

6. After addition of acetic acid, a white precipitate may be visible.

7. Elution may be performed with larger volumes (2 � 100 μL) if
the expected signal is low (e.g., for low amounts or very het-
erogeneous profile).

8. A drying step is necessary as the solvent used for elution is not
compatible with the starting conditions of HILIC separation.
Samples are then dried and resolubilized.

9. Partial desialylation might occur if the temperature in the
Speed-vac rises above 28 �C.

10. As an alternative to speed-vac, samples can be freeze-dried.

11. Samples should be directly injected after resolubilization. Dry
derivatized glycans can be stored for longer periods at �20 �C.

12. Column should be perfectly equilibrated with at least 20 col-
umn volumes as N-glycan identification relies on retention
times.

13. Before injecting the samples, the gradient should be run three
times (no injection) to ensure proper column equilibration.

14. Gain should be adapted to increase signal-to-noise ratio.

15. The calibration of the QTOF is performed by infusion of for
instance a solution of NaI (2 mg/mL)/CsI at 2 mg/mL in
50:50 H2O–isopropanol (v/v) on m/z acquisition range
100 to 2500. External multipoint calibration is based on singly
charged ions.

16. The dextran ladder (mixture of glucose polymers at different
lengths) should be injected twice at the beginning of the
sequence and twice at the end of the sequence. It can addition-
ally be injected every 6 injections in duplicate.

17. Before detailed data analysis, the following points should be
checked. There should not be significant offset between the
fluorescence and MS detection. There should also not be sig-
nificant retention time drift along the sample set as identifica-
tion relies on retention time.
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Chapter 14

Evaluating N-Glycosylation of a Therapeutic Monoclonal
Antibody Using UHPLC-FLR-MS with RapiFluor-MS Labeling

Rosie Upton, James Duffy, Sam Clawson, and David Firth

Abstract

Released N-glycan analysis using the fluorescent label 2-AB (2-aminobenzamide) has been the “gold
standard” method for released glycan analysis for several years. The more recent RapiFluor-MS™ labeling
technique, however, offers enhanced mass spectrometric detection of released N-glycans, improving the
sensitivity and detection limits of the method. The optimized multidimensional detection offers increased
confidence in glycan identification which can be further supported by an exoglycosidase digestion array
(optional). Here we describe the PNGase F release of N-glycans from a typical IgG1 monoclonal antibody
(mAb) with subsequent labeling with RapiFluor-MS™ for detection by HILIC-FLR-MS. The method
output quantifies the relative proportion of each glycan species including core afucosylation, sialylation, and
high-mannose content, and has a limit of detection (LOD) of 0.01% relative abundance.

Key words Antibody, RapiFluor-MS™ labeling, LC-MS, Glycan profiling

1 Introduction

All IgG monoclonal antibodies (mAbs) [1] contain the prerequisite
sequon forN-glycosylation (-Asn297-X-Ser/ Thr-), where X can be
any amino acid except proline) [2]. Typically this sequon occurs
within the CH2 domain of the Fc region [3]. The dominant glyco-
forms observed in IgGs expressed from CHO cells are G0F, G1F,
and G2F, each of which contain the same trimannosyl core [4]. In
biantennary complex oligosaccharides, two GlcNAc residues link
this core to any galactose units, denoted G. The F denotes the
presence of core fucosylation and for high-mannose species the
integer refers to the total number of mannose subunits connected
to the chitobiose core (GlcNAc-GlcNAc).

The degree and variety of glycosylation can significantly affect
structural conformation, binding affinities and in some cases the
mechanism of action, which, in turn, can impact the efficacy and
toxicity of the therapeutic, ultimately affecting patient safety. In
particular, high-mannose species have been linked to increased
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serum clearance rates [5], NGNA sialic acids and α-galactose spe-
cies can have a negative impact upon immunogenicity [6] and
afucosylation (lack of core fucose) has been shown to positively
affect binding to immune receptor cells therefore enhancing certain
mechanisms of action [7, 8]. These glycan species are typically
present in low abundances in mAbs yet can cause inordinately
large changes toward effector function activities [9]. N-linked gly-
cosylation is therefore classed as a critical quality attribute (CQA)
by pharmaceutical manufacturers and governing bodies who
require comprehensive characterization and monitoring through-
out both the development and batch release testing stages of any
mAb product [10].

The mAb glycan profile can be determined in situ either
connected to the intact mAb or to Fc/2 fragments (e.g., following
IdeS digestion). Analysis of a glycosylated protein however, can add
complexity to the data and reduce the mass accuracy of the experi-
ment, yielding quantitative information only for the most abundant
glycan species. A more precise and homogeneous approach is to
detach the glycans from the mAb protein, label them to aid detec-
tion, and then purify the sample to isolate the labeled released N-
glycans. One of the most frequently used labels in recent years has
been 2-aminobenzamide (2-AB) which binds to the glycan via
reductive amination in a 1:1 ratio allowing for simple relative
quantification calculations based on fluorescence detection
[11]. The main limitation of 2-AB, however, is its poor ionization
efficiency which can lead to nonreproducible and low-quality MS
data, suppressing the benefit of MS detection. The specifically
designed Waters RapiFluor-MS™ glycan label also binds in a 1:1
ratio and contains a quinoline fluorophore to facilitate fluorescence
(FLR) detection and incorporates a tertiary amine group for
enhanced ESI+ MS ionization (see Fig. 1). The RapiFluor-MS™
label has therefore been optimized for two-dimensional detection
to allow for quantitative FLR and reproducible qualitative MS
outputs [12].

Incorporating sensitive MS detection offers significantly
improved limits of detection (0.01%), separation and relative

Fig. 1 Released N-glycan structure following RapiFluor-MS™ derivatization
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quantification of fluorescently coeluting species and increased con-
fidence in low-abundance glycan assignments, equivalent to a more
sensitive and robust method.

This chapter presents the Waters UHPLC-FLR-MS method
utilizing the RapiFluor-MS™ released N-glycan kit but incorpo-
rates manual identification and interpretation of the data. The
method involves the enzymatic removal of N-glycans from the
mAb protein, labeling ready for fluorescent and MS detection and
purification to homogenize the sample. Hydrophilic interaction
liquid chromatography (HILIC) is used to separate the hydrophilic
glycan moieties prior to FLR detection and use of a Dextran Ladder
(see Note 1) provides FLR retention time calibration, specific to
glycan analysis, for accurate identification. Detection by MS then
offers increased experimental sensitivity and assignment confi-
dence. Due to the presence of isobaric species within the glycan
population, mass alone is not always sufficient to confirm identity.
This method therefore incorporates an optional exoglycosidase
digestion array to sequentially cleave the glycan residues which
then offers structural information to aid confidence in certain
glycan assignments. This additional step has greater benefit for
more complex samples such as Fc-fusion proteins where larger,
hybrid glycan species are more prevalent; however, the principal
aspects are demonstrated for a typical IgG1 as part of this chapter.

2 Materials

Prepare all solutions using ultrapure Milli-Q water (18 MΩ-cm)
and LC-MS grade reagents. All reagents should be stored at room
temperature and used on the day of preparation (unless indicated
otherwise).

2.1 Sample

Preparation

1. RapiGest™ surfactant: 5% (w/v) RapiGest™ SF surfactant.
Dissolve a 3 mg vial of RapiGest™ in 60 μL GlycoWorks
Rapid™ buffer. Gently swirl to mix.

2. Deglycosylation enzyme: GlycoWorks™ Rapid PNGase F.

3. RapiFluor-MS™ labeling solution: Dissolve a 9 mg vial of
RapiFluor™ labeling reagent in 131 μL dimethylformamide
(DMF). Vortex briefly.

4. HILIC μElution SPE plate and vacuum manifold block.

5. SPE equilibration solution: 85% acetonitrile in water. Use
within 1 month of preparation.

6. SPE sample wash solution: 90% acetonitrile + 0.1% formic acid
in water. Use within 1 month of preparation.

7. Elution buffer: 95% ammonium acetate, 5% acetonitrile.

8. Sample diluent: 68% acetonitrile, 32% DMF.
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9. Dextran ladder. Dissolve a 50 μg vial of RapiFluor-MS™Dex-
tran Ladder in 100 μL Milli-Q water. Subdivide into 15 μL
aliquots and store at�80 �C. Use all aliquots within 12 months
of preparation.

2.1.1 Exoglycosidase

Digestion (Optional)

1. QA-Bio CarboSeq™ N Kit: includes 5� Reaction Buffer,
pH 5; α-(1-2,3,6,8,9) sialadase; β-(1-4)-galactosidase; and
β-glucosaminidase.

2. Elution buffer and sample diluent (as above).

2.2 Mass

Spectrometer Setup

1. Analytical column: Acquity UPLC BEH Amide, 130 Å,
1.7 μm, 2.1 � 150 mm.

2. Time-of-flight calibration lockspray (seeNote 2): 200 fmol/μL
[Glu1]-Fibrinopeptide B. Firstly prepare a stock Glu-Fib solu-
tion (32 pmol/μL). Weigh 0.1 mg Glu-Fib and dissolve in
2 mL of 0.1% acetic acid in 50% methanol(aq). Subdivide into
625 μL aliquots and store at �80 �C. Use within 12 months of
preparation. For the 200 fmol/μL final solution, take a 625 μL
aliquot and add to 100 mL 0.1% formic acid in 50% acetoni-
trile(aq). Use within 6 months of preparation.

3. Mobile phase A and wash: 50 mM ammonium formate,
pH 4.4. Add 10 mL Waters 5050 mM ammonium formate
solution to 1 L of LC-MS grade water (see Note 3). Mix well
and use within 1 month of preparation.

4. Mobile phase B and purge wash: Acetonitrile. Use manufac-
turer’s expiry date.

5. Seal wash: 50% acetonitrile in water. Use within 3 months of
preparation.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Sample

Denaturation

and Deglycosylation

1. Set a heat block to at least 90 �C and a second heat block to
50 � 2 �C.

2. Dilute the mAb sample to 2 mg/mL with Milli-Q water and
vortex-mix.

3. In an Eppendorf tube, add 15.3 μL of Milli-Q water and 6 μL
of 5% RapiGest™ to 7.5 μL (15 μg) of sample. (For a control
blank combine 22.8 μL of Milli-Q water with 6 μL of 5%
RapiGest™ and prepare in the same way as the protein
samples).
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4. Vortex-mix and heat at a minimum of 90 �C for 3 min in the
heating block.

5. Allow the samples to cool to room temperature for 5 min and
then centrifuge briefly.

6. Add 1.2 μL Rapid™ PNGase F and vortex-mix.

7. Heat the samples at 50 � 2 �C for 5 min in a heating block.

8. Allow samples to cool to room temperature for 5 min and then
centrifuge briefly.

3.2 Glycan Labeling 1. To the deglycosylated sample add 12 μL of the RapiFluor-
MS™ labeling solution and vortex-mix.

2. Allow labeling to occur at room temperature for 5 min.

3. Dilute the labeled samples with 358 μL acetonitrile and vortex-
mix.

3.3 SPE Cleanup 1. Place the HILIC μElution plate over a waste collection plate
and condition the wells with 200 μL Milli-Q water. Place onto
the vacuum block and pass through using minimal pressure (see
Note 4).

2. Equilibrate the wells with 200 μL of 85% acetonitrile. Place
onto the vacuum block and pass through using minimal
pressure.

3. Load the labeled samples (~400 μL) into the conditioned wells
and pass through using minimal pressure.

4. Wash each well with 2 � 600 μL 90% acetonitrile + 1% formic
acid and pass through using minimal pressure.

5. Swap the waste collection plate for a 1 mL sample collection
plate and elute the labeled glycans using 3 � 30 μL Elution
Buffer using minimal pressure.

6. Dilute the eluted glycans with 310 μL Sample Diluent and mix
by aspiration. (For optional exoglycosidase digestion do not
perform this step and move to Subheading 3.4).

7. Transfer 200 μL of each sample to a UPLC vial and place in the
UPLC autosampler (set to 10 �C) ready for injection. The
labeled glycans can be stored for 72 h at 2–15 �C before expiry.

3.4 Exoglycosidase

Digestion (Optional)

For the following enzymatic digestions an incubator will need to be
set to 37 � 2 �C.

1. Following Subheading 3.3, step 5, centrifuge and split the
labeled glycan sample into 4 � 15 μL aliquots.

2. To one of the four aliquots add 52 μL Sample Diluent, vortex-
mix, transfer to a UPLC vial and submit to the autosampler
ready for injection.
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3. To the remaining three aliquots, add 2 μL Reaction Buffer and
2 μL Sialidase. Cap one of the three aliquots, vortex-mix and
incubate at 37 � 2 �C overnight (see Note 5).

4. To the remaining two aliquots add 2 μL β-Galactosidase. Cap
one aliquot, vortex-mix and incubate at 37 � 2 �C overnight
(see Note 5).

5. To the remaining aliquot add 2 μL β-glucosaminidase. Cap,
vortex-mix, and incubate at 37 � 2 �C overnight (see Note 5).

6. After overnight incubation, evaporate the exoglycosidase
digested glycan samples to dryness using a centrifugal evapora-
tor (lamp off, aqueous setting) for approximately 90 min.

7. Reconstitute the evaporated samples with 15 μL Elution Buffer
and gently vortex until the glycan sample (any visible pellet) is
dissolved.

8. Dilute the dissolved glycans with 52 μL sample diluent, vortex-
mix briefly, and transfer to the UPLC vial before placing the
samples in the UPLC autosampler. Analysis of samples on the
day of preparation is recommended (see Note 6).

3.5 LC-FLR-MS

Analysis

The method utilizes a Waters Vion Mass Spectrometer coupled to
an Acquity H-Class Bio UPLC system with Fluorescence detection.
UNIFI™ v1.8 controls the system, the acquisition of raw data, and
the processing of acquired data.

1. Connect the solvent lines to the corresponding mobile phases
and reagents (see Table 1). Purge all lines for a minimum of
5 min.

2. Connect the analytical column detailed in Subheading 2.2,
item 1. Flush the column with a mobile phase ratio of 25:75
(A:B) at a flow rate of 0.4 mL/min for a minimum of 10 min.

3. Set up a Glycan analysis method within UNIFI™ to include the
critical parameters detailed in Table 2. All other parameters
were left as default settings.

Table 1
Summary of the LC-MS mobile phases and wash solutions

Solvent line Composition

Mobile phase A 50 mM ammonium formate, pH 4.4

Mobile phase B Acetonitrile

Wash 50 mM ammonium formate, pH 4.4

Purge wash Acetonitrile

Seal wash 50% acetonitrile(aq)
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4. Set up a sample set within UNIFI™. Include a column condi-
tioning and blank injection (see Notes 7 and 8, respectively)
first and then inject 1 μL of Dextran Ladder reference standard
(see Note 1) before and after the released N-glycan samples.
Define the dextran ladder as a standard in the sample set. Blank
and sample injections are 30 μL.

5. Post analysis, flush the column with 50:50 (A:B) at 0.2 mL/
min for a minimum of 10 min prior to storage.

3.6 Released

N-Glycan Analysis

The experimental output from this method consists of a total ion
chromatogram (TIC), a base peak intensity (BPI) trace, and a
fluorescence (FLR) spectrum per sample.

Table 2
Critical parameters required for the LC-MS analysis of released N-glycans

HILIC Gradient

Time 
(min)

Flow Rate 
(mL/ min)

Composition 
A (%)

Composition 
B (%)

0.00 0.400 25.0 75.0
35.00 0.400 46.0 54.0
36.50 0.200 100.0 0.0
39.50 0.200 100.0 0.0
43.10 0.200 25.0 75.0
47.60 0.400 25.0 75.0
60.00 0.400 25.0 75.0

Autosampler 
Temperature 10°C

Column Temperature 60°C

FLR Excitation 
Wavelength 265 nm

FLR Emission 
Wavelength 425 nm

Mass Analyser Mode Sensitivity

Capillary Voltage 3 kV

Cone Voltage 80 V

Source Temperature 120°C
Desolvation Gas 

Temperature 350°C

Analysis Run Time 60 minutes

MS Scan Range m/z 500-2500

Lock Mass m/z 785.8421
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1. Make a note of the dextran ladder retention times from the
FLR trace for each peak and edit the method to include the
experimentally determined values (see Note 9).

2. Integrate the chromatograms using the parameters outlined in
Table 3 (see Note 10).

3. UNIFI will generate a table which includes glycan assignment,
peak area, relative percentages, GU values, and retention times.
Some assignments will have mass information too based upon
the glycan library; however, the standard approach within
UNIFI is to assign glycans based on GU values-not mass (see
Note 11).

4. Export the UNIFI results table into Excel and add a column for
observed m/z.

5. Extract the mass spectrum from each of the TIC peaks identi-
fied by UNIFI and make a note of all species observed at that
retention time in the observed m/z column (see Note 12).

6. Using the Excel version of the Waters library assign the
detected masses to expected glycan species. For glycan species
not present in the Waters library a manual assignment will need
to be calculated (see Note 13).

7. The final Excel table consists of all identified glycan assign-
ments with their respective retention time, FLR peak area,
relative FLR peak area (%) (see Note 14), GU value, m/z, and
mass. Figure 2 shows an annotated FLR trace based upon the
glycan assignments.

3.7 Optional

Exoglycosidase

Digestion

The main benefit from performing the additional exoglycosidase
array is an increased confidence in N-glycan assignments. Due to
the high number of structural variants, particularly for the larger
glycans, mass alone is often not sufficient to confidently define the
specific glycan species. The use of enzymes to sequentially cleave
residues from the RapiFluor-MS™ labeled oligosaccharides can
provide a visual representation of how the glycans are structured.

Table 3
Typical integration parameters (find 2D peak setting in UNIFI)

Parameter Value

Integration window 7–30 min

Peak width 0.14

Lift off 0%

Touchdown 0%

Peak rejection Min area ¼ 10,000
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1. Process the data in the same way as detailed in steps 1–7.

2. Compare the results from each digestion (see Note 15).

4 Notes

1. The dextran ladder consists of increasing glucose residues
connected to one another (G1, G2, G3, etc.) which are fluo-
rescently labeled. It is designed to be run under a specific
HILIC gradient which gives sequential separation (see Fig. 3)
according to the number of glucose units; producing a reten-
tion time calibration curve. This serves to compensate for
inherent interinjection retention time drift and variability

Fig. 2 HILIC-FLR trace representing the RapiFluor-MS™ labeled N-glycans released from a typical IgG1 mAb

Fig. 3 An example RapiFluor-MS™ dextran ladder HILIC-FLR chromatogram
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between HILIC assays and LC systems. The Dextran Ladder is
coupled to a glycan library supplied by Waters whereby specific
GU (Glucose Unit) values are assigned to specific glycans
which can help in glycan identification. However, if an alterna-
tive HILIC gradient is required to improve separation (for
example) then the Dextran Ladder library is not compatible.

2. The mass correcting lockspray contains the peptide [Glu0]-
fibrinopeptide B (m/z 785.8421, 2+) which is infused simulta-
neously alongside the sample. At systematic intervals the baffle
position in the source region of the mass spectrometer switches
to block sample infusion and enable Glu-Fib infusion; such that
both can be recorded within a single analysis. The lock mass
acts as an internal calibrant to correct for any time-of-flight
drift, resulting in improved mass accuracy.

3. If preparing the ammonium formate solution from scratch, it is
advisable to avoid adjusting the pH with hydrochloric acid as
this can cause chlorine adducts, which affect the sensitivity of
the MS dimension of the assay; formic acid is a better alterna-
tive modifier for MS reagents.

4. If the samples are passed through the solid phase too quickly
then the recovery rate could be affected, but applying no
pressure and relying on gravity would significantly increase
the analysis time. Applying a small amount of pressure there-
fore provides sufficient interaction with the extraction phase
and keeps sample preparation time down. Do not cover any
wells of the SPE plate that are not being used as this will cause a
pressure build up and will draw the sample through too quickly.

5. Overnight digestion is recommended by the supplier. Shorter
incubation times may be successful but need to be optimized
on a case-by-case basis.

6. Evaporation of the organic sample diluent has been observed
for samples stored in the LC autosampler for more than a day
which can affect chromatographic peak shape and separation.

7. Conditioning the UHPLC system and HILIC column prior to
the analytical run is best achieved by injection of a RapiFluor-
MS™ labeled glycan sample. From experience, an equilibration
injection of a control blank is less effective.

8. For released N-glycan analysis, the MS range covers m/z
500–2500. Analysis of a blank is essential to allow for the
comparison of instrument/setup related background noise
with peaks of interest. A background subtraction can be per-
formed within UNIFI which can clarify the data.

9. Retention time shifts can affect the GU values so updating the
expected retention times with the experimentally determined
values during each run ensures that the GU retention time
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calibration is accurate. Typically, values for G4-G13 cover the
retention time range of the eluting glycans.

10. Although standard software parameters integrate the majority
of the chromatographic peaks for mAbs, it is worth checking
that the automatic processing is correct. In particular,
shoulders and smaller peaks can be missed and raised baselines
can result in misplaced dropdowns. The peak rejection param-
eter may need to be altered depending upon the overall
response of the data or depending on specific experimental
thresholds. Selected parameters and any amendments to the
automatic processing need to be kept consistent across repeat
analyses to ensure a true experimental comparison. The data
will also need to be reprocessed to account for any manual
changes—ensure “keep manual changes” is selected when
reprocessing.

11. A current limitation of relying on the glycan library within
UNIFI is that only a single assignment can be made per glycan.
To overcome this and to utilize the extensive MS data available,
use the Investigate mode within UNIFI to manually search for
and identify the glycans associated with each FLR/TIC peak
based on mass.

12. Some glycan species coelute under a single FLR peak. For
example, G1 and Man5 regularly coelute under the standard
gradient conditions used; however, they are easily separated by
mass (m/z 895.86 and 773.81, respectively). The intensities of
the MS signals for coeluting glycan species can be used to
estimate the relative proportion of each, with respect to the
overall area of the FLR peak. Ammonium, sodium, and potas-
sium adducts are frequently observed alongside individual gly-
can species, particularly the larger ones. These help support the
original glycan assignment but should not be mistaken for
additional glycan species, even if the adduct variant is more
abundant than the protonated glycan-as can be the case for
Man8, for example. Figure 4 illustrates the most common
adduct species observed via this method. In-source fragment
ions may also be detected. G1F, for example, might be present
as both a source ion of G1F+GN (~0.2%) as well as an abun-
dant chromatographically resolved glycan species (~30–40%).
The GU value will help differentiate these, given that a smaller
glycan will typically elute from the column at an earlier reten-
tion time, whereas an in-source fragment ion will be detected at
the same time as the precursor ion (see Fig. 5).

13. For detected signals that do not match components of the
Waters library, a GU value will not be available. A good starting
point for manual assignment is to highlight any patterns within
the positively assigned glycans (e.g., frequent loss of GN or
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sequential high mannose species) and to perform systematic
additions or subtractions of different monosaccharide subunits
until the mass matches that of the unknown. Occasionally a
detected species will remain unidentified; however, an exogly-
cosidase digestion array may help with assignment. The Waters
library is not exhaustive but can be added to manually over
time based on acquired data.

14. Once all assignments (if possible) have been made, use Excel to
calculate the % relative abundance of glycans within the popu-
lation by dividing each response by the sum of all responses.
Typically the most confident glycan assignments are made for
species at >0.05% relative abundance. Anything below this
threshold, that has not been identified based on mass, might
be removed from the spreadsheet; Excel will update the
calculations.

15. Following sialidase digestion, all sialylatedN-glycans should be
converted to their nonsialylated equivalents, provided that the
sialic acid residue is directly connected to a terminal galactose
residue; for example, G1FS1-GN and G2FS2 become
G1F-GN and G2F, respectively. Similar changes are observed
following combined sialidase, galactosidase, and glucosaminase
digestions until only high mannose species remain undigested.
An example of where this is particularly helpful is the case of
Man4F+2GN and G1F’, which are isobaric and coelute. Fol-
lowing galactosidase treatment G1F’ would be converted to

Fig. 4 A typical mass spectrum for the Man8 glycan species highlighting the most commonly observed method
specific adducts
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G0F with Man4F+2GN remaining unaffected. Subsequent
glucosaminase digestion would then convert G0F to Man3F,
along with the majority of other glycan species, whereas
Man4F+2GN would increase the observed signal for Man4F.
Figure 6 summarizes an example exoglycosidase data set which
demonstrates the structural conversions following each
sequential cleavage.

Fig. 5 Extracted mass spectra for (a) G2F [1049.92]2+, (b) G1F [968.89]2+, and (c) G1F+GN [1070.39]2+. The
signal consistent with G1F observed in mass spectrum (c) is a source ion due to the same retention time as
G1F+GN and results from the loss of GN. Each species has associated adducts to the right side of the main
peak, as detailed in Fig. 4
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Chapter 15

Routine Analysis of N-Glycans Using Liquid
Chromatography Coupled to Routine Mass Detection

Ximo Zhang, Vithiya Vimalraj, and Mitul Patel

Abstract

Analysis ofN-glycans are commonly conducted via enzymatic release, labeling, and liquid chromatography
(LC) separation and fluorescent detection. Mass spectrometry (MS) has been increasingly used as an
orthogonal detection method to provide additional structural information and increase the confidence of
N-glycan analysis. In this chapter, we describe a method to perform routine analysis ofN-glycans including
the sample preparation with a signal-enhancement label, LC-MS data generation, and data analysis. Using
this method, up to 24 N-glycan samples can be prepared at one time and analyzed by LC-MS. With the
addition of automation platform, up to 96 N-glycan samples can be prepared and analyzed in a high-
throughput manner.

Key words LC-MS, N-glycan analysis, Routine mass detection, High-throughput analysis, Automa-
tion, Critical quality attribute, Cell line development, Process development, Analytical characterization

1 Introduction

N-glycosylation is a complex posttranslational modification of pro-
teins and plays a critical role in protein folding, solubility, stability,
pharmacokinetics, pharmacodynamics, and efficacy [1, 2]. Glycan
profile differences in galactosylation, fucosylation and sialylation
are now well studied as these specific glycans can influence the
differential IgG functions which range from activating complement
and triggering antibody-dependent cellular cytotoxicity to inhibi-
tory or anti-inflammatory properties [3]. In addition, variation in
glycoform can control the potency and clearance of therapeutic
antibodies and stimulate immunogenic responses [4, 5]. Therefore,
glycosylation is one of the critical quality attributes and is of major
interest in both academic research and in biotherapeutic process
development [6]. Regulatory authorities strongly encourage inno-
vators in monitoring the type of glycan species, position, and level
of sialylation [7]. They are also increasing the demands placed upon
manufacturers to demonstrate how process can affect the glycan
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composition and mandate human-friendly and consistent glycosyl-
ation to be retained within stringent limits to ensure safety and
efficacy [1, 8].

Comprehensive N-glycan analysis is extensively performed in
the biopharmaceutical industry to aid the final cell line selection,
process development, and selection of the manufacturing process.
There are several state-of-the-art analytical technologies for the
identification and relative quantification of N-glycans. The most
commonly used analytical approaches for the structural elucidation
of carbohydrates derived from glycoproteins include liquid chro-
matography (LC), capillary electrophoresis (CE), nuclear magnetic
resonance spectroscopy (NMR) and mass spectrometry (MS)
[9]. Structural elucidation of N-glycans is demanding due to its
inherent high diversity and complexity and usually a blend of
multiple methods is used to provide the required information
[10]. Released glycans are derivatized in most of the approaches
to accelerate their separation, detection (fluorescence or MS) and
improve sensitivity. There are various derivatization strategies that
are applied and reductive amination, hydrazide labeling and per-
methylation are some of the widely employed labeling steps [11]
Labeling compounds that are routinely used for reductive amina-
tion reaction are 2-aminobenzamide (2-AB), 2-aminobenzoic acid
(2-AA) and 1-aminopyrene-3,6,8-trisulfonic acid (APTS)
[11]. Normal Phase-HPLC has previously been used for relative
quantification of 2-AB or 2-AA-labeled released N-glycans as a
golden standard method. In this chapter, the methodology and
application of a robust and sensitive N-glycan workflow that con-
tains important attributes such as rapid tagging of reactive group
with efficient fluorophore and enhanced ionization MS detection is
described. Both manual and high-throughput aspects of this N-
glycan method which employs hydrophilic interaction chromatog-
raphy (HILIC) separation are covered.

2 Material

This section summarizes the materials needed for preparing 8 N-
glycan samples released from monoclonal antibody. For 16 or
24 samples, scale up the volume of reagents and buffers
accordingly.

2.1 Material

for Sample Preparation

of Released N-Glycan

1. Heat blocks: two separate modular heat blocks for 1 mL tubes
with ability to heat up to more than 90 �C (see Note 1).

2. SPE equipment: a 96-well SPE extraction vacuum manifold,
a SPE extraction pump, and a vacuum manifold shims (see
Note 2).
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3. Pipettes (1–10μL, 10–100μL, 20–200μL, and 100–1000μL
capacity) and tips (1000, 20, 10μL).

4. Vortex.

5. SpeedVac (optional).

6. The GlycoWorks RapiFluor-MS N-Glycan kit for 24 samples:
the kit contains the reagents and most materials needed for
releasing and labelingN-glycans, including 3 vials of 3 mg/vial
RapiGest surfactant, 250μL GlycoWorks rapid buffer
(250 mM HEPES buffer, pH ¼ 7.9), 1 vial of 35μL PNGase
F, 3 vials of 9 mg/vial RapiFluor-MS labeling reagent powder,
3 vials of 1 mL anhydrous dimethylformamide (DMF), a
96-well HILIC μElution plate, waste tray, a 96-well sample
collection plate, SPE elution buffer (200 mM ammonium for-
mate in 5% acetonitrile) sample diluent (10:21 (v/v) DMF–
acetonitrile), 1 mL reaction tubes, 600μL tapered bottom
tubes, and caps (see Note 3).

7. Glycoprotein samples: 1.5μg/μL monoclonal antibody. Use
10μL (15μg) for each reaction (see Note 4).

2.2 LC-MS

of Released N-Glycans

1. LC-MS system: HPLC or UPLC system with a fluorescence
detector (FLR) and a mass detector (see Note 5).

2. Analytical column: Waters ACQUITY Glycan BEH Amide
column, 2.1 � 150 mm, 1.7μm, 130 Å (see Note 6). For
high throughput analysis: Waters ACQUITY Glycan BEH
Amide column, 2.1 � 50 mm, 1.7μm, 130 Å.

3. UPLC vials and caps (see Note 7).

4. Solvent container: 4 1-L borosilicate lab-approved solvent con-
tainers (see Note 8).

5. Computer with informatic platform installed for instrument
control and data analysis (see Note 9).

6. Mobile phase A: 50 mM ammonium formate in LC-MS grade
water (pH ¼ 4.4). Add 10 mL of Waters ammonium formate
concentrate in the solvent container and add water to 1 L.
Store this solution at room temperature and use within
1 week (see Note 10).

7. Mobile phase B: LC-MS grade acetonitrile. Add 1 L acetoni-
trile in the solvent container. Store this solution at room tem-
perature and use within 6 months (see Note 10).

8. LC-MS grade 30:70 (v/v) water–acetonitrile (seal wash, strong
and weak sample manager wash). Add 700 mL acetonitrile in
the solvent container, then add water to 1 L. Sonicate the
solution for 10 min to completely mix the solvents. Store this
solution and use within 8 weeks (see Note 10).
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3 Method

3.1 Sample

Preparation

of Released N-Glycans

N-glycans can be released from the glycoprotein and labeled with
signal-enhancement tag within 1 h by following the procedures in
the GlycoWorks N-Glycan kit protocol [20]. As shown in Fig. 1,
sample preparation includes 4 steps: (1) Denaturation of glycopro-
tein; (2) Deglycosylation using PNGase F; (3) N-glycans labeling
with RapiFluor-MS reagent for enhanced fluorescence and MS
signal; (4) purification using a SPE μElution plate in HILIC mode.

1. Prepare RapiGest buffer solution: reconstitute the 1 vial (3 mg)
of RapiGest surfactant in 60μL of GlycoWorks Rapid buffer
and 40μL of 18.2 MΩ water. Vortex the content to mix (see
Note 11).

2. Add 10μL 1.5μg/μL mAb sample to 1 mL reaction tube, then
add 10μL GlycoWorks RapiGest buffer solution. Aspirate and

Glycoprotein

Denaturation
RapiGest, 90 ˚C

Deglycosylation
PNGase F, 55 ˚C

Labeling
RapiFluor-MS reagent

Purification
HILIC µElution Plate

Fig. 1 Workflow for N-glycan releasing and labeling using the RapiFluor-MS N-
glycan kit
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dispense well. Heat the mixture for 3 min using a heat block at
90 �C for protein denaturation (see Note 12).

3. Remove the 1 mL tube from heat block and cool for 3 min.

4. Prepare PNGase F solution: add 220μL 18.2 MΩ water to the
1 vial (35 mL) of PNGase F.

5. Add 10μL PNGase F solution to the 1 mL reaction tube,
aspirate and dispense to mix. Incubate this mixture at 50 �C
for 5 min. Then remove the 1 mL tube from the heat block and
cool at room temperature for 3 min.

6. Dissolve 9 mg of RapiFluor-MS reagent in 110μL of anhy-
drous DMF. Aspirate and dispense the solution or vortex to
mix. Add 10μL of RapiFluor-MS solution to the deglycosy-
lated mixture in the 1 mL tube. Aspirate and dispense to mix.

7. Allow the labeling reaction to proceed at room temperature for
5 min. Then dilute the reaction with 360μL acetonitrile (see
Note 13).

8. Set up a GlycoWorks HILIC μElution Plate on a vacuum
manifold. Place a waste tray in the manifold to collect the
flow through.

9. Condition and equilibrate the reaction wells to be used on the
μElution plate with 200μL of 18.2 MΩ water and 200μL of
15:85 water–acetonitrile, respectively.

10. Load the 400μL acetonitrile diluted samples. Wash the well
twice with 600μL of 1:9:90 (v/v/v) formic acid–water–aceto-
nitrile each time.

11. Empty the waste tray. Place a 96-well collection plate with
600μL tapered bottom tubes in the vacuummanifold to collect
the flow through glycans.

12. Elute glycans with 30μL of GlycoWorks SPE elution buffer
three times (see Note 14).

13. Dilute the 90μL eluate with 310μL sample diluent in the
GlycoWorks RapiFluor-MS N-glycan kit (see Note 15). Cap
the tapered bottom tube using the provided cap mats, store at
4 �C and use within 1 week (see Note 16).

3.2 Routine LC-MS

Analysis of Released

N-Glycans

3.2.1 LC-FLR-MS Data

Generation

1. Connect the UPLC lines to the mobiles phases A and B, and
to seal wash, strong and weak sample manager wash (see
Note 17). Prime mobile phase A and B line for 5 min, respec-
tively. Prime seal wash for 5 min. Wash sample manager syringe
and needle for 1 min and 15 cycles (see Note 18).

2. Connect the column to the UPLC instrument. At 60 �C, wash
the column at 0.2 mL/min flow rate using 50:50 mobile phase
A–B for 30 min (see Note 19).

3. Configure instrument and set instrument method based on
Table 1
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4. Set up gradient elution method according to Table 2 (see
Note 20).

5. Set up QDa and fluorescence detectors with the parameters in
Table 3 (see Note 21).

Table 1
Analytical conditions

Sample loop volume 10μL

Syringe volume 100μL

Injection volume 10μL

Column temperature 60 �C

Sample temperature 6 �C

Table 2
Chromatographic gradient

Time (min) Flow rate (min) % A % B

Initial 0.400 25.0 75.0

35.00 0.400 46.0 54.0

36.50 0.200 80.0 20.0

39.50 0.200 80.0 20.0

43.10 0.200 25.0 75.0

47.60 0.400 25.0 75.0

55.00 0.400 25.0 75.0

Table 3
Fluorescence and QDa detection parameters

FLR detector Excitation wavelength 265 nm

Emission wavelength 425 nm

QDa mass detector Mass range 500–1250 m/z

Mode ESI positive

Mass range 500–1250 m/z

Collection mode Centroid

Sample rate 2 points/s

Cone voltage 15 V

Probe temp 400 �C

Capillary voltage 1.5 kV
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6. Prepare samples. Transfer the glycan sample from 600μL tube
to a UPLC sample vial. Add 500μL 18.2 MΩ water in a
separate sample vial and use as the “blank” sample (see Note
22). Place all sample vials in the sample manager.

7. Equilibrate the column for at least 15 min at the initial condi-
tion of the instrument methods: 0.4 mL/min, 25% mobile
phase A at 60 �C (see Note 23).

8. Set up a sample set containing the sequence of injections: 10μL
injection of water followed by 10μL injection of each glycan
sample, then another 10μL injection of water.

9. After the pressure ripple is less than 10 psi in 1 min, start the
injection sequence to collect data.

10. After the injections are completed, set the flow rate at
0.05 mL/min with 50/50 A/B and reduce the column tem-
perature to 30 �C, or run a shutdownmethod with the same set
of parameters (see Note 24).

3.2.2 Data Analysis 1. Open and review the FLR and MS data of the blank injection.
A typical chromatographic profile is shown in Fig. 2. No peaks
should present in the range between 10 and 35 min.

2. Open and review the FLR and MS data of the glycan samples.
Most glycans should elute between 10 and 35 min. Figure 3
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Fig. 2 A typical set of FLR (top) and TIC (bottom) chromatogram for blank injection in routine LC-MS analysis.
No peak should be eluted between 10 and 35 min
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shows the chromatographic profile of released glycans from
NIST mAb (see Note 25).

3. Create processing method for FLR and MS data. Review data
and set up a retention time window and a threshold of peak
area/height for integration (see Note 26).

4. In the processing method, enter the name and expected peak
information such as retention time for the known glycans in the
process method (see Note 27).

5. Set up acceptance criteria for critical glycan species in the
processing method (see Note 28).

6. Save the processing method and process the sample set (see
Note 29).

7. Review the processed results. All peaks above the defined
threshold should be integrated within the set retention time
window. A table of the detailed peak integration results should
be provided, including the peak name, retention time, %
amount, base peak, etc. (See Note 30) If acceptance criteria
were entered, out-of-spec results will be labeled in the peak
result table. An example of the processed results is shown in
Fig. 4.

3.3 High-Throughput

Release N-Glycan

Analysis

N-glycan data are routinely used to guide process development and
hence a largely automated, high-throughput approach is required
to monitor the levels of N-glycans. Manual sample preparation is
laborious and time-consuming and hence would not be able to
support the analysis of large number of samples. In order to address
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Fig. 3 A typical set of FLR (top) and TIC (bottom) chromatogram of released glycans from mAbs in routine
LC-MS analysis
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these shortcomings, a robust high-throughput workflow from sam-
ple preparation to data analysis with minimal hands-on time and
user expertise has been developed. Sample preparation has been
completely automated using Tecan Freedom EVO 100® liquid
handling robot employing 96-well plates [19].

3.4 Applications

of RapiFluor-MS

N-Glycan Method

Recombinant monoclonal antibodies have emerged as an impor-
tant class of therapeutics for treating a wide range of diseases
including cancer and autoimmune diseases. All approved monoclo-
nal antibodies (mAbs) for therapeutic treatments belong to the IgG
class and are manufactured in mammalian cell lines such as Chinese
hamster ovary (CHO), mouse NS0 or SP2/0 myeloma cells. These
expression systems allow the generation of full-length monoclonal
antibodies with a N-glycosylation profiles which is human like.
However, the glycan profile can be influenced by multiple factors
such as production conditions, media composition, and a clonal
variability [12]. This poses a significant challenge to the production
of biotherapeutics with consistent product quality [13]. Many bio-
pharmaceutical companies are keen to understand and control the
microheterogeneity of IgG antibody glycoforms and dealing and
resolving this challenge has led to the new opportunities for tailor-
ing antibody therapeutics to maximize their efficacy and safety
profile [14]. One of the difficulties in achieving this target is the

Fig. 4 An example of the report for routine analysis of released glycans, showing the analysis information, FLR
chromatogram, and peak result table. Out-of-spec results are flagged in red
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availability of the rapid analytical methods for the in-depth analysis
of N-glycans. RapiFluor-MS N-glycan method provides an ideal
high-throughput platform for the detailed characterization of N-
glycan species.

3.4.1 Cell Line

and Process Development

There has been continuous improvement in generating cell lines
with high titer, these include expression vector optimisation, high-
throughput clonal selection methods and improved media formu-
lation [8]. These recent improvements in the cell lines and cell
culture conditions means that there is now an increased industry
wide focus on product quality rather than titer improvement. Since
glycosylation plays such a pivotal role in influencing molecule’s
biophysical and biological activities, N-glycan analysis is being per-
formed routinely to assess the product quality. Typically, hundreds
to thousands of clones are screened through several stages of evalu-
ation to identify the cell lines with high titer, long-term stability,
and acceptable product quality [8]. High-throughput N-glycan
analysis provides detailed product characterization for many cell
lines at early stages of cell line development to identify the most
favorable condition [15]. Modifications in the cell culture media,
process, and vessel types means that glycosylation behavior of a cell
line at an initial stage might not be reflective of that at a late stage
[8]. Hence, it is pivotal to monitor and characterize the glycan
profile from early cell line selection to a late stage manufacturing
process.

N-glycan testing is also extensively performed to aid the pro-
cess development activities. N-glycan analysis is required not only
to ensure candidate cell lines meet the desired glycan profiles but
also to identify critical process parameters (CPPs) that affect glycan
profiles and to assess the impact of these variables during process
development [16]. Furthermore, the introduction of high-
throughput automated mini-bioreactor systems has significantly
reduced the process development timelines for early stage bio-
pharm programs. These automated cell culture platforms such as
Ambr® 15 and 250 have demonstrated the ability to provide reli-
able estimates of process performance and product quality from
small scale to large pilot scales [17]. Besides being able to evaluate
many conditions such as media and feed screening in mini-
bioreactor systems for an initial clone, a high-throughput glycan-
profiling workflow is also required to rapidly assess the impact of
process variables on the glycan profiles [18]. TheRapiFluor-MSN-
glycan method provides a sensitive, robust and high-throughput
N-glycan workflow to support the product quality monitoring for
samples from an Ambr® platform. This in turn helps to finely tune
the process parameters to achieve the desired glycosylation profile
[6]. Upstream process development is often accelerated by the
implementation of a Design of Experiment (DOE) approach to
generate the desired product quality [18].
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3.4.2 Analytical

Characterization

The product critical quality attributes are identified and assessed at
the initial stage of the project and need to be confirmed at each
stage of a product development cycle. This strategy allows the
development of high quality and potent biotherapeutics with mini-
mal compromise to the estimated time and budget [18]. Confirma-
tion of batch-to-batch consistency to ensure product safety and
efficacy by routine glycan profiling is essential to establish that
glycan structures are maintained within specific ranges [14].

4 Notes

1. Alternatively, a thermocycler can also be used for incubation.
The 200μL PCR tubes being used for most thermocyclers is
not enough for the volume of 400μL upon ACN dilution. To
complete the reaction without sample transferring, scale down
the liquid volume to 2� concentration.

2. A positive pressure manifold with a spacer can be used instead.

3. This kit includes three sets of reagents and buffers. Each set can
be used to prepare eight released glycan samples. Use one set of
materials in this protocol.

4. Dilute with water if the sample is from a stock solution with
higher concentration. if sample is in complex matrices, perform
a buffer exchange step with pH 7.9 HEPES buffer.

5. In this protocol, a Waters Acquity UPLC H-Class Bio system
was used for illustration with a Waters fluorescence detector
(FLR) and a QDa mass detector for in-line fluorescence and
MS detection via electrospray ionization. Other instrument
systems can also be used if meeting the following criteria. The
LC system should be configured with a solvent pump to deliver
gradient flow, a sample manager to automatically inject up to
10μL sample, and a column manager with the ability to heat up
the column to more than 60 �C. The pressure limit of the LC
system needs to be at least 8000 psi. A 10 mm flow cell is
recommended for the fluorescence detector to provide high
sensitivity. If other type of mass detector is being used, the
experimental parameters should be adjusted accordingly for the
best performance of MS detection.

6. Other analytical columns that are designed for glycan separa-
tion can also be used but will provide different profiles of glycan
separation. Data analysis parameters need to be optimized
accordingly.

7. Use high recovery sample vials to maximize the sample
recovery.

8. Contamination in glassware can lead to noises and adducts in
MS spectra. It is recommended to use manufacturer certified
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clean bottles to avoid contamination. Otherwise follow the
cleaning protocol for standard borosilicate glassware [21]: son-
icate in LC-MS grade 50/50 isopropanol/water with 0.1%
formic acid for 20 min. Rinse with LC-MS grade acetonitrile
and dry before use.

9. Software programs from any instrument vendors can be used
for routine analysis if all the required functionalities are
provided. Specific software programs from each vendor can
be used if compliance is required. Empower is used in this
protocol for illustration.

10. Use LC-MS grade solvent to perform LC-MS analysis of
released glycans. LC-MS grade solvents contain less metal
contaminants, which can reduce the adduct level and provide
higher intensity of glycan signals in MS spectra.

11. The reconstituted RapiGest surfactant is stable for 1 week at
2–8 �C. Long-term storage of frozen aliquots is not recom-
mended due to possible solubilization issues.

12. This step is critical. Heat the 1 mL tube to a measured heat
block surface temperature of 105–110 �C. This is to ensure the
glycoprotein has been heat denatured before PNGase F diges-
tion. For challenging samples, a higher temperature and possi-
bly even near-boiling conditions can be used to achieve
complete denaturation. Longer denaturing time such as
10–30 min can also be considered.

13. The RapiFluor-MS labeling is a self-quenching reaction. If the
reaction proceeds at room temperature for more than 5 min, a
quenching step is not needed.

14. The recovery at this step is about 75%. If higher recovery is
desired, add another 30μL volumes of GlycoWorks SPE elution
buffer and concentrate the obtained glycans via SpeedVac.

15. The sample diluent provided in the GlycoWorks RapiFluor-
MS N-glycan kit contains DMF and acetonitrile at a 10:21
ratio.

16. The prepared glycan sample can be stored at �80 �C for long
term storage.

17. If the instrument has A2/B2 lines (binary pump) or C/D lines
(quaternary pump), place line A2 (or C) in 100% water and line
B2 (or D) in 100% acetonitrile.

18. The priming time in this protocol is set for the Waters UPLC
H-Class Bio system. Depending on the LC systems, the
priming time can be different. If the LC instrument does not
have seal wash lines, skip the seal wash priming step.
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19. If this is a new column, follow the column Care and Use
manual to condition the column as a new column needs longer
time and more mobile phases to equilibrate.

20. This is the generic gradient for released N-glycan separation
and has been proven as useful for most applications. It should
be noted that the % A at the washing step (36.5–39.5 min) is at
80%. Avoid using 100% aqueous solvent at washing step for
increased the column life.

21. Due to the high proton affinity of RapiFluor-MS label, the
derivatized glycans preferentially adopt high charge states dur-
ing positive ion mode electrospray ionization. The predomi-
nant charge state for small neutral glycan is M+2H+. [21] MS
source conditions may require optimization to achieve high
signal intensity, limited in-source fragmentation, and mini-
mized adduct formation.

22. If the LC sample manager is configured with a 96-sample plate
format, the released glycans can be injected directly from the
600μL tube.

23. When starting the flow, increase the flow rate gradually, for
example, 0.1!0.2!0.3!0.4, to prevent pressure surge on
the column and detector flow cell.

24. It is recommended to set up a shutdown method as it can save
resources such as solvent, optical detector lamp hours and
column life.

25. Retention times can have slight shift due to the variation in
each component in the system, including column, dwell vol-
ume, and instrument models.

26. For routine analysis of N-glycans, it is highly recommended to
create one method to process both FLR and MS data, and use
the FLR data for integration, relative quantification, and result
review. The threshold is defined by users, which can be deter-
mined based on either detection limit of the method or differ-
ent laboratory requirements.

27. The identity of glycans in the sample should be obtained prior
to the routine analysis.

28. Acceptance criteria are dependent on the samples used in the
analysis and should be determined by the user based on prior
knowledge, such as the correlation between glycan abundance
and PK/PD, and performance of the instrument. Acceptance
criteria can be set up for retention time (or relative retention
time), % amount (relative abundance), and base peak (most
abundant m/z) of the critical species.

29. Other processing parameters can also impact the quality of
results, such as noise reduction and smoothing. User should
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consider optimizing these parameters for different analyses
when reviewing data and designing reporting template.

30. The % amount of each peak is calculated automatically upon
integration using the following equation:

%Amount of the glycan ¼ Peak area
Total peak area

� 100
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Chapter 16

Online 2D-LC for Complex N-Glycan Analysis
from Biopharmaceuticals

Sonja Schneider, Edgar Naegele, and Sonja Krieger

Abstract

EPO has a complex glycosylation pattern with differently branched and charged glycans. A combination of
hydrophilic interaction chromatography (HILIC) with weak anion exchange chromatography (WAX)
enables highly orthogonal separation. Comprehensive 2D-LC analysis with HILIC in the first and WAX
in the second dimension provides high resolution 2D chromatography together with simultaneous charge
profiling. Meanwhile, multiple heart-cutting 2D-LC analysis combining WAX and HILIC separation
provides a flexible alternative whereby the user can select multiple peaks to be analyzed in the second
dimension and, moreover, run longer gradients in the second dimension.

Key words Biopharmaceutical, Glycan analysis, Glycosylation, 2D-LC, EPO, Comprehensive
2D-LC, Multiple heart-cutting 2D-LC, HILIC, WAX, High resolution

1 Introduction

Erythropoietin (EPO) is a 30,400 Dalton (Da) glycoprotein hor-
mone that regulates the production of red blood cells (erythropoi-
esis) [1]. The molecule consists of a 165 amino acid single
polypeptide chain and a complex carbohydrate addition that
amounts to 40% of the total molecular weight [2]. Due to the
flexible molecular structure of the glycans, they cover probably
most of the surface of EPO [2]. The glycosylation of EPO is highly
variable because it contains multiple glycosylation sites, each of
which can have a wide variety of glycan structures [3]. This results
in a huge complexity of glycan structures that is referred to as
microheterogeneity [3]. The glycosylation portion of EPO consists
of threeN-linked glycosylation sites at Asn 24, 38, and 83, and one
O-linked glycosylation site at Ser 126 [2, 3], see Fig. 1. In this
scheme, as an example, four differently branched and charged
glycans are displayed, that typically occur in EPO [1, 3]. Each of
the threeN-linked glycans is likely to contain up to four sialic acids
(N-acetylneuraminic acid, NeuAc) [4].
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Recombinant human EPO (rhEPO) has proven to be highly
efficient in the treatment of different diseases such as anemias
associated with cancer, chronic renal failure, and HIV infection.
Furthermore, rhEPO plays an important role in surgical settings
[4]. Detailed characterization of the glycan profile of biopharma-
ceuticals is a regulatory requirement as differences in glycosylation
can affect both the pharmacodynamics and pharmacokinetic behav-
ior in the human body. Therefore, it is necessary to develop
advanced analytical technologies for efficient and detailed glycosyl-
ation analysis.

The complex mixture of highly branched glycans on EPOmust
first be enzymatically released from the protein before they can be
studied in detail. Even after the glycans have been isolated from the
protein backbone, their analysis still poses a huge analytical chal-
lenge. The method of choice is typically hydrophilic interaction
chromatography (HILIC) after labelling with 2-aminobenzamide
(2AB) for sensitive fluorescence detection [5]. While HILIC effi-
ciently separates glycans according to hydrodynamic radius, it is
insufficient to fully resolve the complex mixture of branched glycan
structures that are present in samples such as EPO or fetuin [6].
Fortunately, weak/strong anion exchange chromatography (WAX/
SAX) provides a highly orthogonal separation that depends on the

Fig. 1 EPO structure with four examples of N-glycans typically occurring in EPO
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number and arrangement of acidic monosaccharides in the glycan.
In the case of EPO and fetuin, these are typically sialic acids known
as N-acetylneuraminic acid or NeuAc [7, 8].

A combination of WAX/SAX and HILIC has a huge potential
to enhance peak capacity in two-dimensional liquid chromatogra-
phy (2D-LC) due to the highly orthogonal nature of these two
separation techniques. Bones et al. showed an offline 2D analysis
with a combination of WAX separation in the first dimension with
fraction collection of ten peaks, followed by HILIC analysis in the
second dimension [6]. The complete offline 2D analysis of ten EPO
N-glycan peaks resulted in a total cycle time of over 4 h with
additional hands on time for moving the samples from the fraction
collector into a sample injector for reinjection [6]. This type of 2D
workflow typically also requires additional time to dry down the
first dimension fractions in a vacuum centrifuge prior to resuspend-
ing them in a suitable matrix and volume for the second dimension
analysis [6].

Online 2D-LC workflows for either comprehensive or (multi-
ple) heart-cutting analysis enable the user to run highly automated
workflows without manual interference. Comprehensive 2D-LC
analysis, using two sample loops within a 2-position/-4-port-duo
valve, leaves no peak missed from the first dimension [9]. If higher
resolution is desired in the second dimension, the 1290 Infinity
Multiple Heart-Cutting 2D-LC Solution enables more flexibility,
for example longer cycle times or columns. This solution is com-
prised of two external valve drives with 6-position/-14-port valves,
each with six preinstalled 40 μL loops, resulting in twelve
loops [10].

Online 2D-LC concepts are shown for theN-glycan analysis of
therapeutic EPO using a combination of HILIC/WAX for com-
prehensive analysis and WAX/HILIC for detailed multiple heart-
cutting analysis [11].

2 Materials

Use only LC grade solvents. Prepare all solvents and samples with
fresh ultrapure water (e.g., from aMilli-Q Integral system equipped
with a 0.22 μm membrane point-of-use cartridge) (Millipak). Pre-
pare all samples at room temperature (unless indicated otherwise).
Diligently follow all waste disposal regulations when disposing of
waste materials.

2.1 Sample

Preparation

1. 50 mM sodium phosphate buffer, pH 7.5.

2. Denaturation solution: 0.2% SDS –100 mM
2-mercaptoethanol in water.

3. 15% octylglucoside.
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4. GlycoProfile 2-AB Labeling Kit (Sigma-Aldrich) or equivalent
individual reagents.

5. DMSO–acetic acid solution: add 150 μL of acetic acid glacial to
the entire ampoule of DMSO (350 μL). Note that DMSO
forms a semisolid at cooler temperatures, hence warming may
be required.

6. Glycan Clean-up Cartridges (Sigma-Aldrich).

7. 30% acetic acid solution: Mix 6 volumes of ~50% acetic acid
solution (part of Glycan Clean-Up kit) with 4 volumes of
HPLC Grade Water. A minimum volume of 5 mL is required
per sample.

8. HPLC grade water. A minimum volume of 3 mL is required
per sample.

9. 96% acetonitrile solution: Prepare a 96% (v/v) acetonitrile
solution by mixing 96 volumes of HPLC grade acetonitrile
with 4 volumes of HPLC Grade Water.

10. Centrifugal evaporator.

11. Heating block.

2.2 (2D)-LC/MS

Analysis

2.2.1 Comprehensive

2D-LC HILIC/WAX

Workflow

1. 1D—Mobile phase A: 1 L acetonitrile.

2. 1D—Mobile phase B: Prepare 10 mM ammonium formate by
weighing 0.63 g of ammonium formate, and fill it up with 1 L
of water, adjust to pH 4.5 using formic acid.

3. 2D—Mobile phase A (40% acetonitrile): Add 400 mL of ace-
tonitrile to 600 mL water.

4. 2D—Mobile phase B: Prepare 250 mM ammonium formate by
weighing 15.764 g of ammonium formate and fill it up with
1 L of water, adjust to pH 4.5 using formic acid. Add 400 mL
of acetonitrile to 600 mL of 250 mM ammonium formate
solution.

2.2.2 Multiple

Heart-Cutting 2D-LC WAX/

HILIC Workflow

1. 1D—Mobile phase A (40% acetonitrile): Add 400 mL of ace-
tonitrile to 600 mL water.

2. 1D—Mobile phase B: Prepare 250 mM ammonium formate by
weighing 15.764 g of ammonium and fill it up with 1 L of
water, adjust to pH 4.5 using formic acid. Add 400 mL of
acetonitrile to 600 mL of 250 mM ammonium formate
solution.

3. 2D—Mobile Phase A: 1 L acetonitrile.

4. 2D—Mobile phase B: Prepare 50 mM ammonium formate by
weighing 3.15 g of ammonium formate, and fill it up with 1 L
of water, adjust to pH 4.5 using formic acid.
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2.2.3 LC Columns 1. Agilent AdvanceBio Glycan Mapping Column, 2.1 � 150 mm,
1.8 μm.

2. Agilent AdvanceBio Glycan Mapping Column, 4.6 � 50 mm,
2.7 μm.

3. Agilent Bio WAX Column, 2.1 � 250 mm, 5 μm.

4. Agilent Bio WAX Column, 2.1 � 50 mm, 5 μm.

2.2.4 Apparatus

and Software

1. Agilent 1260 Infinity Bio-inert Quaternary Pump in the first
dimension.

2. Agilent 1290 Infinity Binary Pump in the second dimension.

3. Agilent 1290 Infinity Autosampler.

4. Agilent 1290 Infinity Thermostated Column Compartment.

5. Agilent 1290 Infinity Valve Drive with 2-Position/-4-Port-
Duo valve equipped with either two 40-μL loops or.

6. Agilent Multiple Heart-Cutting Valve Upgrade Kit.

7. Agilent 1260 Infinity Fluorescence Detector.

8. Agilent 6530 Accurate Mass QTOF LC/MS system.

9. Agilent OpenLAB CDS ChemStation Edition for LC &
LC/MS Systems.

10. Agilent MassHunter Workstation Software.

11. Glycan structures were created with GlycoWorkbench.

3 Methods

3.1 Protein

Deglycosylation

1. Prepare a 500 units/mL PNGase F solution by adding 100 μL
of high purity water to a vial of 50 units (see Note 1). This
results in an enzyme solution containing ~5 mM potassium
phosphate buffer, pH 7.5. The vial containing PNGase F
should be centrifuged briefly before opening to ensure the
lyophilized material is at the bottom of the tube.

2. Prepare a 2 mg/mL solution of denatured glycoprotein
(Fetuin and ß-EPO) by adding 100 μg of lyophilized glycopro-
tein to 45 μL of 50 mM sodium phosphate buffer, pH 7.5, and
then adding 5 μL of denaturation solution. Heat the solution
to 100 �C for 10 min to denature the glycoprotein.

3. Allow the solution to cool. Add 5 μL of 15% octyl glucoside (see
Note 2).

4. Add 20 μL of PNGase F enzyme solution (500 units/mL, see
Note 3) to the reaction mixture and incubate at 37 �C for 3 h.

5. Stop the reaction by heating to 100 �C for 5 min.

6. Dry the glycan-containing samples completely using a centrif-
ugal evaporator (Speed-vac). Be sure to keep the temperature
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during evaporation below 28� to avoid desialylation of the
EPO Glycans. Also, excess moisture will have negative effects
on labeling and stability.

3.2 Glycan Labeling

(GlycoProfile 2-AB

Labeling Kit)

1. Prepare the Labeling Solution immediately prior to labeling.
Allow the unopened vial to reach RT and ensure that most of
the material is at the bottom of the vial by gently tapping on a
solid surface. Gently remove the cap, reconstitute with the
desired volume of water or buffer, replace the cap, and mix
thoroughly.

2. Tap or briefly spin down component vials to avoid loss of
reagent in the cap or on the walls of ampules. To open ampules,
hold both the body and the top of the ampoule, then gently,
but firmly, snap open at the colored break-ring, directing the
break away from your body.

3. Add 100 μL of the DMSO–acetic acid mixture to the entire vial
of 2-AB (5 mg). Mix or vortex until completely dissolved.

4. Add the entire volume of 2-AB solution (step 3) to the vial of
reductant (6 mg of sodium cyanoborohydride). Mix until
completely dissolved. If insoluble particulates remain, the solu-
tion may be heated to 65 �C for up to 3 min. Any remaining
particulates can be dissolved by adding 10 mL of water (HPLC
grade or better). This is the Labeling Solution and should be
protected from light. It is stable for 1 h.

5. Add 5 mL of the Labeling Solution (step 4) to each dried
glycan sample. Cap and mix thoroughly. Tap or spin down to
collect the dissolved sample in the bottom of each vial.

6. Incubate glycan samples for 3 h at 65 �C in a heating block.
Avoid moist heat. Note: Incubation periods of between 2 and
4 h will not significantly affect results.

7. If insoluble particulates are present, vortex the preheated sam-
ples from step 5 for 30 min.

8. Following incubation, briefly spin the vials to recollect each
sample at the bottom of the reaction vial. Allow the samples to
cool to ambient temperature prior to proceeding with postla-
beling analysis.

3.3 Glycan

Purification

Sample cleanup is highly recommended to remove excess dye and
labeling reagents, see also Note 4.

3.3.1 Glycan Adsorption 1. Wash each cartridge with 1 mL of HPLC Grade Water.

2. Wash each cartridge with 5 mL of 30% Acetic Acid Solution.

3. Allow the cartridge to drain completely and then wash with
1 mL of 96% Acetonitrile Solution.
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4. While the membrane is still wet (following the acetonitrile
wash), spot a sample (maximum volume of 10 μL) onto each
cartridge membrane, ensuring that the sample is spread over
the entire membrane surface. If the cartridge membrane has
dried, apply 0.5 mL of 96% Acetonitrile Solution to moisten.

5. The sample vials may be rinsed with 100 mL of 96% Acetoni-
trile Solution. Each rinse may then be applied to the appropri-
ate membrane for maximum recovery.

6. Allow each cartridge to stand for 15 min to ensure complete
adsorption of the glycans to the membrane.

7. Wash each cartridge with six consecutive 1 mL volumes of 96%
Acetonitrile Solution. Allow the cartridge to drain between
each 1 mL application. Discard the organic solvent wash
appropriately.

3.3.2 Glycan Elution 1. Place each cartridge over a collection vessel sufficient for col-
lecting 1.5 mL of water. If aseptic filtration is required, place
the cartridge over a 5 mL syringe fitted with a 0.45 mm PTFE
filter.

2. Elute the glycans by washing with three consecutive 0.5 mL
volumes of HPLC Grade Water. Allow each volume to
completely drain between elutions.

3. Filter the sample as appropriate. Dry the purified glycan sam-
ples using a centrifugal evaporator (Speed Vac).

4. Redissolve the purified glycan samples in a desired volume of
solvent or water as appropriate for additional analysis.

5. Store samples at�20 �C protected from light in preparation for
further downstream analysis (see Notes 5 and 6).

3.4 2D-LC/MS

Analysis

The separation within a one-dimensional HILIC setup is not suffi-
cient to resolve all N-glycans of EPO or fetuin, as shown in Fig. 2a
(EPO) and Fig. 2b (fetuin) (see Note 7).

3.4.1 Comprehensive

2D-LC Analysis HILIC/WAX

1. Valve & Loop configuration: 2pos/4port duo 2 loops (cocur-
rent)—Loop size 40 μL.

2. Use LC parameters described in Table 1.

3. Use MS parameters described in Table 2.

4. With parallel MS QTOF analysis, the peaks can be assigned to
the corresponding charge (which for most peaks is equal to the
number of sialic acids contained in the glycan). The detected
parent ion masses are entered into the GlycoMod tool from
Expasy to find the related glycans structures (http://web.
expasy.org/glycomod/).
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Fig. 2 1D HILIC separation on an Agilent AdvanceBio Glycan Mapping Column, 2.1 � 150 mm, 1.8 μm.
(a) EPO, (b) fetuin

Table 1
Comprehensive 2D-LC parameters

EPO Fetuin

1D flow rate 0.05 mL/min

1D gradient 0 min—28% B 0 min—30% B
110 min—47% B 110 min—44% B
110 min—100% B 110 min—100% B

1D stop time 120 min

1D post time 45 min

2D parameter mode Comprehensive

2D gradient stoptime 0.36 min

Modulation time 0.50 min

Flow 1.50 mL/min

Idle flow 0.50 mL/min

2D gradient 0.00 min—5% B
0.35 min—95% B
0.36 min—5% B

Injection volume 20 μL 3 μL

Thermostat autosampler 5 �C

1D column temperature 40 �C

2D column temperature 50 �C

FLD Ex. 260 nm, Em. 430 nm

Peak width >0.0031 min (0.063 s resp. time) (37.04 Hz)
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5. As expected, the second dimension separation groups glycans
according to their charge (see Fig. 3). The neutral glycans,
which elute immediately with the injection peak, are shortly
followed by the singly charged glycans. More clearly separated,
the double, triple, quadruple, and few quintuple (fetuin)
charged glycans elute with increasing salt gradient in the sec-
ond dimension. Therefore, in addition to increase the peak
capacity, the WAX separation assists peak assignment and fur-
thermore provides the glycan charge profile that is required in
the analysis of EPO glycosylation (see Note 8).

3.4.2 Multiple

Heart-Cutting 2D-LC

Analysis WAX/HILIC

1. Valve & Loop configuration: 2pos/4port duo 2 � 6 loops
(cocurrent)—Loop size 40 μL (see Note 9).

2. Use LC parameters described in Table 3.

3. The chromatogram of the first dimension separation can be
loaded into the 2D-LC acquisition setup to facilitate method
development, see Fig. 4. The peaks that were chosen to be
reanalyzed, can be selected either by peak triggering using a
first dimension detector or using time segments with certain
loop fill times. This enables the reduction of solvent from the
first dimension (see Note 10).

4. Figure 4 shows the 2D pump setup with the loaded first
dimension chromatogram with eleven peaks to be reanalyzed
(yellow marks), also represented by eleven 2D time segments
(red circle). Although only ten loops are available for storing
the peaks, while two loops are always in the flow path, this setup
enables the analysis of more than ten peaks. After the first peak

Table 2
MS parameters given for an Agilent 6530 Accurate Mass QTOF LC/MS
system

Gas temp 250 �C

Sheath gas temp 250 �C

Gas flow 8 l/min

Sheath gas flow 8 l/min

Nebulizer 25 psi

Vcap 3500 V

Nozzle 1000 V

Skimmer 45 V

Oct 1 RF Vpp 550

Mode MS
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is collected in the first loop of the first 6-position/-14-port
valve, it is immediately injected onto the second dimension
column by switching the central 2D-LC Valve. After the
2D-LC Valve has switched, the loops of the second 6-posi-
tion/-14-port valve can be filled with up to five peaks. As
soon as the first 2D gradient has finished, the 2D-LC Valve
switches back so that the loops of the first 6-position/-14-port

Fig. 3 Comprehensive HILIC/WAX 2D-LC separation of fetuin (a) and EPO (b), showing highly orthogonal
separation. The ion exchange chromatography in the second dimension reveals the charge pattern of the
glycans
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valve can be filled. This, however, requires that the 2D analysis
of the first peak is finished. Therefore, for method develop-
ment, the adjustment of cycle time in the second dimension is
critical for flexible peak selection.

5. A gradient time of 3.5 min is used with a reequilibration time of
1.4 min (see Note 11). Six examples are shown in Fig. 5 to
demonstrate the resolving power of the HILIC separation
within the multiple heart-cutting setup (peaks 1, 4, 5, 8,

Table 3
Multiple heart-cutting LC parameters

1D flow rate 0.25 mL/min

1D gradient 0 min—5% B
20 min—60% B
21 min—5% B

1D stop time 72 min

2D parameter mode Multiple heart-cutting

2D gradient stoptime 3.5 min

2D cycle time 4.9 min

Flow 2 mL/min

Idle flow 0.50 mL/min

2D gradient 0.00 min—65% B
3.5 min—57% B

2D-time segments (!heart cutting time points)
(time based, loop fill time 0.1 min)

6.85 min
7.45 min
7.85 min
11.15 min
11.45 min
11.75 min
12.30 min
14.60 min
14.85 min
15.25 min
15.70 min

Injection volume 20 μL

Thermostat autosampler 5 �C

1D column temperature 25 �C

2D column temperature 40 �C

FLD Ex. 260 nm, Em. 430 nm

Peak width 0.025 min (0.5 s resp. time) (18.52 Hz)
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9, and 10). Areas that are only visible as shoulders in the first
dimension (e.g., peak 8) revealed at least eight peaks in the
second dimension. Under most of the peaks, which are only
showing one major peak in the first dimension, several under-
lying peaks are detected and resolved.

4 Notes

1. Activity of PNGase F: One unit of PNGase F will catalyze the
release of N-linked oligosaccharides from one nanomole of
denatured Ribonuclease B in 1min at pH 7.5 at 37 �C. PNGase
F is active in the pH range of 6–10 with an optimal pH of 8.6.

One Sigma unit of PNGase F activity is equal to 1 IUB
milliunit. PNGase F Cleaves N-linked oligosaccharides
between innermost GlcNAc and asparagines from N-linked

Fig. 4 Setup of 2D Pump, loaded WAX chromatogram from the first dimension with eleven peaks—chosen for
reanalysis in the second dimension using HILIC: eleven 2D time segments represent the chosen peak areas
(red circle)
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glycoproteins. EPO is a 166 amino acids protein containing
three N-glycosylation sites (Asn-24, Asn-38, and Asn-83) and
1 O-glycosylation site (Ser-126). As PNGase F cleaves only N-
linked oligosaccharides, the O-linked glycans are not consid-
ered in this protocol.

As EPO as well as fetuin contains three glycosylation sites,
the amount of PNGase F needs to be tripled to ensure com-
plete cleavage of all attached N-Glycans.

2. The rate of cleavage can be increased up to 100 times with the
usage of detergents and heat denaturation, so both is used in
this protocol.

3. Calculation example for EPO: 100 μg of EPO is used with a
molecular weight cutoff of 30,400 Da.
n ¼ m/M.

n ¼ 3.3 nmol EPO.

As one Unit PNGase F is recommended to cleave the N-
linked Glycans from one glycosylation site from
Ribonuclease B, three Units were used to cleave the N-glycans
from three glycosylation sites of 1 nmol EPO.

In total, 10 Units (20 μL of the PNGase F solution) were
used for cleavage of the EPO glycans.

Fig. 5 Six examples for the high resolving power of the multiple heart-cutting setup, resolving up to eight
peaks under the area that is marked with number 8
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4. Sample Clean up: The amount of attached glycans is reported
to be about 40% of the total weight of the protein for EPO
[2]. 100 μg EPO is used per sample, so about 40 μg of glycans
is expected in the sample. As the recommendation is that the
maximum sample size is 10 μL of glycan containing solution
and/or 20 μg of glycan, split the sample into two for the clean-
up.

Note: The acetonitrile concentration is critical. Acetonitrile
solutions of<96% will result in sample loss by the inappropriate
elution of glycans, particularly low molecular weight glycans. A
minimum volume of 5 mL is required per sample.

During the wash procedure the solvent flow may be
obstructed by air gaps. Should this occur, apply a slight pres-
sure to the top of the cartridge in order to clear the trapped air
and resume normal flow. The liquid samples should be at or
below room temperature before spotting onto the cartridge
membrane.

The acetonitrile concentration is critical. Acetonitrile solu-
tions of <96% will result in sample loss by the inappropriate
elution of glycans, particularly low molecular weight glycans.
A minimum volume of 5 mL is required per sample.

5. Extended periods of time between incubation and analysis may
result in desialylation of labeled glycans and consequently
should be avoided.

6. Consider dilution with acetonitrile for optimal peak shape in
the HILIC chromatogram.

7. To improve resolution and to enhance peak capacity, a combi-
nation of WAX and HILIC separation was used for a highly
orthogonal separation. First, a comprehensive WAX/HILIC
2D-LC setup was tested using fetuin. A 110-minWAX gradient
was used in the first dimension, followed by a 30 s second
dimension comprehensive HILIC run using a 4.6 � 50 mm
HILIC column. Although 40% ACN was used in the first
dimension solvents, the glycans were not retained on the
HILIC column (data not shown). Typically, HILIC columns
require a longer reequilibration time than other types of col-
umns. Presumably, the 30 s cycle times in the second dimen-
sion are not compatible with HILIC separations of glycans.
Moreover, the high amount of water (60%) in the first dimen-
sion effluent, together with a relatively high loop volume of
40 μL and the super short gradient, did not allow for good
glycan retention on the short 50 mm HILIC column.

8. EPO isoforms are classified according to their net charge
(epoetin alpha, beta, etc.). This setup enables simultaneous
charge profiling in combination with a well resolved glycan
peak pattern.
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9. Due to the multiple heart-cutting setup using twelve 40 μL
loops in two 6-position/-14-port valves, it is possible to “park”
peaks from the first dimension, enabling longer second dimen-
sion gradients.

10. TheHILIC gradient in the second dimension starts with a total
amount of 35% water. If too much water is injected into the
second dimension column, glycan retention can be reduced.
The amount of water from the first dimension eluent can be
reduced, if the 40 μL loops are only partly filled with the peaks
from the first dimension. Here, the loops are filled with 62.5%
with solvent from the first dimension, lowering the total
amount of water that is injected into the second dimension
column.

11. In contrast to the comprehensive 2D-LC solution, the multiple
heart-cutting solution allows analysis by HILIC in the second
dimension. This is, because the multiple heart-cutting
approach allows for the use of longer gradient and reequilibra-
tion times in the second dimension.
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Chapter 17

Profiling, Relative Quantification, and Identification
of Sialylated N-Linked Oligosaccharides by UPLC-FLR-ESI/
MS After Derivatization with Fluorescent Anthranilamide

Claire I. Butré, Eric Largy, Fabrice Cantais, and Arnaud Delobel

Abstract

The presence of sialic acids is one characteristic of glycosylated therapeutic proteins. The presence of these
charged monosaccharides is critical for the immunogenicity properties and structural properties of the
proteins. Profiling of the N-glycans and their charge state is a requisite for complete protein characteriza-
tion. Two analytical methods developed on released N-glycans are described in this chapter, allowing for
the determination of the sialoglycosylation with different levels of details. In the first method
(AEX-HILIC/FLR), N-glycans are separated based on their charge and the average charge state can be
determined from the fluorescence profile. In the second method (AEX-RP-FLR-MS), N-glycans are also
separated based on their charge and the sialylation level is determined based on the fluorescence signal. In
addition, in this method, the N-glycans are also separated by type and identified with the hyphenated
MS. For both methods, an optimized protocol with fast and high-throughput sample preparation and
purification is presented.

Key words N-glycans, Sialic acids, AXH, AXR, Mass spectrometry

1 Introduction

Glycosylation is a common posttranslational modification of thera-
peutic proteins (including monoclonal antibodies and fusion pro-
teins) and corresponds to the linkage of a sugar moiety on a
protein. There are two distinct types of glycosylation: N-glycans
linked to asparagine (in Asn-X-Ser and Asn-X-Thr consensus
sequences, where X is any amino acid except proline) andO-glycans
linked on Ser or Thr. The common core of N-glycans is composed
of twoN-acetylglucosamine and three mannose residues, and from
this, different types of N-glycans are found depending on the
expression system. These can be high-mannose N-glycans if only
mannose residues are present or complex N-glycans if any type of
monosaccharide is linked to the core. One type of monosaccharide
found in glycoproteins is sialic acids, which are charged
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monosaccharides. Sialic acids are usually present on the terminal
galactose of the N-glycan. The two main types of sialic acids found
in therapeutic proteins areN-acetyl-neuraminic acid (Neu5Ac) and
to a lower extent N-glycolylneuranimic acid (Neu5Gc) (Fig. 1).
Neu5Ac is considered as normal human-type sialylation while
Neu5Gc is found in nonhuman glycoproteins.

This type of sugar is critical as it is directly related to immuno-
genicity of proteins [1]. It was for instance showed that the removal
of the entire N-Glycan or the removal of the sialic acid of intrave-
nous gamma globulin would both results in a loss of anti-
inflammatory activity [2]. This indicated that the anti-inflammatory
activity was only present when sialic acids were attached to the
immunoglobulins. Sialic acids also play a role on the structure and
conformational stability of the antibodies. In one example, it was
shown that the presence of sialylated glycans destabilizes the CH2

domain in Chinese hamster ovary-expressed IgG1 [3]. Finally, it
was shown for some therapeutic proteins that the sialylation level
could influence the pharmacokinetic properties [4–6] of the pro-
tein or the binding to receptors [7, 8].

The determination of the extent of sialylation is critical as it can
have a clear influence on the properties of the proteins, making it a
critical quality attribute (CQA) for therapeutic glycoproteins.

The content of sialic acid can be for instance quantified after
cleavage from the oligosaccharide and after derivatization using an
external calibration of the free acids. For this, the free sialic acids are
separated by reversed phase chromatography and quantified by
fluorescence detection [9]. The study of the sialylation at the
protein or peptide level is also possible with current MS techniques,
but is still laborious work due to the complexity of the saccharides
[10]. Finally, characterization of the sialylation on the N-glycans
after release from the protein is also possible. The release is com-
monly done with PNGase but the protocol is time-consuming. The
method for sample preparation presented here allows a fast and
high throughput sample preparation. For this, the use of the Rapid
PNGase allows for a release within 30 min. Samples are derivatized

N-acetylneuraminic acid
(Neu5Ac)

N-glycolylneuraminic acid
(Neu5Gc)

Fig. 1 Structure of two sialic acids, N-acetylneuraminic acid and N-
glycolylneuraminic acid
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using anthranilamide and further purified on 96-well plate, which
eases in terms of time the purification of a large number of samples.
Anthranilamide is a fluorophore used here for optical detection of
N-glycans. The derivatization reaction is first the reaction of
anthranilamide with the oligosaccharide, leading to the formation
of a Schiff’s base. This base is then reduced into a secondary amine
(Fig. 2), as the final reaction product.

With this sample preparation, two profiling methods with dif-
ferent levels of information were set up. The first approach is to use
an AEX-HILIC mixed-mode column which separates the glycan in
order of sialylation level, independently of the rest of the structure
of the N-glycan. Based on the fluorescence level, the percentage of
charged glycan is determined. The second approach increases the
level of details, by using a different mixed-mode column but also by
coupling the system with a MS system. This second mixed mode
column is an AEX-RP column, in which the AEX separates here as
well the glycan by order of sialylation level and, the RP mode allows
the separation of the N-glycans within each sialylation level. The
percentage of charged glycan can be determined by the fluores-
cence level and sialylated N-glycans are identified by the MS.

2 Materials

All solutions are prepared using ultrapure water (prepared by pur-
ifying deionized water to attain a sensitivity of 18MΩ cm at 25 �C).
Whenever possible, the use of mass spectrometry grade reagents is
recommended.

Fig. 2 Derivatization reaction of N-glycan by anthranilamide
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2.1 Relative

Quantification

of the Sialylation

of N-Glycan by

UPLC-FLR

2.1.1 Apparatus

1. UPLC system (autosampler and quaternary solvent manager,
Acquity system, Waters).

2. Fluorimetric FLR detector for Acquity (Waters).

3. Manifold equipped with a pressure regulation system and
a pump.

4. GlycanPac AXH-1 column (length 250 mm ID 2.1 mm, parti-
cle size 1.9 μm, Thermo Scientific).

2.1.2 UPLC Preparation 1. Mobile phase A: water.

2. Mobile phase B: acetonitrile.

3. Mobile phase C: 100 mM ammonium formate pH 4.5. Weigh
6.31 g of ammonium formate in a 1.0 L volumetric flask and
bring to volume with purified water. Adjust the pH to
4.50 � 0.05 with formic acid.

4. Wash solvent: acetonitrile–water (50:50 v/v).

5. Purge solvent: acetonitrile–water (50:50 v/v).

2.1.3 Sample

Preparation

1. 50 mg/mL RapiGest: Dissolve a 1 mg RapiGest vial (Waters,
article no. 186001861) with 20 μL of Rapid PNGase F buffer
5� (Bioke, article no. P0710S) and homogenize with vortex.

2. Derivatization buffer. Weigh 4.0 g of sodium acetate trihydrate
and 2.0 g of boric acid in a 100.0 mL volumetric flask. Dissolve
and bring to volume with methanol.

3. Derivatization reagent. Weigh 300 mg of anthranilamide and
300 mg of cyanoborohydride in an amber 10.0 mL volumetric
flask. Dissolve and bring to volume with the derivatization
buffer (see Note 1).

4. 95% acetonitrile: acetonitrile–H2O (95:5 v/v).

5. 20% acetonitrile: acetonitrile–H2O (20:80 v/v).

2.2 Charge-Based

Profiling of N-Glycans

by UPLC-FLR-MSE

2.2.1 Apparatus

1. UPLC system (autosampler and quaternary solvent manager,
Acquity system, Waters).

2. Q-TOF mass spectrometer equipped with an electrospray ion
source (XEVO G2XS QTOF, Waters).

3. Fluorimetric FLR detector for Acquity (Waters).

4. Manifold equipped with a pressure regulation system and
a pump.

5. GlycanPac AXR-1 (length 150 mm ID 2.1 mm, particle size
1.9 μm, Thermo Scientific).

2.2.2 UPLC Preparation 1. Mobile phase A: water.

2. Mobile phase B: acetonitrile.
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3. Mobile phase C: 100 mM ammonium formate pH 4.5. Weigh
6.31 g of ammonium formate in a 1.0 L volumetric flask and
bring to volume with purified water. Adjust the pH to
4.50 � 0.05 with formic acid.

4. Wash solvent: water.

5. Purge solvent: water.

2.2.3 Sample

Preparation

1. 50 mg/mL RapiGest: Dissolve a 1 mg RapiGest vial (Waters,
article no. 186001861) with 20 μL of Rapid PNGase F buffer
5� (Bioke, article no. P0710S) and homogenize with vortex.

2. Derivatization buffer. Weigh 4.0 g of sodium acetate trihydrate
and 2.0 g of boric acid in a 100.0 mL volumetric flask. Dissolve
and bring to volume with methanol.

3. Derivatization reagent. Weigh 300 mg of anthranilamide and
300 mg of cyanoborohydride in an amber 10.0 mL volumetric
flask. Dissolve and bring to volume with the derivatization
buffer (see Note 1).

4. 95% acetonitrile: acetonitrile–H2O (95:5 v/v).

5. 20% acetonitrile: acetonitrile–H2O (20:80 v/v).

6. 0.5 mL Amicon Ultra desalting and concentration devices with
molecular weight cutoff of 3 kDa (Merck Chemicals, article
no. UFC500324) or 10 kDa (Merck Chemicals, article
no. UFC501024).

3 Methods

3.1 Relative

Quantification

of the Sialylation

of N-Glycan by

UPLC-FLR

Digestion can be performed using a one-step or two-step protocol
(see Note 2). Both protocols are described below.

3.1.1 Sample

Preparation (One-Step

Digestion)

1. Desalt and/or concentrate samples using 0.5 mL AmiconUltra
centrifugal device with a molecular weight cutoff of 3 kDa or
10 kDa. The final volume should be in the 30–40 μL range (see
Note 3).

2. Glycan release: To 250–500 μg of protein (see Note 4), add
1 μL of Rapid PNGase F per 25 μg of protein and the volume of
Rapid PNGase F buffer 5� necessary to reach a final 1�
concentration (i.e., for 50 μL of a 5 mg/mL protein solution,
add 15 μL of Rapid PNGase F buffer 5� and 10 μL of Rapid
PNGase F).

3. Vortex and centrifuge.

4. Incubate at 50 �C for 30 min.
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5. Derivatization (seeNote 5): After cooling down of the samples
to room temperature, add 2 μL of glacial acetic acid.

6. Vortex and centrifuge (see Note 6).

7. Add 100 μL of derivatization reagent, vortex and centrifuge.

8. Incubate at 80 �C for 1 h.

9. After cooling down of the samples to room temperature, cen-
trifuge the samples 1 min at 12,000 � g.

10. Add 1.0 mL of acetonitrile 95% and vortex thoroughly.

11. Purification: Purification is done using Oasis HLB μelution
30 μm purification plate (Waters, article no. 186001828BA).
Vacuum of 2.5–4.0 inHg should allow a slow and steady
elution.

12. Condition the wells with acetonitrile 95% (5 � 500 μL).
13. Load the samples (2� 600 μL).
14. Samples are centrifuged prior to the second addition to ensure

complete recovery. Wash the wells with 95% acetonitrile
(2 � 200 μL).

15. Elute the N-glycans with 20% acetonitrile (2 � 100 μL).
16. Dry the samples using a Speed-Vac (see Notes 7 and 8).

17. Redissolve the samples in 10 μL water and then 90 μL acetoni-
trile (see Note 9).

3.1.2 Sample

Preparation (Two-Step

Digestion)

1. Desalt and/or concentrate samples using 0.5 mL AmiconUltra
centrifugal device with a molecular weight cutoff of 3 kDa or
10 kDa. The final volume should be in the 30–40 μL range (see
Note 3).

2. Glycan release: To 250–500 μg of protein (seeNote 4), add the
proper volume of 50 mg/mL RapiGest in 5� Rapid PNGase F
buffer to reach a final concentration of 10 mg/mL (i.e., for
50 μL of a 5 mg/mL protein solution, add 15 μL of RapiGest
in Rapid PNGase F buffer).

3. Vortex and centrifuge.

4. Incubate at 90 �C for 3 min.

5. Cool down for 3 min at room temperature.

6. Add 1 μL of Rapid PNGase F per 25 μg or protein (i.e., for
50 μL of a 5 mg/mL protein solution, add 10 μL of Rapid
PNGase F), aspirate and dispense to mix.

7. Incubate at 50 �C for 5–30 min.

8. Derivatization (seeNote 5): After cooling down of the samples
to room temperature, add 2 μL of glacial acetic acid.

9. Vortex and centrifuge (see Note 6).

10. Add 100 μL of derivatization reagent, vortex, and centrifuge.
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11. Incubate at 80 �C for 1 h.

12. After cooling down of the samples to room temperature, cen-
trifuge the samples 1 min at 12,000 � g.

13. Add 1.0 mL of acetonitrile 95% and vortex thoroughly.

14. Purification: Purification is done using Oasis HLB μelution
30 μm purification plate (Waters, article no. 186001828BA).
Vacuum of 2.5–4.0 inHg should allow a slow and steady
elution.

15. Condition the wells with acetonitrile 95% (5� 500 μL).
16. Load the samples (2� 600 μL).
17. Samples are centrifuged prior to the second addition to ensure

complete recovery. Wash the wells with 95% acetonitrile (2�
200 μL).

18. Elute the N-glycans with 20% acetonitrile (2� 100 μL).
19. Dry the samples using a Speed-Vac (see Notes 7 and 8).

20. Redissolve the samples in 10 μL water and then 90 μL acetoni-
trile (see Note 9).

3.1.3 UHPLC Separation 1. Inject 1–2 μL (see Notes 10–12).

2. The detector parameters are set to λexcitation ¼ 330 nm and
λemission ¼ 420 nm with a gain of 10 (see Note 13).

3. Column temperature is set to 30 �C and samples are kept at
5 �C.

4. The gradient is 0–4 min isocratic on 90% B, 10% C, 4–8 min;
linear gradient to 40% A, 30% B, 30% C; and isocratic in these
conditions to 13 min, linear gradient from 13–15 min to
90% B, 10% C; and isocratic for equilibration in these condi-
tions for 10 min. The flow rate is 0.25 mL/min.

3.1.4 Data Analysis 1. Peaks are identified by the sialylation level: neutral, mono-, di-,
tri-, . . ., sialylated.

2. Report the fluorescence % area as a semiquantification parame-
ter of the sialylation level (Figs. 3 and 4).

Fig. 3 FLR profile of etanercept N-glycans and sialylation levels
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3.2 Charge-Based

Profiling of N-Glycans

by UPLC-FLR-MSE

3.2.1 Sample

Preparation

The sample preparation (N-glycan release, derivatization, and puri-
fication) is identical to the sample preparation for relative quantifi-
cation of the sialylation of N-glycan by UPLC-FLR. The samples
are dried and, prior to injection, are redissolved in 50 μL water (see
Note 9).

3.2.2 UHPLC Separation 1. Inject 1–10 μL (see Note 11).

2. The detector parameters are set to λexcitation ¼ 350 nm and
λemission ¼ 420 nm with a gain of 10 (see Note 13).

3. Column temperature is set to 50 �C and samples are kept at
10 �C (see Note 14).

4. The gradient is 0–60 min linear gradient from 93% A, 7% C to
50% A, 15% B, 35% C and 60–60.1 min; linear gradient to
100% C; 60.1–65 min isocratic on 100% C and 65–70 min,
linear gradient to starting conditions 93% A and 7% C; and
equilibration for 10 min in these conditions.

5. Flow rate is 0.4 mL/min.

3.2.3 MS Conditions 1. Analyze samples with an hyphenated Q-TOFMS spectrometer,
in positive ESI mode (sensitivity).

2. The cone voltage is set to 20 V and the capillary voltage to
2.75 kV.

3. The source temperature is 100 �C and the cone gas flow is
100 L/h.

4. The desolvation gas temperature is 425 �C with a desolvation
gas flow of 800 L/h.

5. Acquisition is done between m/z 100 and 2500 with a 1 s
scan time.

Fig. 4 FLR profile of a fetuin N-glycan and inset to show the calculated sialylation levels
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6. Acquisition is done in MSE mode (as defined by Waters, allow-
ing both MS and “MS/MS-like” acquisition without prior
knowledge of the m/z to be fragmented) with a low energy
of 6 V and high energy ramp from 20 to 30 V (see Note 15).

3.2.4 Data Analysis 1. Properly integrate all desired peaks.

2. Report the percentage of sialylation by summing the %area of
all sialylated peaks.

3. Relative abundance of each N-glycans can be given by their
fluorescence % area. Additionally, relative abundance can be
reported by type (antennary number, fucosylated, etc.). N-
glycans can be identified from their m/z and identification can
be confirmed using the high energy MS data, which yields
characteristic fragments.

4. Examples of fluorescence chromatograms for etanercept and
fetuin are presented in Figs. 5 and 6, respectively.

Fig. 5 FLR profile of etanercept N-glycans and sialylation levels

Fig. 6 FLR profile of fetuin N-glycans and sialylation levels
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4 Notes

1. Derivatization reagent should be stored away from light and
cannot be stored more than a week.

2. For most proteins, the one step protocol can be performed but
to ensure a complete deglycosylation, a preheating step is
required for some proteins (e.g., Fab N-glycans).

3. The efficacy of the N-glycan release might be affected by
molecules present in the buffer. SDS is known to inhibit the
PNGase F for instance.

4. Typical preparation is performed with 250 μg of protein.

5. From the derivatization step onward, the sample should be
protected from light.

6. After addition of acetic acid, a white precipitate may be visible.

7. Partial desialylation might occur if the temperature in the
Speed-vac rises above 28 �C.

8. As an alternative to speed-vac, samples can be freeze-dried.

9. The injected solutions are stable only 78 h at low temperature
(e.g., in the injector tray of the UPLC system). After this
period, peaks may exhibit altered shapes or splitting.

10. A column cleaning gradient must be performed before the
analysis. For that, an additional solution is prepared (50 mM
sodium pyrophosphate in 100 mM ammonium formate
pH 4.5, set on line D of the quaternary solvent manager).
The gradient is as follows: 0–8 min, linear gradient from 50%
B and 50% C to 20% B and 80% C. 8–16min, to 20% B and 80%
D. Isocratic on 20% B, 80% D from 16 to 56 min. From 56 to
57.6 min, linear gradient from 20% B, 80% D to 20% B, 80% C
and kept isocratic to 20% B–80% C to 80 min. From 80 to
96 min, linear gradient to 80% B, 20% C and linear gradient to
97.6 min, 20% A, 78% B and 2% C and kept in these conditions
to 112 min. From 112 min to 130, linear gradient from 20% A,
78% B and 2% C to 90% B, 10% C. The flow rate is 0.25 mL/
min. This gradient can also be used in case of performance loss.

11. Before injecting the samples, the gradient should be run three
times (no injection) to ensure proper column equilibration.

12. The injection volume is limited to 2 μL; greater volumes will
lead to peak distortion.

13. Gain should be adapted to increase signal-to-noise ratio.

14. The temperature of the column (50 �C) does not lead to
desialylation of theN-glycans, based on comparison performed
for five column temperatures from 30 to 50 �C.
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15. The calibration of the QTOF is performed by infusion of for
instance a solution of NaI (2 mg/mL)/CsI at 2 mg/mL in
50/50 H2O/isopropanol (v/v) on acquisition range m/z
100 to 2500. External multipoint calibration is based on singly
charged ions.
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Chapter 18

Linkage Analysis of Oligosaccharides and Polysaccharides:
A Tutorial

Ian Black, Christian Heiss, Russell W. Carlson, and Parastoo Azadi

Abstract

Polysaccharides and oligosaccharides are a diverse group of natural polymers with important biological
functions. The diversity of carbohydrate polymers is vast, ranging from small oligosaccharides of defined
composition decorating proteins, to large, complex heteropolymers comprising integral cell wall compo-
nents of plants, fungi and bacteria. An important step in the elucidation of unknown carbohydrate
structures in a sample is the assessment of the various linkages present. This is accomplished by performing
linkage analysis of the sample. The analysis proceeds as a successive series of chemical steps in which
unlinked carbohydrate hydroxyls are marked with methyl groups, the sample is hydrolyzed into mono-
saccharides and reduced to alditols, and finally free hydroxyls are acetylated. Gas chromatography-mass
spectrometry (GC-MS) analysis is employed to analyze the resultant partially methylated alditol acetates
(PMAAs). The following paper reviews the major literature pertaining to the specific protocol for linkage
analysis of carbohydrates outlined herein. The review details additional steps necessary for the completion
of uronic acid linkage analysis, as well as analysis of chitin containing polymers. It also gives chro-
matographic examples of common erroneous results which the first time practitioner will want to be
aware of. Our hope is that this protocol will serve as a definitive guide, allowing novice researchers to
perform linkage analysis of carbohydrates in their own lab.

Key words PMAAs, Partially methylated alditol acetates, Carbohydrate, Linkage analysis, Polysaccha-
ride, GC-MS, Gas chromatography

1 Introduction

Carbohydrate polymers are a diverse class of biological compounds.
They comprise the major structural component of plant and fungal
cell walls. As glycans, they are also attached to proteins, where they
play essential functional and regulatory roles in all multicellular
organisms. In addition, they are integral components of the outer
surface membranes of many bacteria, where they can mediate host
pathogen response, as well as survival in the environment.

Understanding the structure of carbohydrate polymers is an
important step toward understanding their functional significance.
There are a host of analytical procedures available for this structural
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elucidation. Composition analysis gives quantitative information
on which monosaccharides are present in a sample. Composition–
based methods for determining anomeric configuration are also
available. Liquid chromatographic procedures are often used for
the molecular weight analysis of large polysaccharides. Further-
more, full structural analysis of polysaccharides and oligosacchar-
ides can be obtained by NMR or mass spectrometry, respectively.

Linkage analysis is the analytical method for determining which
hydroxyl groups of each monosaccharide in a polysaccharide are
linked to other substituents. To accomplish this, free hydroxyl
groups, that is, those not substituted by another monosaccharide
or involved in ring formation, are marked with methyl groups via a
Williamson ether synthesis. The substituted hydroxyl groups are
then exposed via hydrolysis of the carbohydrate sample to partially
methylated monosaccharides, which are then reduced to form par-
tially methylated alditols (PMAs). Lastly, the free hydroxyls of the
PMAs (that were the substituted positions and ring position in the
original carbohydrate) are marked with acetyl groups by acetylation
(Fig. 1). The end result of the analysis is a complex mixture of
partially methylated alditol acetates (PMAAs). While neutral sugars
can be analyzed via the simplified scheme outlined above, some
carbohydrates have functional groups (e.g., the 6-position of a
uronic acids is a carboxylic group, amino sugars have amino groups
in place of hydroxyls) that require modifications in order to be
properly analyzed. Other sugars, such sialic acid, require more
highly specialized procedures not covered here.

Although many variations of the different steps have been
published, proper linkage analysis without artifactual peaks requires
that the methylation reaction proceed to a high degree of comple-
tion. Therefore, most research (and a large percentage of the back-
ground presented here) has focused on the methylation step, as
methylation has been the step in the linkage analysis workflow that
is most difficult to achieve with quantitative yield. A significant
amount of literature has been dedicated to finding optimal reagents
and reaction conditions necessary to give complete methylation of
different samples. The hydrolysis, reduction and acetylation reac-
tions were detailed satisfactorily early on with only slight modifica-
tions over the years.

The analysis of PMAAs utilizes gas chromatography–mass spec-
trometry (GC-MS), a powerful tool for the structural elucidation of
the multiple similar epimers of a given PMAA generated during the
procedure. The superior resolution of gas chromatography allows
for the separation of dozens of chemically similar carbohydrate
derivatives. However, the number of peaks present in complex
carbohydrate samples can still lead to significant overlap, especially
for low abundance monosaccharides. Differences in retention times
distinguish between different glycose (i.e., glucose, mannose,
galactose, etc.) PMAAs, and the mass spectra allow for
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unambiguous assignment of the linkage positions of each PMAA.
Further, interpretation of mass spectral fragmentation allows for
the assignment of monosaccharides whose exact structure is
unknown, which is important given that nature generates a tremen-
dous diversity of unusual and rare monosaccharides.

The following section details a review of the literature pertain-
ing to the analysis of carbohydrate linkages via the production of
PMAAs. We do not attempt to be exhaustive, but instead focus on

Fig. 1 The process of linkage analysis of a 4-linked hexose polymer. Permethy-
lation is seen as a two-step reaction; first a conversion of each free hydroxyl to
an alkoxide using a strong base, then a substitution reaction using methyl iodide
adds a methyl group to the alkoxide. The methylated polymer is then hydrolyzed
in acid and reduced using sodium borodeuteride. The deuterated version of this
reducing agent is used to label the original reducing end since the reduction can
lead to symmetrical alditols where C-1 and C-6 become indistinguishable.
Finally, acetylation then marks the newly generated hydroxyls with acetyl
groups. The analyst is left with a linear PMAA structure containing unique
acetylation and methylation patterns that can be interpreted to ascertain the
linkage positions
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papers whose results informed the protocols described below. Our
lab uses and teaches these protocols extensively and has found them
to be the most effective method for generating linkage data. We
also describe detailed modifications to these protocols required for
samples that contain amino and acidic sugar residues. We also give
examples of common mistakes in the analysis to demonstrate the
specific results of problematic analyses with a view of helping the
analyst troubleshoot the workflow that is being used. Thus, this
tutorial is intended as a straightforward entry point for nonexperts
into the linkage analysis method and also as a practical resource for
those that perform the linkage analysis on a regular basis.

1.1 Chemistry

of the Linkage

Analysis

Early in the twentieth century, different procedures for the methyl-
ation of carbohydrates were described in the literature [1, 2]. These
reactions employed silver oxide and methyl sulfate, but the meth-
ods involved long reaction times and frequently resulted in poor
methylation efficiencies. As described by Hakomori [3], “the ability
to methylate complex carbohydrates was a painstaking procedure
requiring a minimum of 10 g of highly purified sample and several
months of work to yield full methylation.” Even then, incomplete
methylation was common. In 1964, Hakomori published a method
that allowed for the methylation of a glycolipid sample using a
simplified procedure requiring 30 min of reaction time and gener-
ated completely methylated glycolipids with minimal contamina-
tion due to undermethylation [4]. The key to the simplified
methylation was use of sodium hydride in DMSO, which created
a methylsulfinyl carbanion (dimsyl anion), a strong base able to
ionize carbohydrate hydroxyl groups, which could then react with
methyl iodide to form stable methyl ethers. While the procedure
was relatively fast for small oligosaccharides or glycolipids, Hako-
mori found it necessary to extend the reaction times overnight or
even perform two methylations in succession for the larger polymer
glycogen, and still the methylation was not 100% complete. This
indicated that methylation of large polysaccharides is less efficient
than small oligosaccharides. Nevertheless, the procedure proved to
be much quicker and simpler than most of the previously estab-
lished methods. Further work by Sandford and Conrad [5]
expanded on Hakomori’s procedure to allow linkage analysis of
uronic acid-containing polysaccharides from bacteria. Uronic
acids cannot directly be analyzed by methylation, because the initi-
ally formed uronic acid methyl ester is cleaved during the
subsequent hydrolysis of the methylated polysaccharide, reforming
a negatively charged carboxyl group. This makes the methyl deri-
vatives of uronic acids nonvolatile, preventing passage through the
GC column. However, uronic acids were derivatized by reducing
the uronic acid methyl ester intermediate to the primary alcohol.
After a second round of methylation to derivatize the newly formed
free hydroxyl, the authors hydrolyzed the samples, allowing for
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analysis of the partially methylated monosaccharides. Chemical
characterization of the monosaccharides by GC-MS allowed for
identification of the individual residues and their linkages. Thus,
the authors put forth a viable procedure of methylation, reduction
and hydrolysis for analyzing the linkages of carbohydrates contain-
ing uronic acids in a relatively fast and reproducible manner.

Until the 1960s, the methylation analysis consisted of per-
methylation followed by hydrolysis and chromatographic separa-
tion of the resulting partially methylated monosaccharides. The
widely varying volatility of these derivatives made them difficult to
analyze. They were routinely separated by paper chromatography, a
tedious, slow, and low-resolution method. In 1963, Biemann [6]
addressed this shortcoming by introducing O-acetylation of the
free hydroxyls in monosaccharides, increasing the volatility of the
derivatized sugars and making it possible to analyze them by mass
spectrometry. Notably, the authors extolled the small sample quan-
tity needed and ease with which acetylated monosaccharides could
be prepared. Later work by Oades showed the utility of reduction
followed by acetylation for quantitative analysis of monosaccharides
via the generation of alditol acetates [9].

Another shortcoming in the separation of partially methylated
monosaccharides was the equilibration of sugar anomers and ring
forms during hydrolysis leading to multiple peaks for each mono-
saccharide residue constituting the polysaccharide. Lindberg [8]
outlined a method employing a reduction step to the analysis,
converting the partially methylated monosaccharides to the
corresponding alditols before the final acetylation and gas liquid
chromatography analysis of the resulting PMAAs.

These improvements were combined with Hakomori’s method
and became the widely adopted method for the permethylation of
carbohydrates [8]. Phillips and Fraser [7] further added to Hako-
mori’s work by showing that the dimsyl base could be more quickly
produced using potassium hydride instead of sodium hydride. Fur-
thermore, it was noted that the potassium iodide side product of
the reaction is much less soluble in chloroform than the sodium
iodide counterpart, and thus the extraction of methylated carbohy-
drates produced by the use of dimsyl potassium yielded cleaner
product than that obtained by dimsyl sodium.

Despite its utility, the dimsyl base has drawbacks. Obtaining
pure sodium or potassium hydride is difficult, and the presence of
impurities resulting from side reactions can result in noncarbohy-
drate peaks being present in GC chromatograms. Furthermore, the
reagents can be challenging to work with for novice researchers.
Also, the base is sensitive to moisture and carbon dioxide, making
long-term storage problematic. Following up on earlier work
showing that the addition of potassium tert-butoxide to DMSO
would generate dimsyl anions in equilibrium with butoxide base
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[10], Finne et al. argued that the use of this reagent for base
preparation was preferable over the metal hydrides as it gave equiv-
alent methylation while also being more stable in storage [11].

Many modifications intended to improve the efficiency and ease
of the linkage analysis protocol have been suggested. Waeghe et al.
demonstrated that by minimizing the reagents used and being
careful to not over dry samples and thus evaporating the derivatized
carbohydrate, linkage analysis could be performed on less than
50 μg of sample [12]. Thus, the multistep reaction procedure
could be performed on small sample volumes as long as it is carried
out with care. This would prove important for glycoprotein analysis
as yields of glycans from proteins are generally quite low. The
authors also reported the use of sodium borodeuteride for prior
reduction of the reducing end to prevent peeling, a degradation
reaction that can destroy oligomers under basic conditions
[13]. Though this step would later be shown to generate artificial
methyl glycosides by York et al. [14], Harris et al. reported a
complete review of each step in the linkage analysis, optimizing
them for speed and recovery [15]. These authors demonstrated
that the methylation of pullulan was 100% using potassium hydride
derived dimsyl anion but only 50% using tert-butoxide derived
dimsyl anion. They also noted that increasing the time of methyla-
tion from 10 min to 1 h did not increase the methylation efficiency,
indicating that the methylation reaction happens relatively quickly
for the sample they analyzed, after which extending the reaction
time did not improve results.

The preferred choice of base for methylation analysis changed
drastically with the work of Ciucanu and Kerek [16] who argued
that the effective base in the tert-butoxide procedure was hydroxide
anions rather than dimsyl base, whose presence was due to small
amounts of water in the starting tert-butyl alcohol. They even
pointed out that use of dry tert-butyl alcohol resulted in very little
methylation. The authors thus reasoned it would be more efficient
to use alkali metal hydroxides in DMSO to ionize carbohydrate
hydroxyls. Accordingly, they showed that the addition of finely
ground sodium hydroxide and iodomethane to a sample dissolved
in DMSO resulted in efficient methylation. These results were
obtained relatively rapidly and eliminated the need for more exotic
base preparations using metal hydrides or potassium tert-butoxide.
As such, the new method rapidly gained favor as it was more facile
and did not require specialized equipment or advanced technical
expertise. This work was expanded upon by Anumula and Taylor
who noted that the same results could be achieved using a base
prepared from a 50% solution of sodium hydroxide [17]. In this
instance, 50% sodium hydroxide is washed repeatedly with DMSO
to remove the water (see Subheading 3 below). The purpose is to
generate an extremely fine suspension of sodium hydroxide in
DMSO which can then be added to the sample that is dissolved in
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DMSO. This proved more convenient than the method of Ciucanu
and Kerek, which requires grinding solid sodium hydroxide into a
fine and uniform powder, a task Anumula and Taylor describe as
“difficult and hazardous.” Some drawbacks to methylation using
sodium hydroxide were noted. York et al. published results showing
that linkage analysis of oligosaccharides of known structures
resulted in the detection of anomalous linkages [14]. The authors
showed that methylation with sodium hydroxide resulted in oxida-
tion of oligoglycosyl alditols derived from plant cell-wall xyloglu-
cans, thus giving small but significant false linkage peaks in the
chromatogram when alditols are present in the samples. They
further showed that oxidation products from terminal, nonreduc-
ing glucopyranosyl residues were not detected, indicating terminal
residues were being degraded, which resulted in incorrect terminal
to linked ratios between monosaccharides. They concluded that the
results of oxidative degradation during linkage analysis might limit
its utility in the structural elucidation of highly purified products
where even small oxidative losses/conversions could result in erro-
neous conclusions. Work by Needs and Selvendran [18, 19]
demonstrated the significance of the order of reagent addition to
the success of the methylation reactions. It was shown that oxida-
tion is avoided if the base is added for a period of time prior to the
methylating agent. This order of addition had been followed by
Hakomori, but Ciucanu and Kerek added base and methyl iodide
simultaneously. Ciucanu and Costello later reported that along
with the order of base and iodomethane addition, the anhydrous
nature of the reaction was partially responsible for oxidative degra-
dation [20]. The authors found that in the presence of trace
amounts of water, the oxidation reaction reported by York et al.
was eliminated, although it is important to avoid too much water,
which can result in undermethylation. While the authors continued
to use powdered sodium hydroxide, which acts as a strong desic-
cant, their results explain why oxidation has not been observed in
the alternative preparation of sodium hydroxide developed by Anu-
mula and Taylor. Starting with a 50% solution of sodium hydroxide
ensures that the final base preparation will continue to have trace
amounts of water present.

2 Materials

2.1 Preacetylation 1. Pyridine.

2. Acetic anhydride.

3. Borosilicate screw top test tubes with Teflon-lined caps.

2.2 Methylation 1. 50% NaOH.

2. Anhydrous methanol.
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3. DMSO.

4. Potassium hydride.

5. Hexane.

6. Ethanol.

7. Iodomethane.

8. Dichloromethane (DCM).

9. Acetonitrile.

10. Borosilicate screw top test tubes with Teflon-lined caps.

11. C18 disposable purification columns.

12. Plastic pipets.

13. Glass pipets.

14. Desktop centrifuge.

15. Three-necked flask.

16. Vortex mixer.

17. Magnetic stirrer and stir bars.

18. Ice bath.

19. Argon or nitrogen gas.

2.3 Reduction

of Uronic Acid Methyl

Ethers

1. 20 mg/mL solution of lithium borodeuteride in 90% THF.

2. Acetic acid.

3. Methanol/acetic acid solution (9:1, v/v).

4. NaOH/DMSO base (see Subheading 3.2.1).

5. Dionex OnGuard II cartridges.

6. Nitrogen gas.

2.4 Hydrolysis 1. 2 M trifluoroacetic acid (TFA).

2. Isopropanol.

3. Nitrogen gas.

2.5 Reduction 1. 10 mg/mL solution of sodium borodeuteride in 20 mM
ammonium acetate.

2. Acetic acid.

3. Methanol–acetic acid solution (9:1, v/v).

4. Nitrogen gas.

2.6 Acetylation 1. Acetic anhydride.

2. Pyridine.

3. Trifluoroacetic acid (TFA).

4. Isopropanol.
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5. Dichloromethane (DCM).

6. GC vial insert.

7. Nitrogen gas.

2.7 GC-MS Analysis 1. GC-MS system.

2. SP-2331 bonded phase fused silica capillary column (Supelco).

3. Equity-1 fused silica capillary column (Supelco).

3 Methods

What follows below is a detailed method for the generation of
PMAAs. It is slightly different from previously published proce-
dures [21] in that it does not focus on a single type of sample but
can be used to analyze many different types of polysaccharides. As
such, some steps presented below may be unnecessary depending
on the type of sample being analyzed. The method is equally
applicable to polysaccharides and oligosaccharides, as long as the
methylation step is suitably adapted. The procedure includes steps
for working with samples containing neutral, amino, and acidic
glycosyl residues. It is important to choose specific steps based on
the type of sample to be analyzed. Preacetylation is required only if
the sample contains chitin or chitosan. Likewise, prereduction is
not necessary for samples containing only neutral sugar residues.

3.1 Preacetylation For some samples containing amino sugars that are sparingly solu-
ble, a preacetylation step may be employed to help with solubiliza-
tion. Chitin-containing samples are one such example. Because
acetylation is a labile modification, no further additional steps are
required, and the procedure does not alter the end result, as any
added acetyl groups are labile under the basic conditions of the
permethylation.

1. Place 100–300 μg of sample in a clean test tube.

2. Add 150 μL pyridine to the sample and sonicate 30 s.

3. Add 150 μL acetic anhydride to the sample.

4. Heat the sample to 100 �C for 1 h (expect a brown/red color
to form in the sample solution. This color will remain through-
out the analysis) (see Note 1).

5. Dry the cooled sample under nitrogen.

6. Once completely dry, proceed to the appropriate
methylation step.

3.2 Methylation Proper methylation of samples is one of the most important steps of
linkage analysis as mistakes in the methylation procedure inevitably
lead to erroneous results [25]. The type of procedure used is
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dependent on the types of carbohydrates expected in the sample.
For uronic acid containing samples, the expectation of
β-elimination requires the use of dimsyl anion. For neutral or
amino containing linkage analysis use of sodium hydroxide is
preferred.

3.2.1 NaOH Base

Preparation

1. Add 100 μL of 50% NaOH to a new borosilicate test tube using
a plastic pipette.

2. To this, add 200 μL anhydrous methanol and vortex for 10 s
(the solution should become transparent).

3. Add 2 mL DMSO and vortex for 5 s. The resultant solution
should be cloudy.

4. Centrifuge at low speed. A desktop centrifuge is sufficient. The
result should be a precipitate on the walls and at the top of a
clear DMSO layer with a gel–like substance (the base) at the
bottom of the tube.

5. Remove the top DMSO layer, including washing the white
precipitate off the tube walls with the DMSO before removing.
Be careful not to disturb or remove the gelatinous base at the
bottom of the tube.

6. Add 2 mL of fresh DMSO and repeat the washing step five
times until the tube no longer contains white precipitate at the
top. (Air bubbles in the solution can make it difficult to see the
precipitate, but a brief sonication will remove the air bubbles
making it easier.)

7. The final base should be dissolved in 2 mL of DMSO for use.

3.2.2 Potassium Dimsyl

Base Preparation

The preparation of dimsyl from potassium hydride requires some
minimal inert-gas equipment as the reaction requires anhydrous
conditions. To this effect, it is important to dry the glassware in an
oven prior to use (cool the glassware under an inert-gas flow prior
to start of the preparation). Also, the DMSO should be dried with
molecular sieves for 48 h prior to use (see Note 2).

1. Weigh out 4.8 g of potassium hydride dissolved in mineral oil
in a clean three-necked flask under an argon atmosphere and
containing a stir bar.

2. Add 10 mL hexane to the flask and stir for 15 s to mix. Turn off
the stirring and allow the potassium hydride to collect at the
bottom of the flask.

3. Remove the hexane layer, being cautious to not remove any of
the potassium hydride in the process. Discard in a beaker con-
taining ethanol.

4. Repeat steps 3 and 4 five times to fully remove the mineral oil.

5. Allow the purging argon to evaporate the hexane while
continuing moderate stirring (see Note 3).
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6. Once the hexane has been completely evaporated, slowly add
10 mL of dry DMSO to the potassium hydride dropwise while
continuing to stir at moderate speed. The products of this
reaction, in addition to dimsyl base, are hydrogen gas and
heat; therefore, adding DMSO too quickly can cause the reac-
tion to overheat and ignite the hydrogen gas resulting in a fire.
(Expect vigorous bubbling as the hydride reacts with the
DMSO and hydrogen is released. Potassium hydride is very
reactive and extreme care must be taken to ensure it is not
exposed to moisture).

7. After bubbling subsides, the resulting DMSO solution/sus-
pension of dimsyl base can be used directly or aliquoted into
glass vials for storage (see Note 4).

3.2.3 Methylation

of the Sample

with NaOH Base

1. Add 50–400 μg of purified sample to a test tube. (Use more
sample if you suspect it is not pure).

2. Add 200 μL dry DMSO to the sample.

3. Add a clean, dry stir bar to the sample.

4. Allow the sample to stir for 5 min. If the sample is difficult to
solubilize, it can be heated to 80 �C for 5 min, making certain
that it is allowed to cool before base addition. It can also be
stirred overnight or for several days prior to analysis.

5. Add 200 μL of the NaOH/DMSO base slurry (prepared as
described in Subheading 3.2.1) to the sample and allow the
mixture to stir for 10 min. Alternatively, if the sample is hard to
solubilize, it can be sonicated for 10 min.

6. Add 100 μL iodomethane to the sample and allow the sample
to stir for 30 min. (For oligosaccharides, only 10–15 min
reaction time is needed for this step).

7. For polysaccharides, repetition of steps 5 and 6 can be
employed to ensure complete methylation of the polymer.

8. Add 2 mL of water to the sample. The iodomethane will no
longer be soluble and the solution will appear cloudy.

9. Add 2 mL of dichloromethane to the samples.

10. Vortex the sample for 20 s, then use low speed centrifugation
to separate the aqueous and organic layers.

11. Remove the aqueous (top) layer with a glass pipet, being
careful to not remove any of the organic layer.

12. Add a fresh portion of 2 mL of water and repeat steps 10
and 11.

13. After washing a total of five times, carefully remove the bottom
organic layer and transfer to a new tube (see Note 5).

14. Dry the organic layer under nitrogen.
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3.2.4 Methylation

of the Sample

with Dimsyl Base

1. Add 50–400 μg of purified sample to a test tube. (Use more
sample if you suspect it is not pure).

2. Add 200 μL dry DMSO to the sample.

3. Add a clean, dry stir bar to the sample.

4. Allow the sample to stir for 5 min. If the sample is difficult to
solubilize, it can be heated to 80 �C for 5 min, making certain
that it is allowed to cool before base addition. It can also be
stirred overnight or for several days prior to analysis.

5. Add 80 μL of the DMSO dimsyl base (prepared as described in
Subheading 3.2.2) to the sample and allow the mixture to stir
for 10 min. Alternatively, if the sample is hard to solubilize, it
can be sonicated for 10 min.

6. Place the sample in an ice bath with a stir plate, allowing the
sample to stir while chilling. (The sample should be cold but
not frozen at this step. If it begins to freeze, start iodomethane
addition. The iodomethane addition will prevent or reverse
freezing at this point).

7. Slowly add 100 μL of ice cold iodomethane dropwise from a
glass syringe to the sample. Let the sample stir for 15 min in ice
water.

8. Add 2 mL of water to the sample.

9. Insert a pipet into the sample solution and slowly purge with
nitrogen to evaporate the iodomethane. The cloudy sample will
become clear as the iodomethane evaporates.

10. Load the sample solution onto a preconditioned, disposable
C18 column.

11. Wash the C18 column with 4 mL water.

12. Elute the sample from the C18 column with 2 mL acetonitrile.

13. Evaporate the acetonitrile under nitrogen.

3.3 Reduction

of Uronic Acid Methyl

Ethers

Samples containing uronic acids should be methylated using dimsyl
base (as described in Subheading 3.2.4), and the resulting carbox-
ylic acid methyl ester reduced. After reduction, the sample is then
methylated again using NaOH base methylation as a single meth-
ylation step of polysaccharides almost always results in incomplete
methylation. Also, the reduction of the uronic acid residues con-
verts the carboxyl groups to primary alcohols resulting in free
hydroxyls that require the second methylation step. Lithium bor-
odeuteride is a suitable reducing agent for uronic acid methyl esters
as it is stronger and more effective than NaBD4. The deuterated
reducing agent is used so that the uronic acid will be converted to
its hexose (–COOH is reduced to –CD2OH) derivative, and the
incorporation of deuterium will also distinguish the former uronic
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acid (now a –CD2OH–containing hexose from a normal –
CH2OH–containing hexose, which may also be present in the
sample. The use of lithium borodeuteride is an important distinc-
tion from the use of sodium borodeuteride during the reduction of
the carbonyl called for later in the procedure. The methyl ester of
the carboxylic acid is less reactive than the carbonyl, and therefore
reduction using sodium borohydride would be incomplete. There-
fore, we use lithium borodeuteride, as it is a more powerful reduc-
ing agent. Lithium aluminum deuteride is an even more powerful
reducing agent and can be used as well. However, this reagent
reacts violently with water and must be used and stored under strict
exclusion of moisture. In addition, LiAlD4 tends to form emulsions
that are difficult to separate due to the production of aluminum
hydroxide during the reaction. Therefore we use lithium borodeu-
teride as an alternative. Neutralization of the reducing agent leaves
a lot of salt in the sample which must be removed in order to get
complete methylation of the sample during the second methylation
step. Failure to remove the salt prior to the second methylation
results in lower recovery of the sample. The uronic acid reduction
procedure is as follows.

1. To the dry methylated sample, add 400 μL of a 20-mg/mL
solution of lithium borodeuteride in 90% THF.

2. Heat the sample at 100 �C for 4 h.

3. Neutralize the reaction by adding five drops acetic acid.

4. Dry the sample under nitrogen.

5. Add 500 μL water which will dissolve the salt and pass through
Dionex OnGuard II Cartridge.

6. To minimize sample loss, collect the eluent from the cartridge
in the original sample tube.

7. Dry the sample under nitrogen to remove the THF. Excess
water can be removed via lyophilization after the THF has been
removed.

8. In order to ensure complete removal of the borate (which can
interfere with subsequent methylation), dry twice with 200 μL
of a methanol: acetic acid (9:1) solution.

9. Methylate the sample using the NaOH/DMSO base as
detailed above in Subheading 3.2.3 (only one round of meth-
ylation is necessary).

3.4 Hydrolysis For hydrolysis, organic acids as opposed to mineral acids are gener-
ally employed as they are easily removed via evaporation. Care must
be taken to remove all the acid after the hydrolysis as any residual
acid left in the test tube will consume reducing reagent, possibly
resulting in incomplete reduction of the samples.
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1. To the dried sample, add 200 μL of 2 M trifluoracetic acid
(TFA).

2. Heat at 120 �C for 2 h.

3. Dry the cooled sample under nitrogen. To aid evaporation,
several drops of isopropanol can be added to the sample (see
Note 6).

4. Once the sample is dry, 100 μL of isopropanol is added to the
sample, and the mixture is vortexed for 5 s.

5. The sample is dried again.

6. Steps 4 and 5 are repeated twice more to ensure all the TFA is
evaporated from the sample.

3.5 Reduction The reduction of the partially methylated monosaccharides serves
to reduce the complexity of the sample chromatogram. Without
reduction, each monosaccharide linkage would appear as 2 to
4 peaks due to α- and β-anomer mixtures as well as possible fura-
nose and pyranose ring forms. By reducing the sample, both
anomeric and ring form complexity is eliminated. Furthermore,
we use sodium borodeuteride instead of borohydride. The deuter-
ide labels the anomeric carbon (e.g., conversion of –CHO to –
CHDOH). On GC/MS analysis of the final PMAAs, this allows
one to distinguish mass spectrum fragments arising from C1-end
from those arising from the C6-end of each PMAA.

1. To the dry sample, add 300 μL of a 10 mg/mL solution of
sodium borodeuteride in 20 mM ammonium acetate.

2. Allow the sample to sit at room temperature for a minimum of
3 h to overnight.

3. Neutralize the sample by adding three drops of acetic acid.

4. Dry the samples under nitrogen.

5. To the dry samples, add 5 drops 9:1 methanol–acetic acid.
Vortex for 5 s and dry.

6. Repeat step 5 two more times. A dry, white, salty crust should
appear in the tube.

3.6 Acetylation Acetylation of the partially methylated and reduced monosacchar-
ides can be accomplished by using acetic anhydride and either a
base or acid catalyst. For samples containing neutral sugars or
reduced uronic acids, we use TFA as a catalyst, as the reaction is
efficient and relatively quick. For samples containing amino sugars,
we employ pyridine as the catalyst. A longer reaction time and
higher temperature are necessary for complete acetylation of both
the free hydroxyls and the primary amines of the monosaccharides.
If the contents of the sample are unknown, then it is best to use the
pyridine acetylation to ensure everything is accounted for.

262 Ian Black et al.



3.6.1 For Neutral

Partially Methylated

Alditols

1. Add 200 μL acetic anhydride and 200 μL concentrated TFA to
the samples.

2. Heat the samples to 35 �C for 15 min.

3. Add 1 mL isopropanol to the sample and allow to dry under
nitrogen (the sample contains a lot of salt left over from the
reduction step and will therefore only dry down to a syrup).

4. Once dried to a syrup, add 2 mL of water to the sample,
followed by 2 mL dichloromethane.

5. Vortex the sample for 20 s, then use low speed centrifugation
to separate the aqueous and organic layers.

6. Remove the aqueous layer via aspiration, being careful to not
remove any of the organic layer.

7. Add a fresh 2 mL of water and repeat steps 5 and 6.

8. After washing a total of five times, carefully remove the bottom
organic layer and transfer to a new tube.

9. Dry the dichloromethane layer until only ~50 μL remains.

10. Pipet the dichloromethane into a GC vial insert.

3.6.2 For Amino

Containing Sugars

1. Add 150 μL acetic anhydride and 150 μL pyridine to the
samples.

2. Heat the samples at 100 �C for 40 min.

3. Dry the cooled samples under nitrogen.

4. Once dry, add 2 mL of water to the sample followed by 2 mL
dichloromethane.

5. Vortex the sample for 20 s, then use low speed centrifugation
to separate the aqueous and organic layers.

6. Remove the aqueous layer via aspiration, being careful to not
remove any of the organic layer.

7. Add a fresh 2 mL of water and repeat steps 5 and 6.

8. After washing a total of five times, carefully remove the bottom
organic layer and transfer to a new tube.

9. Dry the dichloromethane layer until only ~50 μL remains.

10. Pipet the dichloromethane into a GC vial insert.

3.7 GC-MS Analysis Analysis of the neutral PMAAs is accomplished using a 30-m
Supelco SP-2331 bonded phase fused silica capillary column. For
analysis of amino containing PMAAs, a Supelco Equity-1 fused
silica capillary column is required. Tables 1 and 2 provide oven
conditions for analysis of PMAAs using both columns.

3.8 Interpretation

of Spectra

A full review of the mass spec analysis of the PMAAs generated
during linkage analysis is beyond the scope of this tutorial. How-
ever, papers with tables assigning linkages based on mass
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fragmentation have been published [22], along with a publicly
accessible database of common PMAA spectra available at the
Complex Carbohydrate Research Center website [24]. Protocols
for making standards to aid in identifying linkages [23] have also
been published. Use of linkage standards is especially important for
distinguishing monosaccharides whose fragmentation is similar.
For example, mannose, glucose, and galactose are all hexose residue
and therefore all produce the same fragmentation for a given link-
age. In order to identify the hexose linkages from each other, it is
necessary to know the elution order (4–linked mannose comes out
before 4–linked galactose, followed by 4–linked glucose on a par-
ticular GC column). This is accomplished by making and running
standards using the individual sugars present in the sample of
interest.

3.9 Example

Chromatograms

Below are several example chromatograms. The purpose of this
section is to demonstrate the results of linkage analysis from several
different samples. Here, we also include results of failed analyses in
order to help the reader troubleshoot any problems in their
analyses.

Figure 2 shows the effect of preacetylation on the analysis of
chitin. Both samples give similar chromatograms, with the expected
4-linked N-acetylglucosamine being the predominant peak arising
from the linkage analysis. Smaller linkages are also present in the
sample, along with a medium sized terminal N-acetylglucosamine
peak. At first glance, both samples give similar amounts of 4-linked

Table 1
Oven ramp conditions for SP2330 column used for neutral PMAAs analysis

Oven Ramp (�C/min) End Temp. (�C) Hold Time (min)

60 1

27.5 170 0

4 235 2

3 240 12

Table 2
Oven ramp conditions for EC-1 column used for amino containing PMAA
analysis

Oven Ramp (�C/min) End Temp. (�C) Hold Time (min)

80 1

4 220 0

20 260 25
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N-acetylglucosamine, with the ratio of the nonacetylated peak
being only slightly smaller in intensity than its inositol peak. How-
ever, the nonacetylated chromatogram represents a starting weight
of 250 μg chitin, whereas the acetylated sample is only 150 μg
chitin. Thus, despite having 40% less starting material, the preace-
tylated chitin still has a slightly higher amount of 4-linked N-
acetylglucosamine detected compared to internal standard. The
reason is that native chitin is not soluble, even in the presence of
strong sodium hydroxide base. This poor solubility results in some
of the chitin not being methylated and thus being lost during the
extraction steps after methylation. It is therefore advisable to pre-
acetylate chitin or chitosan samples.

Figure 3 shows the results of incomplete methylation and poor
recovery. Because the samples are comprised of polysaccharides, it is
necessary to extend the methylation time in order to fully methylate
them. The top chromatogram in Fig. 3 shows the results of not
extending the methylation time. In this example, the methylation
time was 20 min (5 min base treatment, 15 min after iodomethane
addition), and only one round of methylation, rather than two, was

Fig. 2 Linkage analysis of chitin (Sigma, from shrimp shell) with (top, black) and without (bottom, blue) the use
of a preacetylation step. 150 μg chitin was used for the analysis with preacetylation. 250 μg chitin was used
for the analysis without acetylation. 30 μg inositol was added to both samples as an internal standard
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performed. Comparison of the inositol peaks to the carbohydrate
linkages in the top chromatogram shows that most of the sample
was not methylated and as a result was lost during the sample
cleanup. This explains why, despite having the same amount of
starting material, the carbohydrate peaks are of lower intensity
compared to the undermethylated sample peaks seen in the bottom
chromatogram. The bottom chromatogram shows the results when
the samples were not completely dried. The sample gives intense
peaks, and the correct linkages are visible, but there are also artifacts
of “multiply linked” peaks (labeled in red) that are the result of
undermethylation. Undermethylation commonly occurs in linkage
analysis. It can be a result of samples that have not been fully dried,
of not using enough base, or from analysis of a poorly soluble
sample. In each case the results are that numerous “multiply
linked” peaks appear in the chromatogram. In our example these
undermethylated peaks are not very intense, so it is tempting to
simply ignore them. However, many times undermethylation can
result in large “multiply linked” peaks. As a result, distinguishing
actual linkages from those due to undermethylation can become a

Fig. 3 Analysis of the same sample containing multiple neutral polysaccharides. For the analysis, 100 μg
commercially sourced mannan, arabinogalactan, and starch were mixed to use as a standard. 10 μg inositol
was used as internal standard. Poor recovery or undermethylation are shown, caused by abbreviated
methylation time (top), and by addition of 20μL water to the sample (bottom) respectively
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challenge. Sims et al. list several examples of published results in
which the samples showing clear signs of undermethylation are
misinterpreted as legitimate linkage peaks.[25]

Figure 4 shows that oligosaccharides can be fully methylated
with shorter reaction times than polysaccharides. Full methylation
of maltoheptaose was achieved in 20 min. The 4-linked glucose
peak is much larger than the inositol, indicating good sensitivity
compared to the results of Fig. 3 (top). Thus, the requirements of
the methylation are different depending on the sample being ana-
lyzed. Working with polysaccharides requires extending the meth-
ylation time and doing two rounds to ensure complete methylation.
But when working with small oligosaccharides, a single round with
shorter methylation time is sufficient.

Figure 5 shows the importance of using dimsyl base for meth-
ylation of acidic residues. The results of the linkage analysis using
dimsyl base shown in the top chromatogram are as expected. The
major residue in the sample is a mixture of 4-linked galactose and
4-linked 6-D2-galactose (i.e., galacturonic acid), with the galac-
turonic acid being the major contributor to the peak area. This
contrasts with the bottom chromatogram, which was obtained after
permethylation with NaOH and shows several neutral carbohy-
drate peaks that are present in both chromatograms but only a
small peak of 4-linked galactose and no indication of galacturonic
acid. This is the result of performing the methylation with NaOH
base, which causes degradation of the 4-linked galacturonic acid via
β-elimination, leaving only the nonacidic sugars behind in the
analysis. Hence, Fig. 5 shows the necessity of methylating uronic
acid–containing samples with dimsyl base rather than with sodium
hydroxide.

Linkage analysis of glycans can be difficult as the amount of
sample is usually limited. One must also deal with the added diffi-
culty of other noncarbohydrate components in the sample if the

Fig. 4 Analysis of 100 μg maltoheptose using the same abbreviated methylation conditions as was used to
obtain the top chromatogram of Fig. 2. 10 μg inositol was used as an internal standard. The sample was run
alongside the samples shown in Fig. 3
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glycans are not purified beforehand. Thus, one important consid-
eration is the background noise caused by noncarbohydrate com-
ponents that may be in the sample. Because the abundance of
carbohydrate may be low, it is important to reduce background
noise and contamination as much as possible. One way to achieve
this is to thoroughly wash the sample after the methylation step and
again after the acetylation step. Figure 6 shows the results of linkage
analysis on 100 μg fetuin. Here, the sample glycans are not purified
in any way prior to analysis. The top chromatogram shows both
wash steps repeated five times. The chromatogram shows several
PMAAs due to the glycosyl linkages present for the major glycans
on fetuin. Although the signal is not as strong as those seen above
using polysaccharides, it is easy to make out the major linkages as
well as some noncarbohydrate peaks. This is contrasted with the
bottom chromatogram in Fig. 6 showing the results from a sample
that was washed only two, rather than five times. The baseline peaks
are noticeably more intense although the amount of fetuin was
equal in both experiments. Also, there are more noncarbohydrate
peaks (denoted with asterisks) present at higher intensities. Figure 6
shows that the extra washes, while time-consuming, are important
for enhancing the signal-to-noise ratio of the samples and result in
fewer noncarbohydrate peaks cluttering the chromatogram. And
this is especially important when starting sample amount is limited.

Fig. 5 Analysis of 4-linked polygalacturonic acid (Megazyme) containing sample. Sample methylated using
dimsyl anion (top) and sodium hydroxide base (bottom). 1.5 mg of each sample was used, and the samples
were run in parallel
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3.10 Conclusion Although the linkage analysis has been improved dramatically over
the past century and has been used with great success in the
structural characterization of numerous polysaccharides and oligo-
saccharides, it continues to be a challenging procedure fraught with
many pitfalls. As a result, only a small number of expert labs
routinely perform this analysis. It has been our goal in this chapter
to contribute to lowering the barrier of entry into the field of
carbohydrate analysis and to making the linkage analysis protocol
accessible to a greater number of nonexperts. For this reason, we
included detailed procedures including tips and tricks that are often
omitted in the methods sections of most publications. We also
included the results of mistakes that are commonly made by those
who lack the experience required to optimize the reaction condi-
tions to obtain accurate results. We hope that this tutorial will serve
as a practical and useful guide to those who are starting out in the
challenging area of carbohydrate analysis, as well as those who are
well versed in it but are still looking to improve their skills.

Fig. 6 Analysis of 100 μg fetuin. Top chromatogram—sample washed five times after methylation and again
after the acetylation. Bottom chromatogram—sample washed only two times after methylation and acetyla-
tion. Inset chromatogram—samples run on a separate GC column used to analyze amino sugars
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4 Notes

1. While performing the preacetylation for amino containing
samples, if the sample clumps together, several brief repeated
sonication steps can be performed during the heating to help
dissolve it.

2. The reaction described for the dimsyl preparation can be min-
iaturized to only prepare enough base for a single set of sam-
ples. Reducing the amount of potassium hydride used will
allow for a quicker and safer base preparation.

3. During the dimsyl base preparation, the dried potassium
hydride should be the consistency of talcum powder. If it
does not reach this consistency, then mineral oil is still present.
Further extractions with hexane are then necessary to
completely remove the mineral oil.

4. Since the dimsyl base reacts with air and moisture, storage
should be done under argon and in a freezer. However, even
under these conditions, the base will develop a noticeable black
film after several months, indicating it has expired.

5. While performing the dichloromethane wash after the methyl-
ation using sodium hydroxide, an alternative to transferring the
dichloromethane layer to a new tube is to remove the top
aqueous layer. The dichloromethane layer can then be dried
under nitrogen in the original tube. However, some water will
invariably remain with the dichloromethane, and the sample
will need to be lyophilized to fully remove it. While effective for
polysaccharides, this procedure could lead to evaporative losses
in the case of small oligosaccharides.

6. During the drying down after hydrolysis, somemethods call for
the addition of methanol instead of isopropanol to aid in
drying, as methanol has a lower boiling point and would there-
fore allow for faster drying. However, any residual methanol
consumes the reducing agent faster, similar to acid, so its use is
avoided in this procedure.
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Chapter 19

Use of Exoglycosidases for the Structural Characterization
of Glycans

Elizabeth McLeod, Paula Magnelli, and Xiaofeng Shi

Abstract

The use of sequential exoglycosidase digestion of oligosaccharides followed by LC-FLD, LC-MS or CE
analysis provides detailed carbohydrate structural information. Highly specific exoglycosidases cleave
monosaccharides from the nonreducing end of an oligosaccharide and yield information about the linkage,
stereochemistry and configuration of the anomeric carbon. Here we use combinations of exoglycosidases to
precisely characterize glycans on the Fc domain of therapeutic antibodies and dimeric fusion proteins. The
workflow described includes glycan release with Rapid™ PNGase F (NEB #P0710), direct labeling of
released glycans with procainamide (PCA) or 2-aminobenzamide (2AB), cleanup of labeled glycans and a
3 h enzymatic digestion with exoglycosidases. This protocol is designed for completion within an 8 h time
frame to allow for subsequent LC-FLD, LC-MS, or CE analysis overnight.

Key words Exoglycosidase, Glycan Structure, Rapid™ PNGase F, LC-FLD, LC-MS, CE

1 Introduction

Characterization of glycans on therapeutic IgGs is critical as the
stability, half-life, and clinical efficacy are affected by the glycoforms
present on the molecule. The inherent complexity of protein gly-
cosylation poses a daunting analytical challenge. Multiple orthogo-
nal methods are often used to elucidate structure, but even with
techniques such as LC-MS, which has the advantage of an asso-
ciated mass corresponding to each chromatographic peak, there can
be ambiguities when assigning structures. There are often several
possible glycan isoforms associated with an identical mass.

Highly specific exoglycosidases can be used to cleave mono-
saccharides from the nonreducing end of an oligosaccharide yield-
ing information about the linkage, stereochemistry and
configuration of the anomeric carbon. The use of exoglycosidase
digestion panels is an experimentally straightforward approach that
was first described in the 1990s by Pauline Rudd et al. [1]. For
many years, the widespread application of this approach was

Arnaud Delobel (ed.), Mass Spectrometry of Glycoproteins: Methods and Protocols, Methods in Molecular Biology, vol. 2271,
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hindered by inconsistent supplies of highly pure enzymes with
minimal contaminating activities. In addition, optimized enzyme
formulations and reaction conditions that allow multiple enzymatic
reactions in a single step were not available. In this chapter, we
describe protocols that utilize high-quality enzymes and reagents
from reliable commercial sources that are compatible with most
commonly used labeling strategies and detection methods, allow-
ing for accurate structural glycan assignment.

2 Materials

Prepare all solutions with HPLC grade solvents to avoid contami-
nation during mass spectrometric analysis.

1. Rapid PNGase F (enzyme and buffer) (New England Biolabs).

2. Procainamide (PCA) stock solution: Dissolve 550 mg of PCA
in 1 mL of DMSO. This solution is stable for several weeks at
�20 �C and numerous freeze–thaw cycles.

3. 2-aminobenzamide (2-AB) stock solution: Dissolve 250 mg of
2-AB in 1 mL of DMSO. This solution is stable for several
weeks at �20 �C and numerous freeze–thaw cycles.

4. 200 mg/mL sodium cyanoborohydride solution: Dissolve
200 mg of sodium cyanoborohydride in 1 mL of water. This
solution is stable for several weeks at �20 �C and numerous
freeze–thaw cycles.

5. 50 mM ammonium formate Buffer, pH 4.4: Add 7.66 mL of
formic acid to 3.9 L of water. Add ammonium hydroxide to
bring the solution to pH 4.4 (~11 mL of ammonium
hydroxide).

6. 85% acetonitrile (ACN): mix 85 mL of acetonitrile with 15 mL
of water.

7. 1% formic acid: to 99 mL of water, add 1 mL of formic acid.

8. SPE buffer: 200 mM ammonium acetate.

9. Glacial acetic acid.

10. Methanol.

11. Exoglycosidases (α2-3,6,8,9 neuraminidase A, α1-3,4,6 galac-
tosidase, β1-4 Galactosidase S, β-N-acetylglucosaminidase S,
α1-2,4,6 fucosidase O, α1-2,3,6 Mannosidase) and Glycobuf-
fer 1, or N-glycan sequencing kit (New England Biolabs).

12. HILIC Plate, or HILIC Spin Column.

13. GlycoWorks RapiFluor-MS N-Glycan Kit (Waters).
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3 Methods

Carry out all steps at room temperature, unless otherwise directed.

3.1 Protocol Using

Procainamide (PCA) or

2-Aminobenzamide

(2AB)

3.1.1 Rapid

Deglycosylation

1. Using PCR tubes (200 μL), add 30 μg of monoclonal antibody
(see Note 1) to a final volume of 16 μL.

2. Add 4 μL of Rapid PNGase F Buffer and mix.

3. Incubate the mixture at 80 �C for 2 min and cool to room
temperature.

4. Add 1 μL of Rapid PNGase F.

5. Incubate for 10 min at 50 �C in a thermocycler or heat block.

3.1.2 Fluorescent

Labeling

with Procainamide (PCA) or

2-Aminobenzamide (2AB)

1. Prepare acidified PCA or 2-AB labeling solution by adding one
volume of glacial acetic acid to eight volumes of PCA or 2-AB
stock solution.

2. Add 18 μL of acidified PCA or 2-AB labeling solution and
24 μL of 200 mg/mL sodium cyanoborohydride solution to
the deglycosylation reactions.

3. Incubate for 45 min at 65 �C in a thermocycler.

4. Cool reactions to room temperature. The labeled glycans can
then be purified with a HILIC plate or column.

3.1.3 Glycan Purification

with a 96-Well HILIC Plate

1. Add 350 μL acetonitrile (ACN) to the labeled reactions to a
final concentration of 85% ACN.

2. Set up a HILIC elution plate with shims or spacer and waste
tray if necessary (see Note 2).

3. Condition well with 200 μL of H2O.

4. Equilibrate well with 200 μL of 85% ACN.

5. Load PCA or 2-AB labeled samples diluted with ACN
(~410 μL) onto the HILIC plate.

6. Wash wells with 3� 200 μL of 1% formic acid, 90% ACN.

7. Replace waste tray with a collection plate.

8. Elute glycans with 3� 30 μL of SPE buffer (seeNote 3) into the
collection plate.

9. Dry the 90 μL sample in a speed vac at 35 �C or lyophilize
overnight (see Note 4).

10. Resuspend the sample in 30 μL of H2O for subsequent exo-
glycosidase reactions.

3.1.4 Glycan Purification

with a HILIC Spin Column

1. Add 350 μL of acetonitrile (ACN) to the labeled reactions for a
final concentration of 85% ACN.
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2. Using either a vacuum manifold or centrifuge adaptor (follow-
ing manufacturer’s instructions), condition a HILIC spin col-
umn with 350 μL of water.

3. Equilibrate the column with 350 μL of 85% ACN.

4. Load PCA labeled samples diluted with ACN onto the HILIC
column and spin or vacuum-aspirate.

5. Wash column with 5� 300 μL of 1% formic acid, 90% ACN.

6. Elute glycans with 3� 30 μL of SPE Buffer into a collection
tube for a final volume of 90 μL.

7. Dry the 90 μL sample in a speed vac at 35 �C or lyophilize
overnight (see Note 4).

8. Resuspend the sample in 30 μL of water for subsequent exo-
glycosidase reactions.

3.1.5 Digestion of PCA or

2AB Labeled Glycans

with Exoglycosidases

Note: Exoglycosidases can be used in single digests or in combina-
tions to elucidate information about the total glycan profile.

1. In PCR tubes (200 μL), mix 5 μL of PCA-labeled N-glycans
(equivalent to 5 μg of starting material) from previous step with
2 μL of 10� Glycobuffer 1, the recommended volume of
exoglycosidase (as presented in Table 1) and water to a final
reaction volume of 20 μL (see Note 5).

2. Incubate reactions for 3 h at 37 �C.

3. Add 10 μL of 50 mM ammonium formate buffer, pH 4.4 and
90 μL acetonitrile to each 20 μL reaction for a final acetonitrile
concentration of 70%.

Table 1
Preparation of exoglycosidase solutions for enzymatic digestion of PCA or 2-AB labeled glycans

Component RXN 1 RXN 2 RXN 3 RXN 4 RXN 5 RXN 6

PCA/2-AB-labeled N-glycans 5 μL 5 μL 5 μL 5 μL 5 μL 5 μL

10� Glycobuffer 1 2 μL 2 μL 2 μL 2 μL 2 μL 2 μL

H2O 13 μL 11 μL 10 μL 9 μL 8 μL 6 μL

α2-3,6,8,9 Neuraminidase A 2 μL 2 μL 2 μL 2 μL 2 μL

α1-3,4,6 Galactosidase 1 μL 1 μL 1 μL 1 μL

β1-4 Galactosidase S 1 μL 1 μL 1 μL

β-N-Acetylglucosaminidase S 1 μL 1 μL

α1-2,4,6 Fucosidase O 2 μL

Total 20 μL 20 μL 20 μL 20 μL 20 μL 20 μL
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4. Samples are now ready for LC or LC-MS analysis (see Note 6).
A representative chromatogram obtained for infliximab using
PCA labeling is presented in Fig. 1.

3.2 Protocol Using

Waters GlycoWorks

RapiFluor-MS

N-Glycan Kit

There are a number of “Instant Label” products such as Instant
2AB, Instant Procainamide and RapiFluor-MS available that pro-
vide enhanced fluorescence response and MS sensitivity for glycan
detection. Here we provide a protocol for labeling using Waters
GlycoWorks RapiFluor-MS N-Glycan Kit and subsequent exogly-
cosidase digestion.

3.2.1 Rapid

Deglycosylation

1. Using PCR tubes (200 μL), add 15 μg of monoclonal antibody
to a final volume of 22.8 μL (see Note 1).
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Fig. 1 (a) N-glycans release from infliximab, labeled with PCA, and digested for 3 h with exoglycosidases (b)
Expanded lower abundance profile of Infliximab glycans (see Note 7)
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2. Add 6 μL of 5% (w/v) Buffered RapiGest SF and mix.

3. Incubate mixture at 80 �C for 2 min and cool.

4. Add 1.2 μL of Rapid PNGase F for a final volume of 30 μL.
5. Incubate for 10 min at 50 �C in a thermocycler or heat block.

3.2.2 Fluorescent

Labeling of Released

Glycans with RapiFluor

1. Prepare reagent solution by dissolving one vial of 23 mg of the
GlycoWorks RapiFluor-MS Reagent Powder in 335 μL of
GlycoWorks Reagent Solvent (anhydrous DMF). Mix several
times to ensure the reagent is dissolved.

2. Add 12 μL of the RapiFluor-MS Reagent Solution to the
deglycosylation reactions and mix thoroughly.

3. Incubate the reaction to at room temperature for 5 min.

4. Add 358 μL of ACN to the reaction.
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3.2.3 Glycan Purification

with a 96-Well HILIC Plate

1. Set up a GlycoWorks HILIC μElution Plate with shims or
spacer and waste tray if necessary (see Note 2).

2. Condition wells to be used on the μElution plate with 200 μL
of water.

3. Equilibrate wells with 200 μL of 85% ACN.

4. Load the entire 400 μL acetonitrile diluted sample to each well.

5. Wash the well with 2� 600 μL volumes of 1:9:90 (v/v/v)
formic acid–water–acetonitrile.

6. Replace the waste tray with a 96-well collection plate.

7. Elute glycans with 3� 30 μL volumes of GlycoWorks SPE
Elution Buffer (see Note 3).

8. Dry the 90 μL sample in Speedvac at 35 �C for about 1.5 h (see
Note 4).

9. Resuspend dried pellet in 25 μL of water.

3.2.4 Digestion

of RapiFluor-Labeled

Glycans

with Exoglycosidases

Note: Exoglycosidases can be used in single digests or in combina-
tions to elucidate information about the total glycan profile.

1. In PCR tubes (200 μL), mix 3 μL of RapiFluor-labeled N-
glycans (equivalent to 5 μg of starting material) from previous
step with 2 μL 10� Glycobuffer 1, the recommended volume
of exoglycosidase (as presented in Table 2) and water to a final
reaction volume of 20 μL (see Note 5).

2. Incubate reactions for 3 h at 37 �C.

3. Add 10 μL of 50 mM ammonium formate Buffer pH 4.4 and
90 μL acetonitrile to each 20 μL reaction for a final acetonitrile
concentration of 70%.

4. Samples are now ready for analysis (see Note 7).

Table 2
Preparation of exoglycosidase solutions of enzymatic digestion of RapiFluor-labeled glycans

Component RXN 1 RXN 2 RXN 3 RXN 4 RXN 5 RXN 6

RapiFluor-labeled N-glycans 3 μL 3 μL 3 μL 3 μL 3 μL 3 μL

10� Glycobuffer 1 2 μL 2 μL 2 μL 2 μL 2 μL 2 μL

H2O 15 μL 13 μL 12 μL 11 μL 10 μL 8 μL

α2-3,6,8,9 Neuraminidase A 2 μL 2 μL 2 μL 2 μL 2 μL

α1-3,4,6 Galactosidase 1 μL 1 μL 1 μL 1 μL

β1-4 Galactosidase S 1 μL 1 μL 1 μL

β-N-Acetylglucosaminidase S 1 μL 1 μL

α1-2,4,6 Fucosidase O 2 μL

Total 20 μL 20 μL 20 μL 20 μL 20 μL 20 μL
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4 Notes

1. Glycans constitute approximately 2% of the molecular weight
of an antibody. In general, 30 μg of antibody is a sufficient
quantity of glycoprotein to generate a labeled glycan substrate
with a good fluorescence and mass spectrometric signals with
PCA label. 2-AB labeled glycan fluorescence and mass spectro-
metric signals are typically not as strong as PCA and may
require more labeled substrate to get an adequate MS signal.
Instant labels such as RapiFluor-MS that provide enhanced
fluorescence response and MS sensitivity for glycan detection
require less labeled substrate. Avoid buffers containing SDS, as
it inhibits PNGase F. Common stabilizing reagents such as
Tween, Triton X-100, NP-40, octyl glucoside, and nondeter-
gent sulfobetaine, as well as traces of organic solvents, can
prevent optimal rapid deglycosylation. Antibody substrate
used here Infliximab was dialyzed in 20 mM Tris, 50 mM
NaCl pH 7.5 to remove sucrose.

2. Positive or negative pressure manifold can be used to purify
labeled glycans. Begin using low pressure and increase until
flow is approximately 1 drop per second.

3. SPE Buffer: 200 mM Ammonium Acetate.

4. Alternatively, divide the 90 μL eluent sample in 8 aliquots of
11.25 μL each and dry in speed vac at 35 �C for 30 min to
shorten drying step. After sample has completely dried add
3 μL of water to each tube.

5. Exoglycosidase digestions are prone to evaporation due to the
extended reaction time and the small volume. This can result in
incomplete digestion of the substrate. PCR machines are ideal
for performing digests as evaporation is minimized.

6. In this particular experiment, N-glycan samples are separated
using a XBridge™ BEH Amide column (Waters) on a Dionex
UltiMate® LC equipped with fluorescent detection in line with
an LTQ™ Orbitrap Velos™ Spectrometer equipped with a
heated electrospray standard source (HESI-II probe).

7. There are several software programs available to correctly
assign glycan structures, some based on GU values in conjunc-
tion with mass. The following is one example of a web
based tool: https://glycananalyzer.neb.com/exoanalyze/
main_page.action

Reference

1. Rudd PM et al (1997) Oligosaccharide sequenc-
ing technology. Nature 388:205–207
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Chapter 20

Determination of Isomeric Glycan Structures by
Permethylation and Liquid Chromatography–Mass
Spectrometry (LC-MS)

Byeong Gwan Cho, Alireza Banazadeh, Wenjing Peng, Jingfu Zhao,
Mona Goli, Sakshi Gautam, Ahmed Hussein, and Yehia Mechref

Abstract

The existence of glycans in isomeric forms is responsible for the multifariousness of their properties and
biological functions. Their altered expression has been associated with various diseases and cancers. Analysis
of native glycans is not very sensitive due to the low ionization efficiency of glycans. These facts necessitate
their comprehensive structural studies and establishes a high demand for sensitive and reliable techniques.
In this chapter, we discuss the strategies for effective separation and identification of permethylated isomeric
glycans. The sample preparation for permethylated glycans derived from model glycoproteins and complex
biological samples, analyzed using LC-MS/MS, is delineated. We introduce protein extraction and release
of glycans, followed by strategies to purify the released glycans, which are reduced and permethylated to
improve ionization efficiency and stabilize sialic acid residues. High-temperature LC-based separation on
PGC (porous graphitized carbon) column is conducive to isomeric separation of glycans and allows their
sensitive identification and quantification using MS/MS.

Key words Glycomics, Isomeric separation, LC-MS, Permethylation, Porous graphitized carbon

1 Introduction

Among the various posttranslational modifications (PTMs) that
proteins undergo in living organisms, glycosylation is one of the
most common modifications, especially on secreted and membrane
proteins [1]. It has long been known that glycans are involved in a
wide range of biological processes and play important biological
roles [2]. Examples of such functions include directing the folding
of nascent proteins [3], protecting proteins from degradation cat-
alyzed by proteases [4], as well as intrinsic and extrinsic recognition
of cells [5]. Also, the alteration of glycan profiles has been corre-
lated to many mammalian diseases, such as Alzheimer’s disease [6],
immune deficiencies [7], and several types of cancers [8]. Studies
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indicating the relevance of isomeric glycans to cancers also
highlighted the importance of characterizing isomeric glycan
forms [9–11].

The two major types of protein glycosylation, N-linked and O-
linked glycosylation, are the covalent attachment of glycans to
asparagine residues and serine/threonine residues of a protein,
respectively. The glycosylation of proteins occurs in the endoplas-
mic reticulum and Golgi apparatus. N-glycans are built from the
nucleotide sugar precursors and involves numerous enzymes such
as glycosyltransferases and exoglycosidases [12–14]. Therefore, the
glycan profiles depend on the availability and expressions of these
enzymes and sugar nucleotides. Although the number of mono-
saccharides involved in glycosylation is limited, the diversity of
glycan structures originates from the fact that monosaccharides
are assembled into glycans in ways that not only vary by sequence,
composition, and length but also by linkages and branching.

Although mass spectrometry (MS) is considered the method of
choice for glycan profiling due to the high sensitivity and capacity
for structural elucidation, MS based glycomics is still challenging
because of microheterogeneity of glycan structures and limited
capability of MS in differentiating glycan isomers. Such limitation
emphasizes the necessity of coupling MS with separation techni-
ques, such as ion mobility (IM) [15–17], capillary electrophoresis
(CE) [18, 19], and liquid chromatography (LC) [20]. However,
IM and CE are less amenable for MS-based glycomics as compared
to LC due to the low resolution of IM and inefficient interfacing of
CE to MS.

Various LC separation techniques have been applied in glyco-
mics, including hydrophilic interaction liquid chromatography
(HILIC) [21, 22], reverse-phase (RP) LC [23], porous graphitized
carbon (PGC) [11, 24–26], and high pH anion-exchange chroma-
tography (HPAEC) [27]. For reducing end-labeled glycans, effi-
cient isomeric separation can be attained using HILIC columns.
However, the accurate glycan structure assignment and quantita-
tion involving HILIC is hindered by sialic acid loss occurring in the
electrospray ionization (ESI) source and fucose migration observed
in MS2 [28, 29].

To address these concerns, derivatization of glycans is often
performed. Permethylation, one of the most utilized glycan deriva-
tization techniques, is significantly beneficial for MS-based glyco-
mics because of its ability to address issues of glycan stability and
low ionization efficiency [29]. Moreover, it facilitates the separation
of glycans using RP-LC by converting glycans into more hydro-
phobic structures. Separation of permethylated glycans using
RP-LC, however, induces low isomeric resolution. Therefore, the
isomeric separation of permethylated glycans on PGC column was
recently developed in our laboratory which is capable of achieving
baseline separation of both linkage and positional isomers by
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elevating the temperature of the separation column [25, 26]. The
interaction between PGC materials and glycan is based on
hydrophobicity and electrostatic interaction [30], thus making it
structure selective and capable of discriminating isomers. The high-
temperature PGC-LC-MS platform has been successfully employed
to profile isomeric glycans in biological samples [9, 11, 31].

This chapter summarizes the different strategies needed to
characterize glycan isomers through permethylation and
PGC-LC-MS. Detailed sample preparation steps from complex
sample matrix such as cell lines, tissues and human blood serum
are described. Release, purification and permethylation of glycans
procedures to ensure sensitive isomeric glycan analysis are also
described. Finally, different methods to characterize glycan iso-
mers, using glycan standards, exoglycosidases, MSn, and 3D mod-
eling, are described in detail.

2 Materials

2.1 Protein

Extraction

1. Ammonium bicarbonate (ABC).

2. Sodium deoxycholate (SDC).

3. 2.0 mL microcentrifuge tubes, conical, with screw cap.

4. BeadBug microtube homogenizer (Benchmark Scientific,
Edison, NJ).

5. 400 μm molecular biology grade zirconium beads (OPS Diag-
nostics, LLC, Lebanon, NJ).

6. Micro BCA protein assay kit (Thermo Fisher Scientific Inc.,
Rockford, IL).

2.2 N-Glycan

Release

2.2.1 In-Solution

N-Glycan Release

1. Ammonium bicarbonate (ABC).

2. PNGase F (glycerol-free, 500,000 units/mL) (New England
Biolabs, Ipswich, MA).

2.2.2 Filter Aided

N-Glycan Release

1. Ammonium bicarbonate (ABC).

2. Amicon ultra-0.5 mL centrifugal filter unit (Ultracel-10 K)
(Sigma-Aldrich, St. Louis, MO).

3. PNGase F (glycerol-free, 500,000 units/mL) (New England
Biolabs, Ipswich, MA).

2.3 O-Glycan

Release

1. Pronase (Roche Diagnostics GmbH, Mannheim, Germany).

2. Borane-ammonia complex, 97%.

3. Ammonium hydroxide, 28%.
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2.4 Glycan

Purification

2.4.1 Sodium

Deoxycholate Removal

1. Formic Acid >98.0%.

2.4.2 Protein

Precipitation

1. ACS/USP grade ethanol.

2.4.3 Dialysis 1. Biotech cellulose ester dialysis membrane (MWCO:
500–100 Da) (Spectrum Labs, Rancho Dominquez, CA).

2.4.4 C18 Glycan

Purification

1. HPLC grade methanol.

2. Acetic acid.

3. HyperSep C18 cartridge (100 mg bed weight, 1 mL column
volume, Thermo Fisher Scientific, San Jose, CA).

2.5 Reduction

of Reducing End

of Glycans

1. Borane-ammonia complex, 97%.

2. HPLC grade methanol.

2.6 Solid-Phase

Permethylation

1. Dimethyl sulfoxide, >99.9%.

2. Sodium hydroxide beads, 20–40 mesh, 97% (Sigma-Aldrich,
St. Louis, MO).

3. Iodomethane containing copper as a stabilizer, 99.5%.

4. HPLC grade acetonitrile.

5. Empty micro spin column, 5 μm frit (Harvard Apparatus,
Holliston, MA).

2.7 PGC-LC

Separation

1. Loading solution (98% HPLC water, 2% acetonitrile and 0.1%
formic acid).

2. Mobile phase A (98% HPLC water, 2% acetonitrile and 0.1%
formic acid).

3. Mobile phase B (100% acetonitrile with 0.1% formic acid).

4. C18 precolumn (3 μm particle size, 100 Å pore size, 75 μm i.
d., 2 cm length, Thermo Scientific, Sunnyvale, CA).

5. HyperCarb PGC column (5 μm particle size, 75 μm i.d.,
100 mm length, Thermo Scientific, Sunnyvale, CA).

6. Ultimate 3000 Nano LC system (Thermo Scientific,
Sunnyvale, CA).

2.8 Mass

Spectrometry

1. LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scien-
tific Inc., Waltham, MA).
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3 Methods

The procedures below describe detailed steps from preparing per-
methylated N- and O-glycans from complex biological samples to
LC-MS conditions and finally, data processing and determination
of isomers using glycan standards, exoglycosidases, MSn, and 3D
modeling. Workflow of the methods is depicted in Fig. 1.

3.1 Protein

Extraction

Before glycan release, protein extraction is often required, especially
for tissues and cells to remove interfering molecules such as lipids
and other small molecules. For other biological fluids such as
serum, plasma, or cerebrospinal fluid, the protein extraction step
may be omitted since PNGase F can release N-glycans directly in
the sample matrix [9, 32]. Protein extraction steps are also unnec-
essary for model glycoproteins, such as bovine fetuin or
ribonuclease B.

3.1.1 Cell Line Protein

Extraction

1. To an empty 2.0 mL microtube, add enough zirconium beads
to cover 0.5 cm of the microtube.

2. To a cell pellet, add 100 μL of 50 mM ABC buffer (pH ¼ 7.5)
and mix by pipetting.

3. Carefully transfer the cell pellet + buffer solution to the 2.0 mL
microtube containing zirconium beads.

4. Add 100-μL of 5% SDC (aq) solution to the microtube con-
taining the cell pellet, then transfer to a 2.0 mL microtube to
recover the remaining cells.

5. Homogenize using a BeadBug microtube homogenizer at
4,000 rpm (1,541 � g), 4 �C, for 90 s, three times with a
30 s break between each cycle.

6. To determine the protein concentration from the prepared cell
lysate, use a bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific).

7. Protein extraction from tissue samples can be completed simi-
larly (see Note 1).

3.2 N-Glycan

Release

There are two methods of releasing N-glycans: in-solution and by
filter-aided N-glycan separation (FANGS) [33]. The FANGS
method is convenient because it incorporates protein extraction
steps using a 10k MWCO filter prior to PNGase F digestion.
However, in our previous study, a significant sample loss was asso-
ciated with FANGS in comparison to in-solution release [32].

3.2.1 In-Solution

N-Glycan Release

1. Dilute the sample (biological fluid, cell lysate, or tissue protein
extract) with 50 mM ABC buffer (pH ¼ 7.5) by adding nine
times the sample volume.

2. Denature the sample in a 90 �C water bath for 10 min.
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Fig. 1 Typical workflow for the isomeric characterization of glycans using permethylation
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3. Cool the sample down to room temperature.

4. Add a 1 μL aliquot of stock PNGase F solution (500 U).

5. Incubate the sample in a 37 �C water bath for 18 h.

3.2.2 Filter-Aided

N-Glycan Release

1. Dilute the sample (biological fluid, cell lysate, or tissue protein
extract) with 50 mM ABC buffer (pH ¼ 7.5) by adding nine
times the sample volume.

2. Denature the sample in a 90 �C water bath for 10 min.

3. Cool the sample down to room temperature.

4. Add 400 μL of HPLC grade water to the 10k MWCO filter
(Sigma).

5. Centrifuge the filter unit at 14,000 � g for 15 min.

6. Discard the flow-through.

7. Add the sample to the filter unit.

8. Centrifuge the filter unit at 14,000 � g for 15 min.

9. Discard the flow-through.

10. Add 400 μL of 50 mM ammonium bicarbonate (pH ¼ 7.5).

11. Centrifuge the filter unit at 14,000 � g for 15 min.

12. Discard the flow-through.

13. Repeat steps 10–12 two times.

14. Attach a new collection tube to the filter unit.

15. Add 100 μL of 50 mM ammonium bicarbonate (pH ¼ 7.5).

16. Add a 1 μL aliquot of stock PNGase F solution (500 U) and
mix well by pipetting.

17. Incubate the sample in a 37 �C water bath for 18 h.

18. Centrifuge the filter unit at 14,000 � g for 15 min.

19. Add 400 μL of water to the filter unit.

20. Centrifuge the filter unit at 14,000 � g for 15 min.

21. Repeat steps 19 and 20 two more times.

22. Collect the flow-through and dry.

3.3 O-Glycan

Release

Although enzymes are commercially available to liberate O-glycans
from serine and threonine residues, enzymatic digestion is limited
because these enzymes are only able to release O-glycans with specific
core structures. To overcome this issue, the enzymatic/chemical
release of O-glycans [34] is performed where proteins are digested by
proteolytic enzymes before the release ofO-glycans by either reductive
β-elimination [35] or permethylation. It should be noted, however,
that O-glycan release by permethylation produces free reducing end,
resulting in more complex chromatography although it has been
previously reported that enzymatic/chemical release of O-glycans
using permethylation can significantly enhance sensitivity [34].
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3.3.1 Pronase Digestion 1. Prepare 10 mg/mL pronase solution in HPLC grade water.

2. Adjust the protein concentration to 2 mg/mL and pronase
concentrations 0.2 mg/mL. For example, if the protein con-
centration of your sample is 10 mg/mL and volume of your
sample is 100 μL, add 390 μL of HPLC grade water and 10 μL
of 10 mg/mL pronase solution.

3. Incubate at 55 �C for 48 h.

4. Dry in the Speed-Vac concentrator.

3.3.2 Reductive

β-Elimination

1. Prepare 5 mg/mL of borane-ammonia complex in a 28%
NH4OH solution.

2. Add the borane-ammonia solution to the sample (1 μL of the
solution per 1 μg of protein).

3. Vortex and incubate at 45 �C for 18 h.

4. Dry in the Speed-Vac concentrator.

3.3.3 Solid-Phase

Permethylation

1. To the dried pronase-digested sample, add 30 μL of dimethyl
sulfoxide, 1.2 μL of water, and 20 μL of iodomethane.

2. Prepare sodium hydroxide beads in dimethyl sulfoxide.

3. Cut 0.5 cm off from a 1000 μL pipette tip.

4. Pipet the sodium hydroxide beads into a clean and empty
microspin column. Make sure the amount of sodium hydroxide
beads is enough to fill approximately 1.5 cm but does not
exceed 2.0 cm.

5. Place the packedmicrospin column into a holder with an empty
2.0 mL Eppendorf tube.

6. Place the assembly in a microcentrifuge and centrifuge at
1800 rpm (300 � g) for 2 min.

7. Add 200 μL of dimethyl sulfoxide to the column and centrifuge
again.

8. Discard the flow-through.

9. Replace the 2.0 mL Eppendorf tube with a new tube.

10. Apply the sample onto the column.

11. Incubate at room temperature for 25 min (see Notes 2 and 3).

12. Add another 20 μL aliquot of iodomethane onto the column
and incubate for another 10 min (see Notes 2 and 3).

13. Centrifuge at 1800 rpm (300 � g) for 2 min.

14. Apply 50 μL of acetonitrile and centrifuge again.

15. Remove the microspin column and its holder from the tube
and dry the sample in the Speed-Vac concentrator.
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3.4 Glycan

Purification

Prior to glycan derivatization, sample clean-up steps are essential,
especially when detergent that is not mass spectrometry compati-
ble, such as sodium deoxycholate, is used [32]. Some of the meth-
ods described below are optional based on the sample matrix or
detergents used. It should be noted that although the C18 purifi-
cation procedure can remove hydrophobic lipids, proteins, and
other small molecules, it does not remove salts from a sample
[6]. For desalting, either dialysis or activated charcoal microspin
columns can be used.

3.4.1 Sodium

Deoxycholate Removal

(For Cell Line and Tissue

Samples)

1. Add enough formic acid to make a final concentration of 1%
formic acid within the SDC containing the sample solution.

2. Vortex and centrifuge at 14,800 rpm (21,100 � g) for 10 min.

3. Collect and transfer the supernatant to a new, clean tube.

4. Dry in the Speed-Vac concentrator.

3.4.2 Protein

Precipitation

1. Add enough ice-cold ethanol to bring the final ethanol con-
centration to 90%.

2. Vortex and incubate the sample at �20 �C for 1 h.

3. Centrifuge the sample at 14,800 rpm (21,100 � g) at 4 �C for
10 min.

4. Collect and transfer the supernatant to a new, clean tube.

5. Dry in the Speed-Vac concentrator.

3.4.3 Dialysis (See

Note 4)

1. Cut the dialysis membrane (MWCO: 500–1000 Da) so that it
is large enough to fit the dialysis device.

2. Ensure that deionized water is flowing through the lower
chamber of the dialysis device.

3. Pipet the sample that has been resuspended in 50 μL of water
onto the top of the membrane.

4. Dialyze overnight.

5. Collect the dialyzed sample by pipetting out from the dialysis
well, washing the well with 100 μL of 0.1% formic acid (aq).

6. Dry in the Speed-Vac concentrator.

3.4.4 C18 Glycan

Purification (See Note 5)

1. Wash the C18 cartridge (100 mg, 1 mL) with 1 mL methanol
three times.

2. Condition the C18 cartridge with 1 mL 5% acetic acid
(aq) three times.

3. Apply the sample that has been resuspended in 0.25 mL 5%
acetic acid (aq).

4. Collect the flow-through in a new, clean tube.
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5. Wash the cartridge with 5% acetic acid (aq) three more times,
collecting each fraction.

6. Dry in the Speed-Vac concentrator.

3.5 Reduction

of the Reducing End

of Glycans

Reducing the reducing end of glycans is critical because free end
glycans can be separated by liquid chromatography, displaying α
and β anomers. Anomeric peaks can complicate determination of
isomeric glycans due to the overlapping of anomeric and isomeric
peaks.

1. Prepare a 10 mg/mL borane-ammonia complex solution in
HPLC grade water.

2. Add 10 μL of the borane-ammonia complex solution to the
purified and dried glycans.

3. Mix well and incubate in the water bath at 60 �C for 1 h.

4. Add 0.5 mL of methanol.

5. Dry in the Speed-Vac concentrator.

6. Repeat steps 4 and 5 until all white residues disappear.

3.6 Solid-Phase

Permethylation

Permethylation is an ideal derivatization technique for glycans as it
enhances ionization.

Moreover, sialic acid loss and fucose migration are prevented
through permethylation [29, 35, 36]. Detailed procedure is
described under Solid-phase permethylation in Subheading 3.3.

1. To dried reduced N- or O-glycan samples, add 30 μL of
dimethyl sulfoxide, 1.2 μL of water and 20 μL of iodomethane.

2. Follow procedures starting from step 2 of “Solid-Phase Per-
methylation” under Subheading 3.3.

3.7 PGC-LC

Conditions

After permethylation, the increased hydrophobicity of the glycans
leads to a stronger interaction between glycan isomers and PGC
particles, thus prompting efficient separation of isomeric glycans.
The isomeric separation is performed on a nano PGC column at
high temperature to attain the high resolution and reduced the
backpressure. Prior to the separation using the PGC column, C18
trap column was utilized to purify permethyated glycans (see
Note 6).

1. Resuspend the reduced and permethylated glycan sample in
20% ACN, 80% water, and 0.1% formic acid. The injection
amount depends on the sample type. Generally, for cell line
samples, glycans released from equivalent of 50 μg proteins are
injected; for human blood sera, glycans released from 1 μL of
serum are injected; for model glycoproteins (such as RNase B
and bovine fetuin), glycans released from 0.5 μg of proteins are
injected; for glycan standards, 2 ng of glycan standards are
injected.
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2. Set the column oven temperature to 75 �C (see Note 7) and
allow the column to condition at this temperature for at least
30 min to stabilize the temperature inside the column.

3. The multistage gradient for N-glycan isomeric analysis is as
follows:

The flow rate of the nano pump is set to 0.6 μL/min; the
flow rate of the loading pump is set to 3 μL/min. Mobile phase
A is 2% ACN in water with 0.1% formic acid. Mobile phase B is
100% ACN with 0.1% formic acid.

0–10 min: 20% B; the position of the 10-port valve is set to
the 1–2 position.

10–20 min: 20–50% B; the position of the 10-port valve is
switched to the 10-1 position at 10 min.

20–40 min: 50–80% B.
40–60 min: 80–95% B.
60–87 min: 95% B.
87–88 min: 95–20% B; the position of the 10-port valve is

switched to the 1–2 position at 85 min.
88–90 min: 20% B.

4. The multistage gradient for O-glycan isomeric analysis is as
follows:

0–10 min: 20% B; the position of the 10-port valve is set to
the 1–2 position.

10–11 min: 20–35% B; the position of the 10-port valve is
switched to the 10-1 position at 10 min.

11–20 min: 35–60% B.
20–46 min: 60–95% B.
46–84 min: 95% B.
84–85 min: 95–20% B; the position of the 10-port valve is

switched to the 1–2 position at 85 min.
85–90 min: 20% B.

5. Wash the column between two runs using 95% ACN with 0.1%
formic acid for 15 min (Use at least 10 times the column
volume) and then condition for 5 min using the initial condi-
tion of % B in the next run.

3.8 MS Conditions A nanoESI source is utilized for ionization (see Note 8). The
nanoESI voltage is set to 1.6 kV. The temperature of the transfer
tube is set to 275 �C. The duty cycle contains three evens. Event 1 is
a full MS with a resolution of 100,000 using orbitrap. The scan
range of the full MS is set to 700–2000 m/z for permethylated N-
glycomics and 200–2000 m/z for permethylated O-glycomics,
respectively. Event 2 is a collision-induced dissociation (CID)
using a linear ion trap (IT). Data-dependent acquisition (DDA) is
used to select the top six most intense ions from the full MS (event
1) to perform CID fragmentation. The dynamic exclusion
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parameters are set as follows to prevent repetition of ion selection:
repeat count 2; repeat duration 10 s; exclusion list size 50; and
exclusion duration 30 s. The CID threshold is 5000 counts; isola-
tion width is 3.0 m/z; normalized collision energy is 30; activation
Q is 0.25, and activation time is 15 ms. Ejected charge state 1 is
checked for N-glycomics and unchecked for O-glycomics. Event
3 is a higher energy collision dissociation (HCD) using HCD cell.
The ion signal threshold is 1000 counts; normalized collision
energy is 45, and the activation time is 0.1 ms. HCD fragments
are analyzed in FTMS at a resolution of 7500. Other parameters for
HCD are the same as those for CID.

3.9 Data Processing Glycomics data acquired from Orbitrap mass spectometers is initi-
ally processed by Multiglycan software [37] which is a rapid and
reliable tool for automated glycan compositional identification.
Software parameter used for identification of permethylated glycans
is displayed in Fig. 2. Data processed by Multiglycan is then manu-
ally validated for glycan isomer identification which is initially per-
formed based on MS1 full scan. Then, isomers of each validated
glycan structures are confirmed by their MS2 scans. Confirmed
glycan isomers are quantified by summing all peak areas including
multiple adducts and charge states of the corresponding isomers.

Fig. 2 Interface and parameter settings in MultiGlycan. The parameters in this figure are utilized for glycan
compositional identification
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3.9.1 Glycan Isomer

Identification

and Quantitation

To eliminate false positives, manual peak inspection is performed
after the initial screening of MultiGlycan. Although the MultiGly-
can algorithm enables reliable identification, it may introduce false
positives caused by incorrect isotopic envelopes. Therefore, manu-
ally inspecting chromatograms and mass spectra using Xcalibur
Qual Browser is necessary to correctly identify glycan structures.
The peaks containing ions that match theoretical m/z values are
extracted from raw files with a 10 ppm mass tolerance. Then,
monoisotopic mass and isotopic distribution of target ions are
evaluated. An ion that has a correct monoisotopic mass and isotopic
distribution is considered to be a true glycan structure. Next, the
glycan structure is further confirmed using CID MS2 data. HCD
MS2 data can be complementary to CID when examining frag-
ments whose m/z is less than the low mass cutoff threshold of
IT. An extracted ion chromatograph (EIC) is utilized to designate
glycan isomers with a mass tolerance of 10 ppm. EIC may result in
multiple peaks from the samem/z value. Each peak is considered to
be an isomer from the same glycan composition. The quantitation
of glycan isomers is performed by adding up the peak areas of EICs
of all charge states and adducts. (see Note 9) The resulting chro-
matogram depicting multiple permethylated glycan structures
derived from human blood serum is shown in Fig. 3.

Fig. 3 Representative chromatogram of permethylated glycans derived from human blood serum generated
from PGC-LC-MS
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3.10 Glycan Isomer

Identification

3.10.1 Identification by

Comparison to NMR Data

Isomeric glycan structures can be assigned by comparing the peak
areas of each isomer with previously reported quantitative NMR
data [25, 26]. The EIC in Fig. 4 represents the biantennary bisia-
lylated glycans, HexNAc4Hex5NeuAc2, released from bovine
fetuin. The four peaks at 35.2, 40.0, 43.1, and 46.1 min represent
one structure with two α-2,3 linked sialic acids, two structures with
one α-2,3 and one α-2,6 linked sialic acid, and one structure with
two α-2,6 linked sialic acids, respectively. To identify the specific
structures for the four peaks, the peak area ratios were compared to
the previously reported NMR data for the structural study of
N-glycans derived from fetuin. According to the published NMR
data [26], the abundances of the structures with two α-2,3 linked
sialic acids, the two structures with one α-2,3 and one α-2,6 linked
sialic acid on different branches, and the structure with two α-2,6
linked sialic acids are 10.7%, 57.0%, less than 1.0%, and 32.2%,
respectively. This result is comparable with peak areas of four iso-
meric peaks (Fig. 4) produced by PGC-LC-MS in high tempera-
ture. Slight differences between the obtained data and the reported
NMR data may be attributed to the source of fetuin samples and
the measurement uncertainties inherent to the methods utilized.

3.10.2 Identification

Using Exoglycosidase

Digestion

Isomeric characterization of glycans can be performed with an array
of exoglycosidases, by using the sequential application of specific
exoglycosidases to cleave terminal monosaccharides [25, 26]. To
determine galactose linkage isomers from a glycan structure with
terminal sialic acids, sialidase is initially applied. Then, the glycan
sample is treated with β-1,3 galactosidase, as shown in Fig. 5a
where galactose linkage isomers were determined from a HexNA-
c5Hex6NeuAc3 glycan structure derived from fetuin. As shown in

Fig. 4 EIC of reduced and permethylated biantennary bisialylated glycans derived from bovine fetuin. (From
ref. 26 with modifications)
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Fig. 5b, the first peak at 38.3 min remained intact with the same
m/z value and retention time, confirming that the first isomer had
no β-1,3 linked galactose. The second peak at 48.2 min disap-
peared, and the peak of HexNAc5Hex5 appeared at 32.5 min
(Fig. 5c), which confirmed the second peak to be a glycan with
one β-1,3 linked galactose. Next, the sample was treated with β-1,4
galactosidase. After the treatment, the peak at 38.3 min disap-
peared, and the peak of HexNAc5Hex3 appeared at 26.4 min
(Fig. 5d). All galactose residues were cleaved from the first isomer,
while the second isomer was converted to HexNAc5Hex4 at
30.3 min (Fig. 5e), indicating that the second isomer had two
galactoses connected with a β-1,4 linkage.

3.10.3 Identification

Using MSn Data

MSn data can provide useful information for the assignment of
isomeric glycans [25, 26]. For instance, we assigned the above
two isomers (β-1,3 and β-1,4 galactose linkage isomers of trian-
tennary glycan derived from bovine fetuin), by using CID and
HCD data [25]. Fig. 6 depicts the CID and HCD spectra for the
two isomers. As can be seen in Fig. 6b and c, both structures
showed similar fragments with similar intensity. However, there
was a fragment ion, m/z 1161.52, in the lower trace derived by
losing one galactose from the precursor ion. The data demon-
strated that the later-eluting isomer contained one unique galactose
that was different from the other galactoses, which is in agreement

Fig. 5 EIC of reduced and permethylated triantennary trisialylated glycans derived from bovine fetuin after
sialidase (a), β-1.3 galactosidase (b, c), β-1.4 galactosidase (d, e). (From ref. 25 with modifications)
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Fig. 6 EIC of reduced and permethylated triantennary trisialylated glycans
derived from bovine fetuin after sialidase treatment (a) and their CID (b, c) and
HCD (d, e) spectra. (From ref. 25 with modifications)
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with previously reported NMR data [26]. To further confirm this
isomeric structure, an HCD fragmentation experiment was per-
formed to observe the fragmented galactose ion, because ions with
a value of less than 400m/z were not present in the CID spectra due
to the limitations of the ion trap instrument. In the HCD spectra
(Fig. 6d and e), most fragments were identical except for the unique
fragment at m/z 259.1 in the MS/MS spectra for the later-eluting
isomer. The fragment ion of m/z 259.1 could be assigned to a free
galactose. These data demonstrate the advantages of using CID and
HCD data for the assignment of isomeric glycan structures.

3.10.4 Identification

Using Standard Glycan

Isomers

Standard glycan isomers can also be used for peak assignment
by elution orders of each isomer [26]. Figure 7a shows the EIC
for mixed standard permethylated glycans, which are core- and

Fig. 7 (a) EIC of reduced and permethylated core- and branched-fucosylated standard glycans. (b) EIC of
reduced and permethylated with galactose positional isomers derived from human blood serum and (c) their
3D modeling structures. (From ref. 26 with modifications)
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branch-fucosylated glycans. The peak at retention time 29.2 min
represents a branch-fucosylated structure, while the peak at
32.7 min corresponds to a glycan structure with core fucosylation,
which demonstrates the isomeric separation of permethylated fuco-
sylated glycans using PGC-LC-MS at 75 �C. These data can be used
for the assignment of glycans derived from biological samples. For
example, Fig. 7b shows the EIC of a HexNAc4Hex4Fuc1 glycan
released from human blood serum with two peaks observed, at
retention times 32.8 and 34.1 min, both representing core-
fucosylated isomers confirmed by MS2 spectra. These peaks there-
fore represent isomers that originated from galactose residues resid-
ing on different branches (α-3 or α-6 branches). Due to the lack of
unique diagnostic fragment ions present in the MS2 spectra, the
retention times of standard glycans displayed in Fig. 7a were uti-
lized; where a core-fucosylated glycan standard with an α-6 galac-
tose branch displayed a retention time of 32.7 min. From this
observation, it can be concluded that the retention time at
32.8 min appearing in Fig. 7b is a core-fucosylated glycan with α-
6 galactose branch, while the retention time at 34.1 min is a core-
fucosylated glycan with an α-3 galactose branch (see Note 10).

3.10.5 Identification

Using Modeling Data

Separation on PGC columns is facilitated by the combination of RP
behavior, based on the hydrophobicity of analytes, and by a polar
retention effect, because of the high polarizability of graphitic
carbon material. Furthermore, since the column material is planar,
the 3D structure of the analyte also influences retention
[38, 39]. Data shown in Fig. 7 represent how structural modeling
aided in confirming the identification of permethylated glycan iso-
mers [26]. In Fig. 7a, representing two isomers associated with
galactose residue residing on different branches (α-3 or α-6
branches). The retention times of these structures on PGC column,
were already confirmed by using standard glycans (see Subheading
3.10.4). Structural modeling data (Fig. 7c), using quantum chemi-
cal calculations based on density functional theory (DFT) [26], for
the two isomers indicated that when the galactose residue is located
on the α-6 arm, the fucose residue is closer to the galactose-
containing antenna and the molecule is more compact, resulted in
less exposed methyl groups to interact with PGC. Conversely, when
the galactose is on the α -3 arm, the distance between the fucose
and galactose residues is considerably greater (�14.1 compared to
6.7 Å), making the molecule less compact, thus increasing the
nonpolar surface area. Consequently, the less nonpolar surface
area of the compact structure prompted less hydrophobic interac-
tions with PGC column, causing the early elution of this isomer, as
the first peak shown in Fig. 7a. The consistence of the theoretical
elution order estimated by the structural modeling and their real
elution order acquired in the experiment demonstrated the reliable
correlation of permethylated glycan isomer models to their reten-
tion times on PGC column.
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4 Notes

1. For tissue samples, they must be washed 1–3 times with
ice-cold 10 mM PBS buffer solution to remove salts and
other contaminants.

2. It should be noted that a permethylation reaction should be
performed in low humidity conditions due to the hygroscopic
nature of sodium hydroxide beads.

3. It is recommended to permethylate no more than 12 samples
per batch to ensure complete permethylation.

4. Dialysis with MWCO 500–1000 Da can be used to desalt
released N-glycans. However, it does not remove other bio-
molecules such as proteins or lipids. This procedure is not
applicable to O-glycans due to their molecular weight being
lower than the dialysis membrane molecular weight cutoff.

5. C18 cartridge is a useful tool to remove hydrophobic mole-
cules while it does not retain hydrophilic molecules such as
glycans. However, it does not remove salts from the sample.

6. The 10-port valve has two positions, 1-2 and 10-1. The flow
path of each position can be designed differently. In our case, at
the 1-2 position, the inlet of the C18 trap column is connected
to a loading pump while the outlet is connected to waste. The
inlet of the PGC column is connected to nano pumps, and the
outlet is connected to a nanoESI source. The 1-2 position is
used for sample loading and online purification. At the 10-1
position, the inlet of the C18 trap column is connected to nano
pumps, and the outlet is connected to the inlet of the PGC
column. The outlet of the PGC column is connected to a
nanoESI source. The 10-1 position is used for isomeric separa-
tion after sample loading and online purification.

7. 75 �C is the maximum temperature that can be achieved by
Ultimate 3000 Nano LC system. However, temperature higher
than 75 �C can be used to perform isomeric separation of
permethylated glycans using a PGC column.

8. It is easy for the spray needle to be clogged, hindering the
spray. Thus, it is important to continually monitor the needle
tip. Ensure that the needle is not clogged and the spray is clear
and stable before analyzing samples.

The ejected charge state 1 setting of CID should be
checked for N-glycomics and unchecked for O-glycomics.
This is an important parameter to obtain a high-quality MS2.
This setting needs to be unchecked when analyzing O-glycans,
because most O-glycans are smaller than N-glycans and are
thus likely to be singly charged.
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9. Other software, such as Skyline, may be used for automatic
identification and quantitation of glycan isomers. However,
manual inspection is still necessary to obtain better, more
reliable identification and quantitation.

10. It is worth noting that the use of standard glycans as the only
source of structural information is not recommended for two
reasons: (1) there is a lack of broad glycan structure coverage,
and (2) it is not cost-effective.
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Chapter 21

Optimization of Multiple Glycosidase and Chemical
Stabilization Strategies for N-Glycan Isomer Detection
by Mass Spectrometry Imaging in Formalin-Fixed,
Paraffin-Embedded Tissues

Connor A. West, Xiaowei Lu, Grace Grimsley, Kim Norris-Caneda,
Anand S. Mehta, Peggi M. Angel, and Richard R. Drake

Abstract

The analysis of N-glycan distributions in formalin-fixed, paraffin-embedded (FFPE) tissues by matrix-
assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) is an effective approach
for characterization of many disease states. As the workflow has matured and new technology emerged,
approaches are needed to more efficiently characterize the isomeric structures of theseN-glycans to expand
on the specificity of their localization within tissue. Sialic acid chemical derivatization can be used to
determine the isomeric linkage (α2,3 or α2,6) of sialic acids attached to N-glycans, while endoglycosidase
F3 (Endo F3) can be enzymatically applied to preferentially release α1,6-linked core fucosylated glycans,
further describing the linkage of fucose on N-glycans. Here we describe workflows where N-glycans are
chemically derivatized to reveal sialic acid isomeric linkages, combined with a dual-enzymatic approach of
endoglycosidase F3 and PNGase F to further elucidate fucosylation isomers on the same tissue section.

Key words Imaging mass spectrometry, Formalin-fixed, Paraffin-embedded tissue imaging, MALDI
imaging mass spectrometry, Peptide N-glycosidase F, Chemical derivatization, Endoglycosidase F3,
Sialic acid, Core fucose

1 Introduction

Over the past 7 years, robust MALDI imaging mass spectrometry
approaches to spatially map the distribution of multiple N-linked
glycans in frozen and formalin-fixed, paraffin-embedded (FFPE)
tissues have been developed and continue to evolve. Our collective
research group published the initial report in 2013 for the use of
sprayed peptide N-glycosidase F (PNGaseF) to release N-glycans
for detection by MALDI-IMS [1]. This was followed by adaptation
of the methods to FFPE tissue blocks and tissue microarrays (TMA)
[2, 3]. Following digestion and spraying of chemical matrix, the
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released N-glycans are detected by MALDI-FT-ICR MS, MALDI-
TOF MS, and more recently MALDI-Q-TOF MS instruments
[3, 4]. The key to the approach is the spraying of a molecular
layer of PNGaseF on the tissue of interest, making it an essentially
solid-phase reaction. The use of solvent sprayers to apply the
enzymes has made this approach very reproducible and portable
[5, 6], and has facilitated multiple research groups to apply the
N-glycan MALDI IMS approach to different tissues and diseases
[7–15].

Several advantages of the approach have emerged, as well as
continued challenges. The advantages include use of essentially
unlimited numbers of FFPE tissues stored worldwide, signal detec-
tion that is dependent on PNGase F activity, no purification or
enrichment of the glycans are required prior to analysis, and rou-
tinely 30 or more glycans can be detected depending on the
MALDI instrument used [3, 4, 10, 12]. This in turn facilitates
the generation of different glycan panels associated with specific
histopathology features and tissue subregions useful for differenti-
ation of disease from normal regions. There are still limitations
associated with MALDI analysis ofN-glycans dependent on instru-
mentation used, such as loss of sialic acid residues and differentia-
tion of isomeric structures [3, 4]. New approaches linked with
MALDI IMS analyses have been developed and are the subject of
the chapter.

There is an innate ability of individual sugar residues to form
glycosidic bonds in multiple combinations, allowing for biological
diversity and the complex natures of glycoconjugates like N-linked
glycans [16]. Key biologically relevant examples include the ability
of fucose residues to be linked in α1,2; α1,3; α1,4; or α1,6 config-
urations, directed by specific fucosyltransferase genes. For sialic
acids in terminal positions, these can be linked in either α2,3 or
α2,6 configurations. There are many approaches to studying the
isomeric structures, reviewed in Kolarich [16], and we describe
workflows using chemical and enzymatic approaches specifically
applied to MALDI IMS tissue analysis workflows using sialic acid
stabilization strategies [7] and use of a core-fucose specific endo-
glycosidase F3 [17].

2 Materials

Prepare all solutions in HPLC grade water. Follow all safety and
waste disposal regulations.

2.1 Solutions for

MALDI Imaging Mass

Spectrometry

1. Antigen retrieval solution/Low pH tissue clearing solution:
Pour 50 mL water into a clean 50–100 mL bottle. Add 50 μL
of citraconic acid anhydride buffer to the water. Add 4 μL of

304 Connor A. West et al.



12 M HCl and mix. Add water to the bottle for a total of
100 mL and mix. Check that pH is around 3.0 � 0.5. Use
the same day.

2. Preparation of 95% ethanol. Add 950 mL 200 proof ethanol to
a clean bottle. Add 50 mL water and mix.

3. Preparation of 70% ethanol: Add 700 mL 200 proof ethanol to
a clean bottle. Add 300 mL water and mix.

4. 25% trifluoroacetic acid (TFA): Add 3 mL water to a clean
bottle. Carefully add 1 mL of trifluoroacetic acid to the water
and mix.

5. Matrix solvent (50% acetonitrile (ACN), 0.1% TFA): Add
25 mL water to a clean 1 L bottle. Carefully add 400 μL of
trifluoroacetic acid to the water and mix. Add 500 mL of
acetonitrile and mix. Add water to 1 L and mix. Store for up
to 2 months at room temperature.

6. MALDI matrix for N-glycan imaging (alpha-cyano-4-hydro-
xycinnamic acid (CHCA), 7 mg/mL in 50% acetonitrile–0.1%
TFA): Weigh out 42.0 � 0.1 mg CHCA. Add the solid CHCA
to a clean 50 mL falcon tube. Bring to volume with 6 mL of
matrix solvent. Vortex briefly and sonicate 5 min using a bench-
top sonicator. Filter CHCA solution using a 13 mm 0.2 μm
PTFE hydrophilic syringe filter graded for use with HPLC
solvents.

7. Preparation of pH 4.5 Endoglycosidase F3 solution: Add
500 mL water to a clean bottle. Carefully add 15.8 μL of 1 M
HCl. Carefully mix. Store at room temperature.

2.2 Tissue Clearing

Solution

1. Preparation of high pH tissue clearing solution (10 mM Tris,
pH 9). Add 500 mL water to a clean 1000 mL bottle. Add
1.21 � 0.12 g Tris Base and mix. Add water to 900 mL and
adjust pH to 9.0 � 0.03 using 1 M HCl. Add water to a total
volume of 1000 mL.

2.3 Enzyme and TM-

Sprayer™ Solutions

1. Preparation of pH 4.5 Endoglycosidase F3 solution: Add
500 mL water to a clean bottle. Carefully add 15.8 μL of 1 M
HCl. Carefully mix. Store at room temperature.

2. Preparation of 1 mL of 0.1 μg/μL endoglycosidase F3 solu-
tion. To 100 μg of endoglycosidase F3 [17], add 1 mL of
prepared pH 4.5 solution and mix. Use same day. This prepares
enough enzyme to cover 4 microscope slides (see Note 1).

3. Preparation of 1 mL of 0.1 μg/μL PNGase F PRIME™ solu-
tion. To 100 μg of PNGase F PRIME™ (from N-Zyme Scien-
tifics) add 1000 μL of water and mix. Use same day. This
prepares enough enzyme to cover 4 microscope slides.

Tissue N-Glycan Mass Spectrometry Imaging Optimization 305



4. TM Sprayer™ push solvent (50% methanol/water): Add
500 mL methanol to a clean bottle. Add 500 mL water and
mix. Solvent may be kept at room temperature during the
duration of use.

2.4 Amidation

Reaction Solutions

1. Amidation Solvent 1: In a glass vial, add 22 μL of
1-(3-dimethylaminopropyl)-3-ethylcarbomiide (EDC) (see
Note 2) and 15.8 μL of dimethylamine. Add 42.2 mg of
1-Hydroxybenzotriazole hydrate (HOBt) (seeNote 3). Finally,
add 0.5 mL of Dimethyl Sulfoxide (DMSO) and mix until
dissolved. Solvent may be kept at room temperature for the
duration of use. This prepares enough solution to cover
2 microscope slides.

2. Amidation Solvent 2: In a glass vial, add 150 μL of 28–30%
ammonia in water to 350 μL of DMSO and mix. Solvent may
be kept at room temperature for duration of use. This prepares
enough solution to cover 2 microscope slides.

3. Carnoy’s solution (30% chloroform, 60% ethanol, 10% acetic
acid): Add 300 mL of chloroform to a clean bottle. Add
600 mL of 200 proof ethanol and 100 mL of glacial acetic
acid and mix. Solvent may be kept at room temperature.

4. TFA–ethanol solution (0.1% TFA in ethanol): Add 99.9 mL of
200 proof ethanol to a clean bottle. Add 0.1 mL of trifluor-
oacetic acid and mix. Store at room temperature.

3 Methods

Carry out all procedures at room temperature, unless otherwise
specified.

3.1 Heating and

Dewaxing

1. Incubate the slides with tissue face up in a 60 �C oven for 1 h.

2. Prepare Coplin jars of solvent for dewaxing by pouring the
following solutions into Coplin jars: Xylenes, two Coplin jars;
200 proof ethanol, USP grade, two Coplin jars; 95% ethanol,
one Coplin jar; 70% ethanol, one Coplin jar; double distilled
water, two Coplin jars. Solvent should be added to a level that
will allow complete immersion of the tissue sections.

3. Dewax the slides in the following order with the specified
times: xylenes, two times at 2 min each; 200 proof ethanol,
two times at 1 min each; 95% ethanol solution, one time at
1 min; 70% ethanol solution, one time at 1 min; HPLC grade
water, two times at 3 min each. For each step, immerse the
slides completely in freshly poured solution for the stated
length of time. At the end of the incubation time, agitate the
slides briefly as they are removed from the Coplin jars.

4. Dry the slides in a vacuum desiccator for 5 min.
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3.2 Slide Scanning 1. This step produces an optical image needed for selecting tissue
regions for imaging analysis. Fiducials, or reference points, are
needed to accurately “teach” the instrument where the tissue is
located on the slide.

2. Use a reflective metallic marker to make a small circle at each
corner of the microscope slide. Use a black marker to draw a
cross or hash mark on top of each silver circle. The reflective
marker provides a contrasting background for clear visualiza-
tion of the black mark to use as a fiducial.

3. For images that will be acquired by mass spectrometry at
�100 μm spatial resolution, scan the whole slide at a minimum
of 1200 ppi resolution. For images that will be acquired with a
�50 μm stepsize scan the slide at a minimum of 2400 ppi
resolution. Save the images.

4. After scanning and prior to antigen retrieval, slides may be
stored overnight in a desiccator. For longer times over 2 days,
store the slides at �20 to �80 �C. It is preferable to proceed
with the next step immediately.

3.3 Amidation–

Amidation (AA)

Reaction

This AA reaction described is adapted the original protocol of Holst
et al. [7]. A schematic of the AA reactions is shown in Fig. 1.
Representative spectra for two mono-sialylated biantennary N-gly-
cans after AA treatment are shown in Fig. 2.

1. Add 200 microliters of Amidation Solvent 1 to the heated and
dewaxed tissue slide.

2. Cover the tissue with a glass coverslip and ensure that all
bubbles are removed underneath the coverslip.

3. Place slide in a sealable glass Pyrex lunch box. Dimensions are
10 cm length by 4 cm height � 6 cm width at the base of the
vessel. Elevate the slides from the bottom of the chamber using
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Fig. 1 Reaction schematic for amidation–amidation chemical derivatization. Schematic of sialic acid derivati-
zation via amidation–amidation reaction [7]. Top: reaction scheme for α2,6 linked sialic acids; Bottom:
reaction scheme for α2,3 linked sialic acids. Changes in mass are shown following each step in reaction
scheme
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glass 13 � 100 centrifuge tubes. Seal and place the box into a
prewarmed 60 �C oven for 1 h. This size vessel allows two slides
to be done per reaction. Alternate incubation chambers can be
used (see Note 4).

4. After incubation, extract the slide and gently remove the cov-
erslip, avoiding disfiguring the tissue (see Note 5).

Fig. 2 Example amidation–amidation chemical derivatization on tissue. The amidation–amidation reaction
was performed on a FFPE prostate cancer tissue. Representative spectra and selected images of amidated
sialic acid glycans are shown following N-glycan MALDI imaging mass spectrometry analysis. (a) Spectra for
an Nglycan, Hex5HexNAc4, with and without amidation–amidation. The top spectra in blue represents the
nonderivatized N-glycan specie, carrying one or two Na ions. The bottom spectra in red shows the mass shift
resulting from the amidation derivatization. Sialic acids residues are shown as purple diamonds. Those angled
to the left indicate α2,3 linkage while those angled to the right represents an α2,6 linkage. (b) The distribution
of the two glycans shown in panel (a) in the whole tissue are shown. The resulting image overlay shows
localization of the α2,3 linked N-glycan, m/z = 1953.741 (red, �1 m.u.), and α2,6 linked, 1981.782 (green,
+27 m.u.). (c) Hematoxylin and eosin stain of the tissue section analyzed. (d) Spectra for the fucosylated N-
glycan Hex5HexNAc4Fuc1 with and without the amidation–amidation reaction. Top spectra in blue is
nonderivatized and the bottom spectra in red is showing the mass shift following derivatization. (e) Resulting
image overlay showing localization of α2,3 linked N-glycan, m/z = 2099.810 (red, �1 m.u.) and α2,6 linked,
m/z = 2127.832 (green, +27 m.u.)
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5. Place slide perpendicular on a paper towel to remove residual
reaction solvent. A lab tissue can be used to wick peripheral
fluids.

6. Using a pipette tip, vacuum dry the slide for 10 s over the
tissue. A standard in-house laboratory vacuum is recom-
mended. Be careful to get close to the tissue, but do not
touch the tissue (see Note 6).

7. Add 200 μL of DMSO to the tissue.

8. Repeat the vacuum drying (step 6).

9. Repeat steps 8 and 9 two more times for a total of three
DMSO washes.

10. Add 200 microliters of Amidation Solvent 2 to the tissue.

11. Cover the tissue with a glass coverslip and remove any bubbles
below the coverslip.

12. Place slide in the same Pyrex lunch box set up and incubated in
the oven at 60 �C for 2 h.

13. Remove slides and place perpendicular on paper towel to
remove residual reaction solution.

14. Prepare a series of Coplin jars for solvent washing: 200 proof
ethanol, USP grade, 2 Coplin jars; Carnoy’s solution, 2 Coplin
jars; double distilled water, 1 Coplin jar; 200 proof ethanol,
USP grade, 2 Coplin jars. Solvent should be added to a level
that will allow complete immersion of the tissue sections. A
total of 4 Coplin jars for ethanol, 2 Coplin jars for water, and
2 Coplin jars for Carnoy’s solution are needed.

15. Wash the slides in the following order with the specified times,
using an individual Coplin jar for each step: Add to 200 proof
ethanol for 2 min, repeat for 2 min in next ethanol Coplin jar;
Add to Carnoy’s solution for 10 min, repeat for 10 min in the
next Carnoy’s Coplin jar; Add to double distilled water for one
wash for 1 min; Add to 200 proof ethanol for 2 min; repeat for
2 min in next ethanol Coplin jar. For each step, immerse the
slides completely in freshly poured solution for the stated
length of time. At the end of the incubation time, agitate the
slides briefly as they are removed from the Coplin jars.

16. Measure out 10 mL of the TFA–ethanol solution. Carefully
and slowly pour the solution over the slide for 30 s.

17. Do not allow the slides to dry, and proceed directly to the
antigen retrieval step (Subheading 3.3) (see Note 7).

3.4 Antigen Retrieval 1. This step details antigen retrieval for imaging mass spectrome-
try using a vegetable steamer or decloaker apparatus (see
Note 8).
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2. Fill all parts of the vegetable steamer or decloaker to the
marked water level. This includes the overall basin and the
slide holder jars.

3. Add ~10 mL of the antigen retrieval solution to a plastic five
slide mailer vessel (leave top open).

4. Place three slides into each five slide mailer with top opened.
Slides in positions 1 and 5 are placed with tissue facing outward
to the solution. Position 3 may face either way. This allows
good solvent access to the tissue.

5. Fill the slide mailer the rest of the way with the antigen retrieval
solution so that all tissue is completely covered.

6. Holes from an 18 gauge needle or equivalent can be punched
in the slide mailer lid. If the mailer has no holes punched in the
lid, snap close one corner of the mailer. This allows steam to
exit. Place the mailer in the steamer or decloaker.

7. For use of the vegetable steamer, heat for 30 min. Temperature
should reach 95 �C for a minimum of 20 min.

8. For use of the decloaker, options for two temperature and
pressure settings are provided. The lower temperature option
is a good default setting, and the higher temperature and
pressure option can work well in tissues with higher fat content
(see Note 9).

9. Decloaker Temperature Setting Option 1: Begin program of
95 �C for 30 min and no pressure setting. Temperature should
reach 95 �C for a minimum of 30 min, although slides should
be in the decloaker for the preheating as well.

10. Decloaker Temperature Setting Option 2: Begin program of
115 �C for 15 min and pressure of 5.4 psi. Temperature should
reach 115 �C for a minimum of 15 min, although slides should
be in the decloaker for the preheating as well.

11. Place the hot slide mailer in a container holding cool water (see
Note 10). Cooling water should come midway up the side of
the mailer. Cool for 5 min in the water bath.

12. Remove half the buffer from the mailer and replace with dis-
tilled water. Cool on the countertop for 5 min. Repeat removal
of half the buffer two more times, each with 5 min of cooling.
Complete by rinsing in 100% distilled water.

13. Dry the slides for 5 min in a desiccator.

3.5 Endo F3

Application by the

TM-Sprayer™

1. A syringe pump with 0.05% accuracy in pumping 25 μL/min is
used for enzyme application. A glass or plastic 1-mL syringe
with Luer lock is used for loading enzyme into the sprayer.

2. Fill a glass or plastic 1-mL syringe with Luer lock syringe with
prepared Endo F3 solution ensuring that there are no bubbles
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in syringe (see Note 11). Fasten the syringe to the
TM-Sprayer™ line used for enzyme spraying. Secure the
syringe in the pump.

3. Set the pump to a flow rate of 25 μL/min with an inner
diameter matching that of the used syringe. Do not turn on
the pump at this time.

4. Place the microscope slides with tissue samples on the
TM-Sprayer™ sample area, fastening them with lab tape.

5. Turn on the TM-Sprayer™ and then the controlling computer.

6. Open the nitrogen gas tank valve, setting the regulator to
10 psi.

7. In the TM-Sprayer™ software, set the temperature to 45 �C.
Temperature will not adjust without the nitrogen gas flowing.

8. Program the TM-Sprayer™ to cover the appropriate number
of slides, allowing a 5 mm additional edge distance for spray-
head turn round.

9. Program the TM-Sprayer™ method for Endo F3 to use
15 passes, crisscross pattern, velocity of 1200, 3.0 mm track
spacing, and a dry time of zero. The tip of the sprayhead should
be 40 mm distance from the surface of the slide.

10. Start the syringe pump. Place a blank microscope slide under
the nozzle of the spray head to check the TM-Sprayer™ to
monitor the start of enzyme solution spraying. It generally
takes about 1–3 min to start emitting solution.

11. Once moisture is detected on the blank slide, press “Start” in
the TM-Sprayer™ software. The Endo F3 enzyme will be
applied in a thin layer to the slide.

3.6 Incubation for

On-Tissue Digestion

1. The same incubation approach is used for both Endo F3 and
PNGase F PRIME™ digestion and is performed immediately
after application of Endo F3 or PNGase F PRIME™.

2. Prepare an incubation chamber for enzyme digestion using a
plastic 100 � 15 mm cell culture dish. Fit a single layer paper
towel (Wypall �60) on the bottom of the dish. Fold two 4 � 6
Kimwipes and place at opposite sides of the dish. Using a spray
bottle of water, add water to saturate the paper towels and
Kimwipes. Stop adding water when excess water accumulates
in the dish, observed by tilting the dish to one side. For the
specified towels and Kimwipes, this is about 5 mL of water.

3. The incubation chamber should be preheated for 15–30 min in
an oven at 37.5 �C to produce a thin layer of condensation on
the top of the incubation dish. The incubation dish is heated
with lid in place; no lab tape or other sealant is required.
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4. Place the slide with the tissue facing upward into the incubation
chamber using the Kimwipes as supports. Gently push the slide
down slightly so that when the cover is placed on, the tissue
does not touch the incubation chamber cover.

5. Incubate for 2 h in the oven set at 37.5 � 1.5 �C. Ensure that
the internal oven temperature is at the correct temperature
using a secondary thermometer.

6. After incubation, remove the slide slowly while holding it
parallel with the countertop. Wipe off the condensation to
prevent liquid rolling onto the tissue surface and delocalizing
N-glycans (or peptides).

7. Store the slide in a 5 slide mailer to protect the released N-
glycans. If matrix cannot be sprayed the same day, store briefly
in a desiccator (6–12 h) or at �20 �C for long term (2–3 days).

8. It is recommended to immediately spray matrix onto the slide.

3.7 MALDI Matrix

Application by the TM-

Sprayer™

1. MALDI matrix application is performed after Endo F3 diges-
tion and again after PNGase F PRIME™ digestion.

2. An isocratic pump with 0.05% accuracy in pumping 100 μL/
min is used to for matrix application. A glass 5-mL syringe with
Luer lock for loading matrix into the sprayer.

3. Ensure that the isocratic pump is set to pump 100 μL/min.
Solvent may be degassed to limit flow variation.

4. Turn on the TM-Sprayer™ and controlling computer.

5. Open the nitrogen gas tank, setting the regulator to 10 psi.

6. In the TM-Sprayer™ software, set the temperature to 80 �C.
Temperature will not adjust without the nitrogen gas flowing.

7. Program the TM-Sprayer™method for CHCAmatrix applica-
tion to use 8 passes, crisscross pattern, velocity of 1300,
2.5 mm track spacing and zero dry time. The tip of the spray-
head should be 40 mm distance from the surface of the slide.

8. Place the samples on the TM-Sprayer™ platform, fastening
them with lab tape.

9. Program the TM-Sprayer™ to cover the appropriate number
of slides, allowing a 5 mm additional edge distance for spray-
head turn round.

10. Fill a glass 5-mL syringe with the filtered MALDI matrix
solution, ensuring that there are no bubbles in the syringe.

11. Fasten the syringe to the TM-Sprayer™ line going to the
6-port valve. With the valve switch in “Load” position, inject
the MALDI matrix solution into the 5 mL loop.

12. Ensure that the pump is flowing at 100 μL/min and that
appropriate pump pressure readouts are stable.
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13. Move the six-port valve switch to “Spray.”

14. Use a blank microscope slide to check the TM-Sprayer™ noz-
zle for spraying of solution. Once matrix is detected as an
opaque film on the dummy slide, press “Start” in the
TM-Sprayer™ software.

15. CHCA solution will be applied in a thin layer onto target
tissues. When finished, matrix coated slides may be imaged
immediately by mass spectrometry or stored in a desiccator.

16. The reaction scheme for Endo F3 and representative spectra
from the reaction is provided in Fig. 3. Examples of the
MALDI imaging data using Endo F3 is shown in Fig. 4.

Fig. 3 Endoglycosidase F3 cleavage and resulting mass shift. (a) Example of differential cleavage of
Endoglycosidase F3 and PNGase F. Endoglycosidase F3 will leave a fucose and N-acetylglucosamine residue
on the protein, resulting in a �349.1278 m/z mass shift from the parent N-glycan mass. (b) Representative
spectra of Endoglycosidase F3 cleaved glycans versus PNGase F cleaved glycans

Fig. 4 MALDI imaging mass spectrometry using endoglycosidase F3. Resulting image for N-glycan m/
z ¼ 1809.6393 from Endoglycosidase F3 digestion (a, m/z ¼ 1460.5266 m/z) and separate PNGase F
digestion in normal liver FFPE tissue slices (c). Zoom in areas indicate areas of interest for core fucosylation
localization. (b) Hematoxylin and eosin stain of tissue used for Endoglycosidase F3 digestion
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3.8 Tissue Clearing

of Matrix and Residual

Endo F3 Cleaved

N-Glycans

1. The purpose of tissue clearing is to remove matrix, Endo F3
and N-glycans prior to PNGase F PRIME™ digestion.

2. Remove matrix by incubation the slide in 200 proof/100%
ethanol for 1 min.

3. Incubate the slide in 95% ethanol solution for 1 min followed
by 70% ethanol for 1 min.

4. Remove hydrophilicN-glycans by incubating the slide in water
for 1 min, high pH solution for 1 min, water for 1 min, low pH
solution (citraconic buffer) 1 min, and water 1 min. For each
step, agitate the slides 3–5 times at the end of the incubation.

5. Wipe excess water off the back of the slide and dry for 5 min in
desiccator.

6. Application of PNGaseF PRIME™ is done by TM Sprayer as
described for endo F3 (Subheading 3.5). The same amount of
enzyme is used.

7. Perform PNGase F PRIME™ digestion following Subheading
3.6, Incubation for On-tissue Digestion.

8. After On-tissue Digestion, complete Subheading 3.7 MALDI
Matrix Application by the M3 TM-Sprayer™.

9. Upon completion, matrix coated slides may be imaged imme-
diately by mass spectrometry or stored in a desiccator until
imaging experiments are completed (see Note 12).

4 Notes

1. The indicated amount is appropriate for four slides, which is
the capacity of the M3 TM-Sprayer™. This amount can be
adjusted for additional slides if an M5 TM-Sprayer™ is
being used.

2. EDC is moisture sensitive and decomposes with trace amount of
water. Once opened, store the EDC in a dry, desiccated chamber.
EDC should be prepared fresh immediately prior to use.

3. The HOBt stock used herein contains 20% water. If anhydrous
HOBt is used, the amount to be weighed should be adjusted.
Using too much HOBt will decrease the selectivity of the
reaction between the 2,3 and 2,6 linked sialic acids.

4. A lidded glass Petri dish can be used, but must be sealed with
Parafilm. This seal is critical to retain dimethyl amine and
ammonia concentrations during the reaction. Two slides can
be done in a 100 cm2 dish.

5. Observe the liquid tension between the coverslip and slide
surface. In some cases, the coverslip can be gently slid off the
edge of the slide. In other cases, it is easier to flip a corner of the
coverslip upward to break this liquid seal.
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6. Vacuum dry long enough to remove any obvious liquid pres-
ent, and then proceed immediately to step 7.

7. Be prepared to start the antigen retrieval step by preparing the
indicated buffers. We do not recommend allowing the slide to
dry or stop at this step for storage.

8. Antigen retrieval is necessary to reverse the formalin crosslinks
of the proteins in the tissues. If used, this step is done after the
chemical modification steps for sialic acid stabilization, and is
also done before application of the endoF3 or PNGaseF
PRIME™ enzymes.

9. The high temperature and pressure setting will cause terminal
sialic acids residues to cleave off, thus the chemical stabilization
must be done for these tissues and settings if detection of sialic
acid glycans are desired. However, if stabilization is not done,
use of the 95 �C setting for 30 min and no pressure will
minimize sialic acid loss during this step.

10. Use hot pads or heat resistant gloves to remove the slide mailer,
as it is full of near boiling liquid and could be a potential burn
hazard to skin and eyes.

11. To remove any bubbles within the syringe barrel following
loading of the Endo F3 solution, pull a small volume of air
into the syringe. Holding the syringe with the tip upward,
gently dispense the syringe until the air bubble is gone.

12. Prepared slides can be stored in the desiccator for 3 months.
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Chapter 22

Glycosylation Profiling of Glycoproteins Secreted from
Cultured Cells Using Glycan Node Analysis and GC-MS

Jesús S. Aguilar Dı́az de león and Chad R. Borges

Abstract

Glycan “node” analysis is the process by which pooled glycans within complex biological samples are
chemically deconstructed in a way that facilitates the analytical quantification of uniquely linked monosac-
charide units (glycan “nodes”). It is based on glycan methylation analysis (a.k.a. linkage analysis) that has
historically been applied to pre-isolated glycans. Thus, when using glycan node analysis, unique glycan
features within whole biospecimens such as “core fucosylation,” “α2-6 sialylation,” “β1-6 branching,” “β1-
4 branching,” and “bisecting GlcNAc,” are captured as single analytical signals by GC-MS. Here we
describe the use of this methodology in cell culture supernatant and in the analysis of IgG (alpha-1
antitrypsin) glycans. The effect of IL-6 and IL-1β cytokines on secreted hepatocyte protein glycan features
is demonstrated; likewise, the impact of neuraminidase treatment of IgG is illustrated. For the majority of
glycan nodes, the assay is consistent and reproducible on a day-to-day basis; because of this, relatively subtle
shifts in the relative abundance of glycan features can be captured using this approach.

Key words Glycosylation Profiling, Glycan Nodes, Glycan Permethylation, GC-MS, Cell Culture
Supernatant, Aberrant Glycosylation, Glycans, Antibody Glycosylation Profiling, Secreted
Glycoproteins

1 Introduction

Glycosylation is a common posttranslational modification of mam-
malian proteins. About 50% of all mammalian proteins are glycosy-
lated [1]. Glycoproteins can be secreted by cells or found in cell
membranes, and their glycans play pivotal roles in cell recognition
[1], immune evasion [2, 3], and cell signaling [4]. There are over
200 known human glycosyltransferase genes that encode for gly-
cosyltransferase enzymes, each of which assembles glycans in a strict
donor, acceptor, and linkage-specific manner [5].

Aberrant glycosylation is common in cancer. Glycosylation
changes that occur in this disease are known to help facilitate
tumor metastasis [6]. In the antibody therapeutic industry, changes
in glycosylation can severely impact antibody stability and
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biological function [7]. In both cases, cell culture systems are
employed to either study glycosylation in cancer cell lines or to
produce antibodies with consistent glycosylation so that their phar-
macodynamics and pharmacokinetics will remain constant. In most
cases, altered expression of glycosyltransferases serves as the imme-
diate upstream cause of structural changes in glycosylation [7].

While abnormal glycosylation within cancer cells has been
extensively studied [8–10], relatively little is known about the
mechanisms leading to aberrant glycosylation of the numerous
highly abundant blood plasma proteins in cancer, the vast majority
of which are secreted by either the liver or B-cells/plasma cells (i.e.,
IgG) and are the major analytical target of serum glycomics
studies [11].

Additionally, structural characterization of therapeutic anti-
body glycans is required under regulatory guidelines because
changes in antibody glycosylation tend to be the major source of
batch to batch variability during their production [12]. It is thus
important to track therapeutic antibody glycosylation changes to
ensure batch to batch consistency and the proper function of the
antibody.

Glycans are complex sugar polymers containing a variety of
different monosaccharides, α-linkages or β-linkages, linear and
branched forms, and sometimes repeating units, all of which add
high heterogeneity to the glycan structure and makes the analysis of
glycans a difficult task [13]. New methods that expedite the quan-
tification of unique glycan features and that can point directly to
dysregulated glycosyltransferases in cell culture supernatant would
help facilitate a better understanding of the mechanisms regulating
the glycan structures of secreted glycoproteins. Additionally, meth-
ods for the direct quantification of specific glycan features in anti-
bodies could help facilitate improved batch to batch glycosylation
consistency profiling.

Glycan methylation analysis (a.k.a. glycan linkage analysis) that
takes place via generation of partially methylated alditol acetates
(PMAAs) and subsequent analysis by GC-MS has been widely used
in the past to systematically deconstruct preisolated glycans in order
to obtain linkage and branching information [14–17]. Over the
past few years we have adapted this approach to the analysis of
whole biofluids and employed it as a biomarker development tool
in blood plasma/serum [18–23]. In short, the technique involves
the simultaneous chemical deconstruction of N-, O-, and lipid
linked glycans in a manner that both conserves and facilitates
relative quantification of uniquely linked monosaccharides (glycan
nodes). In doing so, the approach captures unique glycan features,
such as “core fucosylation,” “α2-6 sialylation,” “β1-6 branching,”
“β1-4 branching,” and “bisecting GlcNAc,” as single analytical
signals, some of which serve as 1:1 molecular surrogates of glyco-
syltransferase activity [18] (Figs. 1 and 2). As such, application of
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this approach to profiling the glycosylation of proteins produced by
cultured cells should provide a direct means of tracking specific
glycan features that reflect important changes in cellular biology
and impact the function of secreted glycoproteins and antibodies.

Here we report our detailed methodology for the adaptation of
this approach to the analysis of glycoproteins in cell culture super-
natants (Table 1 and Figs. 3 and 4) and to antibody glycosylation
profiling (Fig. 5). As an example for the application of the assay, the
effect of IL-6 and IL-1β cytokines on secreted hepatocyte glyco-
protein glycan node profiles is demonstrated using HepG2 cells.
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Fig. 1 Conceptual overview of the glycan “node” analysis concept. The procedure consists of applying glycan
linkage (methylation) analysis to intact glycoproteins, whole biofluids or, in this case, unpurified cell culture
supernatant. Intact normal and abnormal glycans including O-glycans, N-glycans, and glycolipids are
processed and transformed into partially methylated alditol acetates (PMAAs), each of which corresponds
to a particular monosaccharide-and-linkage-specific glycan “node” in the original polymer. As illustrated,
analytically pooling together the glycan nodes from among all the aberrant intact glycan structures provides a
more direct surrogate measurement of abnormal glycosyltransferase activity than any individual intact glycan
while simultaneously converting unique glycan features such as “core fucosylation,” “α2-6 sialylation,”
“bisecting GlcNAc,” and “β-1-6 branching” into single analytical signals. Actual extracted ion chromatograms
from 9 μl blood plasma samples are shown. Numbers adjacent to monosaccharide residues in glycan
structures indicate the position at which the higher residue is linked to the lower residue. (This figure was
adapted with permission from ref. 18. Copyright 2013 American Chemical Society)
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Table 1
Analytical reproducibility of glycan nodes in HepG2 cell culture supernatanta

Specific
Glycan feature

Glycan
“node”

Day 1
(n ¼ 6)

Day 2
(n ¼ 6)

Day 3
(n ¼ 6)

All 3 days
(n ¼ 18)

Intra-assay %
CVb,c

Intra-assay %
CV

Intra-assay %
CV

Inter-assay %
CVb,c

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

Hexoses

Terminal
Fucose

t-Fuc 19.5 14.9 17.5 18.9 19.2 9.6 18.9 14.6

Terminal
Galactose

t-Gal 10.6 8.2 10.4 4.0 10.5 6.2 10.5 6.1

2-Man 11.4 3.4 11.8 4.4 11.5 8.9 11.5 5.8

4-Glc NDd ND ND ND ND ND ND ND

3-Man ND ND ND ND ND ND ND ND

2-Gal ND ND ND ND ND ND ND ND

3-Gal 11.7 2.6 12.2 4.8 11.8 7.4 11.7 5.4

α2-6-
sialylation

6-Gal 6.3 3.9 6.7 5.8 6.4 9.9 6.5 7.2

3,4-Gal 1.6 10.6 1.4 7.8 1.5 11.2 1.5 11.6

2,3-Gal ND ND ND ND ND ND ND ND

β1-4-
branching

2,4-Man 15.3 4.0 16.2 6.6 14.9 5.0 15.5 6.3

4,6-Glc ND ND ND ND ND ND ND ND

β1-6-
branching

2,6-Man 3.8 7.3 4.4 4.3 4.2 6.9 4.2 7.9

3,6-Man 5.8 6.5 6.6 6.4 6.0 11.1 6.1 9.6

3,6-Gal 3.1 5.4 3.3 4.3 3.2 5.2 3.3 5.1

Bisecting
GlcNAc

3,4,6-
Man

0.89 18.4 0.94 12.3 0.88 16.0 0.94 14.8

HexNAcs

t-GlcNAc 1.9 4.0 1.9 5.4 1.9 12.7 1.9 7.6

t-GalNAc ND ND ND ND ND ND ND ND

4-GlcNAc 32.0 3.7 32.4 2.4 31.0 6.9 31.8 4.8

3-GlcNAc ND ND ND ND ND ND ND ND

3-GalNAc 5.4 2.8 5.4 5.2 5.3 7.5 5.3 5.2

6-GlcNAc ND ND ND ND ND ND ND ND

(continued)
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Specific tumor antigens such as β1-6-branching and β1-4-branch-
ing are shown to be regulated by IL-6; fewer glycan features appear
to be regulated by IL-1β. Additionally, neuraminidase enzyme
treatment of alpha-1 antitrypsin IgG demonstrates how the
method can be used to detect relative changes in α2-6 sialylation
along with corresponding increases in terminal galactose.

2 Materials

2.1 Cell Culture

and Antibody

1. HepG2 Cells (ATCC, HB-8065).

2. Eagle’s Minimum Essential Medium (EMEM) (ATCC,
30-2003).

3. Fetal bovine serum (FBS, US Source, FB-11).

4. 1� PBS, pH 7.4, 1 L.

5. Trypsin 0.25%.

Table 1
(continued)

Specific
Glycan feature

Glycan
“node”

Day 1
(n ¼ 6)

Day 2
(n ¼ 6)

Day 3
(n ¼ 6)

All 3 days
(n ¼ 18)

Intra-assay %
CVb,c

Intra-assay %
CV

Intra-assay %
CV

Inter-assay %
CVb,c

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

% of all
Hexoses
or
HexNAcs

%
CV

Antennary
Fucosylation

3,4-
GlcNAc

40.7 3.0 40.1 1.1 41.1 3.5 40.8 2.8

4-GalNAc ND ND ND ND ND ND ND ND

6-GalNAc ND ND ND ND ND ND ND ND

Core
Fucosylation

4,6-
GlcNAc

10.7 5.5 10.5 2.4 10.1 4.3 10.5 4.7

3,6-
GalNAc

8.4 6.3 8.6 3.3 7.9 9.6 8.1 7.3

aHepG2 cells were seeded in T75 flasks, and they were grown for 3 days in FBS medium until 70% confluency and then
with serum free medium for 48 h. Serum free medium was collected from across all flasks, centrifuged at 1000 � g for

5 min, and supernatant was stored in a single container (bulk sample) at �80 �C. Serum free medium was concentrated

30-fold by spin filtration and analyzed by glycanmethylation analysis on three different days (6 replicates per day from the

same bulk sample)
bIn general, glycan nodes with the lowest precision (highest % CV values) are those with the lowest relative abundance
cThese results are consistent with those observed in whole blood plasma/serum [18–23]
dND indicates not detected, but it has been previously detected in other biomatrices [18]
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6. Human IL-6 (interleukin 6) recombinant protein solution:
200 μg/ml rhIL-6 in 10 mM NaH2PO4, 150 mM NaCl,
pH 7.2.

7. Recombinant human IL-1β: 200 μg/ml rh-IL-1β in 10 mM
NaH2PO4, 150 mM NaCl, pH 7.2.

8. Rabbit anti-human alpha-1-antitrypsin antibody (Dako,
A0012).

9. Neuraminidase (Sialidase) from Clostridium perfringens;
cleaves terminal sialic acids that are α2,3-, α2,6-, or α2,8-linked
to Gal, GlcNAc, GalNAc, AcNeu, and GlcNeu, in oligosac-
charides, glycolipids, and N- or O-linked glycoproteins.

Fig. 3 Relative abundance of glycan nodes in HepG2 cell culture supernatant with cytokine stimulation. Cells
were grown in media containing 10% FBS for 3 days until 70% confluence then washed to remove FBS
(Subheading 3.1) and incubated with 3 ml of FBS-free media containing 50 ng/ml IL-6 (a and b) or IL-1β (d and
c). Media was collected and replaced with fresh cytokine-containing media every 24 h for a total cytokine-
exposure period of 48 h, as previously done by Mackievicz et al. [8]. Control cells were cultured in the same
way but in the absence of added cytokine. Extracted ion chromatograms corresponding to each glycan node
were normalized to the summed area of all hexoses (a and c) or HexNAcs (b and d) (as appropriate per that
particular glycan node). Error bars represent standard deviation. * Indicates statistically significant differences
between control and cytokine-treated cells ( p < 0.001). Statistical significance determined using multiple t-
tests with the Holm–Sidak method for multiple comparisons correction (GraphPad v8.2)
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2.2 Concentration

of Cell Culture Media

1. 3K MWCO centrifugal spin filters.

2. 10� HBS buffer: make a 1 M HEPES buffer in 1.5 M NaCl
solution by dissolving 95.32 g of HEPES and 35.06 g of NaCl
in 350 ml of DI water. Bring final pH to 6.8 by adding small
solid sodium hydroxide beads (see Subheading 2.3) and adjust
final volume to 400 ml. Then dilute the HBS buffer solution
10� with distilled water before use. Store at 4 �C.

3. Swing bucket centrifuge.

t-Fuc, m/z
117.05+131.05

t-Gal, m/z
117.05+145.1

2-Man, m/z
189.1+161.1

3-Gal, m/z
161.1+233.1

6-Gal, m/z
161.1+189.1+233.1

3,4-Gal, m/z
117.05

2,4-Man, m/z
129.05+189.1+233.1

2,6-Man, m/z
129.05+189.1

4.20 min 5.95 min5.74 min5.19 min 6.31 min

6.37 min 6.54 min 6.84 min

3,6-Man, m/z
189.1+233.1

3,6-Gal, m/z
117.05+129.05

6.97 min 7.09 min

t-GlcNAc, m/z
116.08+158.08

4-GlcNAc, m/z
116.08+158.08

7.68 min 8.31 min

3-GalNAc, m/z
116.08+158.08

3,4-GlcNAc, m/z
116.08+158.08

8.75 min 8.95 min

4,6-GlcNAc, m/z
116.08+158.08

9.31 min

3,6-GalNAc, m/z
116.08+158.08

9.83 min

7.30 min

3,4,6-Man, m/z
117.05+139.05

Blank Media

Cell Media

Fig. 4 Summed extracted ion chromatograms (XICs) for the 17 glycan nodes found in HepG2 cell culture
media. Raw XIC traces for EMEM media that was never exposed to cells are shown in red (i.e., “Blank Media”);
raw XIC traces for EMEM media exposed to cells then processed by spin filtration (Subheading 3.2) are shown
in black (i.e., “Cell-Exposed Media”). Retention times listed correspond to the XIC peak apex
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2.3 Glycan Node

Analysis

1. Permethylation.

(a) Spin columns (0.9 ml) with plugs and polyethylene frits.

(b) DMSO.

(c) NaOH beads.

(d) Acetonitrile.

(e) Iodomethane.

(f) 0.2 M sodium phosphate buffer, pH 7 containing 0.5 M
NaCl: First prepare the dibasic buffer solution by dissol-
ving 29.22 g of NaCl and 28.4 g of Na2HPO4 in 1 L of
water. Second, prepare the monobasic buffer solution by
dissolving 23.99 g of NaH2PO4 and 29.22 g of NaCl in
1 L of water. Then, using both buffer solutions (basic and
dibasic) equilibrate buffer to pH 7. Store buffer at room
temperature.

(g) Chloroform.

2. Hydrolysis.

(a) 2 M trifluoroacetic acid (TFA).

(b) Heating blocks set at 120 �C.

3. Reduction.

(a) Freshly prepared 10 mg/ml sodium borohydride solution
in 1 M ammonium hydroxide.

Fig. 5 Glycan node analysis of purified IgG. Glycan nodes from rabbit anti-alpha-1 antitrypsin IgG before and
after treatment of the antibody with neuraminidase. Low amounts of neuraminidase enzyme were intentionally
used in order to induce only partial desialylation of IgG. Significant decreases in 6-linked and 3-linked
galactose were observed along with an increase in terminal galactose (t-Gal), indicating a partial loss of
terminal neuraminic acid residues. Larger quantities of neuraminidase completely eliminate the signal for
6-linked galactose (data not shown). Error bars represent standard deviation. * Indicates statistically signifi-
cant differences between untreated and neuraminidase-treated antibody ( p < 0.001). Statistical significance
determined using multiple t-tests with the Holm–Sidak method for multiple comparisons correction (GraphPad
v8.2)
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(b) Methanol.

(c) Glacial acetic acid.

4. Acetylation.

(a) Acetic anhydride.

(b) TFA.

(c) Dichloromethane.

5. Gas chromatography–mass spectrometry (GC-MS).

(a) Agilent Model A7890 gas chromatograph coupled to a
Waters GCT mass spectrometer.

(b) GC-MS autosampler vials.

(c) Teflon-lined pierceable caps, 9 mm.

(d) Acetone.

(e) GC Column (DB-5 ms, 30 m).

3 Methods

3.1 Cell Culture 1. Grow HepG2 cells in T75 flasks at 37 �C in 5% CO2 under
semiconfluent conditions for 3 days in 10% FBS-supplemented
EMEM media.

2. Remove FBS-containing media and wash cells three times with
sterile 1� PBS, and once with serum-free EMEM media.

3. Incubate cells with 3 ml of serum free EMEM medium with
or without added growth factors or cytokines for 48 h (see
Note 1).

4. Collect and change media every 24 h (replace added growth
factors or cytokines if desired).

5. Collect media over the last 24 h, centrifuge it at 1000 � g for
5 min to pellet any cell debris, and concentrate supernatant by
spin filtration (see Note 2) (see Subheading 3.2).

3.2 Concentration

of Cell Media by Spin

Filtration

1. Place 3 ml of cell culture media into a 4-ml Amicon 3K centrif-
ugal spin filter and centrifuge in a swing bucket rotor at
2950 � g for 30 min at room temperature. The final volume
is about 500 μl.

2. Resuspend media in 3 ml of 1� HBS buffer and centrifuge
again at 2950 � g for 30 min.

3. Perform two more washes with 1� HBS buffer, with the third
wash centrifuged for 50 min, yielding a final volume of approx-
imately 100 μl (see Notes 3 and 4).

For the desialylation of alpha 1 antitrypsin antibody:
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3.3 IgG (Alpha-1

Anti-Trypsin) Antibody

Desialylation &

Preparation

1. Low amounts of neuraminidase enzyme are used here to facili-
tate only partial desialylation of IgG, and to show how the assay
can capture subtle changes in specific glycan feautures. Larger
quantities of neuraminidase completely eliminate the signal for
6-linked galactose (data not shown). To 1.7 μl of antibody
(100 μg) add 2 μl of a 0.1 M sodium acetate buffer pH 5 and
1 μl of neuraminidase enzyme (0.1 milliunits). Check the final
pH of the sample to be around 5 using Hydrion pH papers.

2. Incubate samples for 4 h at 37 �C.

3. After incubation, bring pH back to 7 with 1 μl of a 0.5 M
sodium bicarbonate solution. Then bring final volume to 10 μl
with water.

4. Perform glycan node analysis (Subheading 3.4) in at least
triplicate.

3.4 Glycan Node

Analysis

1. If glycan node analysis is a new method in your laboratory,
perform the following procedure on three different days (six
replicates per day) to verify the reproducibility of the assay in
your hands. Reproducibility should be comparable to the
results in Table 1.

2. Permethylation of concentrated cell culture medium and IgG:
Add 12 μl of whole concentrated cell medium or 10 μl of
antibody to a 1.5 ml polypropylene test tube. To this, add
270 μl of dimethyl sulfoxide (DMSO) and 105 μl of iodo-
methane. Mix this solution and add it to a plugged 1 ml spin
column containing sodium hydroxide beads, previously pre-
conditioned with 400 μl of acetonitrile and two rinses with
400 μl of DMSO. Mix samples gently with the sodium hydrox-
ide beads 3–4 times for 10 min using the tip of a 200 μl pipette
tip. Then, unplug columns and centrifuge them at 10,000 � g
for 15 s to collect sample, leaving any NaOH residue behind
(see Note 5). Immediately after, add 300 μl of acetonitrile to
the columns to wash off any sample left on the column. Trans-
fer samples and acetonitrile wash to a silanized glass tube con-
taining 3.5 ml of 0.2 M sodium phosphate buffer, pH 7
containing 0.5 M NaCl. To this, add 1.2 ml of chloroform.
Perform L/L extractions three times with the sodium phos-
phate buffer, saving the chloroform layer every time. Then, dry
the chloroform under a nitrogen stream in a heating block set
at 74 �C.

3. Hydrolysis of permethylated glycans: Prepare a 2 M TFA solu-
tion. Add 325 μl of the 2 M TFA solution to each sample, and
tightly cap them to prevent evaporation. Then heat samples at
120 �C for 2 h (see Note 6). Remove TFA by drying sample
under nitrogen stream in a heating block set at 74 �C.
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4. Reduction of monosaccharides: Add 475 μl of 10 mg/ml
sodium borohydride in 1 M ammonium hydroxide to each
tube and allow to react for 1 h (see Note 7). Add 63 μl of
methanol to each sample to remove any residual borate, fol-
lowed by 125 μl of 9:1 methanol: acetic acid. Each time, dry
samples under nitrogen in a heating block set at 74 �C. To
complete the drying process, place the samples in a vacuum
chamber (e.g., vacuum desiccator) at room temperature for at
least 20 min.

5. Acetylation: After drying, add 18 μl of DI water to each sample,
and mix residues until they are completely dissolved. Then, add
250 μl of acetic anhydride, mix thoroughly, and sonicate in a
water batch for 2 min. Incubate samples at 60� C for 10 min,
followed by addition of 230 μl of TFA, and incubating again at
60 �C for 10 min. Add 1.8 ml of dichloromethane and 2 ml of
DI water to each sample. Then perform L/L extraction twice
with water, removing the top layer (containing water) and
saving the dichloromethane layer (bottom layer) every time.
Add the dichloromethane layer into silanized autosampler vials
and dry samples under nitrogen in a heating block at 60 �C.
Reconstitute samples with 50 μl of acetone, and place samples
onto the GC-MS autosampler rack.

6. Gas Chromatography-Mass Spectrometry (GC-MS): A gas
chromatograph coupled to a time-of-flight (TOF) mass spec-
trometer is used here (see Note 8). One microliter of each
sample is injected in split mode (1:10) onto a silanized glass
liner containing a small plug of silanized glass wool held at a
temperature of 280 �C.Using helium as the carrier gas, samples
are transferred onto the GC column, which is maintained at an
initial temperature of 165 �C for 0.5 min, followed by ramping
the temperature at 10 �C per minute to 265 �C then immedi-
ately ramping at 30 �C per minute to 325 �C and holding for
3 min. Samples eluting from the column are transferred to the
mass spectrometer at a transfer line temperature of 250 �C.
They are then subjected to electron ionization at 70 eV and
250 �C, and analyzed from m/z 40–800 by TOF-MS in which
transients are summed and recorded every 0.2 s.

7. Data Analysis: Identification of each glycan node is made by
comparing retention times with those from known partially
methylated alditol acetates (PMAAs), for example those
obtained by Borges et al., [18] and mass spectra are verified
through comparison with the mass spectral library of PMAAs at
the University of Georgia’s Complex Carbohydrate Research
Center website (https://www.ccrc.uga.edu/databases/index.
php#). Each glycan node is quantified by the sum of the inte-
grals of a specific set of extracted ion chromatogram peaks
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(Fig. 4) [18] using QuanLynx software. Integrated peaks are
exported to an Excel spreadsheet to normalize the area of each
glycan node by dividing each individual hexose glycan node by
the sum of all hexoses, and each individual HexNAc glycan
node by the sum of all HexNAcs [18–23].

4 Notes

1. Secreted glycoproteins tend to be too dilute for direct analysis
in cell culture media. Given the challenges associated with this
problem, semiconfluent HepG2 cells are incubated with a min-
imum volume of serum free media for 48 h, enough to cover
the cells in T75 flasks. Reducing the amount of media does not
affect cell viability, and the cells sustain well for up to 48 h.

2. Recovered cell culture media must be concentrated and high
concentrations of small molecules removed prior to glycan
node analysis. Spin filtration accomplishes both of these
objectives.

3. The disadvantage of using spin filtration for glycan node analy-
sis is that glycolipids maybe lost during the process.

4. Concentrating whole cell culture media by evaporative concen-
tration using a Speed Vac can help preserve glycolipids. How-
ever, due to the presence of salts and other components in the
media that decrease protein solubility, a precipitate forms and
high chromatographic backgrounds for the blank media are
obtained. Hence, this form of protein concentration is not
recommended for cell culture media.

5. After spinning down the sodium hydroxide columns to get the
permethylated solution, a white precipitate is formed. This
white residue should not be added to the 0.2 M sodium phos-
phate buffer, pH 7 containing 0.5MNaCl [19]. This can result
in poor HexNAc yields.

6. Before incubating samples at 120 �C, securely cap each glass
tube and look for any cracks on the glass tubes. A loose cap can
cause the sample to evaporate during hydrolysis.

7. The 10 mg/ml sodium borohydride in 1 M ammonium
hydroxide should be prepared immediately before use.

8. The GC-MS method is compatible with quadrupole-based
mass analyzers operating in selected ion monitoring (SIM)
mode. For a list of monitored ions see Borges et al. [18].
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Chapter 23

Array-Based N-Glycan Profiling of Cells in Culture

Peggi M. Angel, Anand S. Mehta, and Richard R. Drake

Abstract

N-glycan imaging mass spectrometry (N-glycan IMS) enables the detection and characterization of
N-glycans in thin histological tissue sections. N-glycan IMS is used to study N-glycan regulation and
localization in tissue-specific regions, such as tumor and normal adjacent to tumor, or by cell type within a
tissue. Once a specific tissue-localizedN-glycan signature is found to be associated with by a disease state, it
has been challenging to study modulation of the same N-glycan signature by conventional molecular
biology techniques. Here we describe a protocol that adapts tissue N-glycan IMS analysis workflows to
cells grown on glass slides in an array format. Cells are grown under normal conditions in a cell culture
chamber, fixed to maintain normal morphology, and sprayed with a thin coating of PNGase F to releaseN-
glycans for imaging mass spectrometry profiling.

Key words N-glycan, Glycomics, N-glycoform, N-glycans in cell culture, N-glycan profiling, N-
glycan cell profiles, Imaging mass spectrometry, MALDI imaging mass spectrometry, Peptide
N-glycosidase F, PNGase F

1 Introduction

N-glycan IMS enables high-throughput detection and localization
of hundreds of N-glycans within a single thin tissue section, allow-
ing new insights into the role of tissue glycosylation and regulation
of disease [1, 2]. N-glycan IMS is analogous to data obtained with
in-solution N-glycomics workflows, but does not generally require
any glycan derivatization prior to analysis. N-glycan IMS uses
robust enzymatic workflows to access the N-glycome of archival
formalin-fixed, paraffin-embedded (FFPE) tissues, providing infor-
mation on the localization of theN-glycome regulated by cell types
and different tissue regions [1, 3, 4]. Using thin histological tissue
sections (5-μm) mounted on a standard or conductive microscope
slide, an even, thin layer of peptide N-glycosidase F (PNGase F) is
sprayed onto tissue by an automated sprayer. Brief deglycosylation
hydrolyzes N-glycans from proteins within the tissue section, and
because of the thin coating, the releasedN-glycans remain localized
to their tissue features and cell types. For ionization and detection
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by matrix-assisted laser desorption ionization (MALDI) mass spec-
trometry (MS), a chemical matrix is applied as a thin molecular layer
across the tissue. N-glycans are detected by scanning the tissue
using matrix-assisted laser desorption/ionization (MALDI) imag-
ing mass spectrometry. N-glycoforms have been reported markers
of disease changing with cell status, disease progression, and useful
for prediction of survival status [1, 2, 5–11].However, once a target
N-glycan is identified as regulated by disease state, there are few
approaches to investigating the cellular mechanisms of the N-gly-
can. The primary approach to N-glycan profiling of cell types uses
liquid chromatography coupled to mass spectrometry (LC-MS)
[12–14]. These experiments require millions of cells of starting
material, significant user expertise, and extensive time consuming
sample processing.

Here, we describe a simplified workflow for array-based N-
glycan profiling of cells in culture adapted from the tissueN-glycan
IMS workflows [15]. A key step is to culture cells within array wells,
followed by cell fixation, delipidation, deglycosylation, and detec-
tion by MALDI IMS. This allows quantitative profiles ofN-glycans
to be obtained from cells using standard label free cell culture
techniques. Additionally, N-glycan turnover may be measured by
stable isotope labeling by amino acids (SILAC) in cell culture using
the approach isotopic detection of amino sugars with glutamine
(IDAWG) [16, 17]. The protocol described here is done after label
free or SILAC/IDAWG cell culture and takes around 4 h to pre-
pare five 8-well arrays that have standard dimensions of 75 mm
(length) � 25 mm (width) � 1 mm (height). These slides fit into
standard imaging mass spectrometry instruments. The procedure
can be applied to any cell line that can be cultured on these types of
slides.

2 Materials

Prepare all solutions in filtered HPLC grade water or ultrapure
deionized water with a resistance of 18 MΩ-cm at 25 �C. Follow
all safety and waste disposal regulations.

2.1 Sample

Preparation Solutions

1. Neutral buffered formalin with 10% formalin, commercially
sourced (see Note 1).

2. Phosphate-buffered saline, commercially sourced and suitable
for cell culture experiments.

3. Carnoy’s Solution: 10% glacial acetic acid, % HPLC grade
chloroform, 60% 200 proof ethanol: Working under a func-
tioning laboratory hood, add 600 mL 200 proof ethanol to a
clean 1-L bottle. Carefully add 100 mL glacial acetic acid and
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gently mix. Add 300 mL chloroform. Mix thoroughly. Close
tightly and store at room temperature in a well ventilated
location. Solution is stable for up to 1 month.

4. 25% trifluoroacetic acid (TFA): Add 3 mL HPLC grade water
to a clean bottle. Carefully add 1 mL of trifluoroacetic acid to
the water and mix. Solution is stable for up to 1 month at room
temperature.

5. Matrix solvent (50% Acetonitrile (ACN), 0.1% TFA): Add
25 mL HPLC grade water to a clean 100 mL bottle. Carefully
add 100 μL of neat trifluoroacetic acid (�99%, analytical grade)
to the water and mix. Add 50 mL of acetonitrile and mix. Add
HPLC grade water to a final volume of 100 mL and mix. Store
for up to 1 month at room temperature.

6. MALDI matrix for N-glycan profiling (alpha-cyano-4-hydro-
xycinnamic acid (CHCA), 7 mg/mL in 50% acetonitrile/0.1%
TFA): Weigh out 0.0420 � 0.001 g CHCA. Add the solid
CHCA to a clean 50 mL falcon tube. Bring to volume with
6 mL of matrix solvent. Vortex briefly and sonicate for 5 min
using a benchtop sonicator. Filter CHCA solution using a
13 mm 0.2 μm PTFE hydrophilic syringe filter graded for use
with HPLC solvents (see Note 2). Prepare immediately
before use.

7. Ammonium phosphate, monobasic 5 mM in HPLC grade
water. Weigh 0.0287 g of ammonium phosphate monobasic
into a clean 50-mL falcon tube. Add 50 mL of HPLC grade
water andmix until dissolved. Store for up to 3months at room
temperature.

2.2 Enzyme

Solutions

1. Preparation of 1 mL of 0.1 μg/μL PNGase F solution. To
100 μg of PNGase F add 1000 μL of HPLC grade water and
mix (see Note 3). Use same day. This preparation is enough
enzyme to cover five arrays of dimensions
75 mm � 25 mm � 1 mm.

2.3 TM-Sprayer™
Solutions

1. Push solvent (50%methanol/water): Add 500 mLmethanol to
a clean bottle. Add 500 mL HPLC grade water and mix.
Solvent may be kept at room temperature during the duration
of use (see Note 4).

3 Methods

Cell culture. For the described protocol, cells were cultivated on
sterile 8-well Lab-Tek® II Chamber Slide System (Electron micros-
copy, Hatfield, PA) as these array dimensions (L � W � H
75 mm � 25 mm � 1 mm) are compatible with the majority of
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imaging mass spectrometry instrumentation. Cells are plated onto
the 8-well array followed by desired cell culture experiments. Initial
experiments must be done to evaluate cell counts compared to N-
glycan signal to noise. For example, higher cell counts of human
aortic endothelial cells (>10,000) result in signal suppression [15].
For baseline cell profiling, cells should be allowed to adhere prior to
analysis. Using a new media aspirator tip on the media aspirator
when moving between media blank and cells during media changes
prevents cellular N-glycan expression from contaminating the
media blank. For 15N labeling ofN-glycans, substitute L-glutamine
(Amide-15N, 98%+, Cambridge Isotope Laboratories, Inc) for 14N
glutamine in complete media. Ensure all chemicals used are of
ultrapure high-grade quality. It is recommended that small bottles
of ultrapure high-grade quality chemicals be reserved and used only
for N-glycan profiling of cells.

3.1 Cell Preparation

for MS Profiling

1. After cell culture experiments, keep the removable media
chamber walls attached to the arrays. Wash the cells three
times with PBS. Ensure that wash meniscus covers the cells
completely. Place a new aspirator tip on the aspirator or pipette
when moving between media and cells or cells of different
experimental conditions. This prevents cross-contamination
that will be detected by MS profiling.

2. After final PBS wash, add neutral buffered formalin to the array
chambers. Incubate for 20 min at room temperature. Remove
neutral buffered formalin and rinse once with PBS.

3. Detach the removable media chamber walls from the arrays.
Ensure that all adhesives are removed from the surface of the
arrays (see Note 5).

4. Pour Carnoy’s solution into a glass Coplin jar. Solvent should
be added to a level that will allow complete immersion of the
tissue sections (see Note 6).

5. In a functioning laboratory hood, delipidate the cells by incu-
bating in Carnoy’s solution for 3 min followed by air-drying
under the hood for 3 min. It is critical that the array is not
agitated during solvent incubation as this may cause loss of
cells. During drying, the array should be placed flat with cell
side facing upward to minimize streaking and cross-
contamination between wells. Repeat the Carnoy’s solution
wash and air-drying for a total of three cycles.

6. After complete drying, cells may be stored at �20 �C for up to
1 week with minimal degradation prior to further preparation
(seeNote 7). It is highly recommended to proceed immediately
with sample preparation steps to limit degradation.

334 Peggi M. Angel et al.



3.2 Slide Scanning 1. This step produces an optical image needed for selecting tissue
regions for imaging analysis. Fiducials, or reference points, are
needed to accurately “teach” the instrument where the wells
are located. Any recognizable feature on the array that is cap-
tured in both the scanned image and the acquisition camera
may be used to teach the instrument the well location. For
Lab-Tek II slides, the numbers printed near each wells are
useful as fiducials.

2. For cell profiling that will be acquired by mass spectrometry at
�100 μm laser step size, scan the whole slide at a minimum of
1200 ppi resolution. For profiling using laser step sizes
�50 μm, scan the slide at a minimum of 4800 ppi resolution.
Save the images as JPEG, bitmap (*.bmp) or 8 bit TIFF
formats.

3.3 PNGase F

Application by the M3

TM-Sprayer™

1. For enzyme application, use a syringe pump with a minimum of
0.5% accuracy in pumping 25 μL/min. Enzyme is loaded into
the sprayer using a glass or plastic 1-mL syringe with Luer lock.

2. Prepare the PNGase F and load into the glass or plastic 1-mL
syringe with Luer lock syringe. Ensure that there are no bub-
bles in syringe (see Note 8). Attach the syringe to the clean
TM-Sprayer™ line used for enzyme spraying. Ensure that the
syringe is fastened securely in the pump.

3. Set the pump to a flow rate of 25 μL/min with an inner
diameter matching that of the used syringe. Turn on the
pump and allow the spray to stabilize for 3 min. It generally
takes about 1–3 min to start emitting solution (see Notes 9
and 10).

4. Place the arrays with cells facing upward on the TM-Sprayer™
sample area, fastening them with lab tape.

5. Turn on the TM-Sprayer™ and then the controlling computer.

6. Open the nitrogen gas tank valve and set the regulator to
10 psi.

7. In the TM-Sprayer™ software, set the temperature to 45 �C.
Temperature will not adjust without the nitrogen gas flowing.

8. Program the TM-Sprayer™ to cover the appropriate number
of arrays within a designated sample area. Allow a 5 mm addi-
tional edge distance for sprayhead turn round at the edges of
the designated sample area (see Note 11).

9. Program the TM-Sprayer™ method for PNGase F to use
10 passes, crisscross pattern, velocity of 1200, 3.0 mm track
spacing, and a dry time of zero. The tip of the sprayhead should
be 40 mm distance from the surface of the arrays.
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10. Place a blank slide underneath the TM-sprayer ™ nozzle head
and start the pump. Once moisture is consistently detected on
the blank slide, press “Start” in the TM-Sprayer™ software.

11. PNGase F solution will be applied in a thin layer onto the
arrays. During application of the enzyme, moisture will be
observed on the slide as the sprayhead passes over an area;
this should dry within 30 s (see Note 12).

3.4 Incubation for

On-Tissue Digestion

1. Incubation is performed immediately after application of
PNGase F.

2. Prepare an incubation chamber for digestion using a plastic
100 � 15 mm cell culture dish. Fit a single layer paper towel
(Wypall �60) on the bottom of the dish. Fold two 4 � 6
Kimwipes and place at opposite sides of the dish. Using a
spray bottle of distilled water, add water to saturate the paper
towels and Kimwipes. Stop adding water when excess water
accumulates in the dish, observed by tilting the dish to one
side. For the specified towels and Kimwipes, this is 5–7 mL of
water.

3. The incubation chamber should be preheated for 30 min in an
oven at 37.5 �C (see Note 13).

4. Place the slide with the array with cells facing upward into the
incubation chamber using the water saturated Kimwipes as a
support. Gently push the array down slightly so that when the
cover is placed on, the cells do not contact the incubation
chamber cover.

5. Incubate 2 h in the oven set at 37.5 � 1.5 �C (see Note 14).

6. After incubation, remove the array slowly, holding the surface
facing upward and parallel with the countertop. Wipe off the
condensation on the back of the array to prevent liquid rolling
into wells and causing cross contamination of N-glycans.

7. Store the array in a 5 slide mailer to protect the released N-
glycans. If matrix cannot be sprayed the same day, store briefly
in a desiccator (up to 24 h) or at �20 �C for long term (up to
1 week).

8. It is recommended to immediately spray matrix onto the array.

3.5 MALDI Matrix

Application by the M3

TM-Sprayer™

1. MALDI matrix application is performed after PNGAse F
digestion.

2. An isocratic pump with 0.5% accuracy in pumping 70 μL/min
is used for matrix application. A glass 5-mL syringe with Luer
lock for loading matrix into the sprayer.

3. Ensure that the isocratic pump is set to pump 70 μL/min (see
Note 15). Solvent may be degassed to limit flow variation.

4. Turn on the TM-Sprayer™ and controlling computer.
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5. Open the nitrogen gas tank and set the regulator to 10 psi.

6. In the TM-Sprayer™ software, set the temperature to 80 �C.
Temperature will not adjust without the nitrogen gas flowing.

7. Program the TM-Sprayer™method for CHCAmatrix applica-
tion to use 12 passes, crisscross pattern, velocity of 1300,
2.5 mm track spacing and zero dry time. The tip of the nozzle
sprayhead should be 40 mm distance from the surface of the
slide.

8. Place the arrays on the TM-Sprayer™ sample platform and
secure with lab tape.

9. Program the TM-Sprayer™ to cover the appropriate number
of arrays, allowing a 5 mm additional edge distance for spray-
head turn round (see Note 11).

10. Fill a glass 5-mL syringe with the filtered MALDI matrix
solution, ensuring that there are no bubbles in the syringe.

11. Fasten the syringe to the TM-Sprayer™ line going to the
six-port valve. With the valve switch in “Load” position, inject
the MALDI matrix solution into the 5 mL loop.

12. Ensure that the pump is flowing at 70 μL/min and that pump
pressure readouts are stable.

13. Move the six-port valve switch to “Spray.”

14. Use a blank microscope slide to check the TM-Sprayer™ noz-
zle for spraying of solution. Once matrix is detected as an
opaque film on the dummy slide, press “Start” in the
TM-Sprayer™ software.

15. CHCA solution will be applied in a thin layer onto the arrays.

16. Leave the arrays attached to the TM-Sprayer ™ sample plat-
form and proceed with the next step.

3.6 Array Application

of Ammonium

Phosphate Monobasic

(AP) Solution

1. This step decreases matrix cluster formation to increase sensi-
tivity of N-glycan detection from cell arrays.

2. AP application is performed after MALDI matrix application.

3. An isocratic pump with 0.5% accuracy in pumping 70 μL/min
is used for matrix application. A glass 5-mL syringe with Luer
lock for loading AP into the sprayer.

4. Ensure that the isocratic pump is set to pump 70 μL/min (see
Note 14). Push solvent may be degassed to limit flow variation.

5. Turn on the TM-Sprayer™ and controlling computer.

6. Open the nitrogen gas tank and set the regulator to 10 psi.

7. In the TM-Sprayer™ software, set the temperature to 60 �C.
Temperature will not adjust without the nitrogen gas flowing.
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8. Program the TM-Sprayer™ method for AP application to use
2 passes, crisscross pattern, velocity of 1300, 3 mm track
spacing and zero dry time. The tip of the nozzle sprayhead
should be 40 mm distance from the surface of the slide. Allow a
5 mm additional edge distance for sprayhead turn round (see
Note 11).

9. Fill a glass 5-mL syringe with the filtered AP solution, ensuring
that there are no bubbles in the syringe.

10. Fasten the syringe to the TM-Sprayer™ line going to the
six-port valve. With the valve switch in “Load” position, inject
the AP solution into the 5 mL loop. Repeat at total of three
times to completely flush the loop.

11. Load the 5-mL loop with AP solution.

12. Move the six-port valve switch to “Spray.”

13. Use a blank microscope slide to check the TM-Sprayer™ noz-
zle for spraying of solution. Once AP solution is detected as an
aqueous build up on the dummy slide, press “Start” in the
TM-Sprayer™ software.

3.7 Mass

Spectrometry Profiling

1. Data from N-glycan cell profiles may be collected by imaging
mass spectrometry in different ways. For rapid high through-
put profiling, a laser stepsize of 300 μm with a random walk
raster of diameter 300 μm and 1200 laser shots per data point
results in N-glycan signal to noise >200, measure on high
mannose Man 9-7.

2. For imaging type data, where small clusters of cells to single
cells may be resolved, a laser step size of �20 μm without
random walk raster and 100 laser shots per data point results
in signal/noise ratios of >100. To limit lengthy acquisition
times in the 8-well (0.8 cm2), this may be used in a target
area of the well where cells are confirmed to be present.

3. Evaluation of signal from the preparation is done on media
blanks. Peaks at 1663 and 2028 have been observed consis-
tently across many cell types and may be used for evaluation. In
the media blank well, these peaks should have the most intense
signal.

4. During acquisition, lock masses are used to minimize m/z
drift. Lock masses at m/z 1663.5814 and 2028.7136 from
media background are useful for minimizing drift. High man-
nose peaks (e.g., Man9 m/z 1905.6338) may be added to the
lock mass list for regions of high cell density.

5. Figure 1 demonstrates signal acquired from a single well using
the IDAWG labeling method.
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3.8 Post-Acquisition

Cell Measurements

1. Post-acquisition cell measurements are useful for normalizing
wells by cell count.

2. RemoveMALDI matrix by incubating arrays for 1 min in 100%
ethanol. Repeat to ensure complete removal of all matrix (see
Note 15).

3. Rinse the arrays four times with PBS, gently tapping the arrays
to remove excess liquid each time.

4. Rinse the array once in ultrapure HPLC water to remove salts.

5. Incubate the arrays for 1 h at room temperature in a micro-
scope slide mailer filled with Coomassie Blue stain (Simple Blue
Stain, Thermo Fisher Scientific).

6. Rinse arrays in fresh changes of PBS until solution is clear.

7. Coverslip each well using xylene or aqueous-based mounting
media (see Note 16).

1.0 E6

1.0 E6

3.2 E5

A
bs

ol
ut

e 
in

te
ns

ity
A

bs
ol

ut
e 

in
te

ns
ity

1810 1814 1818 2025 2030 2035 2040

A
bs

ol
ut

e 
in

te
ns

ity

1809.6393

*1813.6274 2028.7136

*2033.6988

A)

B) C)

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
m/z

m/zm/z

Fig. 1 Example N-glycan profiles from cells using the IDAWG labeling method. Human aortic endothelial cells
(HAEC) were grown for 4 days substituting L-glutamine (Amide-15N, 98%+, Cambridge Isotope Laboratories,
Inc) for 14N glutamine in complete media. Peaks are detected using MALDI coupled with Fourier Transform Ion
Cyclotron Resonance mass spectrometry. (a) Typical Overall Average Mass Spectrum with major N-glycans
annotated. The high mannose series Man5-Man9 present a quality control factor for evaluating cellular
derived N-glycan signatures. In this profile spectrum, the high mannose series are considered well detected.
(b) the A2FG peak, m/z 1809.6393 with the 15N isotope detected at 1813.6274. (c) A primary peak present in
media, m/z 2028.7136. Fully labeled 2033.6988 is detected, representing cell turnover of the triantennary
peak. Isotopic labeling may be analyzed as described in IDAWG protocols [16, 17]. Turnover rates may be
determined by measuring intensity of the 15N isotopic peak divided by time after accounting for all contributing
isotopes
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8. A brightfield microscope or brightfield slide scanner may be
used capture images of stained cells per well for cell counting.

9. Cell counts may be done using ImageJ software [18].

10. Higher quality quantitative densitometry may be done using
an Odyssey Imaging System (Li-Cor Biosciences) to scan slides
at 700 nm with an 84 μm scan line resolution. Measurements
per well obtained by Image Studio (Li-Cor Biosciences) as
Signal@ 700 nm may be used as a normalization factor to
minimize variability between wells (see Note 17).

4 Notes

1. Other fixatives types such as 4% paraformaldehyde have been
successfully used.

2. Use of the filter significantly reduces clogging of the solvent
lines of the M3 or M5 TM-Sprayer™.

3. Low salt content PNGase F must be used for this assay or
excessive MALDI matrix clusters will limit detection of N-
glycan signal. We use highly concentrated preparations of
N-zyme Scientifics PNGase F Prime™ in liquid form (Initial
concentration >5 μg/μL; diluted to final concentrations of
0.1 μg/μL).

4. When refilling the push solvent, ensure the bottle is thoroughly
cleaned out before adding new solvent to prevent bacterial
growth.

5. Fine-tipped tweezers may be used to remove adhesives from
between the array wells. A scalpel may be used to gently scrape
off adhesive debris.

6. Glass Coplin jars are used as the chloroform in the Carnoy’s
solution can dissolve many polymer plastics causing spectral
interference in N-glycan MS profiling.

7. Investigators may ship to sites equipped with imaging mass
spectrometers. To limit degradation during shipping, it is
essential that cells are maintained at minimum 4 �C using a
cooler pack; dry ice is preferred.

8. To eliminate bubbles within the syringe barrel after loading all
the PNGase F solution, it is helpful to pull an additional small
volume of air into the syringe, creating a single large air bubble.
Gently dispense the syringe until the air bubble is gone.

9. The TM-sprayer™ temperature and gas does not need to be
turned on at this point.

10. Spray rate should be evaluated prior spraying arrays to ensure
accurate deposition of the enzyme. To do this, load a 1-mL
syringe with water and start the pump at the required flow rate,
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allowing the flow to stabilize for 3 min. Ensure that the
TM-sprayer nozzle is at room temperature and has no gas
flowing. Place a centrifuge tube under the nozzle head, collect-
ing for 10 min. Measure the 10-min collection. For enzymes in
aqueous solution at a rate of 25 μL/min, the maximal volume
variance should be �5.0 μL.

11. Excess solutions will be deposited at the point of the sprayhead
turn around location. Ensuring the turnaround point is located
off the array well prevents delocalization and excess matrix
build up.

12. For higher resolution sampling (�20 μm laser step size),
reduce the flow rate and increase the number of passes to
maintain the same amount of enzyme deposition. For instance,
we have found that 12 passes at 20 μL/min allows for 20 μm
step size sampling, which can visualize certain cell colonies.

13. It is critical that the chamber lid shows a thin layer of conden-
sation, which demonstrates the presence of high humidity,
before placing the array inside the incubation chamber. Appro-
priate humidity conditions are essential to efficient
deglycosylation.

14. Frequently, digital readouts on small ovens do not accurately
report internal temperature. Ensure that the internal oven
temperature is at the correct temperature using a secondary
thermometer placed in the oven. This is essential for efficient
deglycosylation.

15. Arrays may be inspected under microscope to ensure complete
removal of matrix. Cells should be visible without the presence
of matrix crystals.

16. Certain xylene-based mounting media may dissolve well edges
that are demarked by plastics, adhesives, or markers. Mounting
media should be tested before applying to arrays.

17. Signal information per well is obtained from the shape.txt file
of the Odyssey Imaging System (Li-Cor Biosciences).
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Chapter 24

Analysis of Oligomeric and Glycosylated Proteins
by Size-Exclusion Chromatography Coupled with Multiangle
Light Scattering

Kathryn Hastie, Vamseedhar Rayaprolu, and Erica Ollmann Saphire

Abstract

Analytical size-exclusion chromatography (SEC) is a powerful technique that separates proteins based on
their hydrodynamic radii. This approach can provide some rudimentary information about the molecular
weight of proteins, but results are also influenced by the in-solution protein conformation and hydro-
phobicity. SEC also can be affected by nonspecific interactions with the column matrix that influence
protein separation. Light scattering (LS) is an absolute and highly accurate measurement of protein
molecular weight. Coupling analytical size-exclusion chromatography with multiangle light scattering
(SEC-MALS) yields a more robust and accurate method for determining multiple biophysical parameters
of proteins while avoiding SEC artifacts. This union of two techniques can help determine the absolute
molecular stoichiometry, homo- and heteroassociation of sample components, the nature of protein
conjugates, and the molar mass of single molecules and multisubunit complexes. In this chapter, we provide
several examples of analysis of glycosylated protein conjugates to showcase the power of SEC-MALS.

Key words Size-exclusion chromatography (SEC), Light scattering, Glycosylation, Glycoprotein,
Molar mass, Oligomer, Multiangle light scattering (MALS)

1 Introduction

Successful biophysical characterization of proteins in solution
involves analysis of the molecular weight, degree of any conjuga-
tion (e.g., glycosylation), and oligomeric state. These analyses indi-
cate whether the correct protein has been isolated as well as
whether the protein forms the expected oligomer or if it exists as
high-molecular weight aggregates. Several methods can be used to
determine the molecular weight of a protein, including, but not
limited to, SDS-PAGE, native PAGE, analytical ultracentrifugation
(AUC), mass spectrometry (MS), and analytical size-exclusion
chromatography (SEC). SDS-PAGE can facilitate estimation of
purity and protein molecular weight based on comparison to a set
of standard proteins. However, SDS-PAGE typically involves
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dissociation of native oligomers or high-molecular weight aggre-
gates and is unsuitable for analysis of native biomolecules and
quaternary associations. Although native-PAGE can, in theory,
maintain the correct oligomeric state of a protein, this approach
often requires optimization on a per-protein basis and the results
can be difficult to interpret or reproduce effectively, particularly for
glycosylated or other conjugated proteins. AUC is a robust and
accurate method for quantitative mass determination and can accu-
rately assess native oligomeric state. However, the experimental
timeframe for this technique can be long, and significant expertise
is required for data interpretation. Mass spectrometry can provide
precise information about the mass and charge of proteins in solu-
tion, but it too requires specialized expertise and training for data
collection and analysis. SEC separates proteins in solution state
through a packed column and provides quantitative data on the
distinct species present in a given solution. For analytical SEC, a set
of reference proteins is used to construct a calibration curve that
relates elution volume to molecular weight. This curve can then be
used to estimate the molecular weight of the protein of interest.
Importantly, there are two challenges to interpretation. First, SEC
separates molecules not by mass, but rather by hydrodynamic
radius. Second, the standards used to create the curve are generally
globular proteins that elute as single species and do not interact
with the column matrix. Hence, use of analytical SEC to accurately
determine mass (and therefore also oligomeric state) relies on the
protein of interest behaving like a reference standard, with globular
shape, hydrodynamic radius similar to the standards, and without
propensity to form hydrophobic or electrostatic interactions with
the column matrix that might delay elution. As such, mass calcula-
tion using SEC standards fails for many proteins, including those
that have hydrophobic or charged surfaces; those with modifica-
tions such as glycosylation or pegylation; those that are detergent-
solubilized, like membrane proteins; and those proteins that form
nonspherical, higher order assemblies.

In contrast, light scattering (LS) is a simple, rigorous, and
highly reproducible spectroscopic technique that is widely used to
determine the absolute mass of both simple and complex proteins
and assemblies in solution [1]. When coupled with SEC, light-
scattering can provide molar mass calculations of samples, indepen-
dent of the elution volume. Many comprehensive review articles
have been published on the theory of light scattering and its use in
mass determination for macromolecules in solution (see for exam-
ples [2, 3]). Briefly, the average mass of an analyte can be calculated
using the proportionality:

M / I
dn
dc

� �2 � c
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whereM is the molecular weight of the analyte, I is the intensity
of scattered light as measured by a LS detector, c is the concentra-
tion of the analyte, and dn/dc is the refractive index increment of
the analyte that indicates the change in the refractive index (dn)
with change in solute concentration (dc). In SEC coupled to multi-
angle light scattering (SEC-MALS), the sample is first fractionated
over a column, with LS used to analyze each separated species
individually. Importantly, the mass determination by LS is indepen-
dent of the elution volume of the sample. This is an important
distinction from standard SEC in which the elution volume is
assumed to directly reflect the mass.

For simple unmodified polypeptides, either an ultraviolet
(UV) or refractive index (RI) detector can be used to calculate the
concentration of the eluting sample. Use of RI as the concentration
source is preferable as: (1) it can adequately analyze molecules with
very low extinction coefficients, minimizing quantity of sample
required to achieve a suitable UV signal, as well measure the con-
centration of samples that do not absorbUV; and (2) concentration
determination by RI requires only the value for dn/dc, which for
nearly all proteins is 0.185 mL/g� 1–2% [4, 5]. If a UV detector is
used as the concentration source, a priori knowledge of the extinc-
tion coefficient of each species present is essential and requires that
the exact sequence of the protein of interest be known.

For accurate mass determination of complex proteins, such as
glycoproteins or membrane proteins, both UVand RI detectors, in
addition to the LS detector are required. In these cases, the UV
detector is sensitive to only the protein concentration (as glycans
and detergents do not absorb UV light) while the RI detector is
sensitive to the concentration of the entire complex. Software that
can integrate all three signals allows complete and simple mass
calculation of such samples. As one example, the ASTRA® software
package that comes standard with the Wyatt detectors regularly
used in our lab provides a module to perform analysis of conjugated
proteins. As another, OmniSEC software provided by Malvern
Instruments for Viscotek systems can also be used to analyze con-
jugated proteins. Regardless of the manufacturer, the theory
behind use of the UV-LS-RI detector triad is similar [6–9]. In
brief, the protein conjugate can be analyzed based on the principle
of mass conservation. The difference in the dn/dc and UV280nm of
the protein, versus that of the conjugate, can be exploited to
determine how the individual per unit concentration of each com-
ponent contributes to the total concentration of the complex. Since
the amount of light scattered is proportional to the molar mass and
concentration of the sample, the three-detector system can be used
to determine not only the total molar mass of the complex, but also
the individual mass contributions of the protein and conjugate
within the complex. For example, we determined that a glycopro-
tein eluted as a 190 kDa species, with 156 kDa contributed by
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polypeptide and 34 kDa contributed by carbohydrate [10]. Based
on an expected protein monomer mass of ~50 kDa, SEC-MALS
analysis revealed the protein exists as a trimer in solution.

This chapter outlines the instrumentation, workflow, and data
analysis frequently used for SEC-MALS and provides several exam-
ples of successful mass determination for glycosylated, oligomeric
proteins. SEC-MALS is a workhorse for solution-based molecular
weight analyses of proteins, and other techniques such as ion
exchange chromatography can be coupled with MALS to perform
additional high-resolution molecular weight analyses [11].

2 Materials

2.1 Instruments

and LC Column

(See Note 1)

1. High-performance liquid chromatography (HPLC) or fast
protein liquid chromatography (FPLC) pump that can produce
0.3–1.0 mL/min flow rates with minimal pressure fluctuation
(e.g., ÄKTA PURE, GE Healthcare).

2. In-line mobile phase filter with 0.1 μm pore size, installed
between the pumps and the SEC column (see Note 2).

3. UV detector capable of signal export to LS instrumentation.

4. Multiangle static light scattering detector (e.g., miniDawn,
Wyatt Technology).

5. Differential refractometer (e.g., dRI, Optilab, Wyatt
Technology).

6. Computer and software for data collection (e.g., Unicorn soft-
ware for ÄKTA FPLCs and ASTRA® for Wyatt instruments,
Windows 7 Pro or 10 Pro 32-bit/64-bit).

7. Size-exclusion chromatography column suitable for fraction-
ation of the protein of interest (see Note 3).

2.2 Reagents

and Supplies

1. Bottle top filters with 0.1 μm pore size (Millipore).

2. Buffer: Typical running buffers for proteins are phosphate-
buffered saline or Tris buffers with 50–300 mM NaCl. Varia-
tions in pH, salt concentration, and inclusion of reducing
agents are protein-specific and must be determined empirically
by the user. The mobile phase must be compatible with the
SEC column used for protein separation. At least 1 L of buffer
should be freshly prepared using de-ionized, ultrapure water,
filtered to 0.1 μM and extensively degassed (see Note 4).

3. Protein standard: ~200 μL 1–2 mg/mL BSA prepared in SEC
buffer (see Note 5).

4. Sample of interest: 50–500 μg in a volume corresponding to no
more than 5% of the column volume and ideally less than 3%.
The amount of sample needed for accurate mass calculation
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depends primarily on the size of the molecule, as large mole-
cules scatter more light than small molecules. Ideally, samples
should be prepurified on a preparative scale and the particular
peak of interest used for subsequent SEC-MALS analysis (see
Note 6). Required information includes the UV280nm

(in mL/mg cm) of both the protein of interest and, if analyzing
a modified protein, the UV extinction coefficient (UV280nm,
mL/(mg cm)) and dn/dc (mL/g) of the modifier (seeNote 7).

3 Methods

3.1 System Setup Prior to the first run, all instruments and respective software
packages for control and analysis should have been installed and
requisite calibration constants and other settings entered according
to the manufacturer’s instructions. Detectors should be installed
downstream from the column in the following order: UV, LS, then
RI. The RI detector is last in the series due to the fragility of its flow
cell and lower pressure tolerance. Export any outputs from the
FPLC to the MALS instrument, such as the UV or autoinject
signal, via the I/O box of the FPLC. Use of tubing with a narrow
inner diameter of 0.25 mm throughout the system will minimize
delay volumes between detectors and limit band-broadening.
However, tubing with an inner diameter of 0.75 mm should be
used for final output from the RI detector to the fraction collector
or waste container (see Note 8).

3.2 System and

Column Equilibration

1. Fill the system with the size-exclusion running buffer. Set the
flowpath to bypass the column and set the RI detector flow cell
to purge. Start a flow of 0.5–1 mL/min (or a rate appropriate
for the selected column) such that the buffer flows through the
injection loop (if using a manual injection system) and all
detectors. Clean buffers, tubing and instruments should pro-
duce minimal noise, not exceeding 50–100 μV for the
90-degree LS detector.

2. Switch from bypass to the column position of choice. Equili-
brate the column for at least 2–3 column volumes, with all
detectors in-line and RI on purge mode, or until the baseline
has acceptable noise and drift levels (see Note 9). Prior to
sample application, the RI purge should be turned off and the
RI signal assessed for minimal drift. For some columns, over-
night equilibration may be necessary to ensure that the system
is particle free. If overnight equilibration is needed, users can
either prepare sufficient buffer to run the system at the desired
flow rate for the required amount of time, or equilibrate at a
lower flow rate and gradually increase the flow rate to prevent
additional column shedding caused by abrupt changes in
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column pressure. Use the FPLC in continuous flow mode and
ensure that the flow does not stop until all SEC-MALS experi-
ments are complete.

3.3 System

Configuration and

Validation

Prior to analysis of an actual sample, several configuration para-
meters must be established for the MALS system, including peak
alignment, band broadening, and, for LS detectors with multiple
angles, angular normalization (see Note 10). The same experimen-
tal data used for system configuration can also be used for system
validation, which must be performed prior to running the conju-
gated/glycoprotein sample by checking that the same molar mass is
obtained for a nonconjugated standard regardless of the concentra-
tion source. The validation procedures are outlined below and
assume that the user has created a standard method for online
UV-LS-RI analysis. Example data are shown in Fig. 1 and Table 1.

1. Inject >200 μg BSA standard and allow collection to proceed
for 1.25 column volumes.

2. Set appropriate baselines to encompass the level of pure mobile
phase on either side of the peak. Ensure that any automatically
detected baselines are flat and not set to end on a noise peak.

3. Choose peaks for analysis. Select the central ~50% of the peak.
BSA elutes primarily as a monomeric species, although dimers
and trimers can be detected. The width of the peak selected is a
user-defined parameter and largely depends on the experimen-
tal goals. Only the area chosen in the peak will contribute to
mass calculation. If using BSA, input values for dn/dc ¼ 0.185
and UV280nm ¼ 0.667 mL/(mg cm) under each peak.

4. Perform peak alignment, band-broadening correction, and
normalization procedures according to software recommenda-
tions. Save these values as a new method and create a default
method containing the saved configuration parameters.

5. ASTRA® software uses the RI signal for mass calculation by
default. Under the Results section, the mass calculation for the
BSA monomer should agree with the sequence-based mass of
66.4 kDa to within 5% (the usual and expected accuracy of
SEC-MALS mass calculation).

6. Under the configuration setting, change the concentration
source from RI to UV. The mass calculation based on the
known UV280nm of 0.667 mL/(mg cm) should be within 5%
of the mass calculated by RI (see Note 11).

Here, we describe the analysis of complex proteins using the “pro-
tein conjugate” method specific to the ASTRA® software package
and use a glycoprotein as an example. In principle, this analysis can
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be performed on any conjugated protein, such as pegylated pro-
teins or membrane proteins around which detergents form a
micelle (see Note 12). Examples of SEC-MALS using three detec-
tors and conjugate analysis are shown in Fig. 2 and Table 2.

Fig. 1 SEC-MALS analysis of bovine serum albumin (BSA). (a) Chromatogram
traces, corresponding to the light-scattered (LS, 90� detector), ultraviolet
(UV) and refractive index (RI) of BSA, separated on a Superdex 200increase
10/300 size-exclusion column. Traces were normalized to the monomer peak
and are offset for clarity. Features such as the particle peak in the LS trace and
the salt and dissolved air peak in the RI trace are common artifacts. (b) Excellent
separation of the monomer, dimer and trimer species of BSA allow for accurate
mass determination. The calculated mass, using the RI detector as the concen-
tration source, is shown for each species and is highly homogeneous across the
dimer and monomer peaks
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3.4 Determination of

the Molar Mass of a

Glycoprotein Using

Protein Conjugate

Analysis in ASTRA®

1. Open a new default method containing the configuration cre-
ated in Subheading 3.3.

2. Inject sample onto column and allow collection to proceed for
1.25 column volumes.

3. Set appropriate baselines.

4. Choose peaks for analysis.

5. Input dn/dc and UV280nm values specific for the protein com-
ponent of the sample.

6. Under the “conjugate analysis” input the dn/dc and UV280nm

values corresponding to the conjugate of interest. For glycosy-
lated proteins produced in insect cells, we use a dn/dc of 0.14;
glycans do not absorb at UV280nm and therefore, this field is left
blank.

7. In the ASTRA® software, hit “apply” and then right click on
the file name and navigate to the “protein conjugate” method.
This method contains additional processing parameters and
algorithms that consider both the protein and conjugate dn/
dc and UV280nm to calculate the molar mass. The Results
section will no longer list a concentration source, as both UV
and RI are used. Instead, the total molar mass of the protein
conjugate, as well as the individual mass contributions of the
protein and conjugate are reported.

3.5 Determination of

the Molar Mass of a

Glycoprotein–Fab

Complex Protein

Conjugate Analysis in

ASTRA®

The protein conjugate method in ASTRA® provides a straightfor-
ward way to characterize conjugated proteins and allows the indi-
vidual mass contributions to be calculated. However, this method
can also be used for more complex analyses, such as antigen–anti-
body interactions. In this section, we will outline the procedure we
use to calculate the stoichiometry of binding between the antigen-
binding fragment (Fab) of an antibody and its target, a viral glyco-
protein. This procedure requires two steps: (a) determination of the

Table 1
BSA mass calculation via SEC-MALS. The predicted molar mass for BSA monomers, dimers, and
trimer is displayed, along with the experimentally determined molar mass of each species using
either the RI or UV as a concentration source

MM calculated by concentration source (kDa)a Discrepancy
(RI/UV, %)

Predicted MM (kDa) RI UV

Monomer 66.4 65 � 1.2 67.1 � 1.4 1.2

Dimer 132.8 127.5 � 1.2 131 � 2.1 1.6

Trimer 199.2 205.7 � 5.2 189.6 � 6.1 8.5

SEC size-exclusion chromatography, UV ultraviolet, LS light scattering, RI refractive index, MM molar mass
aAverage mass calculated from three measurements; errors represent the standard deviation
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glycoprotein molar mass and the glycoprotein conjugate dn/dc and
UV280nm values; and (b) antibody–glycoprotein complex analysis.
This method, like the more simplistic single-species conjugate anal-
ysis, also requires that the user acquire all three signals (i.e., UV, LS,
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RI) and that the dn/dc and extinction coefficient of each compo-
nent of the complex are known or can be obtained experimentally.
In some situations, three detectors are not available, the dn/dc
and/or extinction coefficients are not known for all components,
or, in other cases, these values are not sufficiently different to allow
the protein conjugate method to work effectively. Hence, we will
also describe an alternative method to obtain the molar mass of
multiprotein complexes. Example chromatograms and analysis of a
glycoprotein alone and in complex with Fab are shown in Fig. 3 and
Tables 3 and 4.

Analysis A:

1. First determine the molar mass and oligomeric state of the
antigen and, if necessary, use the protein conjugate method
outlined in Subheading 3.4 to determine the dn/dc and
UV280nm of the conjugate.

Analysis B:

2. Incubate an appropriate ratio of pre-SEC purified components
and allow complexes to form (see Note 13).

3. Inject sample onto the column and collect data for 1.25 col-
umn volumes.

4. For each eluting peak:

(a) Input the dn/dc and UV280nm values specific for one
component of the complex in the “protein” processing
parameters section and the dn/dc and UV280nm values
specific for the other component of the complex in the
“conjugate” parameters section. In the example result
outlined in Fig. 3, the glycoprotein antigen is considered
the “protein” component, while the Fab is treated as the
“conjugate.”

Table 2
Theoretical and calculated molar mass for each viral glycoprotein (vGP) is displayed, along with the
predicted and experimentally determined stoichiometry for each protein

Expected mass
of monomer (kDa)

MM determined from SEC-UV-LS-
RI analysis (kDa) Stoichiometry

Glycoprotein Protein Glycan

Fractional
weight,
protein Calculated Expected

vGP-A1 38.75 50.8 40.9 10.0 0.80 1.06 1

VGP-A2 38.75 48.1 39.3 8.9 0.82 1.01 1

vGP-B 52.30 181.4 154.2 27.2 0.85 2.95 3

SEC size-exclusion chromatography, UV ultraviolet, LS light scattering, RI refractive index, MM molar mass
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Fig. 3 SEC-MALS analysis of a viral glycoprotein alone and in complex with an antibody fragment that induces
trimerization. (a) SEC-MALS conjugate analysis of the vGP alone to determine the UV280nm and dn/dc values for
the glycoprotein for use in downstream analyses. (b) SEC-MALS conjugate analysis of vGP bound to an
antibody fragment (Fab). The complex elutes as two peaks, which represent a trimer of vGP in complex with
three Fab molecules and one vGP in complex with one Fab [14]. Note that the total mass of the complex
remains relatively constant throughout the peak, but the calculated mass contributions of vGP and Fab are
heterogeneous due to the inability to deconvolute the mass contributions of each species. (c) Overlay of
SEC-MALS analysis of the vGP-Fab complex and vGP alone. Mass calculations were performed using only the
RI detector as a concentration source and a dn/dc of 0.177, which corresponds to the weight-averaged dn/dc
for a 1:1 complex of vGP and Fab. For each panel, the X-axis corresponds to the elution volume for each
species while the Y-axis corresponds to molar mass distribution. The mass distributions for the glycoprotein
(panel a) or glycoprotein–Fab complex (panel b and c) are shown as squares, the mass contribution for
individual components (protein and glycan for panel a, glycoprotein and Fab for panel b) are shown as crosses
and triangles, respectively
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(b) Apply the input parameters and navigate to the “protein
conjugate” method. In the Results section, the total molar
mass of the complex as well as the individual mass con-
tributions of each component of the complex are
reported.

Table 3
Mass determination and stoichiometry of a glycoprotein in complex with an antibody fragment, using
the protein conjugate method. The molar mass of each eluting peak derived from the “protein
conjugate” method is displayed. The total molar mass of the glycoprotein–Fab complex in each peak
corresponds to a monomer and trimer of vGP bound to one and three Fabs, respectively

MM each
component (kDa)

MM complex
(kDa)

MM of vGP
(kDa)

MM of Fab
(kDa)

Stoichiometry
based on 1:1 MM

vGPa 55.9

Fabb 44.7

MM, 1:1 complex 100.6

vGP-Fab
conjugate,
Peak 1

103.6 62.3 41.3 1vGP: 1Fab

vGP-Fab
conjugate,
peak 2

303.5 147.8 155.6 3vGP: 3Fab

aMass of the glycoprotein was calculated using SEC-UV-LS-RI conjugate analysis. UV280nm (1.21) and dn/dc (0.174)
values for the glycoprotein obtained from the analysis in Part A were used in the analysis in Part B
bThe molar mass of the Fab was calculated from the excess Fab peak. A dn/dc value of 0.185 and a UV280nm value of

1.46, derived from the known sequence of the Fab, was used in the conjugate analysis

Table 4
Mass determination and stoichiometry of a glycoprotein in complex with Fab, using the RI detector as
a concentration source. Theoretical dn/dc values were calculated for a 1:1 complex between vGP and
Fab, and for the vGP and Fab alone, based on conservation of mass. The dn/dc values derived from
these three stoichiometries encompass the range of possible dn/dc values for all available
stoichiometries (1:2, 2:1, 3:2, etc.). Note: errors in dn/dc will result in a twofold error in the mass
calculation. In this test case, the difference between a dn/dc value corresponding to the extremes of
no Fab bound to vGP (0.174) and no vGP bound to Fab (0.185) is ~6%. This difference translates to
~12% error in the calculation of the molar mass for each eluting peak. This error in mass calculation
is near the expected error for SEC-MALS overall and is less than a monomer of either species

Stoichiometry for
dn/dc estimation dn/dc

MM complex,
Peak 1 (kDa)

Stoichiometry
based on 1:1 MM

MM complex,
Peak 2 (kDa)

Stoichiometry
based on 1:1 MM

vGP only 0.174a 106.2 1.1 313.2 3.1

1vGP: 1Fab 0.177 104.4 1.0 307.9 3.1

Fab only 0.185 99.9 1.0 294.6 2.9

aDerived from analysis of the glycoprotein alone
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Analysis C
We often encounter issues with multiprotein “protein conju-

gate” analyses in which the overall mass calculation is accurate, but
the mass contribution of each individual component is not. This
situation can likely be due to errors in the precision of calculating
the dn/dc and UV280nm of the glycoprotein conjugate, and/or the
relative similarity between the glycoprotein dn/dc and UV280nm

values and those of the Fab. In such situations, accurate decon-
struction of the mass contributions of each component is difficult.
Thus, for these complex systems, the use of only the RI detector to
calculate concentration and a dn/dc value calculated off-line, based
on the properties of conservation of mass for both the glycoprotein
and the bound Fab, is sufficient to estimate the stoichiometry of
binding.

1. Perform Analysis A to obtain the glycoprotein dn/dc. In the
example outlined in Fig. 3, we obtain a conjugate (glycopro-
tein) dn/dc of 0.174 and a UV280nm of 1.21 and determined
that our glycoprotein exists as an ~55 kDa monomer in
solution.

2. Perform Analysis B. In our example, we can use the RI detector
as the concentration source and a dn/dc of 0.185 to calculate
the molar mass of the excess Fab as ~46 kDa. In lieu of applying
the conjugate analysis method, we can instead calculate the
possible range of dn/dc values (no Fab present to no GP
present) for the glycoprotein complex using the equation:

dn
dc complex

¼ Fwgp � dn
dcGP

þ FwFab � dn
dc Fab

where Fw indicates the fractional weight contributed by
each species to the complex as a whole. The dn/dc values
obtained from this “offline” calculation can assist in the esti-
mation of the mass of such types of complex associations. From
our experience, the values obtained are remarkably similar to
the total mass calculated for the complex using the conjugate
method (see Table 4). Note that although errors in the dn/dc
value will translate to a twofold error in mass calculation, the
discrepancy between the estimated and true dn/dc of a com-
plex sample is usually less than ~5%.

4 Notes

1. Analysis of glycoproteins requires three detectors: UV, MALS
and RI. Prior to running a SEC-MALS experiment, all instru-
ments and software should be installed per the manufacturer’s
instructions and stable communication between the instru-
ments must be confirmed. Here, we describe procedures
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specific to an ÄKTA Pure FPLC (GE Healthcare) with a
0.2–0.5 cm UV flow cell, connected in-line through a variable
valve to a miniDawn (Wyatt Technology) MALS detector and
Optilab dRI (Wyatt Technology). The Unicorn and ASTRA®

software packages used here for data collection and analysis are
specific for these instruments. However, SEC-MALS may be
performed using any standard HPLC, UHPLC or FPLC,
MALS, and RI equipment. A single-angle LS detector is suffi-
cient for analysis of proteins up to ~500 kDa; additional angles
increase accuracy of mass determination and are required for
proteins with molecular masses >500 kDa.

2. A 0.1 μm filter placed between the pumps (after the mixer in
ÄKTA systems) and column is essential to obtain a suitable LS
baseline and will retain any large particles present in the mobile
phase or shed from the pump heads. A second in-line filter
(e.g., 2 μm PEEK frit) with a low dead volume can also be
installed between the injection loop and the column to trap
protein aggregates present in the sample or formed during
injection. Both filters should be replaced when the system
operating pressure increases by more than ~5%.

3. Column selection is protein dependent. SEC columns are rated
for separation of specific ranges of molecular mass (or more
appropriately by specific radii). Many columns on the market
are suitable for SEC-MALS analysis. Primary considerations
when choosing a column are matrix type, column stability in
the mobile phase, separation resolution and quality of the light-
scattering baseline after the column has been preequilibrated.
Ideally, the protein of interest will elute at the mid- to lower
end of the fractionation range and will be well-separated from
both the column exclusion volume and any peaks associated
with dissolved air and the mobile phase (see Fig. 1a). After
initial column conditioning and equilibration, the light-
scattering baseline noise should not exceed 50–100 μV. Our
laboratory regularly uses Superdex 75increase, 200increase,
and Superose 6increase columns (GE Healthcare), which pro-
vide both good separation for the variety of proteins we analyze
and compatibility with a wide range of buffer compositions.
These columns also do not excessively shed particles.

4. Buffer preparation is a central factor for obtaining high-quality
SEC-MALS data. We have found that buffers prepared fresh
from powder stocks produce quieter baselines than those
prepared from 10� solutions. All bottles should be washed
thoroughly and rinsed with de-ionized water. Bottle-top filters
(0.1 μm) should be precleaned either with de-ionized water or
50–100 mL buffer to remove particulates and preservatives
from the dry filter. The remaining buffer can then be filtered
into a clean bottle. Buffers should be extensively degassed
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using a stir bar for 2–3 h or overnight and then capped to
prevent dust from entering. Buffers should be equilibrated to
the running temperature of the instruments prior to the start of
the experiment to prevent off-gassing. Buffers that have been
stored for longer than 1 week should be filtered and degassed
prior to reuse.

5. Any isotropic, monodisperse, globular protein with well-
characterized molecular mass, dn/dc, and UV280nm can be
used for system calibration. We regularly use BSA due to the
extensive biochemical information available for this protein.
Other suitable proteins include any of those routinely used
for SEC calibration. A proper standard should fractionate in
the mid-range of the column, well away from both the exclu-
sion volume and solvent peak of the column.

6. Samples should be either centrifuged for 10 min at 10,000 � g
or filtered using a 0.2 μm low-protein binding syringe or spin
filter to remove any large particles that might coelute with the
peak of interest. If using a syringe or spin filter, preequilibrate
with buffer to remove particles and preservatives from the dry
filters.

7. We have found inaccurate UV280nm values to be one of the
greatest sources of divergence from the expected molar mass
calculation for glycoproteins. Ensure any additions or modifi-
cations to the protein (e.g., affinity tags, point mutations) are
included in the UV280nm calculation. For most proteins, a
standard dn/dc value of 0.185 can be used, although this
value may be more variable for proteins <10 kDa [4]. Glycans
do not absorb UV and hence a UV280nm value is not required.
We commonly use a dn/dc of 0.14 for glycans [12]. The
“Refractive Increment Data-Book for Polymer and Biomolec-
ular Scientists” [13] is an additional source for dn/dc values of
nonprotein moieties.

8. SEC-MALS is nondestructive technique and as such, fractions
from SEC separation can be collected using the FPLC fraction
collector. Many systems have precalibrated delay volumes to
account for the tubing between the UV detector and fraction-
ation valve. With additional detectors in-line, it is important to
consider these additional delay volumes. Hence, the peak elu-
tion volumes displayed on the FPLC and LS software will not
correspond to a particular fraction. Our users are encouraged
to collect all fractions between the exclusion volume (~8 mL on
the 24 mL SEC columns regularly used in our lab) and ~5 mL
after the protein has eluted and examine each fraction for
protein concentration to assess which should be pooled. NB:
due to the sensitivity of the RI flow cell to high back pressure,
do not use smaller than 0.7 mm I.D. tubing at the outlet to the
fraction collector or waste.
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9. Proper system equilibration is critical for obtaining high-
quality SEC-MALS data. The LS baseline should be stable
and free of substantial noise and the RI detector should dem-
onstrate minimal drift. Low baseline noise is particularly impor-
tant when working with low sample amounts of smaller
proteins. For 50 kDa proteins, we find 200 μg is sufficient
sample to obtain peaks with excellent signal-to-noise ratios,
provided the guideline of <100 μVolts of noise is followed.
Noise levels greater than this value will require an increase in
total sample and degrade the overall quality of the UV-LS-RI
traces and data.

10. Alignment and band broadening, which account for the tubing
length and dilution of a sample as it travels from one detector
to another, using an isotropic and monodisperse sample, such
as BSA, should be performed at the time of instrument instal-
lation. These parameters should be redetermined if tubing
(length or diameter) between the instruments is altered. Nor-
malization needs to be performed once for a given mobile
phase but should be redetermined if the mobile phase is appre-
ciably different between runs (e.g., inclusion of glycerol, high
salt, or markedly different pH). Our lab reassesses alignment,
band broadening, and normalization regularly (once per
month, or each time an SEC-MALS experiment is performed
if an experiment is performed fewer times than once per
month).

11. The molar mass across the monomer peak should be uniform
within 2–5%. We find freshly made BSA stocks give cleaner,
single peaks as compared to frozen stocks, which may contain a
higher proportion of fragments. If the molar mass obtained
with the RI concentration source is incorrect, first ensure the
correct dn/dc value parameters have been entered. If the dn/
dc value is correct, the RI detector may need to be cleaned or
recalibrated according to the manufacturer’s instructions. If
the mass calculated with the UV concentration source is incor-
rect, ensure that the appropriate UV value, correct cell length,
and AU/V response factor have been entered.

12. The mass fraction of the glycans or other conjugates must be
>3–5% of the protein mass for the analysis to distinguish the
mass of each component. Protein conjugate analysis also
requires that the two components of the conjugate have differ-
ent dn/dc and extinction coefficients.

13. We regularly use a 1.5–3-fold molar excess of Fab to ensure all
antigen is bound and find that 1 h incubation is sufficient to
achieve antigen saturation. However, binding ratios and kinet-
ics should be determined empirically for each complex sample.
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Chapter 25

Analysis of Glycoproteins by ATR-FTIR Spectroscopy:
Comparative Assessment

Allison Derenne, Kheiro-Mouna Derfoufi, Ben Cowper, Cédric Delporte,
Claire I. Butré, and Erik Goormaghtigh

Abstract

FTIR spectroscopy has been widely used to characterize biopharmaceuticals for many years, in particular to
analyze protein structure. More recently, it was demonstrated to be a useful tool to study and compare
protein samples in terms of glycosylation. Based on a spectral region specific to carbohydrate absorption, we
present here a detailed protocol to compare the FTIR spectra of glycoproteins in terms of global glycosyla-
tion level and in terms of glycan composition. This FTIR information is compared toMS information. Both
approaches yield consistent results but it appears FTIR analysis is easier and more rapid to perform
comparisons.

Key words FTIR spectroscopy, Infrared, Glycosylation, Monoclonal antibodies, Glycoproteins,
biosimilar

Abbreviations

ATR attenuated total reflection
FTIR Fourier-transform infrared
mAb monoclonal antibody
MCT mercury–cadmium–telluride
PC principal component
PCA principal component analysis

1 Introduction

A set of efficient and complementary analytical tools are required to
characterize glycoproteins and ensure the quality and safety of
biopharmaceuticals. In the context of monitoring batch-to-batch
consistency and biosimilar development, Fourier Transform
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Infrared (FTIR) spectroscopy is becoming a powerful, reliable, and
simple tool for comparability assessment.

FTIR spectroscopy relies on the fact that most molecules
absorb light in the infrared region of the electromagnetic spectrum,
converting it to molecular vibrations. In fact, IR light interacts with
a chemical bond only if the energy of the radiation matches the
vibrational transition energy of this bond. The absorption wave-
number of a chemical bond depends on the exact structure of the
molecules. As such, the IR spectrum provides a precise and usually
unique fingerprint of the glycans [1].

Infrared spectroscopy uses several modes of recording, among
which attenuated total reflection (ATR) is particularly convenient.
In ATR mode, the infrared radiation is directed into a high refrac-
tive index crystal. The reflection at the surface of the crystal, called
the internal reflection element (IRE), creates an evanescent wave
perpendicular and outside the surface of the IRE. For biological
and macromolecular samples, ATR-FTIR has multiple advantages
which are described elsewhere [2–4].

FTIR spectroscopy has been widely used to characterize bio-
pharmaceuticals for many years, in particular to analyze protein
structure. These analyses are mainly based on the region of the
FTIR spectrum present between 1700 and 1500 cm�1. This region
contains the two most intense bands found in the FTIR spectrum
of proteins, the amide I and II bands resulting respectively from the
absorption of the carbonyl and N-H groups present in the peptide
bond [5, 6].

Carbohydrates per se have also been studied using FTIR spec-
troscopy. One recent example is the quantitative analysis of sugar
types in honey. Honey is a mix of simple sugars (monosaccharides
or disaccharides). It is a complex product coming from different
floral sources with a broad diversity of components. Therefore,
analysis of honey is challenging but the recording of FTIR spectra
combined with statistical tools allows to quantify all major sugars
[7, 8] demonstrating the sensitivity of the FTIR spectrum to subtle
variations in saccharide structure. Another paper has demonstrated
the possibility to use FTIR spectroscopy to monitor sugars in
biological culture, microalgae for instance [9]. Research has also
been carried out on mono- and polysaccharides alone. This study
[10] has evidenced four spectral regions to analyze in the FTIR
spectra of saccharides:

1. The region between 3600 and 3050 cm�1 characteristics of
O–H vibrations;

2. The region between 3050 and 2800 cm�1, specific to
CH/CH2 stretching vibrations;

3. The region between 1500 and 1200 cm�1 dominated by defor-
mational mode of CH/CH2.
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4. The region between 1200 and 800 cm�1 assigned to the
stretching vibrations of C–O and C–C groups.

For the study of glycans in glycoproteins, the region between
1200 and 800 cm�1 is particularly interesting as proteins have very
low signal in this region. The contribution of glycosylation to the
FTIR spectra of proteins was first addressed by Khajehpour et al. in
2006, who recorded the spectra of five glycoproteins (and one
protein without glycosylation) and analyzed the region between
1200 and 1000 cm�1. The glycosylation profiles of these five
proteins are very different as each of them contains specific distinct
monosaccharides. This study showed that the intensity of these
spectral bands was related to the amount of carbohydrates
contained in the glycoprotein, and also that the shape of these
bands varies with the type of monosaccharides present in the
protein [11].

In addition, a recent study has shown that FTIR spectra of
glycoproteins provide a global but accurate fingerprint of the gly-
cosylation profile. This fingerprint is not only sensitive to large
differences such as the presence or absence of several monosacchar-
ides but also to smaller modifications of the glycan and monosac-
charide content [12].

The use of FTIR methods to analyze glycosylation offers three
key advantages. Firstly, in comparison with all existing methods for
glycan analysis, it requires very limited sample preparation. Analysis
is performed on intact proteins, which represents a major advan-
tage. Indeed, most existing methods for glycans and monosacchar-
ides analysis involve several preparation steps: glycan release,
labeling, separation, and hydrolysis for monosaccharide analysis.
Secondly, the processing time is extremely short. The measurement
of a FTIR spectrum takes a maximum of 5 min; analysis in 96 or
384-well plates is established and the use of microarrays of proteins
is under development [13], drastically increasing sample through-
put. In addition, data analysis can be fully automated, dramatically
reducing spectral interpretation time. Finally, FTIR spectroscopy
can be used as aMulti-AttributeMethodology (MAM) [6]. Analysis
of other critical parameters for therapeutic proteins (such as the
protein structure or protein concentration) can be performed
simultaneously.

The main limitation of this approach is that FTIR spectroscopy
is a global method. Information on specific glycosidic residues or
on specific glycosylation site cannot be extracted.

In this protocol, we detail two procedures: one to compare
FTIR spectra of glycoproteins in terms of global glycosylation level,
and the other to compare FTIR spectra of glycoproteins in terms of
glycan composition.
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2 Materials

2.1 Chemicals 1. Liquid nitrogen.

2. Sodium chloride, NaCl (Sigma-Aldrich).

3. Ultrapure water.

4. Micro-Biospin™ P-6 Gel Columns (Bio-Rad #7326221, Tris
buffer, sample volume 10–75 μL, 6000 Daltons MW limit).

5. Nitrogen flow.

2.2 Equipment 1. Fourier-transform infrared (FTIR) spectrophotometer with
mid-infrared capabilities and equipped, either directly or
through a special accessory, to record measurement in attenu-
ated total reflection (ATR) mode.

2. A liquid nitrogen–cooled MCT (mercury–cadmium–telluride)
detector.

3. An internal reflection element (IRE), such as diamond (see
Note 1).

2.3 Samples 1. Prepare the protein or mAb at a concentration between 1 and
50 mg/mL (see Note 2).

2. The original buffer is replaced by NaCl 0.9% aqueous solution
using Micro-Biospin™ (see Note 3).

3. The following samples have been used in the examples shown
in this protocol.

(a) Therapeutic mAbs obtained from Hospital Saint-Pierre
(Brussels).

(b) Alpha1-acid glycoprotein (G9885-10 mg), alpha-crystal-
line (C4163-5 mg), egg white avidin (A9275-10mg), and
fetuin from fetal bovine serum(F2379-100 mg) from
Merck.

3 Methods

3.1 Preparation

of the FTIR

Spectrometer

and the IRE

1. If required for the instrument used, set up the ATR accessory.

2. Check that all the optical parts of the spectrometer are purged
with dried air. Alternatively, desiccant air dryer such as silica gel
can be used but should be replaced frequently.

3. Fill the MCT detector with liquid nitrogen. Always follow the
security rules for liquid nitrogen as it can be extremely harmful.

4. Wait for at least 30 min to reach a stable signal.

5. Load your recording parameters (see Note 4).
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6. Clean the IRE with ultrapure water before each measurement.
Gently rub the diamond surface with tissue soaked with water,
rinse with pure water and dry immediately using a piece of
tissue. Usually glycoproteins do not require a specific cleaning
procedure. If a problem is encountered with a particular pro-
tein, refer to the manufacturer’s notice to check solvents and
detergents compatible with the crystal.

7. Check if enough signal reaches the detector. It is expected that
ca 50% of the signal intensity measured in the absence of the
ATR setup reaches the detector in its presence (without sam-
ple). If this value falls below 20%, signal will be noisy and a
realignment of the ATR setup is required.

8. Record a background (seeNote 5) with the parameters used for
the sample spectrum. The background should be recorded just
before the start of the measurements and before every new
sample. Make sure to clean the crystal before recording a
background.

3.2 Sample

Spreading

and Spectrum

Recording

1. Load the sample using a micropipette tip. Do not hesitate to
touch the IRE with the tip. The volume of sample to spread
depends strongly on the IRE used. Typically, we spread 0.5 μL
of protein with a concentration above 1 mg/mL on the dia-
mond crystal.

2. Under a gentle nitrogen flow (i.e., 140 mL/min), evaporate
the liquid water (see Note 6). If the previsualization mode is
available (continuous scan and display), display the full spec-
trum and watch the intensity of the major water band
(3000–3500 cm�1) to control the evaporation process. Wait
until this band reaches a stable level.

3. Start recording the measurement (see Note 7).

4. Record at least three spectra for each sample.

3.3 Spectral

Processing

All processing steps described here can be performed on any spec-
tral analysis software including programs provided with recent
spectrometers. We perform these steps in Matlab, using an interface
developed by Prof. Erik Goormaghtigh called “Kinetics.”

1. Subtract water vapor contribution from your sample spectrum.
First, record a water vapor spectrum. To do so, record a new
background and then, after opening slightly the sample com-
partment for a few seconds, record a new spectrum. Second,
determine the subtraction coefficient. This can be conveniently
achieved by using a specific water vapor peak (i.e., the
1559 cm�1 peak). Integrate the peak between 1562 and
1555 cm�1 on both the sample and the water vapor spectra.
The ratio of the two areas corresponds to the subtraction
coefficient which should be applied to remove the water
vapor contribution.
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2. Apply a baseline correction on the entire spectrum. Select the
points at the edge of the bands or at the lowest intensity
between bands. Straight lines should be interpolated between
these points and should be subtracted from the spectra. The
same baseline points must be used for all the spectra to be
compared. Typically, for the figures presented in this chapter,
the following wavenumbers have been used as baseline points:
3700, 3000, 2800, 1718, 1476, 1179, 965, and 865 cm�1.

3. Normalize the spectra for equal area, either between 1718 and
1476 cm�1, or between 1179 and 965 cm�1, after subtraction
of a straight baseline passing through these two points (see
Note 8).

4. Smooth the spectrum to 4 cm�1 by convolution by a 4 cm�1

(full width at half height) Gaussian line.

3.4 Spectral

Analysis: Comparison

of the Global

Glycosylation Level

The global glycosylation level is defined as the weight ratio between
sugars and proteins.

1. To reveal variations in the global glycosylation level, apply the
normalization step between 1718 and 1476 cm�1. This allows
for a comparison of the glycan content for the same, normal-
ized, quantity of proteins. The spectral differences observed in
the region related to glycan absorption will thus be mainly due
to differences in the weight ratio between glycans and proteins.
An example on six proteins with distinct global levels of glyco-
sylation is presented in Fig. 1.
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Fig. 1 Example FTIR spectra recorded for six glycoproteins with various global glycosylation levels. The
glycosylation levels are indicated in the legend and have been determined using MALDI-TOF (see Notes 9 and
10). The raw data (before the processing steps) are presented between 1800 and 900 cm�1 in this figure. Six
spectra of each sample have been recorded. Each protein is depicted in a unique color. Spectra of each protein
have been offset for better readability
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2. Associate a color with each specific sample.

3. After all the processing steps, average the spectra of each sample
in order to provide a visual comparison (see Fig. 2).

4. Enlarge the spectral region associated with glycosylation (1179
and 965 cm�1) for a comparison by visual inspection.

5. Integrate the band between 1179 and 965 cm�1 to obtain an
index related to the global level of glycosylation. Perform the
integration on individual spectra in order to use average and
standard deviation for statistical comparison. A graph compar-
ing the peak area for the six proteins is shown on Fig. 3.

3.5 Spectral

Analysis: Comparison

of the Glycan

Composition

1. To observe variations in the glycan composition, apply the
normalization step between 1179 and 965 cm�1. This enables
comparison of samples considering the same quantity of carbo-
hydrates and removes spectral variations due to the mass ratio
between glycosylation and protein. The spectral differences
observed in the region related to glycan absorption will thus
be mainly due to differences in glycan composition. An exam-
ple with 8 batches of 2 mAbs (originators and biosimilars) is
presented on Fig. 4.

2. Associate a color with each specific sample.

3. Enlarge the spectral region associated with glycosylation (1179
and 965 cm�1) (see Fig. 5).

4. Apply principal component analysis (PCA) using any spectral
analysis software. The covariance matrix should be diagona-
lized to calculate new variables, the so-called principal
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Fig. 2 Average of the six FTIR spectra recorded for each protein (presented in
Fig. 1) and depicted between 1185 and 960 cm�1. The spectra have been
processed as explained above. Each color corresponds to one specific protein.
The glycosylation levels indicated in the legend and have been determined using
MALDI-TOF (see Notes 9 and 10). The intensity of the spectral band shown on
this figure clearly increases according to the global glycosylation level
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components (PC). Original spectra should be projected on the
space of these new variables to obtain score plots. The score
plot for the spectra shown on Fig. 5 is presented on Fig. 6 (see
Note 11).

5. Compare the projection of the spectra on the first four principal
components to highlight similarities and discrepancies among
the data.

6. Apply multivariate analysis of variance (MANOVA) considering
the scores of the first four principal components to test whether
a group is significantly different from others. P-values resulting
of the MANOVA for the spectra shown on Fig. 5 are presented
on Table 1.

4 Notes

1. Many materials might be used for ATR in infrared spectroscopy
(e.g., Germanium, ZnSe, KRS-5, Silicon, Diamond) and all
will give good results. For practical reasons, we will recommend
to use either Ge or diamond for their higher refractive index
(germanium) and especially hardness (diamond) allowing eas-
ier handling and cleaning procedures.

2. If possible, the protein concentration should be above 5 mg/
mL to obtain a good signal to noise ratio.
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Fig. 3 Comparison of the area of the spectral band corresponding to glycosylation for each protein. The area
has been calculated by integrating the spectra between 1179 and 965 cm�1. Vertical error bars correspond to
the standard deviation obtained from the six FTIR spectra recorded for each sample. The peak area is clearly
related to the global glycosylation level indicated in the legend, which has been determined by MALDI-TOF MS
(see Notes 9 and 10)
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3. The sample preparation is very limited: only a desalting step is
required. Nevertheless, this step is crucial as many salts, deter-
gent and buffers interfere with the measurements. Most phos-
phate and sugar-containing excipients have strong absorption
in the spectral region related to glycosylation. This can be
realized with desalting columns. NaCl 0.9% aqueous solution
is used to maintain ionic strength. NaCl has no absorption
band in FTIR spectra. The standard procedure of Micro-Bios-
pin™ should be followed and repeated three times to ensure
complete elimination of potential interfering components.

4. The recording parameters should be appropriate for proteins or
biological measurements. Resolution and number of scans
impact the signal-to-noise ratio. To obtain the spectra
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Fig. 4 Examples of FTIR spectra recorded for eight batches (originators and biosimilars) of two mAbs
(rituximab and infliximab) with similar but not identical glycan composition. (a) The raw data (before the
processing steps) are presented between 1800 and 900 cm�1 in this figure. Twelve to eighteen spectra of
each sample have been recorded. Each protein is identified by a unique color. Spectra have been offset for
better readability. (b) Mass percentages (calculated using relative peak areas) of major N-glycans or N-glycan
types for each mAb. Relative peak areas were derived from UPLC-FLR-MS analysis of the N-glycans released,
labeled, and purified using the GlycoWorks RapiFluor-MS N-glycan kit from Waters. MS data were used to
identify N-glycans and FLR data was used for the relative quantification
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presented in the figures of this protocol, the following para-
meters have been employed using a Tensor 27 spectrometer
(Bruker).

(a) Recording:

l Resolution: 2 cm�1.

l Number of scans: 128.

l Spectral range: 4000–800 cm�1.
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Fig. 5 Processed spectra as explained above and rescaled between 1185 and 960 cm�1. Each color
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tools are required to highlight differences among antibody glycosylation in this set of data
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MANOVA (see Table 1)
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Table 1
p-values calculated by multivariate analysis of variance (MANOVA) of the first 4 principal components
between each pair of monoclonal antibodies. Principal components are computed between 1179 and
965 cm�1. The scores of the first 4 components of all the 12 to 18 spectra for each antibodywere submitted
to MANOVA. When comparing the two mAbs (rituximab and infliximab), the differences are particularly
clear and all the p-values are lower than 0.001 (cf. orange cells in the table). In contrast, when comparing
rituximab batches, p-values are generally higher than 0.001 (cf. blue cells in the table). Finally, when
comparing the infliximab biosimilar with the originator, the p-values are lower than 0.001 (cf. green cells).
It is, however, not the case when the two infliximab biosimilars are compared (yellow cell)
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(b) Optic:

l Source setting: MIR-source.

l Beamsplitter: KBr.

l Optical filter setting: OPEN.

l Aperture setting: 6 mm.

l Detector setting: MCT.

l Scanner velocity: 20.0 kHz.

l Sample signal gain: Automatic.

l Background signal gain: Automatic.

(c) Acquisition:

l Wanted high frequency limit: 8000 cm�1.

l Wanted low frequency limit: 0 cm�1.

l Low pass filter: Automatic.

l Acquisition mode: Double sided; Forward-backward.

l Correlation mode: ON.

(d) FT:

l Phase resolution: 16.

l Phase correction mode: Mertz.

l Apodization function: Norton-Beer, Medium.

l Zerofilling factor: 2.

5. A background is a FTIR spectrum with nothing on the crystal.
It is automatically subtracted from any subsequent FTIR
measurement.

6. Elimination of the water molecules prevents overlapping of the
large water absorption peaks with the sample absorption
spectrum.

7. Due to buffer composition, we often notice that a significant
increase in hydration water band (3000–3500 cm�1) upon
nitrogen flow removal. We thus suggest to leave a soft nitrogen
flow on the sample during the acquisition of the spectrum.

8. A normalization step is required as the sample thickness on the
ATR crystal is not identical for all measurements. This is critical
to compare sample in terms of chemical composition.

9. For each protein, the intact mass was determined using
MALDI-TOF MS. The mass related to glycan is calculated by
subtracting the theoretical mass of the amino acid sequence
from the intact mass obtained by MALDI-TOF MS. We
assume that no other post-translational modification is present.
The global level of glycosylation is the ratio between the mass
of glycans and the intact mass.
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10. MALDI-TOF MS or other reference measurements are not
required. They are presented here in order to confirm the
observations made on FTIR spectra.

11. In FTIR spectra, each wavenumber is a variable. With more
than 200 wavenumbers associated with the absorption of gly-
cosylation and with 16–18 spectra for each sample, the number
of variables submitted to statistical analysis quickly becomes
extremely large. Data are best handled after Principal Compo-
nent Analysis (PCA), which is an unsupervised multivariate
method that enables a reduction of variables by building linear
combinations of wavenumbers that vary together [14]. Diago-
nalization of the covariance matrix of the data provides new
variables, the so-called principal components (PC) holding all
the correlated original variables on which original spectra are
finally projected. The first principal component accounts for
most of the variance present in the data set; the second is built
with the residual variance and is uncorrelated to the first one.
The subsequent components are constructed in the same way
and account for the residual variance. In practice, almost all the
variance of the original data can be explained with the four to
six first PC, reducing the description of each spectrum to four
to six numbers. Simultaneously, the weight of each PC in a
spectrum characterizes a spectrum and allows an unsupervised
classification of the spectra as such an observation does not
suppose any a priori information on these groups [14]. In the
analyses reported here, the collection of spectra was mean-
centered (the mean was removed from the individual spectra).
Whether a group is significantly different from the others was
tested by multivariate analysis of variance (MANOVA) where
each spectrum is identified by its projection on the first 4 prin-
cipal components [15].

References

1. Stuart B (2004) Introduction. In: Infrared
spectroscopy: fundamentals and applications,
pp 1–13

2. Martin I, Goormaghtigh E, Ruysschaert J-M
(2003) Attenuated total reflection IR spectros-
copy as a tool to investigate the orientation and
tertiary structure changes in fusion proteins.
Biochim Biophys Acta 1614:97–103

3. Vigano C, Manciu L, Buyse F,
Goormaghtigh E, Ruysschaert J-M (2000)
Attenuated total reflection IR spectroscopy as
a tool to investigate the structure, orientation
and tertiary structure changes in peptides and
membrane proteins. Biopolymers 55:373–380

4. Ruysschaert J-M, Raussens V (2018)
ATR-FTIR analysis of amyloid proteins. Meth-
ods Mol Biol 1777:69–81

5. Goormaghtigh E, Cabiaux V, Ruysschaert JM
(1994) Determination of soluble and mem-
brane protein structure by Fourier transform
infrared spectroscopy. I. Assignments and
model compounds. Subcell Biochem
23:329–362

6. Groß PC, Zeppezauer M (2010) Infrared spec-
troscopy for biopharmaceutical protein analy-
sis. J Pharm Biomed Anal 53:29–36

7. Lichtenberg-Kraag B, Hedtke C, Bienefeld K
(2002) Infrared spectroscopy in routine quality
analysis of honey. Apidologie 33:327–337

8. Anjos O, Campos MG, Ruiz PC, Antunes P
(2015) Application of FTIR-ATR spectroscopy
to the quantification of sugar in honey. Food
Chem 169:218–223

Analysis of Glycoproteins by FTIR Spectroscopy 373
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Chapter 26

Deploying Mass Spectrometric Data Analysis in the Amazon
AWS Cloud Computing Environment

Jonathan E. Katz

Abstract

There are many advantages for deploying a mass spectrometry workflow to the cloud. While “cloud
computing” can have many meanings, in this case, I am simply referring to a virtual computer that is
remotely accessible over the Internet. This “computer” can have as many or few resources (CPU, RAM,
disk space, etc.) as your demands require and those resources can be changed as you need without requiring
complete reinstalls. Systems can be easily “checkpointed” and restored. I will describe how to deploy
virtualized, remotely accessible computers on which you can perform your basic mass spectrometry data
analysis. This use is a quite restricted microcosm of what is available under the umbrella of “cloud
computing” but it is also the (useful!) niche use for which straightforward how-to documentation is
lacking.
This chapter is intended for people with little or no experience in creating cloud computing instances.

Executing the steps in this chapter, will empower you to instantiate a computer with the performance of
your choosing with preconfigured software already installed using the Amazon Web Service (AWS) suite of
tools. You can use this for use cases that span when you need limited access to high end computing thru
when you give your collaborators access to preconfigured computers to look at their data.

Key words Cloud computing, Virtual computers, Mass spectrometry, AWS, EC2, Systems
management

1 Introduction

For the academic or other smaller scale mass spectrometry labora-
tory, it is quite typical that the control and analysis computer are
one in the same. This is a suboptimal workflow. Data analysis
during acquisition runs the increased risk of poorly timed computer
crashes. User access to control instrumentation invites unintended
configuration management issues. Similarly, analysis tasks run the
range of demands for computational resources——a simple view of
the TIC and manual interrogation of some spectra requires consid-
erably less than what is required when performing proteomic
searches or metabolomic feature extraction. Further, which work-
flows are being utilized from day to day can vary tremendously——
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for those that facilitate users this can create a burdensome adminis-
tration load making sure the right computers with the right
resources installed with the right software are available to the
myriad of users and collaborators that want to see their data.

Currently, there are several computation resource vendors that
provide Internet based access to user-defined remote-accessible
virtual computers. In this example, I will focus on solutions
provided by Amazon thru their AmazonWeb Services (AWS) offer-
ing, however similar solutions exist from Google, Oracle, and so
on. As alluded above, the range of resources offered by these
providers runs from specialized storage and database applications,
thru load balancing distributed processing and massive data analyt-
ics. My goals for this document naturally limit my discussions to
those most commonly used to augment the mass spectrometry data
analysis workflow.

In this chapter, I describe how to create a virtual computer
using Amazon’s EC2 service. I describe virtual hard drives that you
can easily attach/detach from your new virtual computer allowing
for easy backups/recovery and cloning. I provide a limited discus-
sion on security and, finally, I provide some sample use cases.

In this case, the virtual computer will be physical hardware in
Amazon’s computational centers that is partitioned and config-
ured, at your guidance, to appear as any other network attached
computer. Typically, usage charges will be quoted on an hourly
basis but prorated to the nearest second—Amazon does have a
free tier which you can use to explore the features of cloud com-
puting. This tier is only available for 1 year on an account and it
does have a number of limitations (machine configurations, etc.).
The charges will vary based on the resources that you are using.
More memory, more powerful CPUs, more disk space—these will
all increase your hourly charges. Depending on your workflow,
there can be a significant cost difference between when the com-
puter is “turned-on” and when it is off. While you will continue to
be billed for hard drives (storage) you are using, you will no longer
be billed for hourly CPU costs when the computer is shutdown. As
an example, as of this writing, using Amazon’s Cost Calculator [1],
a t3.medium instance (Intel Xeon Platinum 8000 series processor,
2 cores, 4 GB RAM) with a 30 GB SSD “primary” drive and a
500 GB magnetic “data” drive will cost ~$70/month. Of this cost,
~$3/month are for the 30 GB SSD Drive, ~$22.50/month is for
the 500 GB magnetic drive, and ~$44 is for the CPU ($30) and
Microsoft software licenses ($14). Thus, when the computer is
“off” the CPU and licensing costs stop and you are only being
billed $25.50 for the persistent data storage.

While I, for the most part, will not write about configuration
optimization, it is worth noting that the above described a la carte
approach to configuration means that you can choose an expensive
CPU with lots of memory when doing your proteomic search but
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then shutting down your computer and relaunching it with less
resources when you are browsing your results. Additionally, I will
not be talking about licensing enforcement methodologies. For
commercial software that uses network based digital restriction
management this is often transparent. For commercial software
that uses USB dongles or network card “MAC address” based
restrictions, these can be less trivial to overcome.

Here is the general outline we will follow.

1. Get an AWS account.

2. Select and instantiate your first cloud computer.

3. Install software you will need to perform analysis.

4. Copy over your data.

5. Enjoy your new cloud computer as we explore advanced work-
flows such as backups and data sharing.

2 Materials

1. Payment Method. By far the easiest method to pay for AWS
services is via major credit card. Additional payment methods
are listed on Amazon’s AWS website [2].

2. Computer/Network Connection. Your computer will be acting
as a terminal into a remote computer. The computational
“heavy lifting” is being performed by your AWS resources
and the RDP protocol is very efficient (see Note 1). Unfortu-
nately, there is no way to virtualize screen resolution—I recom-
mend that any computer you use have at least a true screen
resolution of 1920 � 1080 or as your mass spectrometry
software suggests.

3. Web Browser. To access and configure AWS resources.

4. RDP Client. RDP is the protocol that you will need to support
in order to connect to your AWSWindows instances. There are
many options available depending on your operating system,
here are the ones I most commonly use:

(a) Mac/Windows: Microsoft Remote Desktop client.

(b) Chromebook/Android: Microsoft’s Remote Desktop
(RD Client) client.

(c) Linux: remmina.

3 Methods

3.1 Creation of an

Amazon AWS Account

Create an Amazon AWS account (or log in if you have one). You
may have an amazon.com account for retail purchases, this is a
different account that is created to manage AWS services.
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1. Navigate your browser to https://console.aws.amazon.com/.
If you already have an account, proceed to Subheading 3.2,
otherwise continue to create an account.

2. After you enter your email and password (twice to prove you
can), there is an option to add an AWS Account Name. This
optional account name will be an alias for your 12-digit
account number. When you (or a sub-account you create) log
in, either the account number or the AWS Account Name will
need to be provided.

3. Next you are asked to provide contact information. In this
dialog, there is a question if this is a Personal or Professional
account. While the choice you make will change some of the
requested information (most notably, the request for a Com-
pany name) there is no difference in features between the two
accounts.

4. You will next be asked for payment information. There are alter-
natives beyond the scope of this document, for this example I am
assuming that you will be entering credit card information.

5. Validate your contact telephone number (by SMS or call) and
choose a support plan (I choose the free Basic plan).

6. You will now be directed back to the dialogue you originally
were presented with.

3.2 Log into Your

Account

1. At this point, (assuming you have just followed the above
instructions) you do not have any named subaccounts so you
will need to log in with the email and password you previously
provided. Amazon refers to this as root account credentials.

2. Please see Fig. 1 for an example of the interface after you have
logged in.

3.3 Optional

Additional Account

Configurations

The following two steps describe mechanisms that allow more
granular control over billing and account access from individual
entities. This can be done at any time, so, if unimportant for now,
proceed to Subheading 3.4.

1. An organization allows you to have several administratively
distinct AWS accounts that are tied together with shared billing
and subject to organization wide policy controls. The organi-
zation managers can see the breakdown of the charges by
account number which can be used for accounting or charge-
back purposes. An example use case would be a chemistry
department that wants individual labs to be able to manage
their own access and resource deployment.

2. In the upper right menu, click the tab that matches your
account name (Fig. 1, red dashed circle). In the pull down,
select “My Organization.” There will be a large dialog dis-
placed that is asking you to “create organization.” Click this.
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3. After you have validated your email and your billing informa-
tion you will then be able to either invite existing AWS mem-
bers into your organization or create new accounts within your
organization.

4. These are distinct administrative groups each of which can
control its own access controls, set their own policies, etc.
They are subject to the global organization policies.

5. The Amazon Identity and Access Management (IAM) ser-
vice allows you to create additional accounts (subject to differ-
ential security policies) under a single AWS account. The login
credentials used to create the AWS account are the “root”
credentials for that account. It is a recommended best practice
to only use the root credentials for specific administrative
tasks—for general use, it is recommended to use IAM to create
an alternate login to your AWS account. These IAM logins can
be governed by defined policies on a group or individual basis.
An example use case would be a chemistry laboratory that
wants individual research scientists to be able to instantiate
their own compute resources subject to the policies of the
laboratories AWS account manager.

Fig. 1 The AWS Primary Console Screen. The AWS primary console screen has several dynamic portions
including the main body and the side bars. Consistent will be the title bar along the top. You can always return
to this view by clicking the AWS logo in the top left indicated by the blue solid circle. From this screen you can
quickly navigate to other functional views by searching for the appropriate subsystem in the search box
indicated by the blue solid rectangle. Other features of interest include your account management pulldown
indicated by the red dashed circle and your current region indicated by the green dotted circle
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6. If you are not already logged in, navigate to https://console.
aws.amazon.com/ and log in with your AWS root credentials
(the email/password you used to create the AWS account).

7. If you have not already done so, you will need to enable IAM
access to billing data. This will be required for the creation of
IAM accounts with administrative access.

8. In the top right of the menu bar is your account name (Fig. 1,
red dashed circle), click on that and in the pull-down menu,
choose My Account.

9. In the plethoric catalog of choices, about half-way down, will
be a section titled IAM User and Role Access to Billing
Information. Click edit.

10. Click the checkbox to enable access and then click Update.

11. Now navigate to https://console.aws.amazon.com/iam/.

12. In the center dialog box, click the inverted chevron associated
with “Create individual IAM users” then clickmanage users
(see Fig. 2).

13. Click on the “add user” button. You will be asked to provide
account authentication information. Commonly, and especially
if this is your first IAM user on this account, you will probably
want to select the option for Access Type as AWS Manage-
ment Console Access.

Fig. 2 Adding IAM Users. From the main IAM console, clicking on the chevron next to the header Create
individual IAM users will prompt you with a dialogue asking if you want to manage users
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14. You will now be asked to set the permissions for the user. The
default case creates a user with no permissions at all which can
be stifling. We will create our first account with full control.
Start by clicking Create Group.

15. If you click on the chevronnext toFilterPolices a small dialogwill
open, from there selectAWSmanaged - job function. See Fig. 3.

16. There will now be about 10 listings. Select the checkbox next
to AdministratorAccess, add a name in the text box next to
Group name and then click on the Create group button. You
will want to sure the group you have created is selected before
proceeding. As you learn EC2 you will want to explore restric-
tions you may want to put in place.

17. Next step asks if you want to assign tags to the account. Tags
are for your benefit and can be used for internal auditing or
clustering of your accounts. It is ok to leave these blank.

18. Finally confirm all your settings and your new IAM account
has been created.

19. Before leaving the IAM console note that near the top there is
a direct link to log into your account. There is an option to the
right of that link that allows you to customize that link. It is an
alias for the IAM login.

20. Try logging out of your root credential account and try
logging into your IAM account. Navigate to https://console.
aws.amazon.com/ and enter your account ID or account alias
to continue to the IAM login.

Fig. 3 Configuring permission credential groups for IAM users. When you create a permission group for IAM
users, there is an exhaustively detailed collection of individual permissions that can be allowed or denied. To
simplify administrative choices, common collections of permissions are group together. Show is the selection
of AWS managed policies by job function and then they selection of the AdministratorAccess job. This
particular selection will create a group with full permissions
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3.4 Create Your First

Data Drive

With hard drives, there is an obvious logical divide between the
drive one uses for operating system and installed software and the
drive one uses for actual “data” files on which you are going to
operate. For a lot of workflows, you might want to have completely
different operating system and software configurations, but, typi-
cally, your data will remain a constant. In keeping with this mindset,
while, perhaps, less intuitive, I will first describe the creation of a
virtual hard drive (seeNote 2) to hold your data rather than on the
OS drive. Note that creating additional storage is not part of
Amazon’s free tier, it is ok to skip this step and perform the creation
and the attachment later.

1. An easy way to navigate the AWS console is to click on theAWS
logo in the upper left of the title bar (Fig. 1, blue circle) and
then type the desired service in the search box (Fig. 1, blue
rectangle). In this case, we are going to type EC2 and press
enter.

2. In the upper right of the title bar, a location (“availability
zone,” Fig. 1, dotted green circle) will be listed. When you
provision services they will be instantiated in a data center in
that locale. There are some optimization choices that can be
made here (e.g., some services are not available in all locales and
the same service can be priced modestly differently in different
locales), but a good rule of thumb is to choose a location that is
closest to your physical location—Amazon has not quite solved
the “speed of light” issue and so there will be an imperceptible
timing difference if you choose a more distal data center. What
is important is that your data drives and your virtual computers
are created in the same availability zones (i.e., the same func-
tional portion of the data center—I will be walking
through this).

3. There is a menu on the left-hand side of your screen. In that
menu, there is a section Elastic Block Storage. Under that
heading, select Volumes (think “virtual hard drive”).

4. Click on the button Create Volume.

5. You will be presented with several options; let us walk through
a few (which I have also reflected in Fig. 4).

6. For a data drive, a spinning physical disk will be cheaper for the
same amount of storage but have less performance than an SSD
drive. I typically select Throughput optimized HDD.

7. Now set the size at 500 GiB (feel free to go higher or lower as
your needs require.

8. Important: note your availability zone . . . . I choose us-east-
1a for this example, but that does not matter . . . . What does
matter is making sure you choose the same zone when creating
your virtual computer.
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9. Snapshot ID is useful, but not for your first hard drive. In the
future, you might create a data drive filled with lots of good
resources. If you take a snapshot of that drive, you can then
create new “hard drives” based on these snapshots. I will be
going through this workflow a bit later.

10. Key/Value pairs are arbitrary tags that you can use to organize
your volumes. The same mechanism is used for your virtual
computers. I strongly urge you to name all of your virtual hard
drives and computers. If you create a Name key with a value
descriptive to you, that name will appear in the listings of
resources. It is so useful to add this tag that you will note,
below the list of entries, a link that says “click here to add a
Name tag” prompting you to do so if you have not already. For
this example, I added the tag “MS Data Disk 001” and then
clicked Create Volume for which I was rewarded with a “Vol-
ume created successfully” notice and a volume ID which I did
not bother recording since I remembered to add a name tag.
The drive you created will appear as unformatted when you
attach it to your virtual computer. This is easy to remedy and
we will walk through this later, but if you do not recognize that
the drive starts as unformatted, it can be difficult to trouble-
shoot why your new drive is not working.

11. You can now click the Close button. You will now be back at
the “volumes” screen and should see your new volume. Note

Fig. 4 Creating an EBS Data Volume. This figure shows key features of the AWS user interface with which you
will interact when creating an EBS data volume. Please note the locations where you select the availability
zone as well as where you can provide a name to your virtual hard drive
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that the name tag content appears in the name column for the
volume. If you had not named the volume this can get quite
confusing when you have more than one of them.

12. To delete your volume (volumes cost money!), make sure you
are on the volumes management screen (if not: click AWS in
the title bar (Fig. 1, blue circle), search EC2 (Fig. 1, blue
rectangle), selectVolumes under theElastic Block Storage of
the left menu). Now select your volume and select
Actions ! Detach Volume (assume it is attached to an
instance), then select Actions ! Delete Volume. Please note
that this is an irrevocable action. Note that any data on the
volume reflected in a snapshot will be retained, so this will not
reduce your storage costs unless you delete snapshots you
created as well.

3.5 Creation

of Computer

Credentials

Beyond your AWS login credentials, you need to create credentials
to log into the computer instances you create. AWS credentials
allow you to log into the AWS control panel. Computer credentials
allow you to log into the computer you created. AWS delivers
computer login credentials to you via a public/private key mecha-
nism. This workflow is shown in Fig. 5.

1. If not already on the EC2 page, click the AWS logo in the title
bar (Fig. 1, blue circle), then search for EC2 (Fig. 1, blue
rectangle), then on the left hand side menu, scroll down until
you hit the Network and Security section, in there, click Key
Pairs.

2. ClickCreate Key Pair. Name your pair informatively like “key-
pair1” then click Create. Your browser will automatically
download a file that matches the key pair you just created—in
this case, “keypair1.pem” should have been downloaded.

3. Now, when you create your compute instances, or other
resources that require authentication you can reference this
keypair (see Note 3).

3.6 “Provision” Your

First Compute

Instance

You will now “provision” your first compute instance. This work-
flow is shown in Fig. 6.

Click on the Launch Instance button, if you do not see the
Launch Instance button, click on the AWS in the left side of the
title bar (Fig. 1, blue circle), search for EC2 (Fig. 1, blue rectan-
gle), press enter. You will either see the Launch Instance button,
or you can click the Instances item in the menu that is on along the
left side of your dashboard (Fig. 6).

1. After you have started the launch dialog, your first choice will
now be which operating system you want to have “installed”
on your new instance. I have had success with Microsoft Win-
dows Server 2008 R2 Base (64bit). All the Microsoft
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instances will be of the server variety, this one does have the feel
of Windows 7 which works well with many of the mass spec-
trometry software needs (which tend to be a generation behind
in OS). If you need Windows 10, you can select an appropriate
alternative.

2. Your next choice will be the hardware resources available to
your instance. For this example, I will choose t3.large with its
2 vCPUs and 8 GB of ram; you should choose a configuration

Fig. 5 Creating a Key Pair. This figure shows key features of the AWS user interface with which you will
interact when creating a Key Pair. It is important that you save the produced .pem file (your file save dialogue
may be different than that shown)

Fig. 6 Instantiating your Compute Instance - Feature Selection. This figure shows key features of the AWS user
interface with which you will interact when selecting the operating system and compute hardware for your
compute instance
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that matches your needs. Please see Note 4. After selecting,
click Next: Configure Instance Details.

3. On the instance details page, for your purposes, the only crucial
parameter is the Subnet, click on that and choose the availabil-
ity zone that matches the data drive you created above (see
Fig. 7). I will choose us-east-1a to match the choice I made
for the hard drive storage. Do not feel compelled to choose this
same zone—choose the one near you—just make sure it
matches the zone in which your data drive resides. Now click
Next: add storage.

4. You are now asked to create the initial drives for your instance.
I tend to think of these as the operating system volumes. You
are creating the C: drive which will hold the Windows
operating system and probably and software you install. I will
be choosing the default 30 GB SSD as my option and then
clicking Next: Add Tags. By default, this drive will have the
same name as the “instance name” which means if you do not
name your instance this will be blank. Regarding size, later on I
will show you how to expand the size of your OS volume,
however, if you know ahead of time that you will need more
storage, feel free to select that now. Realistically, I typically run
my root volume as 100 GB.

5. As with the hard drive storage, Key/Value pairs are arbitrary
tags that you can use to organize your compute instances. Click
on “click here to add a Name tag” prompting you to do so if
you have not already. For this example, I added the tag
“MS_Mach_001” and then clickedNext: Configure Security
Group.

Fig. 7 Instantiating your Compute Instance—Availability Zone Selection. In step 3, make sure that you choose
the subnet that matches the Availability Zone of any storage resources that this instance will need to
connect to
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6. Feel free to just click Review and Launch. For step 6, you are
asked to create the security group. Imagine that you are con-
figuring a virtual firewall. The default is all outgoing connec-
tions and incoming RDP connections are allowed. If you wish
to explore this, for example, to restrict access to specific
machines or to allow your computer to act as a web server,
please see Note 5.

7. Finally, you will be asked to review your choices and click
Launch. At this point, you will be prompted for they keypair
you want to use.Make sure you have a copy of the .pem file for the
keypair you select. You can also choose to create a new key pair.
Acknowledge you have access to the .pem file and click Launch
Instances.

8. You will be told the instance is being created and invited to
click View Instances.

9. To delete your instance (instances cost money!), make sure you
are on the instances management screen (if not: click AWS in
the title bar, search EC2, select Instances under the Instances
section of the left menu). Now select your instance and select
Actions ! Instance State ! Terminate. Please note that this
is an irrevocable action. Also note that hard drives that were
created as part of creating this instance (e.g., the operating
system hard drive) will also be destroyed. So if you want to
preserve that for some reason, you should make a snapshot
first.

3.7 Connecting

to Your New Cloud

Computer

Based on the default configuration of your new computer and the
default security rules, you can only connect to your new Windows
computer using the RDP protocol. You will also need the .pem file
associated with the keypair used to create the instance.

1. If you are not on the page showing your instances, clickAWS in
the title bar, then search for EC2 then, on the left menu, click
Instances in the Instances section.

2. Click the checkbox next to your instance and then click the box
labeled Connect.

3. You will now be presented with two options (Fig. 8). You are
prompted to get an easy to use RDP file, and you are prompted
to get the administrator password for your instance. Also, you
are informed of the IP name/address of your new compute
instance. If your RDP client can use the RDP file, that is great.
If not, just write down the IP name of your computer. Now
click Get Password.

4. You will now be asked for the .pem file that is associated with
your key pair. Choose File allows you to select that file, then
you canDecrypt Password to get the login password for your
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new compute instance (Fig. 8). If your RDP client supports
this, not that you can copy the password to the clipboard by
clicking the icon to the right of the displayed password.

5. Open your RDP client and choose to connect to the IP
address/name associated with instance. Log in as administrator
and use the password you decrypted above. Woo Hoo!

6. I tend to do things at this point for my convenience and taste,
like, download Firefox. Note that in your initial install, the
security is set such that the Microsoft web browser will prompt
you to go to any website that is not part of its trusted domains.
Either lower the security setting, or just keep adding Internet
addresses as prompted. Also, if you are not used to using
Windows Server, you will encounter minor differences, such
as the security mentioned above and be prompted for reasons
when you do shutdowns.

3.8 Attach

and Configure Your

Data Drive

Note that you can attach volumes to compute instances that are not
running.

1. Click on Volumes under the Elastic Block Store in the left
hand menu—if it is not there, click the AWS logo in the title
bar, search for EC2 and then click enter. You should be pre-
sented with a menu of all your cloud based hard drives called
volumes. If you have done nothing other than these

Fig. 8 Connecting to your Instance. You will be using an RDP client to connect to your instance. In order to do
this, you will need the IP hostname and the administrator password. This exemplar shows what that dialogue
looks like and where that information may be obtained
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instructions, you should have one volume named after your
compute instance that is shown as “attached” and you should
have the MS-Data-01 drive you created marked as “available.”

2. Check the MS-Data-01 drive, click on Actions and then
choose to Attach Volume. You now see the joy of naming
everything you do descriptively! If you click on the instance,
you can type the name of the machine you created or select it
from the dialog it prompts you with. Then click Attach. You
will be sent back to the volume page with a prompt showing
that efforts are being undertook to attach your volume to your
instance. Remember, if this device has not been configured,
your compute instance will treat it as an attached, unformatted
hard drive. Important: A volume can only be attached to one
instance at a time and you will have to detach a volume from an
instance before you can delete it.

3. Format your virtual hard drive. Important: this only needs to
be done once when the drive is first attached and before you use
it. Switch over to your windows instance, click on the windows
start button in the lower left corner. Type disk management
and press enter (see Fig. 9). You should be presented with the
windows disk management dialog which will show your func-
tional “C” drive (probably as Disk 0) and the “Unallocated”
“D” drive (probably as Disk 1).

4. We now need to initialize (format) and partition the hard drive so
Window can use it. When you start disk management, it may
present you with the initialization dialog immediately. If not,
right-click on the “Unknown” volume and select Initialize Disk.

Fig. 9 Starting the Windows Disk Management Tool. Click the Windows button in the lower left, then type “disk
management” and press enter
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5. Select MBR and select ok (see Fig. 10); there may be cases
when you should chooseGPT, seeNote 6 for a discussion. The
drive will switch status from “unknown” to “basic.”

6. Now we will partition the drive and add filesystems. Right-click
on the “Unallocated” drive and choose “New Simple
Volume. . . .”.

7. Follow the wizard choosing all default steps (unless you are
wiser). You will end up with a single partition hard drive,
formatted as NTFS and allocated as the D: drive (assuming
that is what you assigned).

8. It is strongly recommended that you store all data and result
files on this data disk. Unless you take active action, the C drive
is ephemeral and will vanish if you ever terminate (vs. stop)
your compute instance.

3.9 Transferring

Data to Your New

Computer (Including

Vendor Software)

The general workflow that has worked for me is to use another
vendor that has addressed the “data sharing” problem. Upload
your data or install files from your control to desktop computer
and then access them on your compute instance.

1. Google File Stream allows you to present your Google based
storage as a separate drive device (e.g., “g:”). You can get the
download here https://support.google.com/a/answer/
7491144?hl¼en. While this works incredibly well, I tend to

Fig. 10 Initializing Your Storage Device. Typically, you will be presented with this dialog when you start “disk
management” and there is an uninitialized storage device attached—these will be shown as “unknown”
devices as shown by the red circle. If you cancel the “Initialize” dialog or otherwise want to open it, you can
right-click on the “unknown” disk and select initialize
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recommend that you change your cache drive from the default
C: drive to your D: data drive as the C: drive will probably be
too small (see Note 7 for instructions).

2. Dropbox also works quite well. It presents your files as part of
your home folder within Windows. Dropbox presents files as
part of your file tree rather than as a separate device. I find this
to be less to my liking with regards to keeping data/volumes
and files cleanly managed.

3. At this point I will also install my mass spectrometry analysis
software. Online resources (e.g., “R”) I will get online. If I have
install files from a vendor, I will use Dropbox or Google File-
Stream to import the vendor install files.

3.10 Creating

Snapshots

Think of a snapshot as a complete backup/clone of one of your
hard drives in its current state. These can, of course, be used for
data recovery, but they can also be used to build new cloned hard
drives (possibly with different sizing). If you created an operating
system volume when you created your instance, be aware it will be
destroyed when your instance is destroyed. A snapshot of your
operating system volume will allow you to clone your installation
in the future as well as access data that may have been stored on that
volume.

1. If you are cloning the hard drive that contains your operating
system you will want to stop the instance first. In general, you
only want to snapshot a volume that is not actively getting
written to. For example, do not snapshot your data volume
while you are doing a Mascot search.

(a) Log into the instance, click the windows button and
select shutdown.

(b) -OR- From the AWS console, click AWS in the title bar,
search for EC2, select Instances on the left menu in the
instances section. Find your instance in the main panel
(you did remember to use good names, yes?), select it,
then click Actions ! Instance State ! Stop.

2. I tend to perform snapshots on the volume screen. If you are
not there already, click AWS in the title bar, search EC2, select
Volumes under the Elastic Block Storage of the left menu.

3. Now select the volume for which you want to create a snapshot
and then clickActions!Create Snapshot (seeNote 8 regard-
ing snapshot costs).

4. To Delete a snapshot, navigate to the snapshots management
screen by clicking AWS in the title bar, search EC2, select
Snapshots under the Elastic Block Storage of the left menu.
Select the snapshot(s) you wish to delete, then click
Actions ! Delete.
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3.11 Workflow

Examples

In the following examples, I will describe some common tasks I
have done that leverage the advantages of a workflow in the cloud
putting together the processes I described above. These workflows
take advantage of the fact that cloning hard drives, creating snap-
shots of hard drives and moving hard drives between computers of
different configurations (beefy vs. not) are all trivial on the cloud
and executed via simple mouse clicks.

3.11.1 Clone Your OS

Drive and Create a New

Compute Instance from it

1. Shutdown your compute instance (Subheading 3.10). Impor-
tant: Note the password required to log into this instance – in
these instructions, I will tell you how you can swap out
operating system “hard drives.” The password administration
configuration files will remain associated with the snapshot of
the operating system hard drive.

2. Create a snapshot of your OS drive (Subheading 3.10). Impor-
tant:Write down or copy the snapshot ID of the snapshot you
wish to use as the basis for your cloned OS drive (and you did
save the login password, from above, yes?). Note that the
administration password used during the creation of this
instance will be the same password you use for any instance
you create in the future for which you make this the operating
system drive.

3. Create a new volume (Subheading 3.4—Important: when you
get to Subheading 3.4, step 9, you will choose the snapshot
you created above—This is where having written down the ID
or copying it to your clipboard is really useful). If your volume
is larger than your snapshot, we will have to address this in
Subheading 3.11.2 below.

4. Create a new instance (Subheading 3.6). Often, I will create an
instance and do software installs with less CPU and RAM than
is required when doing analysis. When creating the new
instance, you can scale the CPU or RAM as you see fit. When
you create an instance, it comes with an attached new storage
device we will have to remove.

5. Now shut the instance down (Subheading 3.10, step 1).

6. Detach (and delete) the volumes that were created when you
created your new instance (Subheading 3.4, step 12).

7. Attach the volume you created in Subheading 3.11.1, step 3
above. To do this, click AWS in the title bar, search EC2, select
Volumes under theElastic Block Storage. Select the drive you
want to attach as the operating system drive and select
Actions ! Attach Volume. Choose your stopped instance
by name or id. For device. . . . IMPORTANT : Type in
/dev/sda1. Yes, this is documented, no not in an obvious
places.
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8. Now restart your instance. From the instances main panel
(if not there, click AWS in the title bar, search for EC2, select
Instances on the left menu in the instances section) select the
instance, then choose Actions ! Instance State ! Start and
connect as normal.

3.11.2 Increase the Size

of Your OS Volume

In following the steps of Subheading 3.11.1 above, at step 3, it is
possible you may have created your new instance with a larger
volume size than that from which you created your snapshot. If
this is the case, Windows will still think your volume is the size
when the snapshot was originally created (as referenced in Sub-
heading 3.11.1, step 3). Here is one way to resolve this.

1. Connect to your instance (Subheading 3.7).

2. Press the windows key, type cmd, right-click on the “cmd” app
and select “run as administrator” (see Fig. 11).

3. Type diskpart in the command shell.

4. At the “diskpart” prompt type list volume, note the volume
number of the volume you want to expand. If this is the system
volume, it will most likely be volume 0.

5. Type select volume 0 and, if needed, replace 0 with the actual
volume you want to expand.

Fig. 11 Starting an “Administrator” Command Shell. Click the Windows button in
the lower left, then type “cmd”, do not press enter, but rather right-click on the
“cmd” entry and choose “Run as Administrator”
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6. Type extend. You should be rewarded with a status message
that diskpart was able to successfully extend the partition size
(see Fig. 12).

7. You can now leave diskpart by typing exit.

3.11.3 Create a Data

Analysis System

for a Collaborator

If a collaborator wishes to perform some basic analysis on their data
on their own this can easily be accomplished by creating a comput-
ing instance loaded with just their software and data.

1. Create an instance and install it with all the software your
collaborator will need for their analysis.

2. Follow Subheading 3.11.1 to create a new instance based on a
clone of your master image from the above step.

3. Attach a clone of their data drive to their instance or otherwise
copy their data so that it is available on their instance.

4. If your collaborator has troubles with RDP, consider installing
Anydesk [3] or Teamviewer [4] for them to use instead.

5. Important considerations.

(a) Make sure that this “computer” you created for your
collaborator has no personal information on it (e.g.,
account logins, browser caches, etc.).

(b) Make sure that the “computer” does not have write access
to any important resources. For example, the primary data
repository. Assume that anything you give to your collab-
orator will unintentionally be loaded with every piece of
malware you can think of—not every collaborator is this
bad, but enough are.

(c) Resources cost money! You will want to shut down the
instances when you are not using them and free up and
hard drive space you have allocated that you no longer are
using.

Fig. 12 Sample DiskPart Dialogue Expanding a Volume. This exemplar shows a sample interaction with the
“diskpart” command to extend a volume
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3.11.4 Cheap Laptops

and Cloud Resources Make

for Safer and More Robust

Bench-Side Computing

Within my laboratory, it is becoming more common for students
and researchers to desire to use their laptops at the bench. This is
very convenient for real time documentation as well as access to
protocols and Internet based resources. However, to use the same
laptop inside and outside of the laboratory presents safety concerns
that need to be addressed. This can be addressed with cloud-based
resources.

1. Acquire an inexpensive laptop. This laptop will be dedicated to
use within the laboratory. We currently use Chromebooks for
this task; if this works with your policies and workflows, it
allows for people to easily replicate their environment and
access resources across several laptops (e.g., one inside and
one outside the lab). Further Chromebooks support
Microsoft RDP.

2. As necessary, use the laptop to connect to an AWS instance to
record or analyze data and protocols. Since the AWS instance is
accessible from any other computer, it allows the user to have
access to the same environment and data inside and outside the
lab without the risk of carrying a contaminated device.

4 Notes

1. For perspective, I often perform remote administration via a
low-end Chromebook (Intel Celeron, 4 GB Ram) connected
over a 4G hotspot (1.5 Mbps up/10 Mbps down). While
sufficient, improved network performance certainly does
not hurt.

2. Throughout this chapter, for simplicity, I will often refer to
“hard drives” when referring to the storage available to your
cloud instance. Technology-wise, storage can either be SSD or
magnetic based. For large bulk storage (e.g., data files) the
magnetic drives will typically be cheaper. The computer “boot
drives” in Amazon need to be SSD based. When you request a
storage volume and attach it to your instance, it functionally
behaves very much like a physical “hard drive”; thus, aside from
performance choices (such as SSD vs magnetic) the underlying
implementation details are not important. The suite of storage
solutions is referred to as EBS, the virtual hard drives are
referred to as volumes.

3. Superficially, a “keypair” is a cryptographic concept that refer-
ences a mathematical system in which one number of the pair
can encrypt messages to the holder of the second number of
the pair and vice versa. When you create the keypair, Amazon
keeps one and gives you the other. Now, when Amazon wants
to send you information (like a password) it uses this system.
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Since Amazon servers do not keep the half of the keypair they
sent you, it can always be used as a way to authenticate yourself
back to Amazon.

4. It is worth checking the AWS cost calculator [1] when config-
uring instances. You can also check https://docs.aws.amazon.
com/AWSEC2/latest/UserGuide/instance-types.html for a
complete description of all the instances and what their nuances
of difference are. As an example, costs can be different depend-
ing on what region you instantiate your images; the free tier
eligible configurations are not always the cheapest options
when you have to pay—for example, t2.micro is “Free tier”
but t3 are often cheaper than t2 even though next generation.

5. The default configuration allows all outgoing connections and
only allows incoming connections using a computer remote
control protocol, RDP, from all addresses (denoted by the
0.0.0.0/0). If all connections to your resource will come
from a specific computer or collection of computers, you
might want to limit the incoming RDP connections to be
from a specific machine or subnet on the Internet. As an
example, if I am coming from a machine with a known IP
address of 128.125.1.15, I could add a rule that restricts
incoming access to 128.125.1.15/32. If I am coming from
any one of the machines on the 128.125.0.0 subnet, I could
specify that as 128.125.0.0/16. There are many subnet mask
calculators online that will help you format these correctly for
other use cases [5]. You can additionally add rules here to allow
other types of incoming connections (e.g., if you were running
a MaxQuant server).

6. Hard drives need to be initialized and partitioned. Partitioning
allows you to make a single hard drive appear as multiple virtual
hard drives. Initialization takes a raw device and adds the
minimal data structure required for the operating system to
start using it—this includes the definition of the partition table.
You have two options when you initialize your hard drive—
MBR and GPT. MBR is the older, and traditionally more
universally recognized format. However, there are some limita-
tions—MBR can only have 4 physical partitions, but, even
worse, MBR can only operate, assuming some common
assumptions, with “hard drives” that are 2 TB or smaller. I
tend to select MBR unless my operational needs require GPT
(e.g., larger volumes).

7. To change the Google FileStream cache location in Windows,
you are looking to change the registry value of ContentCache-
Path the process of which is described here: https://support.
google.com/a/answer/7644837?hl¼en. I recommend creat-
ing D:\GoogleFSCache and setting ContentCachePath to
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point to that directory. To edit the registry values, click on the
Windows Button, type regedit then navigate through
HKEY_LOCAL_MACHINE, SOFTWARE , Google, Dri-
veFS. When you get to DriveFS, you will click on the name
rather than expanding it. Then do Edit ! New ! String
Value and create ContentCachePath. If you double click on
this, you can set it to your new cache directory (in my case, D:
\GoogleFSCache). You will now need to reboot your instance
or restart Google File Stream. Reboots are easier to execute so I
will assume you did that; in either case, when FileStream next
comes online, you should see a confirmatory notice that your
cache has moved.

8. With storage, you are billed for the disk space you consume—
when you originally create a snapshot, no additional space is
required (it is all part of the original volume). Only if you make
changes to the volume, then the snapshot has to store the
differences and your storage costs go up. If you delete the
underlying volume, then the snapshot will consume as much
space as that volume did.
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