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Abstract

Glycomics is often considered one of the most convoluted omic sciences, reason why
advancements in this field have been comparatively scarcer. The main focus of glycomics is the
study of the glycosylation of biomolecules, being glycosylated proteins, or glycoproteins, the
most important ones. Glycosylation of proteins is the covalent attachment of carbohydrates,
also known as glycans, to the peptide backbone. Glycosylation is a co- and posttranslational
modification (PTM) that occurs in the final steps of the protein synthesis which immensely
enhances its functional diversity. Glycoproteins are known to be responsible for a wide variety
of biological processes, such as signaling events, cell-cell interaction or even protein folding.
The fact that in complex organisms, such as mammals, more than half of all secretory and

cellular proteins are glycosylated serves as proof of their great importance.

Glycans can have a myriad of structures and be composed of several different monosaccharide
units. All these possible variations in a glycoprotein contribute to their microheterogeneity
and are the main obstacle the scientific community faces, often considered the bottleneck in
glycomics advances. A given glycoprotein exists as a heterogeneous mixture of glycoconjugate
species known as glycoforms that differ in the amount, size and structure of their glycans or
the amino acid to which they are bound. A single glycoprotein can have multiple glycoforms,

ranging from less than five to even more than a hundred.

Understandably then, a modification of the normal glycosylation profile of a certain
glycoprotein can have dire consequences, being several biological or pathological processes
the result of an alteration in the relative abundance of some glycoforms. Hence, the work
presented in this thesis is focused on the development of analytical methodologies to
characterize the glycosylation pattern of proteins suspected to be altered, whether due to
pathological processes or unhealthy practices, and identify new or altered glycoforms as

potential biomarkers.
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Additionally, the developed methodologies could also be applied to characterize the
glycosylation of recombinant glycoproteins. These proteins are quite often used as
biopharmaceuticals and their glycosylation pattern, which is frequently different from that of
the endogenous glycoprotein, may cause an adverse immune response. Therefore, the
characterization of their glycosylation is vital to properly asses their stability, biological activity

and pharmacokinetic to ensure their proper therapeutic function.

One of the first glycosylation studies carried out involved the detection and characterization of
human transferrin (hTf) glycopeptide glycoforms obtained after tryptic digestion by capillary
liqguid chromatography coupled to mass spectrometry (CapLC-MS), using an orthogonal
acceleration time-of-flight mass analyzer (0oa-TOF). The aim was to verify whether its
glycosylation was altered in individuals with chronic alcoholism and congenital disorders of
glycosylation (CDG), a rare genetic disease. After CapLC-MS was successfully optimized and
properly applied to characterize glycopeptide glycosylation of a hTf standard, the proposed
methodology was, then, applied to serum samples where hTf was isolated from the rest of the

components of the serum using a home-made immunoaffinity column.

In the case of chronic alcoholism, after immunoaffinity purification and tryptic digestion,
serum samples from a teetotaler individual (as control) and from individuals with low and high
alcohol dependence were analyzed by the aforementioned established CapLC-MS method.
Several glycoforms were observed to be altered in chronic alcoholism, but mainly, the most
important ones were the H5N4S2 which decreased and the non-glycosylated glycoform

(peptide glycoform) which increased in relative abundance.

With regard to the CDG serum samples, the same methodology was applied to study the
alteration of hTf glycosylation produced by this disease. However, the data set originated in
this study was larger and more complex due to the higher number of samples. Reason why,

multivariate data analysis was necessary to properly determine which altered glycoforms were

[ ]
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the most important. Principal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) were evaluated for the classification of the different samples (control, CDG-I
and CDG-Il) and for providing a novel insight into hTf glycopeptide glycoforms alteration in
CDG. Six out of the fourteen glycoforms detected were considered as the most important ones
to differentiate between the three groups of samples, and could be regarded as potential

novel biomarkers for this disease.

The following work involved the analysis of mouse transferrin (mTf), a suspected altered
glycoprotein in collagen induced arthritis (CIA). CIA is an inflammatory and autoimmune
disease which resembles human rheumatoid arthritis (RA) in terms of its disease course,
histological findings, and in its response to commonly used anti-arthritic drugs. Using the
developed CapLC-MS method to separate and detect mTf glycopeptide glycoforms, an increase
in fucosylation and glycan branching was observed in sera from mice with CIA versus control.
Additionally, the effect of a specific gene was evaluated to assess its contribution to the
development of CIA. In particular, genetically modified mice deficient in CD38 (CD38-KO mice)
were compared to standard mice (WT) in regards to mTf glycosylation alteration in CIA. The
results showed that in both types of mice, the glycosylation of hTf was affected, albeit the
alteration was somewhat different between WT and CD38-KO. These results validated the
developed methodology as a proper and reliable approach to study the glycosylation of

proteins in the glycopeptide level.

Additionally, a methodology based on capillary electrophoresis coupled to mass spectrometry
detection (CE-MS), using an orthogonal acceleration time-of-flight mass analyzer, was also
evaluated as an alternative method to CapLC-MS for the analysis of the glycosylation of
proteins. However, the use of a mandatory anionic surfactant to correctly perform the
digestion of proteolytic-resistant glycoproteins, such as human or mouse transferrin, proved

detrimental to CE-MS analysis. After surfactant hydrolysis, one of the two remaining products
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seemed to interact with the inner surface of the silica capillary walls, resulting in wide and
distorted electrophoretic peaks. Therefore, as CE is often regarded as an excellent analytical
technique in glycosylation studies due to its ability to separate glycopeptide glycoforms,
especially when they differ in the number of sialic acids, some approaches regarding sample
treatment were evaluated to completely eliminate the anionic surfactant. The so-called
pElution plates (96-well plates with Oasis® HLB (WATERS®) stationary phase), were the only
method that provided proper sample clean-up with good retention of the glycopeptides,
minimal loss of sample and complete elimination of the remaining surfactant product. The
robustness of the developed method was afterwards evaluated with the analysis of hTf

glycopeptides in serum samples.

Another interesting advantage of using CE as separation technique prior MS detection is the
fact that the electrophoretic migration behavior of ions can be easily predicted using the
classical semiempirical relationships between electrophoretic mobility and charge-to-mass
ratio (m. vs q/M®%). Prediction of electrophoretic migration behavior is an appealing
modelization tool to speed-up method development in CE-MS, as well as to refine the
structural assignments based on the measured molecular mass (M). In this thesis, the classical
semiempirical relationships were used to predict and model the migration behavior of
peptides and glycopeptides originated from the digestion of recombinant human
erythropoietin (rhEPO), a therapeutically relevant glycoprotein, which was considered a good
model glycoprotein due to its high glycosylation and microheterogeneity. Three different
relationships were evaluated, being the one that predicted the migration behavior of peptides
different than the one for the glycopeptides. Simulated electropherograms were elaborated
with these models, which matched almost perfectly the experimental electropherograms.
Results were later validated predicting the migration and simulating the separation of a
different set of rhEPO glycopeptides and also hTf peptides and glycopeptides, which also

agreed with the experimental electropherograms.

]
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As stated before, the study of protein glycosylation is often regarded as an intricate, albeit
important, task. Complexity of glycan structures can escalate rather quickly when we take into
account that some monosaccharide units can have different orientation or be bound to
different carbohydrates, giving rise to the formation of isomeric glycan structures. For
instance, the sialic acid residue can have mainly two types of linkage in complex N-glycans,
referred to as a-2—3 or a-2—6 linkages. In this regard, ion mobility mass spectrometry (IM-
MS) has gain popularity for the separation of isomeric compounds. For this reason, the last
work presented in this thesis aimed to assess the capability of IM-MS for the separation of
isomeric glycoconjugates due to the type of sialic acid linkage, using mTf as model
glycoprotein. Even though separation of isomeric glycans was evaluated at the intact
glycoprotein, glycopeptide and glycan levels, straightforward separation of isomers was
achieved with the analysis of glycans, as opposed to the glycopeptides, which was relatively
more complicated, or the intact glycoprotein, which was not possible. Positive results were
obtained with the analysis of the free glycans not only in standard samples but also in serum
samples from mice control and mice with CIA, acknowledging the applicability of the
developed methodology to study real complex samples as well as its potential for the

separation of isomeric glycans.
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Aims

The work presented in this thesis is focused on the development and optimization of analytical
methodologies for the characterization of the glycosylation of biologically and therapeutically
relevant glycoproteins, using capillary liquid chromatography, as well as capillary
electrophoresis, both hyphenated to mass spectrometry (CapLC-MS and CE-MS, respectively),
with an orthogonal acceleration time-of-flight mass analyzer (oa-TOF). Additionally, ion
mobility mass spectrometry (IM-MS) has been evaluated, as an alluring platform for glycan

isomer separation, at three different levels: intact glycoprotein, glycopeptide and glycans.

Specifically, in this work we have focused on the study of human transferrin (hTf) and mouse
transferrin (mTf) as glycoproteins whose normal glycosylation pattern is suspected to be
altered whether due to pathological processes or unhealthy practices. Additionally, human
recombinant erythropoietin (rhEPO) has been selected as an excellent model glycoprotein,
not only due to its relevance as a biopharmaceutical and in the doping field, but also due to its

high percentage of glycosylation and microheterogeneity.

A more extended view of the focal points of this thesis can be found below:

e Optimization of the digestion procedure of hTf, as a proteolytic resistant glycoprotein,
in order to improve the obtained yield and enhance the sensitivity of the method.

e Development and optimization of a CapLC-MS method for the characterization of the
glycosylation of hTf glycopeptides. Evaluation of this methodology for the diagnosis
and control of chronic alcohol consumption, an unhealthy practice suspected to alter
the normal glycosylation pattern of hTf in a certain way, although still in debate in the
scientific community.

e Evaluation of principal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) as potent exploratory and classificatory mathematical tools for the
classification of congenital disorders of glycosylation (CDG) on the basis of hTf

glycopeptides analysis by the developed CapLC-MS method.
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Identification of the most discriminant glycoforms that allow differentiating between
healthy, CDG-I and CDG-Il samples, which could become a novel biomarker panel for
this disease.

Application of the previous optimized CapLC-MS method for the study of mTf in mice
with collagen induced arthritis (CIA), an inflammatory relevant disease homologous to
human rheumatoid arthritis (RA) in certain aspects. The alteration in the glycosylation
of this protein due to CIA will be evaluated.

Development and optimization of a CE-MS methodology as an appealing alternative to
CapLC-MS for the analysis of the glycosylation of proteins. Optimization of the sample
treatment to avoid incompatibility problems with CE when using a surfactant in the
digestion of proteolytic resistant glycoproteins.

Evaluation of the classical semiempirical relationships to study and predict the
electrophoretic migration behavior in CE-MS of peptides and glycopeptides, originated
from the digestion of rhEPO, which can be considered a model glycoprotein due to its
high percentage of glycosylation and microheterogeneity.

Assessment of the power of IM-MS for the separation of isomeric glycoconjugates
differing in the type of sialic acid linkage, using mTf as an example of a glycoprotein, at

the intact glycoprotein, glycopeptide and glycan level.
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Chapter 1 | Introduction

Omic sciences encompass an increasingly large group of diverse disciplines in the field of
biology, chemistry or medicine, which aim to comprehend and study the origin, evolution and
biologic behavior of all living organisms [1, 2]. The first omics to come to life was genomics®.
The most notable advancement in this extensive field has been the precise mapping and
complete sequencing of the human genome, most commonly known as the Human Genome
Project [3], which, upon completion, has shifted the focus to new fields. Together with the
great advancement in experimental sciences and new instrumentation, there has been a
considerable explosion of new omic sciences in the last two decades, being transcriptomics® or
proteomics® two of the most important omic sciences in terms of advancement and dedication
of the scientific community, in comparison to other more recent omics, such as nutrigenomics®

or interactomics® [1, 2].

One of the relatively recent omic sciences, which has aroused great interest in the last years, is
glycomics, described as the discipline that aims to study and characterize the carbohydrates in
an organism, whether in free form or bound to another molecule, such as proteins or lipids [4].
Of all the known omic sciences, glycomics can be considered one of the most convoluted due
to the inherent complexity of carbohydrates, which has made advances in this field scarcer in
comparison to other omics [5]. The intricacy of glycomics studies often lies in the fact that
carbohydrates can form complex structures, severely branched, in contrast to more linear
assembled biological molecules such as proteins or oligonucleotides. Additionally, the
biosynthetic pathways of carbohydrates are still an obscure area and, even nowadays, not fully
understood. When focusing on the study of the carbohydrate structure of proteins, glycomics

is usually referred to as glycoproteomics [4].

aGenomics is the study of the entire genome of an organism, i.e., determine their entire deoxyribonucleic acid
(DNA) sequence and detailed genetic mapping.

bTranscriptomics is the study of the acid ribonucleic or RNA and gene expression.

‘Proteomics is the study of whole proteins or peptides.

dNutrigenomics is the study of the interactions between genes and nutrients at a molecular level.

eInteractomics is the study of the interactions between biomolecules, particularly proteins, and the consequences
of those interactions in a biosystem.
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1.1. Glycosylation

Glycosylation is the covalent attachment of carbohydrate moieties mainly to lipids or proteins
and is considered one of the most common and complex cotranslational and posttranslational
modifications in proteins [6, 7]. The attachment of carbohydrates, also known as glycans, to
the peptide backbone of proteins can occur while the protein is being synthesized
(cotranslational) or after its synthesis (posttranslational). Glycosylated proteins, commonly
known as glycoproteins, are synthesized in the endoplasmic reticulum and Golgi apparatus [8].
They can be secretory proteins or they can be located inside the cell, mainly in the nucleus or

cytosol, and as constituents of the cell membrane.

The presence of carbohydrate chains in proteins alters considerably their physicochemical
properties, such as charge, solubility, viscosity or stability; however, the effect is highly
variable depending on the glycan or the peptide sequence. It is also worth mentioning that
glycosylation of proteins immensely enhances their functional diversity, as the presence of
glycans is understood to be involved in a wide variety of biological processes, which range
from signaling events to cell-cell interaction, recognition of other organisms or even protein
folding [9-11]. In complex organisms, the presence of glycosylated proteins is rather
considerable with more than half of all secretory and cellular proteins being glycosylated in

mammals.

Glycoproteins are well known for their high microheterogeneity [11], which can be defined as
the slight variations in the chemical structure of almost identical molecules. Specifically, in

glycoproteins, the high microheterogeneity is due to three main reasons:

1. Number of glycosylation points or glycosites (the amino acid of the peptide backbone

where the glycan can be bound).

2. Occupancy of the different glycosites.
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3. Structure and composition of the carbohydrate moiety of each glycosite.

The complexity of glycosylation studies can escalate rather quickly when we take into account
the diversity of structures the glycans can adopt, from a simple monosaccharide unit to
severely branched polysaccharide structures. Additionally, different bonds between
monosaccharide residues can be formed or, even, between the carbohydrate moiety and the
amino acid of the protein. However, in general, glycan chains are composed of well-known
monosaccharide units covalently bound to each other by glycosidic bonds, either in the a or

form [11, 12], as depicted in Figure 1.1.

a glycosidic B glycosidic
HQH y OH
H OH
H/O
HO H/O
HO - o
H OH HO H
H b Y H OH
H OH
Glc(a-1—4)Glc Glc(B-1—4)Glc

Figure 1.1: Schematic representation of the a and 3 forms of the glycosidic bond.

Table 1.1 shows the most common monosaccharide units that can be found in protein glycans,
with the standardized symbol nomenclature proposed by the Consortium for Functional

Glycomics (CFG) [13].
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Table 1.1: Most common monosaccharide units found in protein glycans.

Monosaccharide Structure Abbreviation® Symbol
Glucose Glc (H) .
Mannose Man (H) .
Galactose Gal (H) Q
N-acetylglucosamine GIcNACc (N) .
N-acetylgalactosamine GalNAc (N)
Fucose Fuc (F)
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Sialic acids (SiA)

N-acetylneuraminic Neu5Ac (S)
acid
N-glycolylneuraminic
Neu5Gc (S)

acid

OH

Symbol nomenclature follows the rules of the Consortium for Functional Glycomics (CFG) [13]. ®In
parenthesis the abbreviation of the main group in which the monosaccharide belongs to is indicated: H:

hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid.

Protein glycosylation can be mainly divided in two groups depending on the type of amino acid

of the glycosite [11, 14]. In Figure 1.2, the different types of protein glycans are depicted

following the symbol nomenclature recommended by the CFG showing an example of each

type [13].
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O-glycosylation N-glycosylation
O-glycosidic bond N-glycosidic bond
GalNAc Ser/Thr GlcNAC Asn
oHOH
NH, o NH,
o (0]
NH
OH OH
a. Core structures Core structure

a.l

:)lm

a.2 b. Types of N-glycans

b.1. High mannose or oligomannose

a3

b.2. Complex

ER:)

b.3. Hybrid

a.5

Coom e D

Figure 1.2: Type of glycosidic bonds and type of O- and N-glycan. Symbol nomenclature follows the rules

of the Consortium for Functional Glycomics (CFG) [13].
a) O-glycosylation: glycans are bound to the oxygen atom of the hydroxyl group of a serine
(Ser) or a threonine (Thr). This bond is usually referred to as an O-glycosidic bond [15, 16] (see

Figure 1.2). O-glycans can be diverse ranging from a single sugar unit to more branched

structures. There are several types of O-glycans, being the most common the so-called mucin
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O-glycans or O-GalNAc glycans. This type of O-glycans can be classified depending on their
central structure, known as core. The main core structures in mucin O-glycans are included in

Figure 1.2 (a.1-5).

b) N-glycosylation: through an N-acetylglucosamine residue, glycans are bound to the nitrogen
atom of the amide group of the side chain of an asparagine (Asn) only within a consensus
amino acid sequence, Asn-X-Ser/Thr, as long as X is not proline. This union forms the so-called
N-glycosidic bond, which is also illustrated in Figure 1.2. All N-glycans share a common
pentasaccharide core as detailed in Figure 1.2. However, to this core structure, several more
monosaccharide units can be bound to form branched structures, giving rise to the three main

groups of N-glycans [17]:

i) High mannose or oligomannose: only mannose residues are attached to the core

structure of the glycan (Figure 1.2 — b.1).

ii) Complex: N-acetylglucosamine residues are bound to the mannose of the core,
resulting in further branched structures, commonly denominated antennae. These
antennae are formed by N-acetyllactosamine residues (LacNAc: N-acetylglucosamine

plus galactose) that might end with a sialic acid residue (Figure 1.2 — b.2).

iii) Hybrid: can be considered a combination of the other two types of N-glycans, as
only other mannose residues are bound to the a-1—>6 mannose arm of the core
structure giving rise to a high mannose structure, whereas to the a-1—-3 mannose of
the core, one or two N-acetylglucosamine can be bound to form a complex type
structure, which, after the addition of a galactose residue, can be further extended

with additional LacNAc or sialic acid residues (Figure 1.2 — b.3).
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Structural diversity of complex N-glycans

Complex N-glycans have been the main type of glycan studied throughout this thesis, reason
why their structural diversity will be explained in more detail. This structural variation is

summarized in Figure 1.3.

Acetylneuraminic (b) Glycolylneuraminic

/1 acid <y

_ g acid §

G

w (c) | @-2-3

@©

c

C —

3

€ N

< d Fucose

( )antenna

— Bisecting

Core
|

Fucose
core

r&—— Asn glycosite

Figure 1.3: Structural diversity of complex N-glycans depicted in a tetraantennary glycan (H7N7F254) as
an example. The letters in the figure indicate the section of the text where the several causes of this

structural variation are explained.

a) Complex N-glycans can form severely branched structures with multiple antennae.
Each antenna is often formed by a single LacNAc, however, it can be further extended with the
addition of extra LacNAc units. By way of example, a tetraantennary glycan is depicted in
Figure 1.3. Commonly, the branching was expressed by the number of antennae of the glycan,
which led to their classification as monoantennary (1Ant), biantennary (2Ant), triantennary

(3Ant) and so on, usually the number of sialic acids or fucoses was also indicated (e.g.,
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2Ant/2SiA1Fuc). However, in the last few years, this nomenclature has fallen into disuse, and
has been replaced by a more standardized one that refers to the number of each
monosaccharide present in the glycan regardless of the type of glycan (e.g. the 2Ant/2SiA1Fuc
glycan would be the H5N4F1S2). For the sake of consistency throughout the thesis, only the
novel nomenclature will be used, however, in Figure 1.4, several examples of complex type N-

glycans are included expressed in both nomenclatures, most of them appearing during the

)

1Ant/1SiA 1Ant/1SiA1Fuc
H3N3s1 H3N3F1S1

thesis.

1x 1x

L d L4

2Ant/0SiA 2Ant/0SiA1Fuc  2Ant/1SiA  2Ant/1SiA1Fuc
H5N4 H5N4F1 H5N4S1 H5N4F1S1

AR

2Ant/2SiA 2Ant/2SiAlFuc  2Ant/3SiA  2Ant/3SiA1Fuc
H5N4Ss2 H5N4F1S2 H5N4S3 H5N4F1S3

2x @ 2x @ %; z%

3Ant/2SiA 3Ant/2SiAlFuc  3Ant/3SiA  3Ant/3SiAlFuc
H6N5S2 H6N5F1S2 H6N5S3 HE6N5F1S3

3 @

YT

4Ant/3SiA 4Ant/3SiAlFuc  4Ant/4SiA  4Ant/4SiAlFuc
H7N6S3 H7N6F1S3 H7N6S4 H7N6F154

Figure 1.4: Different examples of complex type N-glycans with the former and novel (bold)

nomenclature. For the sake of simplicity, the SiA depicted in this picture is only the Neu5Ac.

23



Introduction | Chapter 1

b) Complex N-glycans can show a sialic acid residue (SiA), also known as neuraminic acid,
at the end of the LacNAc unit, as can be observed in Figure 1.3. Of all the monosaccharides
that can be present in complex type N-glycans, the sialic acid is the one that can alter
considerably the physicochemical properties of the glycan [18, 19]. Sialic acid pKa is around 2.6
due to its carboxylic group (carbon 1 in Figure 1.5). Consequently, at physiological pH, sialic
acids are negatively charged, being the monosaccharide that gives the negative charge to the
whole glycan. Sialic acids are commonly modified in most glycans, with several natural
variations being possible. Quite often carbon 5 can be modified with an N-acetyl group,
resulting in the so-called, N-acetylneuraminic acid (Neu5Ac), prevalent in humans and birds.
Whereas, in other animals, the typical sialic acid is the N-glycolylneuraminic acid (Neu5Gc),
where a hydroxylated N-acetyl group is added to the neuraminic acid. However, plenty more
modifications are quite frequent, such as acetylation, phosphorylation, etc., thus, contributing
to the pronounced chemical diversity of sialic acids and their biological relevance [9, 18]. Some

of these modifications are illustrated in Figure 1.5.

Sialic acid

R; modifications R, 345 modifications
-CO-CHg: N-acetylneuraminic acid (Neu5Ac) -H(Ry345)
-CO-CH,0H:  N-glycolylneuraminic acid (Neu5Gc) -CO-CH;3 (Ry345)

_CH3 (R2,3,4,5)

-SO3H (R,)

-PO;H, (Re)

Figure 1.5: Main modifications of the sialic acid (SiA).
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c) Additionally, the bond between the several monosaccharide units can be different,
which increases even more the heterogeneity of complex N-glycans (see Figure 1.3). For
instance, different a linkage might be formed between carbon 2 of the sialic acid and the
following monosaccharide residue, usually galactose in complex N-glycans. Specifically, as can
be observed in Figure 1.6, the bond with the galactose can take place between carbon 2 of the
sialic acid and carbon 3 or 6 of the galactose residue, referred to as a-2—3 or a-2—6 linkage,

respectively, giving birth to new possible structures, most of them isomers [18].

a-2—6 a-2—3

Figure 1.6: Main type of sialic acid linkage in complex type N-glycans.

d) Furthermore, some complex N-glycans may have fucose residues, which can be bond
to the glycan core, usually to the first GIcNAc residue (fucose core) or, alternatively, to the
GIcNAc or Gal residue of the antenna (fucose antenna) as shown in Figure 1.3.

e) Finally, an additional GIcNAc residue can be bound to the central mannose of the core.
In such cases, the glycan is also categorized as bisecting (see Figure 1.3). To this extra GIcNAc,
a Gal residue can be bound, which, in turn, can be further extended with additional LacNAc

units or SiA residues.
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All the aforementioned variations that are possible in complex N-glycans contribute to
increase the microheterogeneity of glycoproteins and are usually the main obstacle the
scientific community faces in glycosylation studies. A given glycoprotein exists as a
heterogeneous mixture of glycoconjugates species known as glycoforms that differ in the
amount, size and structure of their glycans or the amino acid to which they are bound.
Therefore, a single glycoprotein can have multiple glycoforms, ranging from less than five to
even more than one hundred different glycoforms (e.g. recombinant human erythropoietin

[20]).

1.2. Glycoproteins as biomarkers and biopharmaceuticals

Nowadays, the analysis and characterization of the glycosylation pattern of a protein is of
great importance as glycosylation is responsible for a wide variety of biological processes and
is vital for the proper function of the glycoprotein. However, various biological or pathological
processes are understood to alter the normal glycoform composition of a glycoprotein, thus,
affecting the normal body functions, which often leads to serious medical complaints or,
ultimately, to the death of the individual. Additionally, recombinant and endogenous
glycoproteins quite often differ in their glycosylation pattern, as it is dependent on the host
cells that synthetize the glycoprotein [21, 22]. Furthermore, the culture media or purification
methods used for production of the recombinant glycoprotein can also affect its glycosylation
[22, 23]. As recombinant glycoproteins are frequently used as biopharmaceuticals,
characterization of their glycosylation is crucial to properly asses their stability, biological

activity and pharmacokinetic [24, 25].

Consequently, the work presented in this thesis is focused on the development and
optimization of analytical methodologies in the glycoproteomic field, whose two main
purposes would be: a) the analysis of certain glycoproteins whose glycosylation is known to be

altered, whether due to pathological processes or unhealthy practices, in order to characterize
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their glycosylation pattern and identify new or altered glycoforms as potential novel
biomarkers; b) the analysis of recombinant glycoproteins that are relevant biopharmaceuticals
and whose glycosylation pattern must be properly characterize to ensure their quality and
proper function. Specifically, in this thesis, human transferrin (hTf) and mouse transferrin (mTf)
have been studied as relevant glycoproteins involved in some pathological processes or
unhealthy practices. Whereas, recombinant human erythropoietin (rhEPO) has been selected
as a model glycoprotein to develop and optimize analytical methodologies in glycoproteomic
studies, not only due to its high microheterogeneity, but also because of its great interest as

biopharmaceutical and in the doping field.

1.2.1. Human Transferrin

Human transferrin (hTf) is an iron binding serum glycoprotein of approximately 80kDa of
molecular mass, whose main function is the transport of iron through the blood plasma [26].
hTf is a slightly glycosylated protein, with a glycosylation degree of approximately 5.8%. Three
glycosites are responsible for hTf glycosylation: one O-glycan with one hexose unit at serine 32
(indicated as 0s;), and two complex type N-glycans attached to asparagines 413 and 611
(indicated as Nz and Neii, respectively) of the peptide backbone. Figure 1.7 shows the

peptide sequence of hTf with its O- and N-glycosites marked in red and blue, respectively.
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— hTf
1 Vv PDKTVRWCAV  SEHEATKCQS FRDHMKSVIP SDGPSVACVK
42 KASYLDCIRA IAANEADAVT LDAGLVYDAY LAPNNLKPVV AEFYGSKEDP QTFYYAVAVV
102 KKDSGFQMNQ LRGKKSCHTG LGRSAGWNIP IGLLYCDLPE PRKPLEKAVA NFFSGSCAPC
162 ADGTDFPQLC QLCPGCGCST LNQYFGYSGA FKCLKDGAGD VAFVKHSTIF ENLANKADRD
222 QYELLCLDNT RKPVDEYKDC HLAQVPSHTV VARSMGGKED LIWELLNQAQ EHFGKDKSKE
282 FQLFSSPHGK DLLFKDSAHG FLKVPPRMDA KMYLGYEYVT AIRNLREGTC PEAPTDECKP
342 VKWCALSHHE RLKCDEWSVN SVGKIECVSA ETTEDCIAKI MNGEADAMSL DGGFVYIAGK
402 CGLVPVLAEN YNKSDNCEDT PEAGYFAIAV VKKSASDLTW DNLKGKKSCH TAVGRTAGWN
462 IPMGLLYNKI NHCRFDEFFS EGCAPGSKKD SSLCKLCMGS GLNLCEPNNK EGYYGYTGAF
522 RCLVEKGDVA FVKHQTVPQN TGGKNPDPWA  KNLNEKDYEL LCLDGTRKPV EEYANCHLAR
582 APNHAVVTRK DKEACVHKIL RQQQHLFGSN  VTDCSGNFCL FRSETKDLLF RDDTVCLAKL
642 HDRNTYEKYL GEEYVKAVGN LRKCSTSSLL EACTFRRP

Red: O-glycosylated Blue: N-glycosylated

Figure 1.7: Human transferrin (hTf) amino acid sequence (UniProtKB / Swiss-Prot Accession Number:

P02787).

If we take into account the microheterogeneity associated with complex type N-glycans, hTf
exists as a mixture of glycoforms, each one with a different glycan composition or structure.
Figure 1.8 shows the major glycoforms present in intact hTf. In spite of having two
glycosylation points, hTf has only four major glycoforms. The main glycoform is the
tetrasialoform (also known as S4) which presents two disialylated biantennary glycans
(H5N4S2), one in each glycosylation point. Therefore, this glycoform shows 4 terminal sialic
acids (N-acetylneuraminic acids). In a healthy individual, other less abundant glycoforms are
present: the hexasialoform (S6) with two trisialylated triantennary glycans (H6N5S3); the
pentasialoform (S5) with one disialylated biantennary (H5N4S2) and one trisialylated
triantennary glycans (H6N5S3); the trisialoform (S3) with one disialylated (H5N4S2) and one
monosialylated biantennary glycans (H5N4S1) and the disialoform (S2) with a single
disialylated biantennary glycan (H5N4S2) in one of the glycosites. S2 is often considered a
minor glycoform and included, together with the S1 and SO glycoforms (both with less than 2
sialic acid residues and non-existent in a healthy individual), in the so-called carbohydrate

deficient transferrin (CDT) glycoforms [27-29].
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When hTf is digested with a protease like trypsin, three different glycopeptides are obtained.
The O-glycopeptide has only one possible glycoform, but the two N-glycopeptides can show
several different glycoforms depending on the intact protein glycoform they are derived from.
Figure 1.8 also shows the main glycoforms of hTf glycopeptides and the intact glycoform from

which they are derived.

Standard glycoforms @ SiA — Neu5bAc
@Man mGIcNAc

OGal am glycosites

S5

H6N5S3
(3Ant/3SIA)

==
;

|
1
S3 <1
| H5N4S2
I\ / (2Ant/2SiA)
|
CDT glycoforms 1
|
S2 1
|
H5N4S1
2Ant/1SiA)

S1

X
;

18

S0 Peptide
1
I Glycopeptide
Intact glycoforms I glycoforms
|

Figure 1.8: Main human transferrin (hTf) glycopeptide glycoforms and the intact protein glycoform from
which they are derived. Glycan symbol nomenclature follow the rules recommended by the Consortium

for Functional Glycomics (CFG) [13].
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hTf glycosylation pattern has been described to be altered in certain unhealthy practices and
diseases, such as chronic alcoholism and congenital disorders of glycosylation (CDG) [30-37].
Additionally, hTf is one of the so-called acute phase proteins, whose concentration is reduced
(negative acute phase proteins) in the acute phase of an inflammatory process [38—40] and

whose glycosylation is understood to be altered in certain inflammatory diseases [41].

Chronic alcoholism could be defined as the prolonged and uncontrollable intake in large
amounts of alcohol-containing products. Chronic alcoholism, considered a modern severe
health issue, can lead to a premature death, mainly due to several medical complaints such as
liver cirrhosis, internal bleeding, ethylic intoxication, hepatocellular carcinoma, accidents or
suicidal behavior [42]. In those individuals with a high intake of ethanol, CDT glycoforms are
increased in comparison to a healthy individual, reason why, these glycoforms are considered
reliable biomarkers and are, nowadays, the best indicators of chronic alcohol abuse [32, 43,
44]. The mechanism behind the abnormality of hTf glycosylation in chronic alcoholism is still
not completely understood [31-33]. Some authors have suggested that ethanol is responsible
for the inhibition of galactosyltransferase and sialyltransferase, two important enzymes in the
second phase of N-linked glycosylation. Additionally, ethanol is also understood to stimulate
the activity of sialidases. Both effects would suggest that ethanol disrupts the synthesis of N-
glycans, giving rise to truncated or non-sialylated glycoforms [31, 33, 45, 46]. On the other
hand, some authors have implied that ethanol intake completely impedes the initiation of N-
linked glycosylation. Ethanol has been suggested to greatly reduce the concentration of
dolichol phosphate (Dol-P) and of adenosine triphosphate (ATP). As Dol-P and ATP availability
is of great importance for the first phase of N-linked glycosylation, chronic alcoholism is
supposed to limit the synthesis of N-linked glycoproteins, thus, an increase of non-glycosylated
glycoforms is expected [31, 32, 47, 48]. Although still a matter of debate, the effects that
ethanol causes in the first phase of the N-linked glycosylation are often considered

predominant [32]. In any case, improvements in the detection and characterization of hTf
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glycoforms are mandatory not only for the early diagnosis of chronic alcoholism, but also to
monitor the rehabilitation process of alcohol abusers and shed some light on the mechanism

behind the alteration of hTf due to ethanol intake.

CDG are a rapidly growing group of genetic diseases that, to date, encompass more than 80
different known disorders. As an ever-expanding family, there are several variants of CDG and
new ones are discovered every year, each affecting a different gene [49]. In the majority of
CDG, the nervous system is involved, leading to developmental disability, hypotonia,
hyporeflexia, ataxia, growth retardation and possible damage in several organs, such as liver,
heart or the immune system, among many others [50-52]. Unfortunately, the majority of CDG
patients die at a very young age due to the several aforementioned complaints. CDG were
classified until recently in two subgroups, CDG type | (CDG-l) and CDG type Il (CDG-II),
depending on the defective glycosylation pathway of the N-glycosylation of proteins [36, 53,
54]. Specifically, CDG-I encompassed all defects in the glycan assembly or transfer to the
nascent glycoprotein in the cytosol or the endoplasmic reticulum, which led to the lack of
complete N-glycans on some glycosites [49]. Whereas, glycosylation defects caused by the
abnormal remodeling or processing of the glycan moieties in the Golgi network, generally
resulting in truncated or structural deficient carbohydrate chains, were considered CDG-II [55,
56]. However, novel discoveries of new types of CDG affecting not only the N-glycosylation but
other glycosylation pathways, such as the O-glycosylation of proteins, have rendered this
classification obsolete. Consequently, this classification has been replaced by a much needed
standardized nomenclature, which associates the modified gene or genes with the suffix ‘CDG’
[57]. However, when referring to CDG affecting the N-glycosylation pathway of proteins, the

former nomenclature (CDG-I or CDG-II) is still used.

Table 1.2 shows some of the main diagnosed CDG affecting the N-glycosylation pathway, their

classification in the former CDG type | or CDG type Il groups and the affected gene.
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Additionally, CDG that only affect the N-glycosylation pathway of proteins are in the blue
section of the table, whereas those CDG that affect other pathways apart from the N-
glycosylation of proteins are in the orange section.

Table 1.2: Several of the main diagnosed congenital disorders of glycosylation (CDG) affecting the N-
glycosylation pathway, their classification in the former CDG type | or CDG type Il groups and the

affected gene. The information in this table is a compilation from different sources [35, 57-60].

CDG name Affected gene CDG type
PMM2-CDG Phosphomannomutase 2 CDG-
MPI-CDG Mannose phosphate isomerase CDG-I
RFT1-CDG RFT1 (requiring fifty three 1) homolog CDG-
DPAGT1-CDG dollchyl-phosphate N- CDG-|

acetylglucosaminephosphotransferase 1
ALG6-CDG Alpha-1,3-glucosyltransferase | CDG-
ALG3-CDG Alpha-1,3-mannosyltransferase VI CDG-
ALG12-CDG Alpha-1,6-mannosyltransferase VIII CDG-
ALG8-CDG Alpha-1,3-glucosyltransferase Il CDG-
ALGL-CDG Chitobiosyldiphosphodolichol CDG-|
beta-mannosyltransferase |
ALG9-CDG Alpha-1,2-mannosyltransferase CDG-
MGAT2-CDG mannosyl (aIpha—1,6—)—g!ycoprote|n beta- CDGIl
1,2-N-acetylglucosaminyltransferase
GCS1-CDG mannosyl-oligosaccharide glucosidase CDG-II
DPM1-CDG Dolichyl-phosphate ménnosyltransferase CDG-|
subunit 1

MPDU1-CDG Mannose-P-dolichol utilization defect 1 CDG-I
PGM1-CDG® phosphoglucomutase 1 CDG-
DOLK-CDG Dolichol kinase CDG-I
SRD5A3-CDG Steroid 5 alpha-reductase 3 CDG-
COGS-CDG Component of ollgogmerlc golgi complex CDGII
SLC35C1-CDG Solute carrier family 35 member C1 CDG-II
B4GALT7-CDG Beta-1,4-galactosyltransferase 7 CDG-II
ATP6VOA2-CDG ATPase H+ transporting VO subunit a2 CDG-II

aThis CDG was formerly known as CDG-I: but, nowadays, there is still no consensus on how it should be

categorized.
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Like in chronic alcoholism, CDT glycoforms are increased in patients with a CDG that affects the
N-glycosylation pathway when compared to a healthy individual. Therefore, the development
of an analytical methodology to study the glycosylation of hTf and discover reliable biomarkers
for this disease could be of great importance, not only for the early diagnosis and control of

CDG, but also to look for a treatment to alleviate or eliminate the symptoms.

Nowadays, there are several reference methods used for the analysis of CDT glycoforms to
diagnose chronic alcoholism and CDG. These methods usually involve the use of isoelectric
focusing (IEF), capillary electrophoresis (CE) or anion exchange liquid chromatography (LC) for
the analysis of hTf intact glycoforms [29, 36, 61-66]. However, these routine methods present
several disadvantages, which make the development of new methodologies an imperative
task. Specifically, IEF is an arduous and time-consuming technique not suitable for automation.
Whereas, in CE and LC, ultraviolet (UV) is used for the detection of hTf intact glycoforms, which
does not allow their reliable characterization. Therefore, developing a straightforward
methodology able not only to rapidly separate hTf glycoforms but also unequivocally identify
them, for instance, with the use of a mass spectrometer, would be essential for the correct

diagnosis and control of these diseases.

hTf is also involved in the acute phase of an inflammatory process [38—40]. Inflammation is an
adaptive and complex biological response to a harmful stimulus, whether due to endogenous
or exogenous inducers, such as, infection, damaged cells, physical trauma, burns, and surgery,
among many others [38, 67]. Many systemic physiological and biochemical changes occur
when an inflammatory response is activated in the organism, for instance, the concentration
of the so-called acute phase proteins can vary or even the glycosylation of certain proteins can
be altered. Several authors have shown that an increase in branching (increase of triantennary
and tetraantennary glycoforms), sialylation and fucosylation in the N-glycosylation of serum

glycoproteins occur when an inflammatory response is triggered [38, 40, 68-71]. In the case of
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hTf, an increase of highly sialylated glycoforms with a concomitant decrease in those less
sialylated glycoforms has been described in patients with human rheumatoid arthritis, a
chronic autoimmune disease [41]. Hence, developing reliable analytical methodologies able to
identify and characterize hTf glycosylation could provide a novel insight into the mechanism
behind the abnormal glycosylation of this protein in several diseases. These methodologies
would also be helpful for the identification of new potential glycan-based biomarkers for these

pathologies.

1.2.2. Mouse Transferrin

Mouse transferrin (mTf) is also an iron binding glycoprotein of about 80 kDa, responsible for
the transport of iron through the blood plasma, which shares approximately 72% of its peptide
sequence with hTf. However, unlike hTf, mTf only has one N-glycosite at asparagine 494, with
complex type N-glycans. Hence, its microheterogeneity is somewhat reduced compared to hTf.
Moreover, mTf only presents N-glycolylneuraminic acid instead of N-acetylneuraminic acid.

Figure 1.9 shows the peptide sequence of mTf, with the Nasos glycosite marked in blue.

— mTf
1 VPDKTVKWCA VSEHENTKCI SFRDHMKTVL PPDGPRLACV KKTSYPDCIK AISASEADAM
61 TLDGGWVYDA GLTPNNLKPV AAEFYGSVEH PQTYYYAVAV VKKGTDFQLN QLEGKKSCHT
121 GLGRSAGWVI PIGLLFCKLS EPRSPLEKAV SSFFSGSCVP CADPVAFPKL CQLCPGCGCS
181 STQPFFGYVG AFKCLKDGGG DVAFVKHTTI FEVLPEKADR DQYELLCLDN TRKPVDQYED
241 CYLARIPSHA VVARKNNGKE DLIWEILKVA QEHFGKGKSK DFQLFSSPLG KDLLFKDSAF
301 GLLRVPPRMD YRLYLGHNYV TAIRNQQEGV CPEGSIDNSP VKWCALSHLE RTKCDEWSII
361 SEGKIECESA ETTEDCIEKI VNGEADAMTL DGGHAYIAGQ  CGLVPVMAEY YESSNCAIPS
421 QQGIFPKGYY AVAVVKASDT SITWNNLKGK KSCHTGVDRT  AGWNIPMGML  YNRINHCKFD
481 EFFSQGCAPG YEKNSTLCDL CIGPLKCAPN NKEEYNGYTG AFRCLVEKGD VAFVKHQTVL
541 DNTEGKNPAE WAKNLKQEDF  ELLCPDGTRK PVKDFASCHL AQAPNHVVVS RKEKAARVKA
601 VLTSQETLFG GSDCTGNFCL FKSTTKDLLF RDDTKCFVKL PEGTTPEKYL GAEYMQSVGN
661 MRKCSTSRLL EACTFHKH

Blue: N-glycosylated

Figure 1.9: Mouse transferrin (mTf) amino acid sequence (UniProtKB / Swiss-Prot Accession Number:

Q921I11).
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Working with mice models of human diseases can be quite alluring for proteomic and glycomic
studies, due to the fact that mice are cost effective as they are small, have the ability to
multiply quickly and are easy to look after [72]. Furthermore, mice share several characteristics
with humans in terms of anatomy, physiology and genetics. Additionally, samples can be
collected under standard operating protocols while the onset and progression of the disease
can be closely monitored in well-defined experimental settings [73, 74]. Specifically, collagen
induced arthritis (CIA) in mice resembles human rheumatoid arthritis not only in terms of its
disease course or histological findings, but also in its response to commonly used anti-arthritic
drugs [75, 76]. Consequently, CIA in mice can be considered an appealing option to assess the
role of certain genes in the induction and/or maintenance of arthritis, to study the efficacy of

novel drugs and to evaluate the glycosylation changes derived from this disease.

As previously mentioned, inflammatory diseases have been described to affect the
glycosylation pattern expected for certain glycoproteins, in particular, an increase in
fucosylation, sialylation and/or glycan branching [71, 77]. This increase in highly sialylated
glycoforms has been observed for hTf in patients with rheumatoid arthritis [41], and, as CIA
shares multiple characteristics with this disease, a similar alteration in the glycosylation

pattern of mTf could be expected.

1.2.3. Recombinant Human Erythropoietin

Recombinant human erythropoietin (rhEPO), also known as epoetin, encompasses a group of
synthetic glycoproteins produced in mammalian cells using complementary DNA technology.
There are several types of rhEPO, most of them are commonly expressed in Chinese hamster
ovary cells (CHO) [78], being epoetin alpha and beta the first ones to be synthesized, and also
the most used as biopharmaceuticals. In the recent years, new rhEPO have been synthetized
with different degrees of glycosylation aimed at improving its pharmacological or

physicochemical properties. rhEPO has been widely used in the last decades as a treatment for
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anemia, whether from chronic renal failure, cancer, HIV/AIDS or other diseases [79, 80].
However, this recombinant glycoprotein has also been the source of countless disputes in
Olympics and top-level sports, due to its misuse by some athletes as a doping agent in several

endurance sports, mainly to enhance their performance [80, 81].

rhEPO is a highly glycosylated protein of about 30 kDa and approximately 40% of its weight is
due to its glycosylation. rhEPO shows three N-glycosites with complex type N-glycans, at
asparagines 24, 38 and 83, and only one O-glycosite in serine 126 [20, 82, 83]. Figure 1.10
shows the peptide sequence of rhEPO, as well as its O- and N-glycosites marked in red and

blue, respectively.

— rhEPO

1 APPRLICDSR VLERYLLEAK EAENITTGCA EHCSLNENIT VPDTKVNFYA WKRMEVGQQA
61 VEVWQGLALL SEAVLRGQAL LVNSSQPWEP  LQLHVDKAVS  GLRSLTTLLR ALGAQKEAIS
121  PPDAASAAPL RTITADTFRK LFRVYSNFLR GKLKLYTGEA CRTGDR

Red: O-glycosylated Blue: N-glycosylated

Figure 1.10: Recombinant human erythropoietin (rhEPO) amino acid sequence (UniProtKB / Swiss-Prot

Accession Number: P01588).

Besides its high interest as a biopharmaceutical and its importance in the doping field, rhEPO
can be considered an excellent model glycoprotein to develop and optimize analytical
methodologies in glycoproteomic studies due to its high microheterogeneity. In fact, our
research group has already developed several capillary electrophoresis mass spectrometry (CE-
MS) methods with the aim of characterizing rhEPO glycosylation, not only by the analysis of
the intact glycoprotein but also analyzing the obtained glycopeptides, after the digestion with
trypsin or endoproteinase Glu-C [20, 82-84]. In this thesis, some of these methodologies have
been used to study and model the migration behavior of glycopeptides and peptides in CE-MS

using rhEPO as a model glycoprotein.
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1.3. Glycoprotein analysis

1.3.1. Glycoprotein purification techniques

In order to study the glycosylation of proteins present in biological fluids, isolation of the
glycoprotein of interest from the rest of the sample components is mandatory. Affinity
methodologies for the purification and enrichment of glycoproteins are being developed
continuously, mainly due to the great importance of glycosylated proteins and the consequent
high demand in glycosylation analysis [85]. Some of these purification techniques include the
use of lectins, titanium dioxide (TiO2) or antibodies. A concise illustration of the different

approaches can be found in Figure 1.11.

Lectins are an extensive family of proteins of non-immune origin obtained from natural
sources, mainly used for their high binding capacity to both free glycans and glycans attached
to glycoconjugates [86, 87]. Their specificity can be rather intricate, as they can recognize not
only certain monosaccharides within the glycan chain but also entire glycans or specific
fragments, and even different linkages between monosaccharides or glycan branching [88, 89].
Quite often, lectins are immobilized on a stationary support, giving rise to the so-called lectin
affinity chromatography. In the last few years, advances have been made in regards to the
type of lectin, the methods used in their purification or regarding the stationary supports,
resulting in an increase of commercially available lectins and production of state-of-the-art

multilectin affinity columns [90, 91].
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Figure 1.11: Different approaches for the isolation of glycoconjugates and main advantages, drawbacks

and applications.

The use of TiO; particles is also one of the most promising and noteworthy methods for the
purification and enrichment of glycoproteins. This highly specific chemo-affinity solid phase
has been demonstrated to have high affinity toward negatively charged compounds.
Therefore, it shows an excellent ability to isolate glycoconjugates with sialic acids and has been
reported in numerous works [85, 92-94]. Nowadays, similarly to lectins, there are several
types of stationary phases for glycoprotein purification with TiO,, ranging from magnetic
particles to chromatographic stationary phases for highly specific columns. One of the main
reasons behind their notable affinity is the fact that sialic acids can form a multipoint binding
to TiO; similar to a multidentate binding, with strong ion exchange and ligand exchange
behavior [95, 96]. However, their main advantage is also their principal drawback, as they are

only able to isolate sialic acid-rich glycoconjugates.
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Finally, in the context of glycoprotein purification, immunoaffinity chromatography (IAC) is one
of the most recurrent and powerful methods for targeted glycoprotein analysis, due to its high
capacity and specificity [97, 98], being widely used for analytical, clinical and diagnostic
purposes. The fundamental behind the effective isolation of a molecule is based on the
reversible interaction between the target molecule in a mobile phase and an antibody (Ab),
also known as immunoglobulin (lg), attached to a solid support, creating the so-called
stationary phase [97-99]. In theory, any molecule should be effectively purified by IAC as long
as the bond with an antibody is possible [100]. The main reason behind that assumption is that
the binding antibody-antigen is rather intense as a result of different types of non-covalent

interactions [97, 101, 102].

A schematic representation of the steps required to isolate a target molecule by IAC can be
found in Figure 1.12. Briefly, the antibody is covalently coupled to the inert solid support to
form the stationary phase, which is subsequently transferred and packed in a column.
Afterwards, the target antigen, which is in solution in a concentration and condition that favors
interaction, is passed through the column. After antigen capture, unwanted antigens that
might bind in a non-specific manner are removed with a washing step, to finally release the

purified antigen under certain conditions that favor desorption.

With few and simple steps, high purification and simultaneous concentration of the target
molecule can be achieved by IAC [102]. For this reason, IAC has been the main affinity

technique used for the purification of glycoproteins in this thesis.
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Figure 1.12: Schematic representation of the procedure to isolate a target molecule by immunoaffinity

chromatography (IAC).

1.3.2. Mass spectrometry

Before the introduction of mass spectrometry (MS), glycosylation studies were carried out
using fluorescence or ultraviolet (UV) detection. However, with those techniques, reliable
structural information and unequivocal identification of glycoconjugates was not possible.
Nowadays, MS has become the prime option in glycoproteomic studies as it allows high
sensitivity profiling and accurate characterization of heterogeneous glycan structures [103—

106].

The study of the glycosylation of a certain protein by MS can be carried out at three different
levels, each one with their own advantages and drawbacks [103, 107]. A schematic

representation of the different approaches can be found in Figure 1.13.
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detection.

One of these approaches consists in the analysis of the intact glycoprotein, which of course, is
more direct and considerably faster than the other two alternatives, as no or barely any
sample treatment is necessary. However, working with the intact glycoprotein can be quite
challenging due to the fact that detection by MS is rather difficult as the ionization of large
molecules, such as glycoproteins, is not an easy task [107-109]. Some authors have proposed a
top-down approach for the analysis of intact proteins [110-112], although, in the case of
glycoproteins, obtaining information about glycosites and their degree of occupancy is almost
impossible, due to the limitation of the actual mass spectrometers and the high

microheterogeneity of this type of proteins.
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The other two approaches involve the use of enzymes or specific reagents to obtain
glycosylated structures of lower molecular mass. Hence, following this approach, sample
preparation is lengthier and information about non-covalent interactions between the
glycoprotein and other molecules cannot be obtained. One of these two alternative
approaches consists in the analysis of glycopeptides (glycosylated peptides), obtained after
the digestion of the intact glycoprotein with a protease?. There are several different proteases,
each one with their own efficiency and specificity, being trypsin widely employed in a
multitude of different studies. The characterization of glycopeptides as low molecular mass
glycomarkers allows not only to characterize the glycans of the glycoprotein but also to obtain

information about glycosylation sites and their degree of occupancy [113].

The other path to study protein glycosylation is the analysis of the glycans released from the
intact protein, by chemical release or by enzymatic digestion using O- and N-glycosidases®. The
release of glycans can be even a more time-consuming task than the protease digestion of the
glycoprotein and information of glycosites or the carrier protein is lost. However, isolation of
glycans from other components of the sample, such as the peptides from the digest, is
relatively easier, as the polarity of glycans is considerably different compared to peptides or
the deglycosylated protein. By isolating the glycans, the sensitivity obtained in mass
spectrometry can be considerably improved. Additionally, glycans can be derivatized, mainly
by permethylation or by reductive amination, to improve their ionization efficiency, their
quantification or even to obtain information about the structure of isomeric glycans [114-

116].

2 Proteases are enzymes that catabolize the hydrolysis of the peptide bonds between amino acids in the peptide
backbone of a protein.

bGlycosidases are enzymes that assist the hydrolyzation of the glycosidic bond between the glycan and the amino
acid of the peptide sequence.
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All three strategies are complementary as they have their own advantages and drawbacks,
reason why, to obtain all the possible information and complete the glycoprotein structural

puzzle, quite often all three approaches must be taken into account.

In regards to the instrumentation, a mass spectrometer is a complex and sophisticated
analytical instrument that consists of several parts, being the most important ones the
ionization source, analyzer and detector [117]. Briefly, the ionization source transforms the
analyte in a gaseous ion [118] and the analyzer separates the generated ions on the basis of
their mass to charge ratio; however, the mechanism behind the separation highly depends on
the type of analyzer, which will also affect sensitivity or resolution of the mass spectrometer
[119]. Finally, the detector, as the name implies, will give a signal whenever an ion passes by or

hits its surface, thus, acknowledging the presence of that ion [120].

1.3.2.1. Electrospray ionization

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) are the
most common ionization sources used in glycoproteomics. Both are considered soft ionization
techniques as relatively little energy is imparted to the analyte, thus, less fragmentation occurs
during the ionization process. These two revolutionary techniques greatly expanded the use of
mass spectrometry to almost all fields in science, due to the fact that not only small neutral
molecules could be transformed in gas-phase ions (which was seemingly possible before with

other ionization techniques) but also large biomolecules and polar compounds.

Since the revolutionary introduction of ESI in the late sixties and its application to the
ionization of large biomolecules in the late eighties, the use of MS hyphenated techniques, like
CE-MS, or, to a greater extent, HPLC-MS, has given rise to numerous publications and advances
in all omic sciences. This has made ESI the ionization technique par excellence in the analysis of

proteins, glycoproteins and other biological relevant macromolecules [121-123].
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The formation of gas-phase ions from ions or neutral molecules in solution by ESI consists of
three different steps, englobed in a schematic representation of the whole process in Figure
1.14: 1) Spray formation is accomplished by the application of a potential difference between
the inlet of the mass spectrometer and the end of a conductive capillary, which contains the
analyte solution [124, 125]. As a result, a spray of charged droplets (Taylor Cone) is formed at
the end of the capillary, often assisted with an auxiliary gas and heating to obtain better and
more stable sprays. 2) The solvent in the charged droplets is evaporated, usually using an inert
gas, until the charged droplets reach the so-called Rayleigh limit, that is, the state at which the
surface tension is equal to the Coulombic repulsion between the charges on their surface. 3) In
the Rayleigh limit, new, smaller and more stable droplets are formed from the initial charged
droplet (fission process). Afterwards, several successive rounds of desolvation and droplet

fission occur until the gas ion is formed.
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Figure 1.14: Schematic representation of the basics of spray formation in electrospray ionization (ESI).

The principal advantage of ESI is that multi-charged ions are formed, reason why it is
continuously praised as a ionization technique that allows both small and large molecules to

be transformed into gas-phase ions, only requiring a mass analyzer with a limited range of
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mass-to-charge ratios (m/z). However, when larger molecules with hundreds of thousands of
daltons (Da) are analyzed, obtained spectra can be really convoluted and mathematical

approaches might be necessary to fully understand the obtained information.

Although ESI ionization is considered a soft ionization technique, special care has to be taken
regarding the potential applied to form the spray. A middle ground has to be found between
applying too much voltage, which may cause in-source fragmentation or loss of the native
form, or too low, which will considerably aggravate sensitivity. However, several other
parameters may affect spray efficiency and, consequently, alter the sensitivity of the method,
being the composition and pH of the solution and the number of ionizable groups of the

molecule the most noted ones.

In the last few years, the scientific community has seen the rise of a new variant of ESI, which
was already introduced by Wilm and Mann [126, 127] in the late nineties, the noteworthy
nanoElectrospray (nanoESl). This interface is ideally suited for the ionization of analytes in low
flow rate systems, such as nano liquid chromatography or capillary electrophoresis. In this
variant, the initial diameter of the formed droplets is reduced considerably, which provides

several advantages compared to conventional ESI:

e Less droplet fissions are needed to ionize the analytes and solvent evaporation is much
faster.
e Sensitivity is considerably increased.

e Less adduct formation.

Apart from all the aforementioned advantages, one particular and interesting application of
nanoESIl is the study of molecules in native-like conditions, especially proteins and
glycoproteins. As ionization conditions can be even milder than normal ESI, when neutral
buffers, with relative low ionic strength, are used, proteins and glycoproteins can be sprayed

without altering their non-covalent interactions. This allows the study of polymeric structures
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and protein complexes. Nowadays, this new approach to study protein structure and
functionality is referred to as Native Mass Spectrometry and is fully recognized as another

powerful tool in structural biology [128, 129].

1.3.2.2. Mass analyzers

Nowadays, there are several types of mass analyzers, ranging from a simple quadrupole to
more complex hybrid systems that combine two or more analyzers into one. Each analyzer
provides certain advantages over other ones and, quite often, different information can be
obtained depending on the type of analyzer. Most high-end analyzers combine the advantages
of more than one to form complex hybrid instruments with increased sensitivity and
resolution. The proper analyzer will be the one with the required sensitivity, resolving power,

accuracy, acquisition speed and dynamic range, among other characteristics.

Some of the most common used analyzers in the study of glycoproteins include time-of-flight
(TOF), quadrupole time-of-flight (qTOF), Orbitrap™ and Fourier transform ion cyclotron
resonance (FT-ICR). The main analyzer used in this thesis has been an orthogonal acceleration
TOF (0a-TOF), due to its seemingly unlimited m/z range, high-speed acquisition capabilities,

high mass accuracy and resolving power, with a relative affordable price.

Separation in a TOF instrument is based on the different velocity of the introduced ions when
are accelerated through a high voltage at the beginning of a flight tube. The time taken to
traverse this tube to reach the detector is dependent on the m/z rates of ions. lons with
greater charge but lower mass cross the tube before those ions with higher mass and lower
charge. As the initial accelerating voltage is pulsed, the output of the detector as a function of

time can be conveniently converted into a mass spectrum [130, 131].

The most important advancement in TOF technology was the development of the orthogonal

acceleration (0a-TOF) [131, 132]. The most striking difference introduced with oa-TOF was the
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use of a separated direction for the separation of ions, orthogonal to the continuous ion-beam
of the ion source. This distribution provided several advantages, such as better efficiency in
gating ions from an external continuous source (e.g., ESI), reduction of velocity and spatial
dispersion and the concomitant increase in mass resolving power, mass accuracy and signal-to-

noise ratio (S/N) [133, 134].

In recent years, hybrid type analyzers have aroused great interest in the analytical community,
not only for their great performance and amplitude of benefits but, particularly, for the fact
that more structural information can be obtained as MS/MS experiments are easily carried
out. In this regard, quadruple time-of-flight (qTOF) is often noted as a versatile, powerful and
robust instrument and considered one of the typical platforms in the glycoproteomic field
[103, 135, 136]. This hybrid spectrometer can be regarded as a conventional TOF but with an
additional mass-resolving quadrupole before the mass analyzer. The principal benefits of this
distribution are the high sensitivity, mass resolution and mass accuracy obtained for the
product ions with the relative affordable price, ease of use and simplicity. However, new
advances in instrumentation have led to the introduction of novel and more powerful hybrid
mass spectrometers, such as the Thermo Scientific™ Orbitrap Fusion™ Lumos™ Tribrid™,

being their impact in the glycoproteomic field already reported by some authors [137-139].

1.3.3. lon mobility mass spectrometry

As has been introduced before, glycans can form complex structures, severely branched, with
many monosaccharide constituents, usually resulting in several isomers [140]. Even though,
the described MS technology is perfectly suited and capable of obtaining information to
characterize carbohydrate structures, when analyzing isomeric glycans, conventional MS
approaches fail to separate them [141-143], as they have identical mass and atomic
composition. Hence, glycans isomers are undistinguishable unless derivatization or less

common stationary phases in liquid chromatography (LC) are used [144-146]. In the last few
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years, several MS/MS methods have been reported that allow the identification and structure
characterization of glycan isomers [147—-151]. Nevertheless, these MS/MS methods are still in
the early stages of development, therefore, their robustness is somewhat limited and

obtaining specific fragment ions to reliably identify each isomer can be a difficult task.

lon mobility mass spectrometry (IM-MS) provides an easy and straightforward solution to this
problem. IM-MS has aroused great interest in the last years, not only in the glycomics and
glycoproteomics fields, but also in other omic sciences, as a proficient analytical technique for
the separation of isomeric biomolecules [140-143, 152-155]. IM-MS provides a new
dimension in the separation of compounds, where ions are not only separated due to their
mass and charge, but also on the basis of their shape and size, hence, resolving ions that would
be otherwise indistinguishable solely by MS, such as isomers [156—159]. Figure 1.15 illustrates

the fundamentals of classical IM-MS separation.
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Figure 1.15: Separation in classical IM-MS. lons with smaller CCS and higher charge are separated before

those with higher CCS and smaller charge.
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Specifically, IM-MS measures the time (drift time) that a particular ion takes to cross a cell
filled with a background inert neutral gas (being N2 and He the most commonly used) at a
controlled pressure under the influence of a weak electric field. The drift time of a specific ion
is mainly due to the ion-gas collisions; therefore, ions are separated due to their ion-neutral
collision cross-section (CCS, Q), related to the overall shape and topology of the ion [156-158].
Small compact ions cross first as a result of their smaller CCS. Moreover, the higher the charge
of the ion, the greater the strength of the separation field, and therefore the more quickly the
ion will cross the chamber. Hence, those ions with high charge and small CCS will cross the
mobility cell before than those with higher CCS and lower charge. Consequently, IM-MS is
often considered as being proportional to collision cross-section-to-charge ratio (Q/z) [158].
IM-MS is regarded as a powerful analytical technique that provides three-dimensional
analytical information, shape-to-charge, mass-to-charge and abundance, thus, allowing

reliable analyte identification.

Nowadays, there are several IM methods next to the classical drift-time ion mobility
spectrometry (DTIMS), such as field asymmetric waveform ion mobility spectrometry (FAIMS),
but among them, traveling wave ion mobility spectrometry (TWIMS) is the one that has seen
a major growth in the last years [160, 161] and the one used in this thesis. Figure 1.16 shows

the fundamentals of TWIMS separation.
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Figure 1.16: Fundamentals of TWIMS separation. High mobility ions travel with the wave, thus, arriving
first to the MS. Whereas, low mobility ions roll over the wave, spending more time in the mobility cell

and, therefore, arriving later to the MS.

Briefly, in TWIMS, ions are propelled thanks to a sequence of symmetric potential waves
continually propagating through a cell. An ion will travel along the wave depending on
different parameters, such as ion charge, CCS, the interaction of the ion with the background
gas and the characteristics of the wave (i.e., amplitude, velocity). Therefore, those ions with
higher mobility will be pushed along with the wave, thus, they will travel the drift cell faster.
Whereas, low mobility ions roll over the top of the wave and, as a result, they stay longer in
the mobility cell. Particularly, in the case of Figure 1.16, low mobility ions (red) keep rolling
over the wave, thus they are the last to arrive to the MS. Medium mobility ions (yellow) roll
over fewer times and, then, arrive sooner. Whereas, high mobility ions (green) travel with the

wave, arriving first to the MS.

One of the main advantages of TWIMS is that it disperses ion mixtures allowing the
simultaneous measurement of multiple species. This, in conjunction with a high sensitivity
obtained when TWIMS is coupled to certain MS analyzers, such as time-of-flight (TOF), has

made this platform an alluring option for structural analysis and isomer separation [162, 163].
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Figure 1.17: Schematic representation of an ion mobility mass spectrometer (IM-MS) with a traveling

wave ion mobility cell (Synapt G2 from WATERS® Corp.).

1.3.4. Separation techniques

Even though complex mixtures of different glycans can be analyzed in a single MS experiment,
very often it is necessary to couple MS with a separation technique, such as HPLC or CE, to
separate the different analytes prior MS analysis. In this way, the potential of MS detection can
be considerable increased due to the fact that ion suppression is minimized, enabling the

detection of those analytes whose concentration or ionization efficiency is lower.

1.3.4.1. Liquid chromatography

High performance liquid chromatography (HPLC), commonly referred to as simply liquid
chromatography (LC), is considered the analytical technique par excellence which, in the last

decades, has experienced a worldwide expansion with thousands of applications [164—166].

HPLC allows the separation of the compounds of a complex mixture carried by a liquid,

referred to as mobile phase, due to the different distribution of the compounds between the
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mobile phase and the solid phase within a column, known as stationary phase. In HPLC the
mobile phase is pumped with high pressure to improve the efficiency of the separation. The
time at which a specific compound elutes from the column, is referred to as retention time,
and is governed by several factors, such as the physicochemical properties of the compound

and the stationary and mobile phases.

In regards to glycoproteomics, HPLC is widely used as an analytical technique for the
characterization of protein glycosylation, especially at the glycopeptide and glycan level,
mainly due to its good quantification, reproducibility and robustness [167-169]. Nowadays,
due to the advances made in regard to the particle size and chemistry of stationary phases,
several subtypes or separation modes of HPLC have emerged [170], all of them used in the
glycoproteomic field for different purposes, in combination with different types of stationary
phases. With so many possibilities, several factors, such as sample availability, required
sensitivity or desired separation, among many others, must be taken into account to correctly

select the appropriate combination that suits your needs.

The main HPLC mode used during the thesis has been Capillary Liquid Chromatography
(CapLC). In CapLC, column dimensions are greatly reduced, particularly, the internal diameter
(i.d.). The principal benefit from reducing the i.d. is the ability to work with minute sample
volumes, with the consequent improvement in peak shape and reduction of the limits of
detection (LODs). The increase in sensitivity is due to the reduced dilution of the
chromatographic band during analysis when columns with smaller i.d. are used. Additionally,
as low flow rates are used, less mobile phase is consumed, which, in turn, reduces the costs of
purchase and disposal of these solvents and diminishes their environmental impact. Moreover,
in CapLC the flow rate is high enough to be able to use conventional ESI, with the only addition
of a narrow capillary inside the ESI interface to avoid band spread and loss of separation

efficiency.
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Nano Liquid Chromatography (nanolLC) can be considered one of the ultimate advancements
in LC. In this case, the flow rate is extremely reduced as well as the column i.d. [171].
Consequently, the improvement in sensitivity compared to other LC variants is significant,
usually at least a 100-fold and a 10-fold increase is expected when compared to HPLC or
CaplLC, respectively. However, a small inconvenience when using nanolLC is that the flow rates
are so low that conventional ESI sources for MS cannot be used. Instead, the more expensive
nanokESl interface is often required when coupling nanoLC with MS. Recently, a variation of
nanoLC has become popular which uses the small flow rates and low internal diameter of the
column with smaller particle size, increasing the system pressure considerably. This system,
which is a combination of nanoLC and ultra-performance liquid chromatography (UPLC) and,
therefore, referred to as nano-ultra performance liquid chromatography (nanoUPLC), allows
separation in less time, improving peak shape and increasing sensitivity when compared to
normal nanolC. Additionally, some authors have been able to separate glycopeptide
glycoforms when using common reversed phase stationary phases, such as C18, in nanoUPLC,
but also in nanoLC [172-174]. However, the mechanism behind the separation in these cases is

still not quite understood and a matter of debate.

Most common stationary phases formerly used in several glycoproteomic studies were C18
and C8 [116, 173, 175], which had several advantages, such as, the commercial availability of
columns with these stationary phases in different dimensions, their relative low cost compared
to other type of stationary phases and the fact that typical mobile phases are used, which
favor the ionization by mass spectrometry. However, because of their inability to properly
retain glycans and separate the glycoforms of glycopeptides in most cases, they have been
recently discarded in favor of novel stationary phases, such as, hydrophilic interaction liquid
chromatography (HILIC) stationary phases. HILIC provides better separation between glycans,
sometimes even separating isomeric ones, and also between glycopeptides which differ in the

content of sialic acid [175-178]. However, mobile phases used in HILIC are quite saline, thus,
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ionization efficiency in mass spectrometry is severely hampered. In the case of glycans,
derivatization is an alluring, albeit time-consuming, option to avoid ionization problems and

increase sensitivity.

As glycoproteins are negatively charged at physiological pH and in most common mobile
phases, due to the presence of sialic acids, anion exchange liquid chromatography has been
generally used for the analysis of intact glycoproteins, allowing the separation of intact
glycoforms that differ in the content of sialic acid (as they have different total charge). In fact,
anion exchange liquid chromatography is used as a routine method for the analysis of hTf
intact glycoforms in CDG and chronic alcoholism [43, 66, 179]. However, the principal
drawback of this variant is the high content in salt of the mobile phase, which makes the

coupling with a mass spectrometer a difficult task [168].

1.3.4.2. Electrophoresis

Electrophoresis encompasses a group of analytical techniques that are able to separate a
mixture of biomolecules according to their molecular size and charge. Separation by
electrophoresis is based on the fact that charged molecules will migrate at different speed
through a matrix upon application of an electric field depending on their charge to mass ratio.
Therefore, highly charged small molecules will migrate faster in comparison to bigger less

charged ones.

1.3.4.2.1. Gel electrophoresis

In gel electrophoresis, as the name indicates, the aforementioned matrix is often an agarose or
polyacrylamide gel, as they are anti-conductive media that minimize the loss of efficiency due
to thermal diffusion. This technique is a relatively straightforward, simple and highly sensitive

tool to study the properties of certain molecules, for instance, proteins.
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In glycoproteomics, as in proteomics, two main variants of gel electrophoresis are employed
for the analysis of glycoconjugates: the one dimensional sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the two-dimensional polyacrylamide gel

electrophoresis (2D-PAGE).

SDS-PAGE was first described by Laemmli [180] and can be considered one of the most
commonly used techniques among all other variants. In SDS-PAGE, a polyacrylamide gel is used
as the matrix due to its ability to separate molecules ranging from low to relatively high
molecular weight, such as proteins [181]. It is worth mentioning that the range of molecular
weights that can be effectively separated is governed by the porous size of the polyacrylamide
gel [181], narrow porous size for small molecules and wide for larger ones. Nowadays, even
gels with a gradient in porous size are used to separate proteins with a myriad of molecular
weights. Additionally, sodium dodecyl sulfate is used as a surfactant to unfold proteins into a
linear shape and impart a distribution of negative charges per unit mass. In this way, protein
separation is only due to their approximate size. The typical instrumentation used for SDS-

PAGE as well as an example of a common obtained gel is shown in Figure 1.18-a

Perhaps even more common than SDS-PAGE in proteomics and glycoproteomics, 2D-PAGE is a
powerful technique that couples isoelectric focusing (IEF) in the first dimension with SDS-PAGE
in the second dimension, allowing the separation and fractioning of highly complex mixtures of
proteins and glycoproteins on the basis of their isoelectric point (pl) and their molecular
weight, respectively. As with monodimensional SDS-PAGE, the gel can be modified to
effectively separate molecules of diverse molecular weight and the pH gradient of the IEF strip
can also be changed to accommodate specific needs. Then, depending on these two
conditions, 2D-PAGE is able to resolve as many as 5000 proteins simultaneously and even
detect 1 ng of protein per spot [182, 183]. 2D-PAGE delivers a map of intact proteins of the

loaded sample as can be observed in Figure 1.18-b. Changes in protein isoforms, expression
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level and posttranslational modification (PTM) can be easily detected, therefore, 2D-PAGE is
often regarded as an exceptional tool to study glycoproteins [184]. Another great advantage of
2D-PAGE is the ability to isolate a specific glycoform for further characterization by MS. In this
case, digestion of small gel portions, where the glycoprotein of interest has been isolated, is
also possible and a common practice nowadays for structural analysis, carbohydrate

characterization or amino acid sequencing by MS [185, 186].
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Figure 1.18: Typical instrumentation and obtained gel with a) polyacrylamide gel electrophoresis (SDS-

PAGE) and b) two-dimensional polyacrylamide gel electrophoresis (2D-PAGE).

1.3.4.2.2. Capillary electrophoresis

Capillary electrophoresis (CE) is encompassed in the so-called group of microscale separation
techniques, which also includes capillary liquid chromatography and chip-based techniques. In
CE, as opposed to gel electrophoresis, separation takes place in a narrow capillary, where the
loss of efficiency due to thermal diffusion and convection is almost non-existent, generating
only minimal amounts of heat. Among all the advantages of CE, the minimal sample and

reagent consumption, its high selectivity, resolution and efficiency, the short analysis times,
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the ease of use and the potential for automation, are the most prominent ones. However,
what sets CE apart from gel electrophoresis based techniques is the fact that it can be coupled
to mass spectrometry. All the aforementioned advantages make CE a more robust and
competitive technique than those based on gel electrophoresis, and, also, a notably
complementary technique to HPLC. With CE, multiple separation modes can be used, reason
why it can be considered a versatile and suitable technique for numerous applications, from

the analysis of biomolecules to inorganic ions [187-189].

The most common modes of operation of CE are capillary zone electrophoresis (CZE), capillary
gel electrophoresis (CGE), micellar electrokinetic chromatography (MEKC), capillary
electrochromatography (CEC), capillary isoelectric focusing (CIEF) and capillary
isotachophoresis (CITP). However, CZE is the most common mode due to its simplicity and
versatility, which is demonstrated by the wide range of analytes that can be separated,
including glycoproteins [188]. This is the reason why the use of only CE to refer to CZE has
been extensively accepted by the scientific community. Apart from the already mentioned
advantages, the only mode used during this thesis has been CZE (which will be referred to from
now on as CE) due to the fact that the coupling of the other modes to MS is generally more
complicated. To further delve into the basics of this technique, the principles of the separation

in CE will be explained in the next section.

e Separation principles in CE

CE is a microscale analytical technique where charged species are separated on the basis of
their migration velocity when an electric field is applied in a silica capillary of small internal
diameter (approximately 25-75 pum), filled with a conductor background electrolyte. Therefore
the migration velocity of a charged specie is dependent on the electric field applied and its
electrophoretic mobility (m. or u.), which is a constant of that specie and depends on the

electric force that it experiences, balanced by its frictional drag through the medium. When a
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steady state is attained between these two opposing forces, the m. of a given ion can be

defined as:

__4
é6nnr

Eq.1

me

where g is the ion total charge, n is the viscosity of the medium (background electrolyte) and r
is the solvated ion radius. In turn, the radius of a charged specie depends on its molecular
weight, three-dimensional structure and solvation degree; however, quite often only the
molecular weight is considered in the above equation for practical purposes. Consequently,

small, highly charged species have higher mobilities than larger, slightly charged ones.

Another basic fundament of CE separation is the so-called electroosmotic flow (EOF). When
silica capillaries are used, the inner wall of the capillary is composed of several silanol groups
(SiOH) that exist in anionic form at pH above 2 (see Figure 1.19). Therefore, under aqueous
conditions the inner wall possess an excess of negative charge that favors the formation of a
diffuse double-layer near the surface where counterions, cations in this case, build up to
maintain the charge balance. As soon as the voltage is applied across the capillary, the cations
in the diffuse double-layer are attracted towards the cathode which is usually at the end of the
capillary (normal polarity). As cations are solvated, their movement drags the bulk solution
inside the capillary towards the cathode, generating the aforementioned EOF (Figure 1.19).
Hence, the EOF causes nearly all species to be dragged in the same direction, that is, towards
the cathode where the detector is located (normal polarity), as the flow goes from the positive
electrode (anode) to the negative electrode (cathode), as can be observed in Figure 1.19.
Consequently, the experimental mobility of a given ion, also referred to as effective mobility, is
dependent on its electrophoretic mobility and the EOF, which, in turn, is mainly affected by the
pH and composition of the background electrolyte. As, in general, the EOF is at least one order

of magnitude greater than the electrophoretic mobility of the solutes, cations migrate faster as
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they are not only propelled by their electrophoretic mobility but also by the EOF. In contrast,
neutral compounds are only dragged by the EOF with its same velocity and anions are the
latest to migrate since they are attracted towards the anode because of their electrophoretic
mobility, but are, nonetheless, carried towards the cathode by the EOF due to its greater
strength (Figure 1.19). Additionally, another advantage of the generation of the EOF is that the
flow velocity profile is almost uniform throughout the entire capillary, avoiding the dispersion

or broadening of the solute zones.

Counterions

Counterions

Figure 1.19: Differential ion migration depending on charge and size due to the electroosmotic flow
(EOF) in capillary electrophoresis (CE).

One of the reason that makes CE a noteworthy technique in glycoproteomics is the fact that it
allows the correct separation of intact glycoforms and glycans or glycopeptides of a
glycoprotein digest, within a single run, being for example, the analytical technique of choice in
the Pharmacopeia Reference Method for the analysis of recombinant human erythropoietin

[190].
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e CE-ESI-MS

The coupling between CE and MS using ESI as ionization source (CE-ESI-MS) has not always
been an easy task, but since its introduction almost four decades ago, CE-ESI-MS has aroused
great interest as a powerful and complementary analytical technique to HPLC-ESI-MS. CE-ESI-
MS offers several benefits, as the high resolution and separation efficiency of CE is combined
with the use of ESI-MS, which generates multicharged species and allows obtaining structural
information and reliable identification through mass determination of the analyzed species.
Due to the aforementioned advantages, CE-ESI-MS is well suited for the analysis of
glycoconjugates, which is demonstrated by the continuous influx of reviews of numerous CE-
ESI-MS applications in several research areas of the glycoproteomic field, such as medicine,

pharmacology, biochemistry, among many others [191-194].

Even though ESI was revolutionary to establish a reliable and robust connection between LC
and MS, in regards to CE, this connection was problematic. This was mostly due to
compatibility problems between the conventional background electrolytes used in CE and the
mass spectrometers, which dictate that all the components of the solvent must be volatile.
This drawback together with the low flow rates in CE and the fact that a voltage is applied to
accomplish the separation, thus, the electric contact needed to be terminated, were the main
causes why the first commonly developed interfaces were inappropriate for CE-MS coupling.
Not until Smith et al. [195] developed the so-called sheath-flow interface was CE successfully
hyphenated to MS. In this interface, a coaxial sheath liquid is used to increase the flow rate
and also end the electric contact in the terminus end of the CE capillary [187, 196] (see Figure
1.20-a). Usually, an inert gas is employed to assist the ionization and improve spray stability.
Nowadays, this interface is commercially available, being Agilent Technologies® Inc. the

predominant company in this regard.
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Figure 1.20: Schematic representation of the a) sheath-flow and b) sheathless interface for coupling
capillary electrophoresis to mass spectrometry.

This interface provides several advantages, such as increased reproducibility, robustness, ease
of use and versatility, among others, and, together with the use of volatile BGEs, has resolved
the main problems faced when coupling CE with MS. However, there are still some notable
drawbacks when using this interface. First of all, as the flow rate is considerably increased,
analytes are consequently diluted, which, in fact, reduces the overall sensitivity of the method.
Secondly, the use of a sheath flow at the end of the capillary with a different composition than
the background electrolyte might contribute to band spread and affect the separation of the

analytes or their migration times [197-199].

The introduction of nanoESI favored the development of new CE-MS interfaces, being the
sheathless interface the most noteworthy, due to the fact that, several of the sheath-flow
interface limitations were solved with this variant as no coaxial liquid was needed (Figure 1.20-

b). Even though this interface is relatively new and needs to be improved, in particular its



Introduction | Chapter 1

robustness, several prototypes are being developed, being the sheathless interface from

Beckman Coulter® Inc. the most noted one [197-200].

e Modelization of the electrophoretic migration behavior

One additional and appealing advantage of choosing CE as separation technique is that the
electrophoretic migration behavior of the compounds of interest can be easily predicted using
the classical semiempirical relationships between electrophoretic mobility (m.) and charge-to-

mass ratio (g/M) (equation 2), when using CE in combination with MS [196, 201, 202]:
mgvs 1/ Eq.2
e Ma q.

the value of a is dependent on the electrophoretic model. This prediction can be quite an
alluring modelization tool to speed-up method development or to refine the structural
assignments based on the measured molecular mass [203-205]. In glycoproteomics,
modelization of the electrophoretic migration behavior could be quite useful to easily generate
‘dry-lab’ peptide-glycopeptide electrophoretic maps of glycoproteins. In turn, this could

facilitate the optimization of the separation and identification of the glycopeptides of interest.

However, this glycopeptide modelization can be a challenging task, mainly, due to the different
glycoforms that glycopeptides can show. Different glycoforms not only affect the glycopeptide
size (and, hence, molecular mass), but also its charge, as the presence of sialic acids strongly
contributes to the global glycopeptide charge and is critical for the electrophoretic separation

resolution.

Particularly, in this thesis, three classical semiempirical relationships have been tested to
model the migration behavior in CE-MS of peptides and glycopeptides of rhEPO, the Stoke’s
law (0=1/3, equation 2), the classical polymer model (a=1/2, equation 2) and the Offord’s
surface law (a=2/3, equation 2). These three models differ in how the compound shape is

assumed to be and how the compound might be affected by the forces that it undergoes
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during electrophoretic motion [206—-208]. Specifically, in the Stoke’s law compounds are
modelled as spherical particles, whereas in the classical polymer model they are modelled as
polymers with lower charge densities, and in the Offord’s surface law they are modelled as
larger molecules with more rigid structures, which experience frictional forces that are

proportional to their surface area.

1.4. Data analysis

In several omic sciences, the amount of data generated is quite often too high and convoluted
to be able to obtain proper conclusions with a simple exploration without mathematical tools.
In glycomics and glycoproteomics studies, datasets can be even more massive and complex
due to the inherent complexity and microheterogeneity associated with carbohydrates. In
those cases, further data exploration and interpretation might be needed to obtain accurate
information and representation of the dataset. Statistical and chemometric data analysis
methods play a crucial role in data processing, exploration and classification of the large

datasets generated in such studies [209].

Conventional statistic methods, which include the common significance tests, only provide
limited information about the dataset, as mean comparison does not take into account
multicompound relationships and interactions. To further investigate complex datasets, quite
often multivariate data analysis methods are required. In this thesis, principal component
analysis (PCA) and partial-least square discriminant analysis (PLS-DA) have been used and,

thus, they will be briefly explained in the next section.

1.4.1. Principal Components Analysis

PCA is regarded as one of the most old and widely used mathematical tools for data
decomposition and reduction (i.e. dimensionality reduction), preserving the majority of

information, which helps to understand and interpret large and complex datasets [210-212].



Introduction | Chapter 1

In PCA, the matrix that forms the dataset is decomposed into several principal components
(PCs), which could be defined as new variables that are linear functions of those in the original
dataset. These PCs maximize explained variance in the data on each successive component
under the constraint of being orthogonal to each other (i.e., they must be uncorrelated to one
another) [213-215]. As a result, a bilinear model is generated which is a product of scores (T)

and loadings (P) matrices:

X=TPT+E Eq.3

where X is the matrix of the dataset (M x N matrix; M, rows: number of samples; N, columns:
measured variables), T is the scores matrix (M x A matrix; A: number of calculated PCs) and P”
is the loadings matrix (A x N matrix). T and P consist of orthogonal and orthonormal vectors,

respectively and E is the residuals (i.e., the variance not explained by the PCs).

PCA is regarded as a potent visualization technique as each object (sample) gets a scores value
on each PC and, in the same manner, each variable gets a loadings value on each PC, thus
objects and variables can be presented in the so-called scores and loadings plots, respectively.
Scores plots are quite useful for revealing patterns in the data, such as clusters, trends and
outliers. Whereas, loadings plots are mainly used to check whether there is covariance among
variables or to explain and interpret the patterns observed in the scores plot. Finally, it is
worth mentioning that usually only PCs that explain or map the dominant variation patterns in

the data are extracted and noise is left in the residuals matrix [213—-215].

1.4.2. Partial Least Squares Discriminant Analysis

Introduced approximately three decades ago [216, 217], partial least squares (PLS) resembles
PCA in the fact that it reduces the dimensionality of a dataset matrix by means of

decomposition into a set of components. In this case, components are referred to as latent
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variables (LV), but they are created following another criterion than the maximum variance, as

opposed to PCA [213].

In PLS, a new matrix comes into play composed of normalized weight vectors (W), calculated
as the covariance between the response Y (groups, class membership) and the data matrix X
(sample readings). Scores for the PLS components are calculated by projecting the spectral
variables X on W', whereas loadings are calculated by projecting X on the resulting scores
vectors. When PLS is used as a supervised classification method, the response variable is just a
binary vector of zeros and ones (Figure 1.21), which describes the class membership for each
sample in the investigated groups. In this case, the method is referred to as partial least

squares discriminant analysis (PLS-DA) [218-220].
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Figure 1.21: Representation of partial least squares-discriminant analysis (PLS-DA) for models including

two classes and three classes.

This method provides important statistics such as loadings weight, regression coefficient and
variable importance on projection (VIP, a measure of how important a specific variable is for
the discrimination of a specific group from the others). All of them help in the identification of
the most important variables. Additionally, the comparison of the loadings and scores plots
provides information about the relationship between important variables and the groups

which they are related and permits to detect outliers and samples that are not correctly
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classified. All in all, this mathematical tool provides a visual interpretation of really complex
datasets and helps to discern which variables are the most important in the classification of

samples in groups [218-220].

1.5. Trends and future applications

Glycomics and glycoproteomics are ever expanding fields that are surely to continue to grow
with new advances in the following years. In this regard, MS has become the prime option for
any glycosylation study whose purpose is to obtain reliable structural information about

protein glycoforms and glycan composition.

One of the fundamental aspects of MS-based glycosylation analysis is the need to selectively
enrich and isolate the glycoprotein of interest. There are several purification and enrichment
methods available nowadays [104, 221, 222], some of the most important ones have been
already discussed in section 1.3.1. In the last few years, solid phase extraction (SPE) with HILIC
and porous graphitic carbon (PGC) stationary phases have gained popularity for the
purification of glycoconjugates due to their excellent performance in the separation between
glycans or glycopeptides [104, 223]. Other SPE strategies involving the use of boronic acid
[224] or hydrazide [225] have also been used in glycoproteomics due to their high affinity to
glycoconjugates. In addition, several authors have proposed, quite recently, different
strategies that involve the use of nanomaterials for the purification of glycoconjugates [226—
229]. These new strategies offer several advantages, such as better enrichment capacity,
quicker adsorption process and higher recovery efficiency, mainly due to the larger specific
surface area of the nanomaterials. In the following years, most technological advances will
focus on improving the enrichment and purification rates of glycoconjugates, thus, increasing
the sensitivity of glycomic-based methods. Furthermore, the automation of the whole

enrichment process will surely be another important research area.
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Glycoprotein digestion is another vital aspect of the sample treatment in studies involving
glycopeptide and glycan analysis. Usually, the digestion is carried out in-solution or in-gel,
however, the use of reactors where the enzyme is immobilized in a solid support has recently
gained popularity due to reduced digestion times and their suitability for automation [230,
231]. Additionally, it has become a common practice to use a combination of different
enzymes, mainly to increase digestion efficiency and decrease the complexity of the
glycosylation study, obtaining smaller glycopeptides with a single glycosite or, even, breaking
down the protein into its individual amino acid components [232]. The automation and
enhancement of the digestion procedure will probably be important areas of investigation in
glycopeptide-based studies. In the case of glycans, several strategies are being developed
continuously in regards to their derivatization and labelling aimed at improving their
quantification and detection efficiency. Permethylation and reductive amination have been the
most used derivatization strategies so far, but other strategies have been reported recently,
each one focusing on improving one specific aspect of the glycan characterization [104, 114,
233]. The use of novel derivatization or labelling strategies to improve fragmentation
efficiency, to enhance ionization of glycoconjugates, to avoid sialic acid fragmentation or to
improve glycan quantification are just some examples of the main purpose of the myriad of
different procedures available in the literature nowadays [104, 114, 167, 233]. Developing new
strategies for the derivatization or labelling of glycans in order to improve sensitivity and
accuracy of glycan profiling will probably continue to be an important area of research in the

following years.

In regards to instrumentation, MS is present in the majority of glycoproteomic-related
publications. However, quite often a separation technique before MS detection must be used
in order to improve glycan characterization and enhance ionization efficiency. As stated in the
introduction, HPLC and CE techniques are the most frequent separation techniques used in

glycoproteomics. However, recent advances in HPLC focus on the use of the most novel
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stationary phases, such as HILIC or PGC, to improve glycoconjugate separation and detection.
The use of these stationary phases orthogonally to other conventional ones, like reverse
phases (Cis), or the tendency to use chip-based technology in the separation of
glycoconjugates are two of the most recent advancements in this regard [234-237].
Additionally, monolithic columns are novel tools that have also been used in glycoproteomics
due to their low back pressure, efficient mass transfer and large surface area [238, 239]. As
with HPLC, there have also been new advancements in the miniaturization of CE, with the
development of the so-called microchip electrophoresis (ME), which has shown to be a
promising separation technique in glycoproteomics [240—243]. Additionally, CE coupling to MS
will still be an important area of investigation in the near future, as the most recent developed
sheathless interfaces still need to be perfected. Furthermore, capillary coating is still relevant
in CE-based glycosylation studies [244-246], and the search of more stable, compact and
homogenous coatings, which will allow improved separation efficiencies, will surely be

important in the future.

In addition to the already mentioned advances in separation techniques, MS/MS approaches
for the structural characterization of glycans have been important for more than a decade and
will continue to be an important strategy, even more with the recent advances in MS
instrumentation. Particularly, for the analysis of glycoconjugates, collision-induced dissociation
(CID) and electron transfer or capture dissociation (ETD or ECD) have been widely employed
for the fragmentation of glycans and glycopeptides, in order to characterize their structure
[105, 136, 247]. However, each fragmentation approach provides different and
complementary information, thus, to obtain reliable structural information, sometimes, both
approaches must be used [105, 136, 248, 249]. Moreover, multiple reaction monitoring (MRM)
is a common practice nowadays to maximize sensitivity in targeted glycoproteomics [222,

250]. Recently, MS/MS approaches have also shown to be important in the differentiation of



Chapter 1 | Introduction

isomeric glycans [147-151], although obtaining specific fragments for each isomer is still a

difficult task.

Separation of isomeric glycans has also been an important research area in the last few years,
mainly due to the fact that differences in the abundance of some glycan isomers could be the
key for the early diagnosis, control or differentiation of certain diseases, such as cancer [251-
254]. Therefore, new techniques and methods that will permit the detection of different
glycoconjugates isomers in a straightforward manner will be fundamental in the years to
come. In this regard, HILIC and PGC stationary phases, as well as CE, have already been
evaluated for the separation of isomeric glycoconjugates, being PGC the most promising one
[241, 255-257]. Additionally, IM-MS has proved, quite recently, to be a proficient analytical
technique in the separation of isomeric glycoconjugates, with few, very recent publications
about their separation and characterization [140-143, 152-155]. Despite its promising
application on isomer separation, to obtain complete and reliable information about the
glycan isomers of a certain glycoprotein, IM-MS will need to be complemented with other

studies, such as the use of specific sialidases or MS/MS analysis.

For quite some time, MS-based methodologies aimed to study the glycosylation of proteins at
glycopeptide and glycan levels (bottom-up strategies). However, in recent years, with the
implementation of new hybrid spectrometers, such as the Orbitrap Fusion™ Lumos™ Tribrid™
(Thermo Scientific™), the interest in top-down (glyco)proteomic analysis has been revitalized
[110-112, 258-260]. This alternative approach is appealing as not only the glycosylation of
proteins can be studied, but also the interaction between the glycoprotein and other
molecules or organisms can be evaluated. Furthermore, the laborious digestion and/or

derivatization protocols, inherent in glycopeptide and glycan analysis, can be avoided.

In regards to the importance of glycosylated proteins in the organism, it has been already

introduced that glycoproteins are responsible for a myriad of biological processes, reason why,
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a deficiency or alteration of the glycosylation of certain proteins can have dire consequences
and be the cause of several diseases. For instance, it is widely accepted that the glycosylation
of acute phase proteins, such as transferrin, might be subjected to marked changes during
inflammation. Several authors have shown that generally an increase of branching, sialylation
or fucosylation occurs during an inflammatory process [38, 40, 68-71]. However, these
changes in glycosylation are not exclusive of an inflammatory process, as it has been suggested
that other diseases might affect the glycosylation in a similar way [38, 69]. Therefore, the
search of more specific glycosylated biomarkers that will help to differentiate an inflammatory

process from other diseases might be the focus of future research.

Closely tied with inflammation, cardiovascular diseases and strokes have been described to be
associated with changes in glycosylation, specifically with increased levels of total serum sialic
acid [40, 261]. Additionally, glycosylation has been reported to have an important role in the
development and aggravation of neurodegenerative diseases, such as Alzheimer [262—-265].
Although still under-researched, aberrant N-glycosylation, in certain key proteins, has been
suggested to be involved in Alzheimer disease [262, 263]. Moreover, O-GIcNAc glycosylation (a
type of O-glycosylation), which is suspected to have a neuroprotective role, has been observed

to decrease in certain brain proteins in neurodegenerative diseases [263—265].

However, among the most worrying diseases that affect the normal glycosylation pattern of
proteins is cancer [252, 253, 266-269], which is the second leading cause of death in
developed countries. For instance, increased fucosylation has been observed in several
glycoproteins, such as haptoglobulin and fetuin A, in liver cancer [270, 271] and the
glycosylation of alpha-1-acid glycoprotein has been described to be altered in several types of
cancer, such as pancreatic [251] or ovarian cancer [272], among others. Additionally, several
studies have also reported an increase in fucosylation and sialylation of prostate specific

antigen in prostate cancer [273, 274]. Moreover, the implication of glycosylation in cancer has
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been broadened quite recently as it has been suggested that the initiation, advancement in the
organism and metastasis of cancer is also related with changes in glycosylation [270].
Consequently, this increasing implication of glycosylation during all steps of tumor progression
in various cancers must be further investigated, which will surely make cancer the main focus

of glycomic and glycoproteomic studies in the following years.

In the context of glycosylation-related diseases, CDG can be considered one of the clearest
examples of the expanding nature that is quite often seen in glycoproteomics. Even though
over 80 disorders have been already described [49, 51, 275, 276], new types are continuously
being discovered due to the fact that new techniques and instrumentation are being employed
in the study of CDG. Some of these new types are complex multisystemic diseases that might
affect different pathways in the synthesis of both N- and O-glycosylated proteins.
Consequently, new types will certainly be discovered in the following years. In this regard, a
novel group of glycosylation defects have emerged quite recently, the so-called secondary
disorders of glycosylation, which are, in general, rare autosomal recessive disorders that affect
the metabolism of certain carbohydrates, such as galactosemia or hereditary fructose
intolerance. Further research of the effects causing the alteration in these diseases as well as
the search of new treatment methods and more sensitive biomarkers will surely be important
topics in glycoproteomics in the following years, which could further our understanding of the
role and importance of glycosylation in the organism. Additionally, it is generally accepted that
glycoconjugate-related diseases affect the metabolism of glycoconjugates mainly due to
alterations in their synthesis, transport, glycosylation or secretion. However, little is known
about the mechanism involving the degradation or elimination of these glycoconjugates and
how it might be affected by these diseases [31]. Further research on this topic may improve

our understanding of how these diseases might alter the normal function of the organism.
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The study of the glycosylation of molecules, which is, of course, the focus of glycomics, has
become an important topic nowadays, with multiple works being published every year. In
complex organisms, glycosylated proteins, i.e. glycoproteins, are the most abundant and
important glycoconjugates. Glycosylation of proteins is a vital posttranslational modification
(PTM) in complex organisms, involved in numerous biological processes from signaling to cell-
cell interaction or protein folding. When focusing on the study of the glycosylation of proteins,

glycomics is usually referred to as glycoproteomics.

It should come as no surprise, then, giving the implication of glycosylation in the proper
functioning of the organism, that the main reason behind the several medical complaints
observed in various biological or pathological processes is the alteration of the standard
glycosylation pattern of glycoproteins. Additionally, as glycoproteins are important in a
multitude of biological processes, some relevant biopharmaceuticals are, in fact, recombinant
glycoproteins. The glycosylation of recombinant glycoproteins is quite often different than
that of their endogenous homologous. Consequently, the characterization of protein
glycosylation is mandatory not only to comprehend, diagnose and propose effective
treatments to the myriad of diseases associated with glycosylation defects, but also to

guarantee the quality and proper function of the biopharmaceutical.

Microscale separation techniques, such as capillary liquid chromatography (CapLC), coupled to
mass spectrometry (MS), can be regarded as a powerful analytical approach for the proper
characterization of the glycosylation of proteins. The combination of both analytical
techniques offers high quantification, reproducibility and robustness in the separation of
glycoconjugates and unequivocal identification and characterization of their glycoforms on the

basis of exact mass measurements.
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Protein glycosylation can be studied by MS at three different levels, with the analysis of the

intact protein, the obtained glycopeptides after proteolysis or the released glycans. However,

the analysis of glycopeptides allows not only to characterize the glycans of the glycoprotein

but also to obtain information about glycosylation sites and their degree of occupancy.

Three different works have been published and included in this chapter of the thesis that focus

on the analysis of the glycosylation of transferrin glycopeptides by CapLC-MS and the

application to the diagnosis and study of alcohol dependence, congenital disorders of

glycosylation and arthritis:

Publication 2.1: Analysis of human transferrin glycopeptides by capillary

electrophoresis and capillary liquid chromatography-mass spectrometry. Application
to diagnosis of alcohol dependence. Albert Barroso, Estela Giménez, Fernando
Benavente, José Barbosa, Victoria Sanz-Nebot. Analytica Chimica Acta 2013, 804, 167-
175.

Publication 2.2: Classification of congenital disorders of glycosylation based on

analysis of transferrin glycopeptides by capillary liquid chromatography-mass
spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa,
Victoria Sanz-Nebot. Talanta 2016, 160, 614-623.

Publication 2.3: Identification of multiple transferrin species in the spleen and serum
from mice with collagen-induced arthritis which may reflect changes in transferrin
glycosylation associated with disease activity: the role of CD38. Antonio Rosal-Vela,
Albert Barroso, Estela Giménez, Sonia Garcia-Rodriguez, Victoria Longobardo, Jorge
Postigo, Marcos Iglesias, Antonio Lario, Jesus Merino, Ramdén Merino, Mercedes

Zubiaur, Victoria Sanz-Nebot, Jaime Sancho. Journal of Proteomics 2016, 134, 127-137.
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ABSTRACT

In this study, capillary electrophoresis and capillary liquid chromatography coupled to mass spectrometry
(CE-TOF-MS and pLC-TOF-MS) were used to detect and characterise human transferrin (Tf) glycopeptide
glycoforms obtained by tryptic digestion. After selecting wLC-TOF-MS because of improved perfor-
mance in analysis of N4j3 and Ngi1 glycopeptide glycoforms, the proposed methodology was applied
to serum samples. Two immunoaffinity columns were employed to isolate Tf from serum samples. Both
columns were activated with the same anti-Tf antibody but using two different bonding chemistries.
After immunoaffinity purification and digestion, serum samples from a teetotal individual (as control)
and from individuals with low and high alcohol dependence were analysed by p.LC-TOF-MS. Relative
abundance of each glycoform was useful to estimate the degree of alcohol dependence of each individ-
ual. Finally, the established methodology was used to analyse serum samples from specific individuals
with an unknown degree of alcohol dependence.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

molecular mass corresponds to one O-glycan with one hexose
unit at serine 32, and two complex type N-glycans attached to

Human transferrin (Tf) is an iron-binding serum glycoprotein
of ~80kDa, the main function of which is the transport of iron
through the blood plasma [1]. Approximately 5.8% of its total

* Corresponding author. Tel.: +34 934039123; fax: +34 934021233,
E-mail address: estelagimenez@ub.edu (E. Giménez).

0003-2670/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.aca.2013.09.044

asparagines 413 and 611 of the polypeptide backbone, respectively.
Consequently, owing to the microheterogeneity associated with
complex type N-glycans, Tf exists as a mixture of glycoforms which
differ in composition, structure and charge. The main glycoform of
Tf is tetrasialoform (S4) and it presents two disialylated bianten-
nary glycans (globally, it shows 4 antennae with one terminal
sialic acid each (SiA = N-acetylneuraminic acid)). The less abundant
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glycoforms in a healthy individual comprise disialoform (S2) with a
disialylated biantennary glycan (2Ant/2SiA), trisialoform (53) with
a disialylated and a monosialylated biantennary glycan (2Ant/2SiA
and 2Ant/1SiA), pentasialoform (S5) with one biantennary and one
triantennary glycan (2Ant/2SiA and 3Ant/3SiA) and hexasialoform
(S6) with two fully sialylated triantennary glycans (3Ant/3SiA). S1
and SO glycoforms, with less than 2 sialic acid residues, are barely
existent in a healthy individual [2-4]. These unusual glycoforms
are known as carbohydrate deficient transferrin (CDT) and they
have been proposed as biomarkers for the diagnosis of differ-
ent diseases such as chronic alcohol dependence or congenital
disorders of glycosylation (CDG) [2-4].

Chronic alcohol dependence represents a serious human health
risk that usually ends in premature death due to different causes,
such as hepatic cirrhosis, internal haemorrhage, alcohol poisoning,
hepatocarcinoma, accidents or suicide. Whereas the mechanism
that alters Tf glycoform composition in CDG is quite well under-
stood [5], the process that causes abnormality in Tf glycosylation
in cases of heavy alcohol consumption is still a matter of debate. On
the one hand, some authors have suggested that ethanol intake may
alter the biosynthesis and/or transfer of dolichol-oligosaccharide
intermediates, impeding initiation of N-linked glycosylation and
thus causing the loss of the entire carbohydrate chain, as happens
in CDG type1[6,7]. On the other hand, other authors have proposed
that ethanol also decreases the activity of sialyltransferase and
stimulates sialidase activity, which may result in partial N-linked
oligosaccharide or sialic acid loss [8,9].

Capillary electrophoresis (CE) and anion-exchange liquid chro-
matography (LC) with UV detection are the current techniques
employed for the analysis of CDT glycoforms [4]. However, UV
detection does not permit unequivocal identification of Tf glyco-
forms [10]. Moreover, these methodologies are insufficient to fully
clarify the mechanism behind transferrin carbohydrate abnormal-
ity, not only in cases of heavy alcohol consumption but also in some
CDG subtypes. Nowadays, mass spectrometry (MS) is the most reli-
able way to obtain structural information about protein glycosyla-
tion [11,12]. The analysis of Tf glycoforms by MS can be approached
either by analysing the intact glycoprotein [10] or by analysing the
glycans or glycopeptides obtained by enzymatic digestion [13,14].
However, the first approach is rather challenging due to difficul-
ties in detecting intact glycoproteins with sufficient sensitivity
by MS [15,16]. The detection of specific glycosylation markers
of lower molecular mass (glycopeptides or glycans) could be a
better alternative for detecting CDT glycoforms by MS. In this con-
text, most authors have studied Tf glycoforms through analysis of
released N-glycans. However, in contrast to glycans, glycopeptides
not only provide information about the structure and composition
of the oligosaccharides, but also about glycosylation sites and their
degree of occupancy. Some authors have studied CDT glycoforms
by MALDI-MS; however, under typical vacuum source conditions,
MALDI may resultin dissociation of labile glycosidic bondsin glycan
and glycoconjugate analytes [3,13,17-20]. Because it can be tuned
to be considerably softer than MALDI, ESI seems to be more appro-
priate for profiling intact native glycans or glycopeptides without
dissociation of labile sugars such as sialic acid and fucose.

In the present study, capillary electrophoresis and capillary lig-
uid chromatography coupled to electrospray time-of-flight mass
spectrometry (CE-TOF-MS and pLC-TOF-MS) were evaluated for
the analysis of human Tf glycopeptides. Due to the complexity of
serum samples, prior to enzymatic digestion and analysis by pLC-
TOF-MS, an off-line immunoaffinity chromatography purification
of the glycoprotein was performed using an anti-Tf polyclonal anti-
body. After desalting and tryptic digestion, the resulting digests
were analysed by pwLC-TOF-MS, obtaining a glycopeptide glyco-
form map of Tf with which teetotallers could be distinguished from
individuals with different degrees of alcohol dependency.

A. Barroso et al. / Analytica Chimica Acta 804 (2013) 167-175

2. Materials and methods
2.1. Chemicals

All chemicals used in the preparation of buffers and solu-
tions were of analytical reagent grade. Isopropanol (iPrOH), acetic
acid (HAc, glacial), formic acid (HFor, 98-100%), trifluoroacetic
acid (TFA, =99%), glycine (>99.7%), ammonia (25%), ammonium
acetate (NH4Ac) and sodium hydroxide were supplied by Merck
(Darmstadt, Germany). CNBr-activated Sepharose 4B was from GE
Healthcare (Waukesha, WI, USA). pL-Dithiothreitol (DTT, >99%),
iodoacetamide (IAA), ammonium hydrogen carbonate, water (LC-
MS grade) and acetonitrile (LC-MS grade) were supplied by
Sigma-Aldrich (Madrid, Spain). Ethylenediaminetetraacetic acid
(EDTA, >99%) was supplied by Panreac (Barcelona, Spain). Trypsin
(sequencing grade modified) was provided by Promega (Madi-
son, WI, USA). RapiGest® from Waters (Bedford, MA, USA) was
used to enhance enzymatic digestion. Goat polyclonal antibody
against Tf (immunogen affinity purified) was purchased from
Abcam (Cambridge, UK). ESI low concentration (ESI-L) tuning mix
was supplied by Agilent Technologies (Waldbronn, Germany) for
tuning and calibration of the oa-TOF mass spectrometer.

2.2. Tf samples

Tf standard was purchased from Sigma-Aldrich (Madrid, Spain).
Tf standards were prepared at 1500 mgL~! in 50 mM NH4HCO;
buffer (pH 7.9).

Serum samples with a non-pathological profile (SERODOS®
plus) and serum control samples from individuals with high and
low alcohol dependence were purchased from Human GmbH
(Wiesbaden, Germany) and Bio-Rad (Hercules, CA, USA), respec-
tively. Two serum samples from individuals with an unknown
degree of alcohol dependence were provided by Balagué Center
S.A. (Barcelona, Spain).

Tf standards as well as serum samples previously purified
by immunoaffinity chromatography were reduced, alkylated and
immediately subjected to enzymatic digestion. Briefly, 3.75 L of
0.5M DTT in 50 mM NH4HCO;3 buffer was added to an aliquot of
100 p.L of Tf 1500 mg L~" with 0.1% (w/v) RapiGest®. The mixture
was incubated in a TS-100 Thermo-Shaker digester (Bio-San, Riga,
Latvia) at 56°C for 30 min and then alkylated with 50 mM IAA for
30min at room temperature in the dark (10.5 L of 0.73 M IAA).
Excess reagent was removed by ultracentrifugation with Microcon
YM-10 (MW cut-off 10 kDa, Millipore, Bedford, MA, USA), washing
3 times with NH4HCO3 buffer [21,22]. The final residue was recov-
ered from the upper reservoir by being centrifuged upside down in
a new vial, and reconstituted in 100 p.L NH4HCO3 buffer with 0.1%
RapiGest®. Trypsin in an enzyme to sample ratio of 1:40 by mass
was added and the mixture was carefully vortexed and incubated at
37°Cin the digester for 18 h. At the end of digestion, RapiGest® was
hydrolysed to avoid MS interferences. TFA was added to a concen-
tration of 0.5% (v/v) and the mixture was incubated in the digester
at 37°C for 45 min. Then, the solution was centrifuged for 10 min
at 12,000 rpm to separate the RapiGest® residues. The supernatant
was carefully collected and stored at —20 °C until analysis. pH mea-
surements were performed with a Crison 2002 potentiometer and a
Crison electrode 52-03 (Crison Instruments, Barcelona, Spain). Cen-
trifugation procedures were carried out in a Mikro 20 centrifuge
(Hettich, Tuttlingen, Germany) at room temperature.

2.3. Immunoaffinity chromatography (IAC)
2.3.1. Preparation of IAC columns

2.3.1.1. Silica-hydrazide column. The silica-hydrazide column was
prepared as reported elsewhere [23]. Briefly, 0.05 g of silica-diol
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particles were oxidised with HIO4 protected from the light. The
resulting aldehyde silica particles were mixed with a solution
containing an excess of oxalic dihydrazide and incubated for
2 h. Afterwards, the resulting hydrazide particles were reduced
with a solution containing an excess of NaBH; and the mixture
was incubated for 90 min. The final activated hydrazide particles
were stored at 4°C. The commercial buffer containing anti-Tf
antibody was substituted by ultracentrifugation and the antibody
was oxidised as explained elsewhere [23]. Then, the activated
hydrazide silica particles were mixed with the oxidised anti-Tf
antibody and were allowed to react with constant stirring for 24 h
at 4°C. Afterwards, the immunoaffinity sorbent was washed twice
with 0.1 M phosphate buffer (pH 7.0), twice with the same buffer
containing 2M sodium chloride (pH 7.0) and twice with water.
Finally, the immunoaffinity sorbent was transferred and packed in
a 1.5 mL empty plastic column. The column was stored at 4 °C filled
with 10 mM Tris-HCI and 0.01% (w/v) NaN3 buffer (pH 7.6-7.7).

2.3.1.2. Cyanogen bromide-sepharose column. The CNBr-sepharose
column was prepared following the manufacturer’s instructions.
Briefly, 0.5 mL of cyanogen bromide-sepharose resin was washed
and swelled with several aliquots of 1 mM HClI for at least 30 min,
removing the supernatant each time. The commercial buffer con-
taining the anti-Tf antibody was exchanged for the coupling buffer
(0.1 M NaHCO3 and 0.5 M de NaCl, pH 8.3) by ultracentrifugation as
described in Section 2.2. The antibody solution was mixed with the
gel for 2 h at room temperature. Afterwards, the gel was washed
with coupling buffer several times, transferred to 0.1 M Tris-HCI
buffer (pH 8.0) and incubated for 2 h at room temperature to block
unreacted groups. The gel was transferred to a 1.5 mL empty plastic
column and was extensively washed three times with two wash-
ing steps to remove the blocking solution. The first washing step
consisted of washing five times with 0.1 M NaAc and 0.5M NacCl
buffer (pH 4.0) and the second washing step consisted of wash-
ing five times with 0.1 M Tris—HCl and 0.5 M NacCl buffer (pH 8.0).
Finally, the column was stored at 4 °C filled with 10 mM Tris-HCl
and 0.01% (w/v) NaNy buffer (pH 7.6-7.7) to preserve the gel and
the immobilised antibody.

2.3.2. Purification of Tf by IAC

The same purification procedure was used in both immunoaffin-
ity columns to isolate Tf from the rest of serum proteins. 50 pL of
serum sample was diluted 1/4 in 10 mM Tris-HCI (pH 7.6) in order
to improve antigen-antibody interaction and consequently, to
ensure maximum Tf recoveries. Before passing the sample through
the column, a conditioning step was carried out which consisted
of washing twice with 10 mM Tris-HCl. Afterwards, the diluted
serum was passed through the column five times. After washing
with 10 mM Tris-HCl and 0.5 M NacCl (pH 7.6) to eliminate the non-
specifically retained fraction (washing fraction), retained Tf was
eluted with 100 mM glycine-HCI (pH 2.5). Eluted Tf was immedi-
ately neutralised with 0.5M Tris. Afterwards, glycine-HCl buffer
was exchanged for 50 mM NH4HCO5 buffer by ultracentrifugation.
Finally, Tf was digested as explained previously in Section 2.2.

2.4. puLC-TOF-MS

The pLC-TOF-MS experiments were performed in the 1200
series capillary liquid chromatography system coupled to a 6220
0a-TOF LC/MS mass spectrometer with an orthogonal G1385-44300
interface (Agilent Technologies). LC and MS control, separation,
data acquisition and processing were performed using MassHunter
workstation software (Agilent Technologies). The oa-TOF mass
spectrometer was tuned and calibrated following the manufac-
turer's instructions. Once a day, or even twice a day when required,
a “Quick Tune” of the instrument was carried out in positive mode
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followed by a mass-axis calibration to ensure accurate mass assign-
ments. In order to enhance detection sensitivity of glycopeptides,
no internal recalibration was used [22]. MS measurement param-
eters were similar to those described for the analysis of rhEPO
glycopeptides by CE-TOF-MS [22], except for the fragmentor volt-
age value: capillary voltage 4000V, drying gas (N») temperature
200°C,drying gas flow rate 4 Lmin~'!, nebuliser gas (N;) 7 psig, frag-
mentor voltage 190V, skimmer voltage 60V, OCT 1 RF Vpp voltage
300 V. Data were collected in profile (continuum) at 1 spectrum s~
(approx. 10,000 transients/spectrum) between m/z 100 and 3200,
working in the highest resolution mode (4 GHz).

For separation, a Zorbax 300SB-C18 column (3.5 wm particle
diameter, 300 A pore diameter, 150 mm x 0.3 mm Ly x id, Agilent
Technologies) was used. Experiments were performed at room
temperature with gradient elution at a flow rate of 4 pLmin~1,
Eluting solvents were A: water with 0.1% (v/v) HFor, and B: ace-
tonitrile with 0.1% (v/v) HFor. Solvents were degassed for 10 min
by sonication before use. The optimum elution programme was:
solvent B from 10% to 60% (v/v) within 45 min as linear gradient,
followed by cleaning and re-equilibration steps of B: 60% to 100%
(v/v) (5min), 100% (v/v) (10 min), 100% to 10% (v/v) (5min) and
10% (v/v) (10 min). Before analysis, samples were filtered using a
0.22 wm polyvinylidene difluoride centrifugal filter (Ultrafree-MC,
Millipore, Bedford, MA, USA) at 12,000 rpm for 4 min. Sample injec-
tion was performed with an autosampler refrigerated at 4°C and
the injection volume was 0.15 p.L. All samples were kept at 4 °C and
stored at —20°C when not in use for a long period.

2.5. CE-TOF-MS

The CE-TOF-MS experiments were performed in a HP3PCE sys-
tem coupled to a 6220 0a-TOF LC/MS mass spectrometer with an
orthogonal G1603A sheath-flow interface (Agilent Technologies,
Waldbronn, Germany). The sheath liquid was delivered at a flow
rate of 3.3 pLmin~! by a KD Scientific 100 series infusion pump
(Holliston, MA, USA). CE control was performed using ChemStation
software running in combination with MassHunter workstation
software (both from Agilent Technologies) for control, data acqui-
sition and processing of the oa-TOF mass spectrometer. The oa-TOF
was calibrated as explained in Section 2.4. Instrument parame-
ters were the same as those used for uLC-TOF-MS, except for the
nebuliser gas (N> ), which in this case was 7 psig.

A bare fused-silica capillary of 70 cm total length (Ly) x 75 pm
internal diameter (id) x 375 wm outer diameter (od) (Polymicro)
supplied by Composite Metals Service (Worcester, England) was
used for CE-TOF-MS. New capillaries were activated with 30 min
of 1 M NaOH, water and background electrolyte (BGE, 50 mM HAc
and 50 mM HFor, pH 2.3). Capillaries were conditioned every day
by rinsing for 5 min with NaOH, 7 min with water and for 10 min
with BGE. Activation and conditioning procedures were performed
off-line in order to avoid NaOH entering the mass spectrometer.
Electrophoretic separations were carried out at 25°C under nor-
mal polarity (18 kV). Between runs, the capillary was conditioned
for 1 min with water, 3 min with 1M HAc, 1 min with water and
5min with BGE. A sheath liquid of iPrOH:H,0 (50:50, v/v) with
0.05%(v/v). The sheath liquid was degassed for 10 min by sonication
before use. Injection was performed hydrodynamically at 50 mbar
for 15s.

3. Results and discussion
3.1. Analysis of Tf standard
3.1.1. Analysis of Tf glycopeptides by CE-TOF-MS

In this study, aimed at characterising Tf glycopeptide glyco-
forms, we applied a CE-TOF-MS method that had previously been
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established for the characterisation of recombinant human eryth-
ropoietin (rhEPO) and «-acid-glycoprotein (AGP) glycopeptides
[22]. The presence of glycoforms in intact Tf implies that the
glycopeptides obtained after enzymatic digestion also present gly-
coforms. After tryptic digestion of Tf, two N-glycopeptides with
one glycosylation site each (N4q3 and Ngq1, respectively), and an
O-glycopeptide with a single hexose (O3;-Hex) were generated.
Fig. 1 shows the N-glycopeptide glycoforms expected, in a non-
pathological Tf, after tryptic digestion of the intact glycoforms. Fig. 2
shows the extracted ion electropherograms (EIEs) for the O-linked
glycopeptide with one hexose unit at Ser 32 (03;-Hex), and the
disialylated biantennary glycoforms of both N-linked glycopeptides
(N413-2Ant/2SiA and Ngj1-2Ant/2SiA) using the previously estab-
lished CE-TOF-MS method [22]. These N-glycopeptide glycoforms
are the most abundant as they come from intact Tf S4 glycoform.
The amino acid coverage of the protein sequence was around 98%.
However, the overall sensitivity for the peptides and glycopeptides
was rather low in comparison to that obtained for AGP and rhEPO
digests following the same methodology [22]. Thus, no 3Ant/3SiA
glycoforms were observed for any of the N-glycopeptides, even
though this glycoform comes from the second and third most
abundant Tf glycoforms in a standard Tf (S5 and S6, respectively.
See Fig. 1). Therefore, in order to increase the sensitivity of the
method and to detect 3Ant/3SiA glycoforms, an optimisation of
the fragmentor voltage value of the mass spectrometer was per-
formed. As previously reported, glycopeptide ionisation improves
with increased fragmentor voltage [22]. However, the loss of labile
groups such as SiA or N-acetyllactosamine units (HexHexNAc or
LacNAc) may be observed if the fragmentor voltage is too high. In
this study, fragmentor voltage values of 190, 215, 240 and 270V
were tested. Glycopeptide fragmentation was observed with 240
and 270V. The main fragments were produced after the loss of 1 SiA
and 1 or 2 SiALacNAc groups for both 2Ant/2SiA N-glycopeptide gly-
coforms. It should be emphasised that these were due to precursor
ion fragmentation inside the ionisation source and they were not
native glycoforms present in the digest, as the precursor and prod-
uct ions appeared at the same migration time regardless of their
electrophoretic mobilities [22]. At a fragmentor voltage value of
215V, a significant increase in sensitivity was observed compared
to 190V, and non-fragmentation of the glycopeptides was evident.
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Fig. 1. N-glycopeptide glycoforms produced after tryptic digestion of intact Tf gly-

coforms in a healthy individual.

Nevertheless, peptide and glycopeptide sensitivity was still too low
and no 3Ant/3SiA glycoforms were detected.

An optimisation of the tryptic digestion procedure was carried
out in order to increase Tf digestion yield. First, reaction times were

13
Time (min)

135 14 145

Fig. 2. Extracted ion electropherograms (EIEs) obtained for the O-linked glycopeptide (Os;-Hex) and the disialylated biantennary glycoforms of both N-linked glycopeptides

(Na413-2Ant/2SiA and Ngpp-2Ant/2SiA) in Tf standard by CE-TOF-MS.
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Fig. 3. (i) Extracted ion electropherograms (EIEs) and (ii) mass spectra for Ng11-2Ant/2SiA glycoform (a) with RapiGest® and (b) without RapiGest® by CE-TOF-MS.

increased and some changes in temperatures and reagents were
introduced following the method described by Zaneer M. Segu et al.
[24]. The temperature and incubation time with DTT were modified
(from 56°C to 60°C and from 30 min to 45 min, respectively), as
well as the volume of DTT added (from 1.25 pL to 2.75 pL). The
incubation time with IAA was also modified (from 30 min to 45 min)
and the final concentration of trypsin used for the digestion proce-
dure was increased from an enzyme to sample ratio of 1:40 to 1:30.
However, no improvements in digestion yields were observed.
Some authors have suggested that metalloproteins such as Tf may
show increased proteolytic resistance because the bond between
the glycoprotein and iron may prevent the reducing reagent
and the enzyme from reaching the polypeptide chain, leading to
ineffective digestion. In order to improve protein denaturation, Tf
samples containing (a) 25 M EDTA [25], (b) 0.1% TFA [26], or (c)
4M guanidine [27], were heated for 5-10 min at 70-90°C before
reduction and alkylation. Nevertheless, none of these three treat-
ments improved the enzymatic digestion yield and the 3Ant/3SiA
glycoform was not detected under any of the conditions. As an alter-
native, a surfactant known as RapiGest® was evaluated to enhance
the digestion of Tf. This surfactant has been reported to improve
the solubilisation of complex proteins, making them more suscep-
tible to enzymatic cleavage without inhibiting enzyme activity and
without modifying peptides. Furthermore, it is compatible with MS
detection [28]. The results obtained by CE-TOF-MS using this sur-
factant showed an improvement in sensitivity, with peptide signals

increasing threefold. In addition, all minor glycopeptide glycoforms
expected in Tf standard were detected: 3Ant/3SiA, 2Ant/1SiA and
the peptide. The CE-TOF-MS method permitted separation of the
glycoforms from the N-glycopeptide according to their mass-to-
charge ratios (data not shown). However, peptide and glycopeptide
electrophoretic peaks were distorted and reproducibility was low,
probably due to the interaction of the surfactant with the inner
wall of the fused silica capillary. To illustrate this, Fig. 3 shows the
EIEs obtained for the Ngq1-2Ant/2SiA glycoform with and without
the use of RapiGest®. Hence, this surfactant favoured the detection
of Tf glycoforms but its use was detrimental to CE-TOF-MS analysis.

3.1.2. Analysis of Tf glycopeptides by nLC-TOF-MS

ILLC was evaluated as an alternative to CE for achieving an
adequate characterisation of Tf glycopeptide glycoforms obtained
by tryptic digestion assisted by use of RapiGest®. An elution
gradient, using acetonitrile:water with 0.1% (v/v) formic acid as
mobile phase, was optimised to allow appropriate separation of
both N4i3 and Ngy; glycopeptides. Fig. 4 shows the extracted
ion chromatograms (EICs) and the mass spectra of 2Ant/2SiA
and 3Ant/3SiA glycoforms of both Tf N-glycopeptides. As can be
observed, excellent separation was obtained between both N3
and Ngpp glycopeptides without peak distortion. As expected, sep-
aration between glycoforms from the same glycopeptide was not
observed when using C18 reversed-phase chromatography (see
Fig. 4, with the 2Ant/2SiA and 3Ant/3SiA glycoforms appearing at
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Fig. 4. Extracted ion chromatograms (EICs) and mass spectra obtained for (a) 2Ant/25iA and (b) 3Ant/3SiA glycoforms of both N3 and Ngi1 glycopeptides by pLC-TOF-MS.

Table 1
Detected glycoforms for both N-glycopeptides in Tf standard by p.LC-TOF-MS.

Mineo” (Da)  Mexp” (Da) (n=6) Mass error® Observed ion tr? (min)(n=6) RSD (%) (tr) Anorm® (m=6) RSD (%) (Anorm)
(ppm) charges
Glycopeptide Glycoform
Peptide - - - - - - - -
2Ant/1SiA 3389.4213 3389.4130 2.4 +2,+3, +4 143 1.1 17.0 33
Nai3 2Ant[2SiA 3680.5167 3680.5081 23 +2,43, +4 144 11 70.6 3.2
2Ant[2SiAFuc  3826.5746 3826.5796 13 +3, +4 14.3 1.9 1.2 13.9
3Ant/3SiA 4336.7443  4336.7527 1.9 +4 14.3 13 10 72
Peptide 2514.1169 2514.1022 5.8 +2,+3 17.8 0.9 0.6 132
2Ant/1SiA 4427.7939 4427.7875 1.4 +3,+4 16.9 1.0 14.5 5.8
Ne11 2Ant[2SiA 4718.8893 4718.8838 1.2 +3,+4, +5 171 0.9 745 1.6
2Ant[2SiAFuc  4864.9472 4864.9336 2.8 +3, +4 16.9 0.9 4.8 2.2
3Ant/[3SiA 5375.1169 5375.1201 0.6 +4, +5 171 0.8 19 5.0

4 Miheo: Theoretical mass.

® Meyp: Experimental mass.
¢ Mass error (ppm) =
d

e

tr: Retention time.

MipoMexp , 708|
Mineo

Normalized peak areas were calculated as: (Glycoform peak area/peptide 197-206 peak area) x 100. tg pepiide 197-206 = 10.4 (+£1.3%).
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the same retention time). Table 1 shows the glycoforms of both N-
glycopeptides detected in a standard of Tf by pLC-TOF-MS, together
with their theoretical and experimental masses (Miheo and Mexp),
mass error of the Mexp (mass error), observed ion charges and
retention time (tg ). Glycoform peak areas measured from their EICs
were normalised (Anorm) using peptide 197-206 from the tryptic Tf
digest as an internal standard. As can be observed in Table 1, the
most abundant glycoform was 2Ant/2SiA for both N-glycopeptides.
This is in agreement with intact Tf analysis, as this glycan struc-
ture is present in the main Tf glycoform in healthy individuals
(the S4 glycoform), and also in S3 and S5 intact Tf glycoforms (see
Fig. 1). Furthermore, 2Ant/1SiA and 3Ant/3SiA glycoforms were also
detected in both glycopeptides, although to a lesser extent as these
structures are only present in the less abundant glycoforms $3 and
S$5-56 of Tf standard, respectively. Despite being theoretically less
abundant, 2Ant1SiA showed higher Aporm compared to 3Ant3SiA.
This may be because glycoforms with a higher content of sialic acids
are more difficult to ionise and consequently, their signals can be
lower than expected. Moreover, the peptide (or non-glycosylated
glycoform) was detected in Ng;; glycopeptide, although in a very
low amount. Detection of the peptide can be explained as being
due to the presence of a low amount of S2 glycoform in a non-
pathological Tf (Fig. 1) [3,4].

3.2, Analysis of serum samples

3.2.1. Tf purification by immunoaffinity chromatography

A clean-up treatment for purification of Tf was obligatory before
the analysis of serum samples. Nowadays, there are different kits
that allow the elimination of the most abundant serum proteins,
albumin and immunoglobulins (Ig), to avoid their interference in
the separation and detection of the protein of interest [29,30]. In
this study, the use of some of these albumin and Ig depletion car-
tridges was discarded since, based on our previous experience, they
do not remove these proteins sufficiently and they interfere with
MS [10]. Immunoaffinity chromatography (IAC) was used as an
improved alternative to the commercial kits, using an antibody (Ab)
against human Tf to isolate this glycoprotein from the rest of serum
proteins.

Two different IAC columns were prepared, in both cases using
the same polyclonal anti-Tf Ab, but a different coupling chem-
istry. The first one, called a silica-hydrazide column, was prepared
using a stationary phase of silica derivatised with hydrazide groups.
The anti-Tf Ab was immobilised through the carbohydrate chains
present in its heavy chain. This immobilising procedure has been
recommended by some authors because it improves orientation
of the Ab in the immunoaffinity sorbent [23,31]. The second
one, called a CNBr-sepharose column, consisted of a sepharose
gel derivatised with CNBr groups and the Ab was immobilised
through the amino groups present in lysine and arginine amino
acid residues. Hence, in this case, the active sites of the Ab were not
supposed to be as well oriented as in the silica-hydrazide column.
To evaluate Tf recoveries, a solution of 1500 mg L~! Tf standard was
passed through both columns and the eluted Tf was digested and
analysed by wLC-TOF-MS. As a reference, a 1500 mg L~! Tf standard
digest was also analysed by pLC-TOF-MS. The EIC peak areas of the
2Ant/2SiA glycoforms of both N4q3 and Ngy1 glycopeptides were
used to estimate the recoveries of the IAC columns (recovery: area
of the 2Ant/2SiA after passing 1500 mgL~! Tf solution through the
column divided by the area of the same glycoform directly analysed
by wLC-TOF-MS). The analysis of blank samples permitted confir-
mation that none of the IAC columns showed carry-over between
samples. Nevertheless, higher recoveries were obtained with the
sepharose column (34% and 13% recovery for CNBr-sepharose and
silica-hydrazide columns, respectively). Hence the CNBr-sepharose
column was chosen for sample clean-up.
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To assess the reproducibility of sepharose column preparation,
three CNBr-sepharose columns were prepared using the same lot of
CNBr-sepharose resin and anti-Tf Ab. The obtained recoveries were:
32% (£9%), 35% (£3%) and 16% (+7%) (n=2). Therefore, the second
column was selected to continue our studies. Moreover, to increase
column recovery, a 1500 mg L~! solution of Tf standard was diluted
1/8 instead of 1/4 (see Section 2.3.2), before passing through the [AC
column, and it was reconstituted to the same volume to maintain
the concentration before the digestion procedure. Using the 1/8
sample dilution, recovery increased to a value of 44%. It has been
reported in IAC that in general, diluting the sample to a certain
extent may improve the interaction between the Ab and the target
analyte, increasing recovery. Hence a dilution sample of 1/8 was
selected to purify Tf before the analysis of glycopeptide glycoforms
in serum samples.

3.2.2. Analysis of Tf glycopeptides by pLC-TOF-MS in serum
samples from healthy and alcohol dependent individuals

As was previously explained in Section 1, two theories have
been proposed as possible mechanisms of Tf alteration in indi-
viduals with alcohol dependence: some authors have suggested
that ethanol intake may impede initiation of N-linked glycosyla-
tion, thus causing the loss of the entire carbohydrate chain [G,7].
Others have proposed that ethanol intake may result in partial N-
linked oligosaccharide or sialic acid loss [8,9]. To determine which
mechanism is present in alcohol dependence, we studied the dif-
ferent glycopeptide glycoforms expected for both mechanisms of Tf
alteration. Serum samples from healthy individuals (as control) and
fromindividuals with different degrees of alcohol dependence were
analysed following the previously established methodology (IAC
purification, tryptic digestion and pLC-TOF-MS analysis). More-
over, blanks were also analysed in order to discard the possibility
of carry-over between samples by IAC and between injections by
RLC-TOF-MS. Table 2 shows the glycoforms of both Ng11 and Ngi3
glycopeptides detected in the different serum samples by pLC-
TOF-MS, as well as their normalised area (Aporm) and %RSD values.
Despite serum sample complexity, the healthy control gave simi-
lar results to those previously obtained with Tf standard (compare
Tables 1 and 2). Anorm values were very similar for all glycopep-
tide glycoforms, as both samples (Tf standard and healthy control)
showed a similar composition of intact Tf glycoforms (S2-56 gly-
coforms). The 2Ant/0SiA glycoform was also extracted, as it is one
of the glycoforms that may be affected in alcohol dependent indi-
viduals. Surprisingly, this glycoform was detected in the samples
from alcohol dependent individuals but also in the healthy control
sample at a similar concentration. It is important to emphasise that
this glycoform was present in the Tf digest and was not an artefact
caused by ion-source fragmentation, as it was also detected by CE-
TOF-MS in a different migration time from the rest of glycoforms
(2Ant/2SiA or 2Ant/1SiA) (data not shown).

The two samples from alcohol dependent controls that were
analysed corresponded to a: low control from an individual with
a low degree of alcohol dependence and hence, with a minimal
alteration of Tf glycoforms (only presence of higher amounts of
S2 glycoform), and high control, from an individual with a high
degree of alcohol dependence and a high alteration of Tf glyco-
forms (presence of SO and S2 CDT glycoforms). As can be seen
in Table 2, a decrease in the 2Ant/2SiA glycoform was observed
for both Ngj; and Ngj3 glycopeptides as the individual’'s degree
of alcohol dependence increased, which is related to a decrease
in the S4 glycoform in intact Tf (Fig. 1). Furthermore, the pep-
tides related to the SO and S2 glycoforms in intact Tf were also
clearly affected, and amounts increased at the same time that the
individual’s degree of alcohol dependence increased. In contrast,
2Ant/1SiA and 2Ant/0SiA glycoforms remained almost unaltered
in Ngq1 glycopeptide, and they decreased in N4q3 glycopeptide in
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Normalised peak area of the detected glycoforms for both Tf N-glycopeptides in healthy control and alcoholic controls (control low and high) and in individuals with different

degrees of alcoholism.

Serum sample Peptide 2Ant/0SiA 2Ant/1SiA 2Ant[2SiA 2Ant/2SiAFuc 3Ant/3SiA
Arnorm RSD (%) Anorm RSD (%) Anorm RSD (%) Anorm RSD (%) Anorm RSD (%) Anorm RSD (%)
Normalised peak area Na13 glycopeptide glycoforms
Healthy control 0.0 0.0 2.5 6.0 15.7 24 66.3 23 1.3 14.8 1.1 2.8
Alcoholic
Control low 0.0 0.0 14 12.1 123 8.7 60.9 22 1.1 10.7 1.0 5.2
Control high 3.0 115 1.6 8.2 114 6.7 55.0 1.8 1.4 5.5 1.0 8.0
Individual 1 0.0 0.0 1.7 29 11.7 34 62.4 3.9 1.1 6.3 1.0 9.9
Individual 2 25 71 1.3 6.1 11.1 03 553 1.0 1.2 89 0.8 15.1
Normalised peak area Ng11 glycopeptide glycoforms
Healthy control 0.8 15.6 0.5 8.9 13.8 1.4 74.1 2.0 42 7.5 19 7.9
Alcoholic
Control low 29 13.9 0.5 10.2 11.1 8.7 719 28 3.6 8.0 1.0 8.9
Control high 8.5 43 0.4 11.0 12.0 10.0 67.0 0.8 44 4.5 1.5 2.7
Individual 1 2.0 1.7 0.5 8.8 11.0 7.5 72.5 14 39 6.7 1.8 9.4
Individual 2 7.0 3.5 0.4 3.6 12.0 6.4 68.6 0.9 4.6 3.4 12 12.7

samples from alcohol dependent individuals. However, in any case
these glycoforms increased as it would be expected if there was an
increase of sialidase activity or a decrease of sialyltransferase activ-
ity, as some authors proposed [8,9]. Consequently, these results
support the idea that ethanol intake mainly affects the entire syn-
thesis and transport of N-linked oligosaccharides as happens in CDG
typel [6,7].

Finally, once the capacity of the developed methodology to dis-
tinguish between samples from individuals with different degrees
of alcohol dependence had been demonstrated, two serum sam-
ples from individuals with an unknown level of alcohol dependence
were analysed. The results obtained are also depicted in Table 2. As
can be observed with the obtained Anorn values for the peptides
and 2Ant/2SiA glycoforms, individual 1 may show a low degree of
alcohol dependence whilst individual 2 may show a heavy alco-
hol dependence profile, since Aporm values were similar to those
obtained in the high control. Hence, the proposed method per-
mitted estimation of the degree of alcohol dependence reflected
in real samples. In the future, a higher number of sera from con-
trol and alcohol dependent individuals, with known percentages of
CDT glycoforms determined by using the HPLC reference method
[4], will be used to perform a reliable validation of the established
methodology for alcohol dependence diagnosis.

4. Conclusions

CE-TOF-MS and pLC-TOF-MS methods were developed for the
separation and detection of Tf glycopeptide glycoforms. The use of a
commercial surfactant called RapiGest® was necessary to increase
the digestion yield and consequently, to increase the detection
sensitivity of Tf tryptic peptides and glycopeptides. Using both
methods, the detected glycopeptide glycoforms fitted perfectly
with those intact glycoforms present in a non-pathological sample.
However, CE-TOF-MS separations were poorer than with pLC-
TOF-MS. This is probably because the surfactant interfered with
the inner wall of the fused silica capillary in CE-TOF-MS. Therefore,
the wLC-TOF-MS method was preferred to analyse serum samples.
Prior to tryptic digestion and p.LC-TOF-MS analysis, serum samples
were subjected to immunoaffinity chromatography using a CNBr-
sepharose column activated with a polyclonal anti-Tf antibody.
The established IAC methodology permitted purification of Tf
from serum samples. The glycopeptide glycoforms detected for
both Ngi; and Ng4q3 glycopeptides in the different serum samples
from alcohol dependent and teetotal individuals suggest that the

mechanism causing abnormality in the glycosylation of Tf in cases
of heavy alcohol consumption impedes the initiation of N-linked
glycosylation, as happens in CDG type I. This was demonstrated
by a decrease in the 2Ant2SiA glycoform and an increase in the
non-glycosylated glycoform, corresponding to S4 and SO intact
Tf glycoforms, respectively. Furthermore, the decrease of the
2Ant/1SiA and 2Ant/0SiA glycoforms in samples from alcohol
dependent individuals seems to indicate that the cleaving of
sialic acids or partial carbohydrate chains does not occur with
ethanol intake. Hence, once the developed methodology has
been exhaustively validated with a higher number of samples, this
methodology based on characterisation of glycopeptide glycoforms
could be useful not only to further improve the diagnosis of alcohol
dependence, but also to elucidate and increase our understanding
of the mechanism behind Tf alteration in other diseases such as
congenital disorders of glycosylation (CDG), especially CDGs type II.

Acknowledgements

Part of this study was supported by the Spanish Ministry of Sci-
ence and Innovation (CTQ2011-27130). Albert Barroso thanks the
Generalitat de Catalunya for a Fl fellowship. The authors acknowl-
edge Balagué Center S.A. for providing the serum samples from
alcohol dependent individuals.

References

[1] R.T. MacGillivray, E. Mendez, S.K. Sinha, M.R. Sutton, ]. Lineback-Zins, K. Brew,
Proc. Natl. Acad. Sci. U.S.A 79 (1982) 2504-2508.

[2] M. Ridinger, P. K&hl, E. Gdbele, N. Wodarz, G. Schmitz, P. Kiefer, C. Hellerbrand,
Exp. Mol. Pathol. 92 (2011) 50-53.

[3] W.Oberrauch, A.C. Bergman, A. Helander, Clin. Chim. Acta 395 (2008) 142-145.

[4] F.Bortolotti, G. De Paoli, F. Tagliare, ]. Chromatogr. B: Analyt. Technol. Biomed.
Life Sci. 841 (2006) 96-109.

[5] L. Sturiale, R. Barone, D. Garozzo, J. Inherit, Metab. Dis. 34 (2011) 891-899,

[6] S.Wopereis, S. Griinewald, E. Morava, |.M. Penzien, P. Briones, M.T. Garcia-Silva,
P.N. Demacker, K.M. Huijben, R.A. Wevers, Clin. Chem. 49 (2003) 1839-1845.

[7] M. Binkhorst, S.B. Wortmann, S. Funke, T. Kozicz, R.A. Wevers, E. Morava, |.
Inherit. Metab. Dis. 35 (2012) 399-405.

[8] C. Flahaut, ].C. Michalski, T. Danel, M.H. Humbert, A. Klein, Glycobiology 13
(2003) 191-198.

[9] N. Waszkiewicz, S.D. Szajda, A. Zalewska, A. Szulc, A. Kepka, A. Minarowska,
M. Wojewddzka-Zelezniakowicz, B. Konarzewska, S. Chojnowska, J.R. Ladny, K.
Zwierz, Folia Histochem. Cytabiol. 50 (2012) 1-11.

[10] V. Sanz-Nebot, E. Balaguer, F. Benavente, C. Neusiif, J. Barbosa, Electrophoresis
28(2007) 1949-1957.

[11] M. Wuhrer, Glycoconj. J. 30 (2013) 11-22.

[12] M.V. Novotny, W.R. Alley, B.F. Mann, Glycoconj. J. 30 (2013) 89-117.

[13] B. Pérez, C. Medrano, M.J. Ecay, P. Ruiz-Sala, M. Martinez-Pardo, M. Ugarte, C.
Pérez-Cerda, J. Inherit. Metab. Dis. 36 (2013) 535-542.



Chapter 2

Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry

A. Barroso et al. / Analytica Chimica Acta 804 (2013) 167-175

[14] E. Landberg, E. Astrém, B. Kigedal, P. Pahlsson, Clin. Chim. Acta 414 (2012)
58-64.

[15] C. Neusiiss, U.M. Demelbauer, M. Pelzing, Electrophoresis 26 (2005)
1442-1450.

[16] E. Giménez, F. Benavente, ]. Barbosa, V. Sanz-Nebot, Electrophoresis 29 (2008)
2161-2170.

[17] LZ. Luo, HW. Jin, H.Q. Huang, Rapid Commun. Mass Spectrom. 25 (2011)
1391-1398.

[18] N.Leymarie, J. Zaia, Anal. Chem. 84 (2012) 3040-3043.

[19] M. Pabst, F. Altmann, Proteomics 11 (2011) 631-643.

[20] M.E. del Castillo Busto, M. Montes-Bayon, E. Blanco-Gonzilez, ]. Meija, A. Sanz-
Medel, Anal. Chem. 77 (2005) 5615-5621.

[21] E. Giménez, F. Benavente, C. de Bolés, E. Nicolds, ]. Barbosa, V. Sanz-Nebot, .
Chromaotgr. A 1216 (2009) 2574-2582.

[22] E. Giménez, R. Ramos-Hernan, F. Benavente, J. Barbosa, V. Sanz-Nebot, Rapid
Commun. Mass Spectrom. 25 (2011) 2307-2316.

175

[23] S.Medina-Casanellas, F. Benavente, J. Barbosa, V. Sanz-Nebot, Anal. Chim. Acta
717 (2012) 134-142.

[24] Z.M. Segu, L.A. Hammad, Y. Mechref, Rapid Commun. Mass Spectrom. 24 (2010)
3461-3468.

[25] DJ. Janecki, J.P. Reilly, Rapid Comun.
1268-1272.

[26] F. Benavente, B. Andén, E. Giménez, ]. Barbosa, V. Sanz-Nebot, Electrophoresis
29 (2008) 2790-2800.

[27] R. Ullmer, A.M. Rizzi, ]. Mass Spectrom. 44 (2009) 1596-1603.

[28] Y.Q.Yu, M. Gilar, ]. Kaska, ].C. Gelber, Rapid Commun. Mass Spectrom. 19 (2005)
2331-2336.

[29] CS. Olver, T.L. Webb, L. Long, H. Scherman, J.E. Prenni, Vet. Clin. Pathol. 39
(2010) 337-345.

[30] C. Magagnotti, I. Fermo, R.M. Carletti, M. Ferrari, A. Bachi, Clin. Chem. Lab. Med.
48 (2010) 531-535.

[31] P.F. Ruhn, S. Garver, D.S. Hage, J. Chromatogr. A 669 (1994) 9-19.

Mass Spectrom. 19 (2005)






Glycosylation study of glycoproteins by capillary

Chapter 2 liquid chromatography mass spectrometry

Talanta 160 (2016) 614-623

journal homepage: www.elsevier.com/locate/talanta

Contents lists available at ScienceDirect

Talanta

Classification of congenital disorders of glycosylation based on analysis

@ CrossMark

of transferrin glycopeptides by capillary liquid chromatography-mass

spectrometry

Albert Barroso, Estela Giménez, Fernando Benavente ¥, José Barbosa, Victoria Sanz-Nebot

Department of Chemical Engineering and Analytical Chemistry, University of Barcelona, Diagonal 645, 08028 Barcelona, Spain

ARTICLE INFO

Article history:

Received 30 April 2016
Received in revised form

22 July 2016

Accepted 24 July 2016
Available online 26 July 2016

Keywords:

Congenital disorders of glycosylation
Glycopeptide

Glycoforms

Mass spectrometry

ABSTRACT

In this work, we describe a multivariate data analysis approach for data exploration and classification of the
complex and large data sets generated to study the alteration of human transferrin (Tf) N-glycopeptides in
patients with congenital disorders of glycosylation (CDG). Tf from healthy individuals and two types of CDG
patients (CDG-I and CDG-II) is purified by immunoextraction from serum samples before trypsin digestion
and separation by capillary liquid chromatography mass spectrometry (CapLC-MS). Following a targeted
data analysis approach, partial least squares discriminant analysis (PLS-DA) is applied to the relative
abundance of Tf glycopeptide glycoforms obtained after integration of the extracted ion chromatograms of
the different samples. The performance of PLS-DA for classification of the different samples and for pro-
viding a novel insight into Tf glycopeptide glycoforms alteration in CDGs is demonstrated. Only six out of
fourteen of the detected glycoforms are enough for an accurate classification. This small glycoform set may
be considered a sensitive and specific novel biomarker panel for CDGs.

Multivariate data analysis

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Protein glycosylation, which enhances the functional diversity
of proteins and provides a highly distinct structure variation, is by
far the most common and complex post-translational modification
with more than half of all secretory and cellular proteins being
glycosylated [1-3]. The lack or attachment of certain mono-
saccharides to core glycan or branches may result in the alteration
of the normal function of the glycoprotein and the resulting
transformation of cellular phenotypes is known to be involved in
various biological or pathological processes [4].

This is the case of congenital disorders of glycosylation (CDGs),
formerly known as carbohydrate-deficient glycoprotein syn-
dromes. CDGs are a family of genetic defects caused by mutations
in the genes coding for enzymes involved in the biosynthesis or
remodelling of the oligosaccharide moieties of glycoconjugates [5-
8]. Depending on the defective biosynthesis step, CDGs can be
classified in two subgroups [9,10]. CDG type | (CDG-I) consists in
defects in the glycan assembly and in the attachment of glycans to
the nascent glycoprotein in the cytosol or the endoplasmic

Abbreviations: CapLC-MS, capillary liquid chromatography mass spectrometry; Tf,
human transferrin; CDG, congenital disorders of glycosylation; EIC, extracted ion
chromatogram; PLS-DA, partial least squares discriminant analysis
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reticulum. This results in the lack of complete N-linked glycans on
some glycosylation sites [8]. CDG type Il (CDG-II) is the result of
abnormal remodelling or processing of the glycan moieties in the
Golgi network generally resulting in truncated or structural defi-
cient carbohydrate chains [5,8,11]. Human transferrin (Tf) is a
well-known biomarker of CDGs |[5,12-14]. Tf (~80 kDa, ~5.8%
carbohydrates) is an iron-binding serum transport glycoprotein
with one O-glycan (one hexose unit at Ser32), and two complex
N-glycans at Asn413 and Asn611 [15]. Due to the micro-
heterogeneity associated with the complex N-glycans, Tf exists as
a mixture of glycoforms which differ in composition, structure and
charge. The main glycoform of Tf is the tetrasialoform (5S4, 85% of
the total amount of Tf in healthy individuals) that shows two
disialylated biantennary glycans (2Ant2SiA+2Ant2SiA; antennae
(Ant) and sialic acid (SiA)=N-acetylneuraminic acid). Other sia-
loforms such as pentasialo (S5, 2Ant/2SiA+3Ant/3SiA), hexasialo
(S6, 3Ant/3SiA+3Ant/3SiA), trisialo (53, 2Ant/2SiA+2Ant/1SiA)
and disialo (S2, 2Ant/2SiA) are present at much lower concentra-
tions in healthy individuals (S1, 2Ant/1SiA, and SO, no glycosyla-
tion, are almost inexistent) [ 16-18]. With regard to Tf glycosylation
in CDG patients, there is a difference between CDG-1 and CDG-II.
CDG-I is mostly characterised by increased S2 and SO and de-
creased S4 while CDG-II mostly shows increased S3, S1 and/or SO
and decreased S4 [8]. Nowadays, the diagnosis of CDGs is mainly
based upon the glycoform pattern observed for intact Tf by
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isoelectric focusing (IEF) [7,19,20]. However, this method does not
allow the unequivocal identification of Tf glycoforms, often lead to
false negative results (25% of the identified CDG may show a
normal profile of intact Tf by IEF) and sometimes it is difficult to
discriminate between CDG-I and CDG-II, or from other glycosyla-
tion defects (galactosemia, fructose intolerance, alcohol abuse,
etc.) [1,7]. In addition, the analysis of intact Tf is not enough to
deeply investigate the mechanism altering glycosylation.

High performance separation techniques coupled to mass
spectrometry (MS) are the most reliable way to obtain structural
information about protein glycosylation as they allow fast and
high sensitivity profiling and accurate characterisation of hetero-
geneous glycan structures [21-25]. In this regard, the enzymatic
digestion of the glycoprotein and the detection of certain glyco-
markers of lower molecular mass in the digests (glycopeptides or
glycans) is a powerful alternative to detect glycoprotein glyco-
forms by MS instead of intact glycoproteins, whose sensitivity in
MS tends to be lower [26-30]. Furthermore, the analysis of gly-
copeptides obtained after protein digestion provides information
about the structure and composition of the glycans, as well as
about the glycosylation sites and their degree of occupancy
[31,32]. However, the analysis of glycopeptides of an enzymatic
protein digest is a challenge, due to the complexity of the digests,
which are mixtures of peptides and glycopeptides, and the mi-
croheterogeneity of the glycopeptides, which present several gly-
coforms [33,34]. As a result, very often, experiments involving the
analysis of glycoconjugates result in complex and massive data
sets which are easier to interpret using multivariate data analysis
methods [35].

In this preliminary study, Tf tryptic digests from healthy in-
dividuals and CDG-I and CDG-IlI patients are analysed to in-
vestigate glycosylation alteration. Tf is purified by im-
munoextraction from serum samples before trypsin digestion and
separation by capillary liquid chromatography mass spectrometry
(CapLC-MS). Following a targeted data analysis approach, partial
least squares discriminant analysis (PLS-DA) is applied to the re-
lative abundance of Tf glycopeptide glycoforms obtained after in-
tegration of the extracted ion chromatograms of the different
samples. The performance of PLS-DA for classification of the dif-
ferent samples and for providing a novel insight into how differ-
ently both N-glycosylation points of Tf can be affected in CDGs is
demonstrated.

2. Materials and methods
2.1. Chemicals

All chemicals used in the preparation of buffers and solutions
were of analytical reagent grade. Isopropanol (iPrOH), hydro-
chloric acid (HCl, glacial), formic acid (HFor, 98-100%) and glycine
(=99.7%) were supplied by Merck (Darmstadt, Germany). CNBr-
activated-Sepharose 4B was provided by GE Healthcare (Wauke-
sha, WI, USA). Sodium chloride (NaCl, = 99.5%), DL-Dithiothreitol
(DTT, = 99%), iodoacetamide (IAA), ammonium hydro-
gencarbonate, water (LC-MS grade) and acetonitrile (LC-MS grade)
were supplied by Sigma-Aldrich (Madrid, Spain) and Tris(hydro-
xymethyl) aminomethane (TRIS, > 99.5%) by ].T. Baker (Deventer,
Holland). Trypsin (Sequencing grade modified) was provided by
Promega (Madison, WI, USA). RapiGest™ from Waters (Bedford,
MA, USA) was used to facilitate the enzymatic digestion. Goat
polyclonal antibody against Tf (immunogen affinity purified) was
purchased from Abcam (Cambridge, UK). ESI low concentration
(ESI-L) tuning mix was supplied by Agilent Technologies (Wald-
bronn, Germany) for tuning and calibration of the TOF mass
spectrometer.

2.2. Tf standard and serum samples

Tf standard was purchased from Sigma-Aldrich (Madrid, Spain).
Tf standards were prepared at 1500 pg mL~! (~19 pM) in 50 mM
NH4HCO5 buffer (pH 7.9).

A commercial lyophilised pool of sera with a non-pathological
profile (control, SERODOS™ plus) was purchased from Bio-Rad
(Hercules, CA, USA). Serum control samples from young-adult
healthy volunteers were obtained in the Department of Analytical
Chemistry of the University of Barcelona [36]. Briefly, venous blood
was collected in 9 mL Vacuette tubes (Greiner Bio-One, Frick-
enhausen, Germany) with Z serum separation clot activator, and
then allowed to coagulate by leaving it undisturbed at room
temperature for 9 h. Afterwards, the clot was kept at 4 °C for 12—
16 h to improve the clot retraction. The supernatant serum was
subsequently separated from the clot with a Pasteur pipette and
centrifuged at 1200xg for 20 min at 4 °C. Clear serum was then
separated and aliquoted to store in a freezer at —20 °C when not
in use. Positive CDG-1 and CDG-II serum samples from infants and
young-adults were kindly provided by the Balagué Center S.A.
(Barcelona, Spain), the Institute of Clinical Biochemistry (Hospital
Clinic, University of Barcelona) and the Center for the Diagnosis of
Molecular Diseases (Autonomous University of Madrid). The assay
was approved by the Ethics Committee of the University of
Barcelona.

In the last years, a novel nomenclature for the CDGs has been
proposed, which connects the name of the defective gene followed
by a common -CDG suffix [37]. Nine healthy controls (1-9), five
CDG-1 (PGM1-CDG (10); DPM1-CDG (11); RFT1-CDG (12); DPAGT1-
CDG (13); PMM2-CDG (14)) and five CDG-II (ATP6V0OA2-CDG (15);
CDGII, (16); CDGII,(sepsis) (17) and two samples of COG8-CDG
(18-19)) samples were analysed for the calibration. The validation
set contained nine samples (i-ix): three healthy controls (i-iii),
three CDG-I (PMM2-CDG (iv), DPAGT1-CDG (v) and DPM1-CDG
(vi)) and three CDG-II (ATP6VOA2-CDG (vii), CDGIlIx (viii) and
CDGIIx (sepsis) (ix)). The assay was approved by the Ethics Com-
mittee of the University of Barcelona.

2.3. Purification and digestion of Tf

Tf was purified from serum by immunoaffinity chromatography
with a cyanogen-bromide sepharose column as described in a
previous work [33]. Briefly, 50 uL of serum were diluted 1:4 in
10 mM Tris-HCl (pH 7.6). Before passing the sample through the
column, a conditioning step was carried out consisting in two
washes of 1 mL of 10 mM Tris-HCI (pH 7.6). Afterwards, the diluted
serum was passed through the column ten times. After washing
with 400 pL of 10 mM Tris-HCl and 0.5 M NaCl (pH 7.6), retained Tf
was eluted with 250 pL of 100 mM glycine-HCI (pH 2.5). Eluted Tf
was immediately neutralised with 0.5 M Tris pH ~ 11. Afterwards,
the buffer was exchanged for 50 mM NH4HCO; buffer by ultra-
centrifugation using Microcon YM-10 filters (M, cut-off 10,000,
Millipore, Bedford, MA, USA).

Tf standards and Tf purified from serum samples were reduced,
alkylated and immediately subjected to enzymatic digestion in the
presence of RapiGest™ as explained in [33]. Briefly, 1.90 uL of 0.5 M
DTT in 50 mM NH4HCO5 buffer was added to an aliquot of 50 pL of
standard or purified Tf with 0.1% (w/v) RapiGest". The mixture was
incubated in a TS-100 Thermo-Shaker digester (Bio-San, Riga,
Latvia) at 56 °C for 30 min and then alkylated with 50 mM IAA for
30 min at room temperature in the dark (5.25 pL of 0.73 M IAA).
Excess reagent was removed by ultracentrifugation with Microcon
YM-10 filters, washing 3 times with NH4HCO; buffer. The final
residue was reconstituted to the initial volume (50 pL) with
NH4HCO5 buffer with 0.1% (w/v) RapiGest™. Trypsin in an enzyme
to protein ratio of 1:40 (m/m) (considering that Tf concentration is
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around 1500-3000 pg mL~" in serum [38,39] from an adult) was
added and the mixture was carefully vortexed and incubated
overnight at 37 °C. The surfactant was hydrolysed after incubating
overnight as follows: HFor was added to the digest to a final
concentration of 5% (v/v) and the mixture was incubated in the
digester at 37 °C for 30 min. Then, the solution was centrifuged for
10 min at 10,000g to separate RapiGest™ residues. Finally, the
supernatant was carefully collected and stored at — 20 °C until the
analysis. pH measurements were performed with a Crison 2002
potentiometer and a Crison electrode 52-03 (Crison Instruments,
Barcelona, Spain). Centrifugation procedures were carried out in a
Mikro 20 centrifuge (Hettich, Tuttlingen, Germany) at room
temperature.

24. CapLC-MS

CapLC-TOF-MS experiments were performed in a 1200 series
capillary liquid chromatography system coupled to a 6220 0a-TOF
LC/MS mass spectrometer with an orthogonal G1385-44300 ESI
interface (Agilent Technologies). LC and MS control, separation,
data acquisition and processing were performed with MassHunter
workstation software (Agilent Technologies). The 0a-TOF mass
spectrometer was tuned and calibrated following the manu-
facturer’s instructions. Once a day, or even twice a day if working
days were too long, a “Quick Tune” of the instrument was carried
out in positive mode followed by a mass-axis calibration to ensure
accurate mass assignments. MS measurement parameters were as
indicated: capillary voltage 4000V, drying gas (N,) flow rate
4Lmin~', drying gas temperature 200 °C, nebuliser gas (N)
15 psig, fragmentor voltage 215 V, skimmer voltage 60 V, OCT 1 RF
Vpp voltage 300 V. Data were collected in profile (continuum) at
1 spectrum s~ ! (approx. 10,000 transients/spectrum) between mj/z
100 and 3200 working in the highest resolution mode (4 GHz).

For the separation of the tryptic digests, a Zorbax 300SB-C18
column (3.5pum particle diameter, 300A pore diameter,
150 x 0.3 mm Lyxid, Agilent Technologies) was used [33]. Experi-
ments were performed at room temperature with gradient elution
at a flow rate of 4 uL min—". Eluting solvents were A: water with
0.1% (v/v) of HFor, and B: acetonitrile with 0.1% (v/v) HFor. Solvents
were degassed by sonication (10 min) before use. The optimum
elution program was: solvent B from 10 to 60% (v/v) within 45 min
as linear gradient, followed by cleaning and reequilibration steps
of B: 60-100% (v(v) (5 min), 100% (v/v) (10 min), 100-10% (v/v)
(5 min) and 10% (v/v) (10 min). Before analysis, samples were fil-
tered using a 0.22 um polyvinyldene difluoride centrifugal filter
(Ultrafree-MC, Millipore, Bedford, MA, USA) centrifuging at 10,000
g for 4 min. Sample injection (0.15 puL) was performed with an
autosampler refrigerated at 4 °C.

Table 1

2.5. Data analysis

LC-MS data collected for Tf purified from serum samples of the
calibration and validation sets were processed to obtain the ex-
tracted ion chromatograms (EIC) corresponding to the Ng;3 and
Ng11 glycopeptide glycoforms (taking into account all the detected
ions for each glycoform. In general: +2,+3,+4 and +5 ions, see
Table 1). Glycoform peak areas were measured from the different
EICs and were normalised (Aporm) Using the peak area of Tf peptide
558-568, DYELLCLDGTR, as an internal standard, which had a si-
milar peak area and eluted within the range of the glycoforms.
Therefore, Anorm Was a measurement of the relative abundance of
the glycopeptide glycoforms.

Mean Ao of each glycoform was compared for the group of
controls and CDG samples. A single factor analysis of variance
(ANOVA) was performed to compare the means setting the sta-
tistical significance at P < 0.05.

Anorm Of the glycoforms were autoscaled (mean centered and
scaled to unit standard deviation) and PCA was applied to explore
the classes present in the data and the presence of outliers [40].
PLS-DA [41] was performed later to maximise class separation and
rapidly classify the different samples in controls, CDG-I or CDG-II
as well as to identify which glycoforms were the most significant
to discriminate between these three classes taking into account
the Variable Importance in the Projection (VIP) scores of the gly-
coforms in the PLS-DA model [42-46]. A (leave-one-out) cross
validation of the PLS-DA model was performed during calibration
[47,48]. In the prediction step, the model was used to classify the
samples from the validation set.

ANOVA was performed with Microsoft Excel 2010 software
(Microsoft Corporation, Redmon, WA). The rest of calculations
were performed under MATLAB R2013a (The MathworksInc. Na-
tick, MA, USA). SOLO (Version 8.1, student edition, Eigenvector
Research Inc., Wenatchee, WA, USA) was used for PCA, PLS-DA and
VIP calculations.

3. Results and discussion

In a previous paper, we established a method for the analysis of
Tf glycopeptides by CapLC-MS, which included purification of Tf
from serum by immunoaffinity chromatography before tryptic
digestion. The method was applied to study the abnormal glyco-
sylation of Tf in alcoholism, and it was useful to draw some con-
clusions about the mechanism involved [33]. In this paper, the
same method was used to obtain CapLC-MS fingerprints of Tf
glycopeptides from healthy controls and CDG samples.

Fig. 1 shows the extracted ion chromatograms (EICs) of the

Theoretical molecular mass (M,) and detected ions of the 14 glycopeptide glycoforms detected by CapLC-MS.

Glycopeptide Glycoform Theoretical M, Theoretical my/z

Nz Pep 1475.7443 1476.7515 (+1), 738.8794 (+2)
2Ant/0SiA 3098.3259 1550.1702 (+2), 1033.7826 (+3)
2Ant/1SiA 3389.4213 1695.7179 (+2), 1130.8144 ( +3), 848.3626 (+4)
2Ant/2SiA 3680.5167 1841.2656 (+2), 1227.8432 (+3), 921.1365 (+4)
2Ant/2SiAFuc 3826.5746 1276.5321 (+3), 957.6509 (+4)
3Ant/2SiA 4045.6489 1349.5569 (+3), 1012.4195 (+4)
3Ant/3SiA 4336.7443 1446.5887 (+3), 1085.1934 (+4)

Nen1 Pep 2514.1169 1258.0657 (+2), 839.0462 (+3)
2Ant/0SiA 4136.6985 1035.1819 (+4)
2Ant/1SiA 4427.7939 1476.9386 ( +3), 1107.9557 (+4), 886.5661 (+5)
2Ant/2SiA 4718.8893 1573.9704 (+3), 1180.7296 (+4), 944.7851 (+5)
2Ant/2SiAFuc 4864.9472 1622.6563 (+3), 1217.2441 (+4), 973.9967 (+5)
3Ant/2SiA 5084.0215 1695.6811 (+3), 1272.0127 (+4)
3Ant/3SiA 5375.1169 1792.7129 (+3), 1344.7865 (+4), 1076.0307 (+5)

eoe
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Fig. 1. a) Extracted ion chromatograms (EICs) for the N4q3- and Ng11-2Ant/2SiA glycoforms for control, CDG-I and CDG-I1 samples; b) Extracted ion chromatograms (EICs) for
the N4i3- and Ngi1-2Ant/1SiA glycoforms for control, CDG-I and CDG-Il samples; i-iv) Mass spectra of the glycoforms in a) and b) for a control sample; ¢) Schematic
representation of the intact Tf glycoforms from which the 2Ant/2SiA and 2Ant/1SiA glycopeptide glycoforms are derived.
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2Ant/2SiA (Fig. 1a) and 2Ant/1SiA (Fig. 1b) glycoforms of N4;3 and
Ne11 Tf glycopeptides for a control, a CDG-1 and a CDG-1I sample. As
an example, the mass spectra of these glycoforms are also shown
for the control sample (Fig. 1, i-iv). As can be observed, separation
was excellent between both glycopeptides, but glycoforms of a
certain glycopeptide could not be resolved by chromatography
(compare Fig. 1a and b). However, as the different glycoforms had
a different molecular mass (M,) (Table 1), they were “resolved” by
mass spectrometry. Differences between the abundance of the
glycoforms shown in Fig. 1 for the control and CDG samples were
evident, but statistical data analysis was necessary to draw some
conclusions considering all the detected glycopeptide glycoforms
in control and pathological samples.

A. Barroso et al. / Talanta 160 (2016) 614-623

3.1. Statistical data analysis

Table 1 shows the theoretical M; of the 14 glycopeptide gly-
coforms detected by CapLC-MS (mass error <5 ppm) and the
observed ion charges to obtain the EICs. Glycoform peak areas
were measured from the EICs and were normalised as explained in
Section 2.5, before comparing the abundance of the different
glycoforms between healthy controls and CDG patients, in order to
minimise differences on total protein content, sample matrix and
ionisation efficiency. Fig. 2a and b show bar graphs representing
the mean Ao Of the detected glycoforms for both glycopeptides
in controls, CDG-I and CDG-Il samples. As can be observed, in
general, the abundance of the different glycopeptide glycoforms
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Fig. 2. Bar graphs of the mean of the normalised area (Anorm) and standard deviation of each detected glycoform of the a) N3 glycopeptide and the b) Ngj; glycopeptide for
controls and CDG samples. Anorm 0f glycoforms marked with an asterisk were similar in both cases (ANOVA, P > 0.05: Ng;3-3Ant/2SiA and Ngj;-2Ant/2SiA1Fuc).
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was in agreement with the abundance of the original intact gly-
coforms in controls and patients. As an example, note the small
amount of N43- and Ngji-Pep in controls and CDG-II patients
compared to CDG-I patients, where intact S2 and SO glycoforms
were much more abundant, or the high abundance of N4;3- and
Ng11-2Ant/2SiA in the three groups of samples, because they could
come from four different intact glycoforms (the most abundant S4,
and three less abundant S5, S3 and S2, see Fig. 1c). In these two
cases, it is also worth mentioning that the standard deviation of
peak areas was especially high (see the error bars on the mean

619

Anorm columns). This was probably due to the heterogeneity of the
analysed samples (different individuals, mutation, etc.). It is well-
known that the abundance of S2 and SO intact glycoforms in CDG-I
patients, and hence of N4;3- and Ngy1-Pep, largely depends on the
mutation causing CDG-I [8] (the five analysed samples were from
patients with a different mutation). Moreover, the variation of
N4i13- and Ngp-2Ant/2SiA abundances in the three groups of
samples would be linked to the fact that they were from different
individuals, and each individual has a natural variation in the
abundance of the different glycoforms.
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Fig. 3. a) Scores plot and b) loading plot of the PLS-DA model applied to the relative abundance of Tf glycopeptide glycoforms obtained after integration of the EICs of the
different samples. Calibration set: nine healthy controls (1-9), five CDG-I (PGM1-CDG (10); DPM1-CDG (11); RFT1-CDG (12); DPAGT1-CDG (13); PMM2-CDG (14)) and five
CDG-II (ATP6VOA2-CDG (15); CDGII, (16); CDGII(sepsis) (17) and two samples of COG8-CDG (18-19)). Validation set: three healthy controls (i-iii), three CDG-I (PMM2-CDG
(iv), DPAGT1-CDG (v) and DPM1-CDG (vi)) and three CDG-II (ATP6VOA2-CDG (vii), CDGIIx (viii) and CDGIIx (sepsis) (iX)).
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Despite the differences found in standard deviation in some
cases, we found interesting to perform single factor ANOVA to
compare the abundances of each glycoform in the three groups of
samples. ANOVA revealed significant differences in the abun-
dances of 12 glycoforms when the controls were compared with
the patients [49]. As shown in Fig. 2, only the expression of
2 glycoforms was similar in all cases (see glycoforms marked with
an asterisk, P > 0.05). The information provided by the ANOVA test
was somewhat useful, because we established that for 12 glyco-
forms at least one of the mean abundances was different. As
performing Student's t-tests to compare each pair of means was
labour intensive and of limited usefulness, to further investigate if
Tf glycopeptide glycoform fingerprints allowed differentiation
between controls, CDG-I and CDG-II samples, it was preferred to
use multivariate data analysis tools to take into account multi-
compound relationships and interactions.

3.2. Multivariate data analysis

First, we explored the data with PCA for the unsupervised
identification of trends and clustering of the data, as well as out-
liers [40,50,51]. The scores plot for the first two principal com-
ponents (a total of 70.7% of variance explained by the sum of PC 1
(41.4%) and PC 2) is provided as supplementary Fig. S1a. Despite
the heterogeneity of the analysed samples three groups of samples
were clearly separated, which demonstrated that the small varia-
tion due to the different individuals or the mutation (the subtypes
within CDG-I or CDG-II) are barely significant compared to the
differences between controls, CDG-1 and CDG-II samples. The first
principal component helped to differentiate between controls and
CDG-I patients while the second separated these classes from the
CDG-II patients. The loadings plot (supplementary Fig. S1b)
showed interesting information about the glycoforms and the
groups. However, PCA did not reveal their importance for differ-
entiation between the three groups of samples. Therefore, we in-
vestigated a supervised multivariate data analysis method such as
PLS-DA [41] to build a refined classification model with improved
class separation that would also facilitate data interpretation and
identification of potential and differential glycopeptide glycoform
biomarkers of CDG-1 and CDG-II.

The PLS-DA model was built considering the three classes of
samples observed by PCA. As can be observed in the scores plot of
Fig. 3a, a PLS-DA model with two latent variables (LV) allowed a
perfect discrimination between the three groups of samples (70.6%
of X-variance and 80.3% of Y-variance explained). Sensitivity,
specificity and classification error in the calibration and (leave-
one-out) cross-validation were excellent (see the figures of merit
in supplementary Fig. S2). The loadings plot (Fig. 3b) was very
similar to the one obtained before by PCA (supplementary Fig.
S1b) and showed the contribution of the different variables to the
different LV. As can be seen, in general, the glycoforms with the
highest content of sialic acid, which were in the positive side of
the x-axis (N4;3-3Ant/3SiA, -3Ant/2SiA, -2Ant/2SiA, Ng;-3Ant/
3SiA, -2Ant/2SiA and -2Ant/2SiA1Fuc) were increased in controls
and indeed, they had lower concentration in CDG-I and CDG-II
patients. In contrast, the glycoforms with lower content of sialic
acid and peptide forms were, in general, related to the CDG pa-
tients, in agreement with a higher abundance of carbohydrate
deficient transferrin (S2, S1 and SO) or truncated glycopeptide
glycoforms of S6, S5, S4 and S3. Specifically, the glycoforms Ngajs-
2Ant/1SiA, -2Ant/0SiA, Ngi1-2Ant/1SiA and -3Ant/2SiA were ele-
vated in the CDG-Il patients, whereas, N4j3-Pep and Ngqi-Pep
seemed to be clearly characteristic of CDG-I patients when com-
pared to CDG-II and control samples. It is well known that the lack
of complete N-linked glycan and the increase of intact S2 and SO
glycoforms is typical in CDG-I patients, and may result in the

increase of N4j3 and Ngj; peptide forms [8,31,52]. The presence of
both peptide forms suggested that the abnormal glycosylation
initiation affected equally both glycosylation sites. In contrast,
sialic deficient glycopeptide glycoforms (N4j3-2Ant/1SiA, -2Ant/
0SiA, Ngi1-2Ant/1SiA and -3Ant/2SiA) were, as described by sev-
eral authors, more characteristic in CDG-II [8,31,52]. We can add
that the presence of a significant content of N4;3-2Ant/0SiA gly-
coform in CDG-II and absence of Ng;;-2Ant/0SiA (it was in the
controls region of the loading plot, Fig. 3b) denoted that the N4i3
glycosylation site was desialylated to a larger extent. This is
probably due to the protein three-dimensional structure, which
may affect the accessibility of the enzymes catalysing the altera-
tion, seemingly resulting in each glycosylation site being altered in
a different manner [53]. In addition to this qualitative information,
the VIP scores [44-46]| allowed now to quantify the influence of
the different glycoforms on separation between control, CDG-I and
CDG-I1I samples. The bar plots of Fig. 4 shows the VIP scores of the
different glycoforms when considering separation of controls from
CDG-I and CDG-II (4-a), CDG-I from controls and CDG-II (4-b) and
CDG-II from controls and CDG-I (4-c). As can be observed, con-
sidering the three graphics, only two out of the fourteen selected
glycoforms had all VIP values lower than 1 (N4;3-3Ant/2SiA and
Ng11-2Ant/2SiA1Fuc, marked in red colour). Both glycoforms were
already detected to be irrelevant to distinguish between control
and CDG patients with the ANOVA. In contrast, the rest of glyco-
forms were more significant, especially the six glycoforms with
VIP values higher than 1.5. These six glycoforms were enough to
build a PLS-DA model with similar figures of merit than the model
with 14 glycoforms (data not shown). As can be observed in
Fig. 4a, Ngy3-3Ant/3SiA, Ngi;1-2Ant/2SiA and Ng;-3Ant/3SiA gly-
coforms had VIP> 1.5 and were the most significant to differ-
entiate controls from CDG-1 and CDG-II patients. Similarly, the
glycoforms Njy3-2Ant/1SiA, Ngi1-2Ant/2SiA, Ngi1-3Ant/3SiA and
Ne11-2Ant/1SiA were the most discriminating for CDG-I from
controls and CDG-II (Fig. 4b). N4j3- and Ngy1-Pep glycoforms were
also relevant, but lower than expected (1 <VIP < 1.5, Fig. 4b),
probably, as we indicated before, because the group of CDG-I
samples was quite heterogeneous. Finally, Nj3-2Ant/1SiA, Ngjs3-
2Ant/0SiA and Ngp-2Ant/1SiA glycoforms were the most im-
portant for differentiation between CDG-II from controls and CDG-
I (Fig. 4c¢). The table of Fig. 4d summarises the relationships be-
tween the twelve glycoforms with VIP > 1 for the different groups
(the six glycoforms with VIP > 1.5 are highlighted in bold letters).
As can be observed, in general, the glycoforms from both glyco-
sylation sites were decisive for discrimination between the three
groups. Furthermore, the significance and relationships between
the different glycoforms agreed and reinforced the explanations
given from the loadings plot. A new set of nine samples (3 controls
(iiii), 3 CDG-I (iv-vi) and 3 CDG-II (vi-ix)) were analysed and data
processed following the same procedure in order to validate the
PLS-DA model. Classification error was extremely low and class
prediction was excellent (see the representation of the validation
set in the scores plot of Fig. 3a, symbols are labelled from i-ix)
suggesting that the PLS-DA model was also accurate regarding the
validation set and reinforcing the excellent performance of the
model for classification and the interpretation of the most dis-
criminant glycoforms. Several authors have shown before that Tf
glycosylation in CDGs can be characterised analysing the intact
glycoprotein, glycopeptides or glycans by MS [31,53-55]. In this
paper, we described a novel and simple multivariate data analysis
method to evaluate systematically the complex information pro-
vided by Tf glycopeptide CapLC-MS fingerprints and classify con-
trols, CDG-1 and CDG-II samples. Moreover, this bottom-up ap-
proach complements the typical procedures currently applied for
diagnosis of CDGs, which are based on comparison of the glyco-
form pattern observed for intact Tf by IEF or anion exchange
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Fig. 4. VIP scores of the different glycoforms when considering the separation of a) controls from CDG-I and CDG-II, b) CDG-I from controls and CDG-II and ¢) CDG-II from

controls and CDG-I; d) Table with the relationships between the twelve glycoforms with VIP > 1 for the different groups (the six glycoforms with VIP > 1.5 are highlighted in
bold letters).

94



Chapter 2

Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry

622

chromatography, that lack the unequivocal identification by MS
[7,19,20].

4. Concluding remarks

We have demonstrated that Tf glycopeptide profiling by CapLC-
MS combined with multivariate data analysis is an excellent ap-
proach to identify differences between healthy individuals, CDG-I
and CDG-II patients, as well as for getting further insight on ab-
normal glycosylation. We have shown that only six glycopeptide
glycoforms (N4j3-3Ant/3SiA, -2Ant/1SiA, -2Ant/0SiA, Ngi-3Ant/
3SiA, -2Ant/2SiA and -2Ant/1SiA) are enough for an accurate and
rapid classification, hence for diagnosis of CDG-I and CDG-II
(probably even using an ordinary triple-quadrupole or quadru-
pole-ion trap mass spectrometer). In the future we will further
validate this approach with larger sets of samples, including more
genetic variants and samples from patients with secondary causes
of underglycosylation (e.g. galactosemia or fructose intolerance).
Furthermore, similar complementary studies will be performed
using Tf glycan profiling by CapLC-MS to further the under-
standing of the structural changes involved in Tf abnormal glyco-
sylation. The presented strategy shows a great potential to be
applied for investigation of other diseases, based on bottom-up
analysis of other glycoproteins or post-translationally modified
protein biomarkers.
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Figure S1: a) Scores plot and b) loadings plot of the PCA model applied to the relative abundance of Tf
glycopeptide glycoforms obtained after integration of the EICs of the different samples. Calibration set:
nine healthy controls (1-9), five CDG-I (PGM1-CDG (10); DPM1-CDG (11); RFT1-CDG (12); DPAGT1-CDG
(13); PMM2-CDG (14)) and five CDG-II (ATP6VOA2-CDG (15); CDGlIx (16); CDGlIx(sepsis) (17) and two
samples of COG8-CDG (18-19)). Validation set: three healthy controls (i-iii), three CDG-I (PMM2-CDG (iv),
DPAGT1-CDG (v) and DPM1-CDG (vi)) and three CDG-Il (ATP6VOA2-CDG (vii), CDGlIx (viii) and CDGlIx

(sepsis) (ix)).
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Figure S2: Table with several quality parameters regarding the calibration and (leave-one-out) cross-

validation for the PLS-DA model.

Modeled Class: Control CDG-I CDG-II
Sensitivity (Cal): 1.000 1.000 1.000
Specificity (Cal): 1.000 1.000 1.000
Sensitivity (CV): 1.000 1.000 1.000
Sensitivity (CV): 1.000 1.000 1.000
Class. Err (Cal): 0 0 0
Class. Err (CV): 0 0 0
RMSEC: 0.209 0.224 0.172
RMSECV: 0.277 0.277 0.234
Bias: -5.551x10""7 0 -5.551x10-"7
CV Bias: 7.703x10-3 8.519x103 -1.622x10?
R? Cal: 0.823 0.739 0.845
RZCV: 0.705 0.623 0.725
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Collagen type Il-induced arthritis (CIA) is an inflammatory and autoimmune disease. Spleen protein extracts
were subjected to 2D-DiGE and MS-MALDI-TOF/TOF analysis to identify protein species that differ in abundance
in CD38-KO versus B6 WT mice either with arthritis or with inflammation. Using multivariate analyses, in Col-II-
immunized mice, 23 distinct spleen protein species were able to discriminate between WT and CD38-KO mice.
Among them, several citrullinated proteins and multiple serotransferrin (Tf) species were identified. In contrast,
in CFA/IFA-treated mice, the distinct protein profile, which discriminates between CD38-KO and WT mice, was

Keywords: : 2 y I : 3 : R
Arthritis unrelated with Tf, but not with citrullination. Unexpectedly, non-immunized CD38-KO mice showed a distinct
Inflammation proteome profile as compared with that in non-immunized WT mice, and again multiple protein species were

identified as Tf. By using a pLC-TOF-MS method to separate and detect Tf glycopeptide glycoforms, increases in
fucosylation and glycan branching was observed in sera from mice CIA™ versus non-immunized, and between
WT and CD38-KO with arthritis. Data on 2-DE Tf spots indicated differences in glycosylation related with
NeuGc content. Thus, Tf changed significantly in its glycosylation pattern in arthritic mice. The MS data have
been deposited to the ProteomeXchange Consortium with the dataset identifiers: PXD002644, PXD002643,
PXD003183, and PXD003163.
Significance: 2-DE followed by pLC-TOF-MS could be implemented to identify Tf glycoforms linked to specific
protein species, and correlate a particular Tf species to a function. To gain insight into the relationship between
transferrin glycoforms and its biological function it is particularly interesting to study putative differences in
the glycosylation pattern of Tf in specific tissues associated with the disease (i.e.: joints), or in specific compart-
ments such as exosomes/microvesicles, which are highly enriched in Tf receptors.

© 2015 Elsevier B.V. All rights reserved.

Protein species
Transferrin
Glycosylation
CD38
Citrullination

1. Introduction the disease can be closely monitored in well-defined experimental

settings [1,2].

Mouse models of human diseases are quite interesting for functional
proteomic studies, since a relative large number of cells with the same
phenotype can be analyzed at the same time, without the constraints
inherent to human studies. Furthermore, samples can be collected
under standard operating protocols while the onset and progression of

Abbreviations: CIA, collagen-type-ll-induced arthritis; WT, wild-type; CFA, complete
Freund's adjuvant; IFA, incomplete Freund's adjuvant; RA, rheumatoid arthritis.

* Corresponding author at: Departamento de Biologia Celular e Inmunologia, IPBLN-
CSIC, Avenida del Conocimiento s/n, Parque Tecnoldgico de Ciencias de la Salud, 18016
Armilla, Granada, Spain.

E-mail address: granada@ipb.csic.es (J. Sancho).
! A. Rosal-Vela and A. Barroso equally contributed to this work.
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1874-3919/© 2015 Elsevier B.V. All rights reserved.

C57BL/6 wild-type mice (WT), which are H-2°, develop arthritis in
response to chicken collagen II (Col-II) that is milder than that in
DBA/1 (H-29) mice immunized with bovine Col-II, but more chronic,
with more pronounced and more persistent T-cell responses [3]. More-
over, B6 mice develop a sustained T-cell response to chicken collagen as
well as to autologous (mouse) collagen [3]. CIA in B6 mice resembles
human rheumatoid arthritis (RA) in terms of its disease course, histo-
logical findings, and in its response to commonly used anti-arthritic
drugs [3,4]. Therefore, CIA in B6 mice provides a valuable model for
assessing the role of specific genes involved in the induction and/or
maintenance of arthritis and for evaluating the efficacy of novel drugs,
particularly those targeted at T cells.



Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry

Chapter 2

128 A. Rosal-Vela et al. / Journal of Proteomics 134 (2016) 127-137

Mice deficient in CD38 (CD38 /~ or CD38-K0) develop an attenuat-
ed CIA as compared with that in WT mice. Immunized CD38-KO mice
produce high levels of circulating IgG, and low of IgG,, anti-Col-II
antibodies in association with reduced percentages of T-helper 1
(Th1) cells in the draining lymph nodes. Altogether, the results show
that CD38 participates in the pathogenesis of CIA controlling the
number of iNKT cells and promoting Th1 inflammatory responses [5].

In this study, the goal has been to identify proteins from the spleen
that change in their abundance in CD38-KO versus WT mice with posi-
tive clinical and radiological scores of having developed arthritis (CIA™),
which may reflect their distinct response to an antigen-challenge that
induces the development of an autoimmune disease. To this end, we
have analyzed the spleen from CD38-KO and WT mice immunized
with chicken Col-1I/CFA (the CIA model described above), with CFA/
IFA alone (as a model of chronic inflammation), or without any treat-
ment. Samples were then compared by 2D-DiGE. This approach allows
comparison of changes in protein abundance across multiple samples
simultaneously with minimal gel-to-gel variation [6].This approach
also allows the identification of multiple protein species [7], or
proteoforms [8] of a given protein in a single analysis, and therefore,
to focus the interest in fully characterize just the protein species that
differ in abundance. In this study, by using a pLC-TOF-MS method to
separate and detect Tf glycopeptide glycoforms from serum samples,
differences in the pattern of serum Tf glycosylation between CD38-KO
and WT mice were found in both non-immunized and Col-II-
immunized mice, and between mice with arthritis or not within each
mouse-type. This is in concordance with the alteration of the glycosyla-
tion pattern expected in inflammation, as it has been widely described
an increase in fucosylation and glycan branching (number of antennae)
in inflammatory diseases. Applying this technology to the Tf spots iso-
lated by 2-DE preliminary data indicate that the most acidic glycoforms,
those with more glycolylneuraminic acid (NeuGc) (e.g. 2Ant/3NeuGc),
were more abundant in the acidic spots, while the less acidic
glycoforms, those with less NeuGc (e.g. 2Ant/1NeuGc), were more
abundant in the basic spots. In comparison to the traditional bottom-
up LC-MS approach, the applied 2-DE followed by the tryptic digestion
of selected spots and pLC-TOF-MS analysis may allow the quantification
at the protein species level [9], and reveal protein species-specific regu-
lation during arthritis and inflammation.

2. Material and methods
2.1. Mice

WT mice were purchased from Harlan Ibérica (Barcelona, Spain).
Mice deficient in CD38 (CD38-KO) were backcrossed onto the B6 back-
ground for more than 12 generations, as described previously [10]. All
studies with live animals were approved by the IPBLN and Universidad
de Cantabria Institutional Laboratory Animal Care and Use Committees.

2.2. Induction and assessment of arthritis

For the induction of CIA, 8-12 weeks-old male mice were
immunized as previously described [3,11].

2.3. Protein extraction from spleen preparations

Proteins were extracted from spleen by using the MicroRotofor Lysis
Kit (for mammalian tissues and cells) (Bio-Rad, Ref #163-2141),
following the manufacturer's instructions, which includes the use of
mini-grinders for effective disruption of cells and tissues. The excess of
salts and other contaminants were removed using the Bio-Rad's
ReadyPrep 2-D cleanup kit. Samples were then resuspended in a
DiGE-compatible buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20 mM
Tris, pH 8.5), quantified using the RC DC assay, and kept at —20 °C
until further use.

2.4. Design of DiGE experiments

Unless otherwise indicated in each DiGE experiment conducted, four
biological replicates of each condition were compared, comprising protein
samples derived from four CD38-KO mice and four WT mice as previously
described [5]. Each gel contained one CD38-KO protein sample, one WT
protein sample, and a pooled internal standard. Three separate DiGE ex-
periments were conducted, the first DiGE (DiGE #1), comprised two
groups of mice, CD38-KO and WT, and two conditions per group (mice
with arthritis: CIA*, and mice with no arthritis: CIA™), in mice that
were all previously immunized with Col-Il in CFA and IFA (arthritis
madel), as described previously [5]. DIiGE #2 comprised two groups of
mice, CD38-KO and WT, all treated with CFA/IFA (chronic inflammation
model) as described [5]. DIGE #3 comprised two groups of non-
immunized mice, CD38-KO and WT, which served as normal controls.
Spleen samples were from the same mice in which their respective
serum proteome profiles were previously analyzed using a similar
approach [5].

Table 1
Protein species from spleen extracts that have shown differences in abundance by DiGE
and that were identified by MS/MS.

Protein name Accession Spot

number* number”

Aconitate hydratase, mitochondrial Q99KIO 501
Serotransferrin Q92111 533,537,
538,539

Far upstream element-binding protein 1
Prelamin-A/C isoform A precursor®
Fibroblast growth factor 22¢
Fibroblast growth factor 22°
Stress-induced-phosphoprotein 1
Fibrinogen alpha chain

Q91W)8 554
2i| 162287370 572
2i| 161760667 572
gi|12963627 572
Q60864 614
E9PV24 633

Heterogeneous nuclear ribonucleoprotein L Q8R081 638
Fibrinogen beta chain Q8KOES 692
Catalase P24270 697
Coronin-1 2i|4895037 732
Vimentin P20152 738

Protein disulfide-isomerase A6 precursor
Alpha-enolase

2i|58037267 770
P17182 778

Beta-enolase P21550 778
Gamma-enolase P17183 778
Actin, cytoplasmic 1 P60710 898
Beta-actin-like protein 2 Q8BFZ3 898
F-actin-capping protein subunit alpha-1 P47753 808
Voltage-dependent anion selective channel protein 2 Q60930 906
Tropomyosin alpha-1 chain P58771 972
Proteasome subunit alpha type-1 QIR1P4 981
Carbonic anhydrase 2 P00920 982
Carbonic anhydrase 1 P13634 0982

Mitochondrial peptide methionine sulfoxide reductase®
Proteasome subunit alpha type-6

Q9DEY7 983
QoQUM9 1001

Pyridoxine-5’-phosphate oxidase Q91XFO 1001
Proteasome subunit beta type-10 035955 1049
Growth factor receptor-bound protein 2 Q60631 1049

Flavin reductase

ATP synthase subunit d, mitochondrial
Ferritin light chain 1 P29391 1103
Ferritin light chain 2 P49945 1103
Low molecular weight phosphotyrosine protein phosphatase® Q9D358 1104
Peptidyl-prolyl cis-trans isomerase A P17742 1136
Actin-related protein 2/3 complex subunit 5-like protein Q9D898 1147
E3 ubiquitin-protein ligase RNF181 QICY62 1150

Q923D2 1063
QIDCX2 1097

Nucleoside diphosphate kinase A P15532 1171
Nucleoside diphosphate kinase B Q01768 1171
Ubiquitin-conjugating enzyme E2 N P61089 1173
Protein S100-A9 P31725 1184
N-acyl-aromatic-i-amino acid amidohydrolase Q91XE4 1302
Protein S100-A8 P27005 1313

# UniprotKB/Swiss-Prot or NCBI Accession Number.
® Spots are named as indicated on the 2DE gel shown in Fig. 1.
¢ These proteins were identified by PMF.
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2.5. DIiGE labeling and two-dimensional gel electrophoresis

Samples were aliquoted at 45 pg, and the pooled internal standard
was made with 23 pg of each of the sixteen test samples combined.
The proteins were labeled with 400 pmol (in 1 pL of anhydrous DMF)
of CyDye per 50 pg of protein as per the manufacturer’s instructions
(GE Healthcare). After labeling, the appropriate samples were combined
for each gel. Each combined sample (~50 pl) was made up to 200 pL
with Readyprep Rehydration/Sample buffer (8 M urea, 2% CHAPS,
50 mM dithiothreitol (DTT), 0.2% (w/v) Bio-Lyte® 3/10 ampholytes,
and Bromophenol Blue (trace)).

2-DE was carried out using the Protean IEF cell and Criterion electro-
phoresis cell systems (Bio-Rad. Hercules, CA, USA) as previously
described [12], with the following modifications: 1) First-dimension
IPG strips (Bio-Rad: 11 cm, linear pH 3-10 gradient); 2) Active in-gel
rehydration at 50 V, 12 h at 20 °C; 3) The IPG strips were focused in a
one-step procedure, at 8000 V for a total of 35,000 Vh at 20 °C with a
current limit of 50 pA/strip.

After electrophoresis, one of the gels was pre-scanned using the
Typhoon 9400 variable mode imager at each of the appropriate CyDye
excitation wavelengths (Cy3 (532 nm), Cy5 (633 nm), Cy2 (488 nm)),
in order to determine the appropriate laser intensity for each CyDye.
Thereafter, each of the analytical gels was scanned at this optimum
laser intensity at a resolution of 100 pm. Gels were then fixed and
stained with SYPRO Ruby (Bio-Rad) and re-scanned using the 488 nm
laser. Scanned images were analyzed using the DeCyder7.0 software
(GE Healthcare) using the Differential In-gel Analysis (DIA) module to
detect and normalize the protein spots. Standard was used to normalize
gels by calculating the standardized abundance of each spot, i.e., the
ratio of either Cy3 or Cy5 signal to that of Cy2.

2.6. Protein identification by MALDI-TOF/TOF MS/MS

In-gel digestion of proteins has been described previously [13]. A set of
protein spots were identified by MS/MS using a 4800 MALDI-TOF/TOF
Analyzer (AB SCIEX) in automatic mode with the settings described
previously [5]. Protein identification was assigned by peptide mass finger-
printing and confirmed by MS/MS analysis of at least three peptides in
each sample. Mascot 2.0 search engine (Matrix Science) was used for pro-
tein identification running on GPS software (Applied Biosystems) against
the SwissProt Mus musculus database (uniprot_sprot_26042011.fasta).

The search setting allowed one missed cleavage with the selected trypsin
enzyme, a MS/MS fragment tolerance of 0.2 Da and a precursor mass
tolerance of 100 ppm.

Other spots were identified by MS/MS using a MALDI TOF/TOF
UltrafleXtreme (Bruker) in manual mode as previously described [5].
Fragment selection criteria were a minimum S/N ratio of 15, a maxi-
mum number of peaks set at 200. For each precursor selected for
MS/MS analysis, fragment mass values in the range from 13 Da to
4 Da below precursor mass were used to peptide identification.

Protein identification was assigned by peptide mass fingerprinting
and confirmed by MS/MS analysis of 5 peptides. Mascot Server 2.4
(Matrix Science) and ProteinScape 3.1 (Bruker) were used for protein
identification against the SwissProt Mus musculus database (SwissProt_
2015_06.fasta and NCBInr_20150409.fasta). The search setting allowed
two missed cleavage with the selected trypsin enzyme, fixed modification
was cysteine carbamidomethylation and variable modifications was me-
thionine oxidation, a MS/MS fragment tolerance of 0.5 Da and a precursor
mass tolerance of 50 ppm, unless otherwise indicated.

The MS spectra of the identified proteins were further examined in
order to detect the presence of citrullinated proteins. Protein citrullination
(deimination) is the enzymatic conversion of peptidyl-arginine residues
to peptidyl-citrulline, mediated by the family of calcium-dependent
peptidylarginine deiminases (PADs) [14]. The search setting for this
PTM with MASCOT was performed as in the previous paragraph, includ-
ing as variable modification the deamination of arginine, with the follow-
ing considerations [15]: a) for one citrullinated arginine, the peptide
theoretical mass increase is 0.98 Da and the modified peptide, losing
one amino group, becomes more acidic; b) citrullinated arginine residues
are not likely to be cleaved by trypsin, so that a minimum number of one
missed cleavage must be specified; c) a peptide that includes a C-terminal
citrullinated arginine must be rejected; d) citrullinated peptides generate
an unusual isotopic mass cluster as compared with that of unmodified
peptides.

2.7. Purification of serotransferrin from mouse serum samples by
immunoaffinity chromatography (IAC)

In order to isolate Tf from the rest of serum proteins, an immunoaf-
finity purification was carried out using a cyanogen-bromide Sepharose
column where a polyclonal antibody against human transferrin
was bond as explained in a previous work [16]. The immunoaffinity

Fig. 1. 2D-gel image of the protein spots from a mouse spleen extract. The image corresponds to the Sypro Ruby staining of proteins. The total amount of protein loaded was of 150 pg. The
numbers indicate the position of the proteins identified by MS/MS, which showed differences in protein abundance by DiGE analysis. The information about the identified proteins is in

Tables 1, 2, and 3 of Ref [18].



Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry

Chapter 2

130 A. Rosal-Vela et al. / Journal of Proteomics 134 (2016) 127-137

procedure consisted in: first, a conditioning step with two washes of
10 mM Tris-HCl. Second, the serum sample was diluted 1/16 in
10 mM Tris-HCl (pH 7.6) in order to improve antigen-antibody interac-
tion, and passed through the column ten times. After washing
with 10 mM Tris-HCl and 0.5 M NaCl (pH 7.6) to remove the non-
specifically retained fraction (washing fraction), retained Tf was eluted
with 100 mM glycine-HCl (pH 2.5). Eluted Tf was immediately neutral-
ized with 0.5 M Tris. Afterwards, glycine-HCl buffer was exchanged for
50 mM NH4HCO; buffer (pH 7.9) by ultracentrifugation using Microcon
YM-10 (MW cut-off 10 kDa, Millipore, Bedford, MA, USA). Finally, Tf was
digested as explained in Section 2.8.

2.8. Serotransferrin in-solution digestion

Tf previously purified by immunoaffinity chromatography as
described above, or a commercially available mouse apoTf (Sigma,
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reference: T0523), which was used as standard, was reduced, alkylated
and immediately subjected to enzymatic digestion in the presence of
RapiGest® as explained in a previous work [16]. 0.5 M DTT in 50 mM
NH4HCO; buffer was added to an aliquot of isolated Tf with 0.1% (w/v)
RapiGest®. The mixture was incubated in a TS-100 Thermo-Shaker di-
gester (Bio-San, Riga, Latvia) at 56 °C for 30 min and then alkylated
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from the upper reservoir by being centrifuged upside down in a new
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(HFor) was added to the digest to a final concentration of 5% (v/v) and the
mixture was incubated in the digester at 37 °C for 30 min. Then, the
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solution was centrifuged for 10 min at 12,000 rpm to separate the
RapiGest® residues. A residual fraction of RapiGest® still remained in
the solution but it was completely compatible with LC-MS analysis as
indicated by the manufacturer. Finally, the supernatant was carefully
collected and stored at — 20 °C until its analysis.

2.9. Serotransferrin in-gel digestion

Each gel spot was subjected to the following in-gel digestion proce-
dure: the spots were washed with 50% ACN, 100% ACN and 50 mM
NH4HCOs. Afterwards, the spots were dried with 100% ACN and the sol-
vent was then evaporated in a vacuum concentrator (SpeedVacTM,
Thermo Fisher Scientific, Waltham, MA). The reduction of Tf was

performed adding 10 mM DTT in 50 mM NH4HCO5 with 0.1% RapiGest®
to the spots and incubating in the digester at 56 °C for 45 min. Then, the
alkylation of Tf was carried out adding 55 mM of IAA in 50 mM
NH4HCO3 with 0.1% RapiGest® to the spots and leaving in the dark for
30 min. The spots were again washed with 50% ACN, 100% ACN and
50 mM NH4HCO3 and dried with 100% ACN. Then, the solvent was
again evaporated. 0.1% of RapiGest® was added to the spots and the
mixture was incubated at 37 °C for 10 min. The solvent was once
more evaporated in the vacuum concentrator and trypsin was finally
added to the spots until reswollen. The mixture was incubated in ice
for 45 min. Then, 50 mM NH4HCO3; was added to completely cover the
spots and the mixture was incubated at 37 °C overnight. After the incu-
bation, the supernatant was collected. This supernatant contains
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RapiGest® which had to be hydrolyzed to avoid MS interferences. To
ensure the complete removal of RapiGest® the spots were washed
twice with water and the supernatants were collected and mixed with
the first supernatant. The mixture was then hydrolyzed as explained
in Section 2.8. Afterwards, the spots were washed twice with 100%
ACN and both supernatants were collected and mixed with the solution
resulting from the surfactant hydrolyzation. Then, the solvent was evap-
orated and, finally, the sample was reconstituted in 50 mM NH4HCO;
and stored at — 20 °C until its analysis.

2.10. ulLC-TOF-MS

The puLC-TOF-MS experiments were performed in the 1200 series
capillary liquid chromatography system coupled to a 6220 0a-TOF LC/
MS mass spectrometer with an orthogonal G1385-44,300 interface
(Agilent Technologies). Data were collected in positive mode between
m/z 100 and 3200 working in the highest resolution mode (4 GHz).
For the separation of the tryptic digests, a Zorbax 300SB-C18 column
(3.5 um particle diameter, 300 A pore diameter, 150 x 0.3 mm Ly x id,
Agilent Technologies) was used. Chromatographic conditions were the
same as those used in a previous work [16]. Sample injection was
performed with an autosampler refrigerated at 4 °C and the injection
volume was 1 pL when analyzing Tf isolated from serum samples and
5 uL when analyzing Tf in-gel digests.

2.11. Data access

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium [17] via the PRIDE partner repository
with the following dataset identifiers: PXD002644 for proteins identi-
fied by 4800 MALDI-TOF/TOF Analyzer (AB SCIEX), PXD002643 for pro-
teins identified by MALDI TOF/TOF UltrafleXtreme, Bruker, PXD003183
for the identified citrullinated proteins, and PXD003163 for the pLC-
TOF-MS data. Supporting data are shown in ref. [18].

2.12. Statistical analyses

Protein relative abundance across all samples and statistical analyses
were performed using the Biological Variation Analysis (BVA) module
of the DeCyder software. Data were filtered by retaining spots that
were present in all gels. Comparison of protein abundance in serum
samples were calculated based on the relative change of sample respect
to its in-gel internal standard. Comparison is done by Student's t-test
and for calculations it was used the log standardized protein abundance.
The degree of difference between protein groups was expressed as
average ratio.

3. Results and discussion

3.1. A multi-protein species signature discriminates CIA* mice from CIA~
mice, and WT from CD38-KO within each condition

In WT and CD38-KO mice the incidence of CIA is about 70% of the
Col-lIl-immunized mice, despite the fact that all of them show anti-
Col-II autoantibody response. Therefore, it was of interest to study
whether there were differences in spleen protein profiles between
CIA™ and CIA™ mice that all were immunized with Col-II/CFA and,
therefore, subjected to same inflammatory challenge induced by CFA.
On the other hand, the clinical course of arthritis in CD38-KO mice is
milder than that in WT mice [ 11], which opens the question of whether
putative differences in spleen protein profiles between these mice may
reflect a distinct immune response of CD38-KO mice to Col-II/CFA
immunization. The goal was to identify proteins which may be post-
translationally modified, or altered in their spleen concentration levels
in response to Col-1I/CFA immunization. For the complete list of identi-
fied protein species that showed differences in abundance by DiGE, see

Table 1, and for their positions on the 2D-gels, see Fig. 1. See also
Tables 1, 2 and 3 in Ref[18].

In the first experiment (DiGE #1), 2 groups of samples were ana-
lyzed by 2D-DiGE, mouse type: CD38-KO versus WT mice, and two con-
ditions in each group: arthritis (CIA™) versus no arthritis (CIA ). 2-way
ANOVA-mouse test for the independent parameter mouse type
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identified 20 protein spots that showed statistically significant differ-
ences (P <0.05) (see Table 4 in Ref [18]), while the 2-ANOVA-arthritis
test identified 4 protein spots that showed statistically significant differ-
ences (see Table 5 in Ref [18]). When the two parameters were consid-
ered together, 8 spots showed a 2-ANOVA-interaction P < 0.05 (see
Table 6 in Ref [18]). Several of these spots were identified by MS/MS
as serotransferrin (Tf), and appeared to be strongly associated with
the WT mice group (spots #533, #537, #538, and #539), or with the in-
teraction of arthritis and mouse conditions (spots #532, #537, and
#539).

To further select the proteins that contributed better to discriminate
between CIA™ and CIA™ mice, a multivariate statistical approach was
used: Principal Component Analysis (PCA). Fig. 2A shows a score plot
of the distribution of the 16 mice, according to the variance of the 20
proteins that were statistically significant by 2-ANOVA-mouse. 6 out
of 8 WT mice clustered in the lower left quadrant, indicating limited var-
iance within this group, independently that they showed clinical signs
of arthritis or not. Likewise, most CD38-KO mice clustered within or
closer to the upper right quadrant. In addition, the Loading Plot of the
20 proteins that resulted statistically significant in the 2-ANOVA-
mouse test shows that the proteins clustered in distinct areas according
to its differential abundance in WT versus CD38-KO mice (Fig. 2B).

The score plot of the distribution of the 16 mice, according to the var-
iance of the 4 proteins that were statistically significant by 2-ANOVA-
arthritis showed that 7 out of the 9 mice with arthritis clustered togeth-
er in the two right quadrants, whereas the other two mice (WT #13 and
CD38-KO #16) clustered in the lower left quadrant, closer to the mice
with no clinical signs of arthritis (Fig. 2C). In addition, the Loading Plot
of the 4 proteins that resulted statistically significant in the 2-ANOVA-
arthritis test showed that the protein species clustered in distinct
areas according to their differential abundance in CIA™ versus CIA~
mice (Fig. 2D).

The score plot of the distribution of the 16 mice according to the var-
iance of the 8 proteins that were statistically significant by 2-ANOVA-
interaction showed that the 16 mice clustered according to their
condition (CIA™ versus CIA™), and within each condition they clustered
according to mouse type (WT versus CD38-KO). Thus, mice clustered in
4 different subareas depending upon whether they showed signs of
arthritis or not, and they were WT or CD38-KO (Fig. 2E, and F). These
data suggested that the response to Col-Il immunization was different
between WT and CD38-KO mice, independently that they were going
to develop arthritis or not.

3.2. Identification of spleen protein species distinct to CD38-KO mice in
response to Col-Il immunization

To better distinguish the response of CD38-KO to Col-Il immuniza-
tion or to CFA/IFA treatment PCAs were performed with those protein
species which showed statistical differences in the protein abundance
based in their average ratios (t-test <0.05). In Col-Il-immunized mice,

the segregation between WT and CD38-KO mice was even more patent
than that using the 2-ANOVA-mouse test (Fig. 3A vs Fig. 2A). A close ex-
amination of the protein species that were shared by both type of anal-
yses showed a general coincidence, with only three protein species
difference (see Tables 4 and 7 in Ref [18]). Therefore, the data showed
that these 23 protein species that differed in their abundance between
WT and CD38-KO mice were useful to discriminate between them,
which are consistent with a different immune-response to Col-Il immu-
nization [5,11]. To note is that 6 out of these 23 protein species (spots
#533, #537, #538, #539, #697, and #1103) correspond to Tf, catalase,
and ferritin, which are proteins related to iron transport and metabo-
lism, processes that are altered in RA patients, and other autoimmune
diseases [19,20].

CD38-KO mice have higher NAD™ levels than WT mice and are
protected against obesity and metabolic syndrome [21]. Moreover,
CD38 regulates global protein acetylation through changes in NAD™
levels and sirtuin activity [22,23]. In this sense, spots #501, #906,
#983, and #1097 (aconitase, VDAC2, PMSR, and ATPase subunit
d) correspond to enzymes that are involved in mitochondrial metabo-
lism, and are substrates of the mitochondrial NAD"-dependent
deacetylase, SIRT3 [24]. Likewise, spot #697 that corresponds to
Catalase is also a substrate of SIRT3, despite the fact that is a major
component of peroxisomes [24]. These enzymes and at least another 9
identified proteins are potential substrates of another sirtuin, SIRT5,
which is a weak deacetylase and a potent desuccinylase and malonylase
[25]. SIRT3 and SIRT5 regulate diverse metabolic pathways [25-28]. It is
likely that these and other sirtuins are hyperactive in CD38-KO mice by
virtue of the increased levels of NAD™, in particular under chronic in-
flammatory or stress conditions [22]. Therefore, it is feasible that the de-
creased abundance of these spots in CD38-KO relative to WT mice is due
to massive sirtuin-mediated lysine deacetylation, and desuccinylation,
and not to changes in protein concentration.

3.3. Protein species changes observed with inflammation or under steady-
state conditions

The immunization process with Col-Il involves the use of CFA, which
contains Mycobacterium tuberculosis extracts and mineral oil that are
strongly pro-inflammatory in normal mice [29,30]. Therefore, it was
uncertain whether the observed differences in protein abundance be-
tween Col-Il-immunized CD38-KO and WT mice were the consequence
of the specific immune response to collagen, or rather they reflected dif-
ferences in the inflammatory response to the adjuvant. To distinguish
between these possibilities, 2D-DIiGE analysis was performed in spleen
extracts from 4 WT and 4 CD38-KO mice that were challenged with
CFA at day 0, and with IFA at day 14, and then taken spleen samples at
6 weeks of the CFA injection (DiGE #2). None of the adjuvant-only ani-
mals ever developed signs of arthritis (data not shown). As shown in
Table 8 of Ref [18], spot #1313, corresponding to S100-A8, showed in-
creased abundance in CFA/IFA-treated CD38-KO mice as compared

Table 2

Normalized peak area and %RSD values of Tf glycopeptides glycoforms detected in a standard sample of 1500 pg mL™".
Glycoform Miheo Mexp Error (ppm) Charges Ao %RSD
1Ant/1NeuGc 2892.2138 2892.2443 105 +2,+3 5.0 74
1Ant/1NeuGclFuc 3038.2717 3038.3080 11.9 +2 1.6 e
2Ant/1NeuGe 3419.3988 3419.4394 11.9 +2, 43, +4. 45 12.5 5.8
2Ant/1NeuGc1Fuc 3565.4568 3565.4955 109 +2,+3,+4 6.6 6.3
2Ant/2NeuGc 3726.4892 3726.5352 123 +2,+3,+4,+5 88.2 2.6
2Ant/2NeuGc1Fuc 3872.5471 3872.5958 126 +2,4+3,+4,+5 7.7 26
2Ant/3NeuGe 4033.5795 4033.6386 146 +2. 43, +4 287 6.6
2Ant/3NeuGc1Fuc 4179.6374 4179.6860 116 +2,+3,+4 30.8 5.6
3Ant/3NeuGc 4398.7117 4398.7553 99 +3, +4 6.9 42
3Ant/3NeuGc1Fuc 4544.7696 4544.8172 10.5 +3,+4 5.9 2.0
4Ant/3NeuGc 4763.8439 4763.7646 16.7 +3 43 9.2
4Ant/3NeuGclFuc 4909.9018 4909.9535 105 +3 26 6.8

* Anorm: Normalized peak areas were calculated as: (Glycoform peak area/peptide 354-364 (CDEWSIISEGK) peak area) = 100,
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with WT mice, while 8 additional spots showed decreased abundance in
those mice. PCA (Fig. 3C, and D) of these proteins indicated that CD38-
KO and WT mice could be segregated in response to CFA/IFA treatment,
which suggested differences in the inflammatory response to CFA/IFA
injection elicited by CD38-KO versus WT mice.

The spleen proteomic profiles of non-immunized CD38-KO and WT
mice were also analyzed by 2D-DiGE (DiGE #3). 7 protein species
showed statistically significant differences in protein abundance. 4 of
them were identified as Tf, and all of them showed decreased abun-
dance in CD38-KO versus WT mice (see Table 9 of Ref [18]). In addition,
PCA showed that these 7 protein species were useful to discriminate
non-immunized CD38-KO from WT mice (Fig. 3E and F).

3.4. Identification of citrullinated peptides linked to specific protein species
in CIA™, or CFA-treated mice

Some of the protein spots identified by MS in WT mice with arthritis
or treated with CFA such as fibrinogen, vimentin, hnRNPL, alpha-
enolase, and FuBP-1 are known RA autoantigens, whose antigenicities
were highly dependent on citrullination, a PTM that occurs on arginine
residues that are deiminated by specific PADs to form citrulline residues
[15]. In CIA™ mice the development of autoantibodies against
citrullinated filaggrin and citrullinated fibrinogen has been shown
[31]. Moreover, immunoblotting and MS analysis of CIA joint tissue
lysates identified citrullinated ATP synthase subunit beta, actin,
tropomyosin alpha-1 chain, and S100A9 [32]. In our study 13 out of 40
spots analyzed for citrullination scored positively for protein species
with 1 or more citrullinated peptides (see Table 10 in Ref [18]), includ-
ing Fibrinogen « chain, Tropomyosin alpha-3 chain, Coronin-1A, Actin,
and F-actin-capping protein subunit alpha-1, which are structural
proteins. Citrullination is known to alter the structural properties of ker-
atin and MBP, and thus citrullination may play an important role in
modulating the structural properties of such proteins [14]. Other
citrullinated proteins such as Catalase, alpha-Enolase, Stress-induced
phosphoprotein-1, and the two different Proteasome subunits might
be involved in anti-inflammatory and anti-oxidative stress responses.
Spot #537, one of the more acidic Tf species was also citrullinated.
Regardless of what their targets are, antibodies against citrullinated
proteins may contribute to the pathogenesis of the disease [31]. It
would be interesting to determine whether the CIA™ sera specifically
recognize these citrullinated proteins on 2-DE protein maps.

3.5. Analysis of the glycopeptide glycoforms of serotransferrin standard by
ULC-TOF-MS

As the results obtained by 2D-DiGE analysis of the protein extract
from spleen demonstrated, several Tf protein species seemed to be
among the altered proteins that could be able to discriminate between
WT and CD38-KO both in non-immunized mice and in Col-II-
immunized mice, we focused our study on the analysis of Tf. The protein
species of Tf identified by 2D-DiGE differed in their pls, as judged by
their different mobility on 2D gels, which could be indicative of changes
in the glycosylation pattern of this protein. Hence, a more exhaustive
analysis of this protein was mandatory to further correlate changes in
Tf glycosylation in CD38-KO and Collagen type II-induced arthritis
(CIA™) mice.

As it has been extensively proved in the last years, MS is the most re-
liable way to obtain structural information about protein glycosylation
as it allows fast and high sensitivity profiling and accurate characteriza-
tion of heterogeneous glycan structures [33-37].The analysis of Tf
glycoforms by MS could be approached either by analyzing the intact
glycoprotein or by analyzing the glycans or glycopeptides obtained by
enzymatic digestion [38,39]. Glycopeptide analysis is usually the best
alternative as it shows better sensitivity compared to intact protein
analysis and provides information about glycosylation sites and their
degree of occupation in contrast to the analysis of glycans. In the

particular case of mouse Tf, the analysis of glycopeptides or glycans
would seemingly provide the same information as mouse Tf has only
one glycosylation point, thus, only one glycopeptide would be obtained
and all the glycans released would only come from this glycosylation
point. However, glycopeptide analysis is still preferred as characteriza-
tion of glycans is more tedious due to the need of a derivatization step
to enhance their ionization yield in MS.

In this work, a previous developed methodology for the analysis of
human serotransferrin glycopeptide glycoforms by uLC-TOF-MS was
used to characterize the glycosylation pattern of mouse Tf glycopeptide
[16]. In order to establish the methodology, an in-solution digestion of
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Tf standard at a concentration of 1500 pg mL~' was carried out as
explained in Section 2.8. The resulting glycopeptide and peptides
were analyzed by ULC-TOF-MS. The amino acid coverage of the protein
sequence was around 91% and all detected peptides are shown in
Table 11 of Ref [18]. As reported in [16] for human Tf, the use of
RapiGest® surfactant was needed to obtain quantitative digestions of
mouse Tf, and thus, to correctly detect and characterize the distinct
glycoforms of its glycopeptide. Fig. 4A shows all the N-glycopeptide
glycoforms detected, and Table 2 shows their normalized area (Anorm;

Glycopeptide glycoform peak area iy = i
calculated as =2 Beptide peakarea . % 100: reference peptide: 354

364, CDEWSIISEGK), and their relative standard deviation (%RSD)
values. As it can be observed, several glycoforms were detected; being
the biantennary structures the most abundant ones. As reported by
Coddeville et al. [40], the terminal sialic acid present in all the detected
glycoforms of mouse Tf was the NeuGc and no glycoforms containing an
acetylneuraminic acid (NeuAc) were observed. Furthermore, Tf glycans
seemed to be quite fucosylated, as glycopeptide glycoforms with one fu-
cose unit were rather abundant too, although they were always less in-
tense than the non-fucosylated counterpart, except for the glycoform
2Ant/3NeuGc1Fuc, As an example of peak shape, retention times and
intensity of the observed glycoforms, Fig. 4B shows the extraction ion
chromatograms (EIC) for each of the main detected glycoforms along
with the mass spectrum of the 2Ant/2NeuGc glycoform (i) and 2Ant/
3NeuGc1Fuc glycoform (ii).

3.6. Analysis of the Tf glycopeptide glycoforms in 2-DE spots from the Tf
standard or spleen protein extracts

As previously stated, with the aim of analyzing the Tf glycopeptide
glycoforms in protein extracts from spleen separated by 2D-gels, an
in-gel digestion of Tf standard was carried out to establish the in-gel
digestion methodology and later to evaluate whether the same
glycoforms were observed in the standard and in the spleen protein
extract. Following the methodology described in Sections 2.5 and 2.9,
a 2D-gel was loaded with 10 pg of Tf standard and the six spots obtained
after the electrophoretic separation (see Fig. 5A) were subjected to
in-gel digestion. Tf glycopeptide and peptides obtained were finally an-
alyzed by pLC-TOF-MS. Table 3 shows the main glycopeptide glycoforms
detected along with their normalized area (Anorm) and %RSD values.
Despite the increase in the injection volume from 1 L to 5 L, sensitivity
was rather low, and tri- and tetra-antennary glycoforms and also some
minor abundant biantennary glycoforms were not detected in any spot.

Fig. 5B depicts the bar graphs with the normalized area of each gly-
copeptide glycoform in each spot. If we consider the position of the dif-
ferent spots in the 2D-gel, the spot with the lowest pl (most acidic) is
number 1 and the spot with the highest p! (most basic) is number 6.
Supposing that distinct electrophoretic mobility observed between
spots is due to differences in the glycosylation of Tf protein species,
only the NeuGc could be responsible of the different pis as the rest of
monosaccharides are neutral. In Fig. 5A it can be observed that
the most acidic glycoforms, those with increased NeuGce (e.g. 2Ant/

3NeuGc), were more abundant in the acidic spots (1-3, low pI), while
the less acidic glycoforms, those with less NeuGc (e.g. 2Ant/1NeuGc),
were more abundant in the basic spots (4-6, high pI). Even though
these results are just tentative as some glycoforms detected in Tf
standard digested in solution (see Table 2) were not detected in any
spot. This is likely due to the relatively less sensitivity of the technique
(2-DE followed by the tryptic digestion of selected spots and subse-
quent uLC-TOF-MS analysis) as compared with that performed with
the whole protein in solution. In fact, the total amount of Tf loaded in
the gel was lower than the amount injected in solution, or even worse
the protein was separated in 6 different spots. This is also why the
signals of the glycopeptide glycoforms were even lower in the spots
from spleen protein extracts, where the amount of protein per Tf spot
was significantly lower than that in the spots from the Tf standard.
Despite that, the abundance and composition of the glycoforms
detected in spots #532, and #537 were quite similar to those detected
in spots #2, and #3 of the Tf standard. These spots showed an equivalent
position on the 2D-gels, which was indicative of similar pis.

Table 12 of Ref [18] shows the glycopeptide glycoforms detected in
the spots of spleen protein extracts, along with their normalized area
and their %RSD values. It is important to note that it was not possible
to obtain information about the glycoform composition of the major Tf
spot from spleen, spot #538, and the most abundant Tf spot from the
Tf standard, spot #5, despite the fact of using a surfactant during the
trypsin digestion, which clearly implements the yield of glycopeptides
in human Tf [16], and mouse Tf (this work). We are tempting to specu-
late that additional PTMs nearby the N-glycosylation site may impede
the proper trypsin digestion of the Tf glycopeptide, resulting in a
lower yield of glycoforms as compared with other less abundant spots.
Alternatively, the additional PTM may have a negative influence on
the ionization process of the glycopeptide, which without any further
modification usually shows a significantly lower MS signal strength
than its unglycosylated counterpart.

3.7. Analysis of Tf glycopeptide glycoforms in serum samples from CIA™ and
non-immunized mice

As the main function of Tf is the transport of iron through the blood
plasma, the glycosylation pattern of serum Tf should also show differ-
ences between non-immunized and CIA* mice. Hence, an immuno-
purification of this protein present in serum followed by a tryptic
digestion and a pLC-TOF-MS detection could prove to be an excellent
alternative to the analysis of Tf in protein extracts from spleen. In order
to analyze Tf from serum samples the immunoaffinity procedure de-
scribed previously [16] was carried out. Even though the antibody used
was raised against human Tf, the retention and elution of mouse Tf was
still possible as both proteins share approximately 72% of the peptide
sequence. After immunopurification, Tf was subjected to enzymatic
digestion and the resulting glycopeptide and peptides were analyzed
by PLC-TOF-MS. Four serum samples were analyzed following the
established methodology: non-immunized and CIA*™WT sera versus
non-immunized and CIA* CD38-KO sera. Fig. 1 in Ref [18] shows the

Table 3

Normalized peak area and #RSD of Tf glycopeptide glycoforms detected in the spots of a Tf standard subjected to 2-DE separation and in-gel tryptic digestion.
Glycoforms Spot 1 Spot 2 Spot 3 Spot 4 Spot 6

Anorm” %RSD Anorm” %RSD Anorm” %RSD Anorm” %RSD Anorm” %RSD

1Ant/1NeuGc - - - - - - 2.5 6.1 - -
1Ant/T1NeuGclFuc - - - - - - 2.0 14.5 = =
2Ant/1NeuGe = - 9.8 15.6 8.4 8.5 153 55 253 6.4
2Ant/1NeuGcl1Fuc - = 73 14.0 6.0 8.1 13.1 6.7 233 10.2
2Ant/2NeuGce 336 13.2 58.2 43 63.4 1.1 90.8 2.1 97.2 4.0
2Ant/2NeuGclFuc 16.1 16.4 40.6 7.2 39.7 8.7 76.3 3.6 72.0 6.1
2Ant/3NeuGc 214 121 43.5 8.6 284 8.3 26.9 1.8 = =
2Ant/3NeuGclFuc 8.0 104 14.1 11.9 114 6.9 8.5 3.7 - -

* Anorm: Normalized peak areas were calculated as: (Glycoform peak area / peptide 354-364 (CDEWSIISEGK) peak area) x 100.
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Table 4

Normalized peak area and %RSD of Tf glycopeptide glycoforms detected in four serum samples: WT non-immunized, WT CIA*, CD38-KO non-immunized and CD38-KO CIA ™.
Glycoforms WT non-immunized WT CIA™ CD38-KO non-immunized CD38-KO CIA™

Ancrm %RSD A[IDI'ITI %RSD AHDI’I‘H %RSD AI‘OJ‘!“ %RSD

1Ant/1NeuGe 7.2 9.7 30 24 49 50 34 2.8
1Ant/1NeuGc1Fuc 13 9.9 1.6 45 1.9 43 24 5.6
2Ant/1NeuGc 204 09 16.1 5.9 20.7 1.6 199 4.6
2Ant/1NeuGc1Fuc 6.0 43 4.6 1.2 6.9 45 8.4 4.8
2Ant/2NeuGc 142.6 1.5 1354 26 153.6 2.1 147.6 0.2
2Ant/2NeuGc1Fuc 715 3.1 60.8 32 58.9 1.2 64,5 1.0
2Ant/3NeuGc 46.1 1.2 383 35 429 22 35.1 4.6
2Ant/3NeuGcl1Fuc 39 50 41 6.2 4.0 74 4.5 10.0
3Ant/3NeuGc 2.2 10.1 41 5.0 2.7 25 4.6 71
3Ant/3NeuGc1Fuc 0.5 9.0 0.7 4.7 0.6 122 0.6 12.9
4Ant/3NeuGc 43 46 39 12.2 5.6 16 52 6.0
4Ant/3NeuGclFuc 24 76 3.0 9.7 24 57 34 59

Anorm: Normalized peak areas were calculated as: (Glycoform peak area / peptide 354-364 (CDEWSIISEGK) peak area) x 100.

EICs of the glycoforms detected in the Tf isolated from a WT non-
immunized serum (Fig. 1A in Ref [18]) compared to the Tf standard
onto a 2D-gel (spot #3, Fig. 1B in Ref [18]) and Tf from a spleen extract
on a 2D-gel (spot #537 equivalent pi to spot #3, Fig. 1C in Ref [18]). As
can be observed, the intensity of the peaks was at least tenfold higher in
the serum compared to the spots, allowing the detection of an increased
number of glycopeptide glycoforms. This demonstrates the ability of
this methodology to correctly isolate and digest Tf and detect its glyco-
peptide glycoforms, compared to the analysis by 2-DE followed by the
tryptic digestion of selected spots and subsequent pL.C-TOF-MS analysis.
Table 4 shows the detected glycoforms for each serum. As can be
observed, the most abundant glycoforms in Tf standard were the most
abundant as well in WT non-immunized serum and the same glycoforms
were detected in both samples (compare Tables 2 and 4), which was to be
expected as both samples are supposed to show similar composition of
intact Tf glycoforms as the non-immunized WT serum can be regarded
as a serum control. To clearly observe possible differences in Tf glycoforms
between samples, Fig. 5C shows a bar graph with the logarithm in base
10 (log) of the Ao for each glycopeptide glycoform in CIA™ samples
normalized to the Anom of the same glycopeptide glycoform in
non-immunized samples ( log g-Aom A+ for both types of mice,
WT and CD38-KO. As can be observed, with the exception of the 4Ant/
3NeuGe glycoform, tri- and tetra-antennary glycoforms (4Ant/
3NeuGce1Fuc, 3Ant/3NeuGcelFuc and 3Ant/3NeuGe) increased in CIA™
samples, whereas most of biantennary glycoforms decreased compared
to the non-immunized samples. Moreover, most of fucosylated glycans
seemed to also increase in arthritis-positive samples. This is in concor-
dance with the alteration of the glycosylation pattern expected in inflam-
mation, as it has been widely described an increase in fucosylation and
glycan branching (number of antennae) in inflammatory diseases [41,
42]. Additionally, in both cases a considerably reduction in the relative
abundance of the glycoform 1Ant/1NeuGc was clearly observed. Another
promising result is that in more than half of the detected glycoforms,
the increase or decrease of the relative abundance of a given glycoform
(e.g. 3Ant/3NeuGc1Fuc, 1Ant/1NeuGce or 2Ant/1NeuGc in Fig. 5B) was
less pronounced in CD38-KO CIA* serum, which seems to be in concor-
dance with the fact that mice deficient in CD38 develop an attenuated
CIA™ as compared with that in WT mice.

Our findings extend the results of others who described, by using
crossed immune isoelectric focusing (CIEF) technique, a significant
shift to highly sialylated human Tf (a pool fraction of 5 to 8-
sialotransferrin species) in RA patients, with the concomitant decrease
in the percentages of 4-sialotransferrin and low sialylated transferrin
(0 to 3-sialotransferrin) fractions [43]. This shift in Tf microheterogene-
ity positively correlated with increased disease activity, whereas there
was an inverse correlation between total Tf serum levels and parameters
of disease activity, suggesting that changes in Tf synthetic rates and
changes in Tf glycosylation induced in the inflammatory/autoimmune
response are regulated independently [43]. Likewise, in our study spleen

Tf levels measured by Western blotting were significantly lower in CIA™
than in CIA™ mice (0.3756 (n = 9) vs 0.6761 (n = 7), P= 0.0052 Mann
Whitney test; median Tf densitometric values normalized by Cyclophilin
A levels, data not shown).

4. Concluding remarks

Although these results need to be validated with a higher number
of samples, this methodology could be implemented to identify Tf
glycoforms specifically associated with either arthritis or inflammation,
or to assess the contribution of a given gene or protein, such as CD38, to
the aggravation or amelioration of these diseases. In this assessment it
could be particularly interesting to study putative differences in the
glycosylation pattern of serotransferrin in specific tissues associated
with the disease (i.e.: joints), or in specific compartments such as
exosomes/microvesicles, which are highly enriched in Tf receptors.

Disclosure

The authors have declared no conflict of interest.

Acknowledgments

We thank Dr. Frances E. Lund (Department of Microbiology, Univer-
sity of Alabama at Birmingham, Birmingham, Alabama, USA) for the
gift of the CD38~/~ mice and helpful discussions; to Pilar Navarro-
Cuesta for her technical assistance.

The proteomic analyses were performed in the proteomics facilities
of IPBLN-CSIC (Granada) and UCO-SCAI (Cordoba). Both facilities belong
to ProteoRed, PRB2-ISCIII, supported by grant PT13/0001.

This work was supported in part by the European Commission in
collaboration with the following Funding Agencies:

Ministerio de Economia y Competitividad (MINECO) del Gobierno
de Espaifia grant number SAF2011-27261 (to J.S.), grant CTQ2011-
27130, awarded to V. S-N; grant number SAF2011-22463 (to R.M.;
cofunded by the European Regional Development Fund), and grant
number SAF2012-34059 (to ].M.; cofunded by the European Regional
Development Fund); Consejeria de Innovacion, Ciencia y Empresa de
la Junta de Andalucia, grant number PO8-CTS-04046 (to |.S.). From the
MINECO del Gobierno de Espaifia, grant number IPT2011-1527-
010000, associated to Fibrostatin SL, to .M. A.R.V. was supported by a
fellowship-contract from Consejeria de Innovacién, Ciencia y Empresa
de la Junta de Andalucia. S.G.R. was supported by a JAEDoc contract
from CSIC and a MINECO contract. A.B. was supported by a FPU fellow-
ship from the Ministry of Education, Culture and Sport.

MS data are available via ProteomeXchange with identifiers:
PXD002644, PXD002643, PXD003183, and PXD003163. Additional
supporting data are shown in ref. [18].



Chapter 2

Glycosylation study of glycoproteins by capillary

liquid chromatography mass spectrometry

A. Rosal-Vela et al. / Journal of Proteomics 134 (2016) 127-137

References

[1]

[2

3

[4]

5

6]

171

(8]

19

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J.R. Whiteaker, C. Lin, J. Kennedy, L. Hou, M. Trute, I. Sokal, et al., A targeted
proteomics-based pipeline for verification of biomarkers in plasma, Nat. Biotechnol.
29 (2011) 625-634.

C. von Toerne, M. Kahle, A. Schdfer, R. Ispiryan, M. Blindert, M. Hrabe De Angelis,
et al,, Apoe, Mbl2, and Psp plasma protein levels correlate with diabetic phenotype
in NZO mice—an optimized rapid workflow for SRM-based quantification, J.
Proteome Res. 12 (2013) 1331-1343.

J.J. Inglis, G. Criado, M. Medghalchi, M. Andrews, A. Sandison, M. Feldmann, et al.,
Collagen-induced arthritis in C57BL/6 mice is associated with a robust and sustained
T-cell response to type II collagen, Arthritis Res. Ther. 9 (2007) R113.

C.A. Notley, J.J. Inglis, S. Alzabin, F.E. McCann, K.E. McNamee, R.0. Williams, Blockade
of tumor necrosis factor in collagen-induced arthritis reveals a novel immunoregu-
latory pathway for Th1 and Th17 cells, J. Exp. Med. 205 (2008) 2491-2497.

A. Rosal-Vela, S. Garcia-Rodriguez, J. Postigo, M. Iglesias, V. Longobardo, A. Lario,
et al,, Distinct serum proteome profiles associated with collagen-induced arthritis
and complete Freund's adjuvant-induced inflammation in CD38(—/—) mice: the
discriminative power of protein species or proteoforms, Proteomics 15 (2015)
3382-3393.

A. Hannigan, R. Burchmore, J.B. Wilson, The optimization of protocols for proteome
difference gel electrophoresis (DiGE) analysis of preneoplastic skin, . Proteome Res.
6 (2007) 3422-3432.

P. Jungblut, B. Thiede, U. Zimny-Arndt, E.C. Muller, C. Scheler, B. Wittmann-Liebold,
et al,, Resolution power of two-dimensional electrophoresis and identification of
proteins from gels, Electrophoresis 17 (1996) 839-847.

L.M. Smith, N.L. Kelleher, Consortium for Top Down P, Proteoform: a single term
describing protein complexity, Nat. Methods 10 (2013) 186-187.

P.R. Jungblut, H.G. Holzhutter, R. Apweiler, H. Schluter, The speciation of the
proteome, Chem. Cent. J. 2 (2008) 16.

D.A. Cockayne, T. Muchamuel, J.C. Grimaldi, H. Muller-Steffner, T.D. Randall, F.E.
Lund, et al, Mice deficient for the ecto-nicotinamide adenine dinucleotide
glycohydrolase CD38 exhibit altered humoral immune responses, Blood 92 (1998)
1324-1333.

J. Postigo, M. Iglesias, D. Cerezo-Wallis, A. Rosal-Vela, S. Garcia-Rodriguez, M.
Zubiaur, et al., Mice deficient in CD38 develop an attenuated form of collagen
type Il-induced arthritis, PLoS ONE 7 (2012), e33534.

E.J. Pavon, P. Munoz, A. Lario, V. Longobardo, M. Carrascal, J. Abian, et al., Proteomic
analysis of plasma from patients with systemic lupus erythematosus: increased
presence of haptoglobin alpha2 polypeptide chains over the alpha1 isoforms, Prote-
omics 6 (Suppl 1) (2006) S282-S292.

EJ. Pavon, S. Garcia-Rodriguez, E. Zumaquero, R. Perandres-Lopez, A. Rosal-Vela, A.
Lario, et al., Increased expression and phosphorylation of the two S100A9 isoforms
in mononuclear cells from patients with systemic lupus erythematosus: a proteomic
signature for circulating low-density granulocytes, J. Proteomics 75 (2012)
1778-1791.

E.R. Vossenaar, AJ. Zendman, W.J. van Venrooij, GJ. Pruijn, PAD, a growing family of
citrullinating enzymes: genes, features and involvement in disease, BioEssays 25
(2003) 1106-1118.

V. Goeb, M. Thomas-L'Otellier, R. Daveau, R. Charlionet, P. Fardellone, X. Le Loet,
et al,, Candidate autoantigens identified by mass spectrometry in early rheumatoid
arthritis are chaperones and citrullinated glycolytic enzymes, Arthritis Res. Ther. 11
(2009) R38.

A. Barroso, E. Gimenez, F. Benavente, ]. Barbosa, V. Sanz-Nebot, Analysis of human
transferrin glycopeptides by capillary electrophoresis and capillary liquid chroma-
tography-mass spectrometry. Application to diagnosis of alcohol dependence,
Anal. Chim. Acta 804 (2013) 167-175.

J.A. Vizcaino, EW. Deutsch, R. Wang, A. Csordas, F. Reisinger, D. Rios, et al.,
ProteomeXchange provides globally coordinated proteomics data submission and
dissemination, Nat. Biotechnol. 32 (2014) 223-226.

A. Rosal-Vela, A. Barroso, E. Giménez, S. Garcia-Rodriguez, V. Longobardo, J. Postigo,
et al., Supporting data for the MS identification of multiple transferrin species -
glycopeptide glycoforms - in spleen and serum from WT and CD38 ~/~ mice with
collagen-induced arthritis, Data in Brief, 2015 ("accepted for publication™).

G. Weiss, L.T. Goodnough, Anemia of chronic disease, N. Engl. ]. Med. 352 (2005)
1011-1023.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

137

D. Domanski, G.V. Cohen Freue, L. Sojo, M.A. Kuzyk, L. Ratkay, C.E. Parker, et al., The
use of multiplexed MRM for the discovery of biomarkers to differentiate iron-
deficiency anemia from anemia of inflammation, J. Proteomics 75 (2012)
3514-3528.

M.T. Barbosa, S.M. Soares, C.M. Novak, D. Sinclair, J.A. Levine, P. Aksoy, et al., The
enzyme CD38 (a NAD glycohydrolase, EC 3.2.2.5) is necessary for the development
of diet-induced obesity, FASEB J. 21 (2007) 3629-3639.

E.N. Chini, CD38 as a regulator of cellular NAD: a novel potential pharmacological
target for metabolic conditions, Curr. Pharm. Des. 15 (2009) 57-63.

C. Escande, V. Nin, N.L. Price, V. Capellini, A.P. Gomes, M.T. Barbosa, et al., Flavonoid
apigenin is an inhibitor of the NAD + ase CD38: implications for cellular NAD + me-
tabolism, protein acetylation, and treatment of metabolic syndrome, Diabetes 62
(2013) 1084-1093.

M.J. Rardin, J.C. Newman, .M. Held, M.P. Cusack, D.J. Sorensen, B. Li, et al., Label-free
quantitative proteomics of the lysine acetylome in mitochondria identifies sub-
strates of SIRT3 in metabolic pathways, Proc. Natl. Acad. Sci. 110 (2013) 6601-6606.
M.J. Rardin, W. He, Y. Nishida, ].C. Newman, C. Carrico, S.R. Danielson, et al., SIRT5
regulates the mitochondrial lysine succinylome and metabolic networks, Cell
Metab. 18 (2013) 920-933.

M.J. Rardin, J.M. Held, B.W. Gibson, Targeted quantitation of acetylated lysine
peptides by selected reaction monitoring mass spectrometry, Methods Mol. Biol.
1077 (2013) 121-131.

G. Colak, O. Pougovkina, L. Dai, M. Tan, H. Te Brinke, H. Huang, et al., Proteomic and
biochemical studies of lysine malonylation suggests its malonic aciduria-associated
regulatory role in mitochondrial function and fatty acid oxidation, Mol. Cell. Proteo-
mics 14 (2015) 3056-3071.

[28] J. Park, Y. Chen, D.X. Tishkoff, C. Peng, M. Tan, L. Dai, et al., SIRT5-mediated lysine

[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]
1371
[38]
[39]

[40]

[41]
[42]

[43]

desuccinylation impacts diverse metabolic pathways, Mol. Cell 50 (2013) 919-930.
E. Schurgers, F. Mertens, J.AJ. Vanoirbeek, S. Put, T. Mitera, E.D. Langhe, et al.,
Pulmonary inflammation in mice with collagen-induced arthritis is conditioned
by complete Freund's adjuvant and regulated by endogenous IFN-vy, Eur. J.
Immunol. 42 (2012) 3223-3234.

A. Billiau, P. Matthys, Modes of action of Freund's adjuvants in experimental models
of autoimmune diseases, J. Leukoc. Biol. 70 (2001) 849-860.

K.A. Kuhn, L. Kulik, B. Tomooka, K.J. Braschler, W.P. Arend, W.H. Robinson, et al.,
Antibodies against citrullinated proteins enhance tissue injury in experimental
autoimmune arthritis, J. Clin. Invest. 116 (2006) 961-973.

B. Kidd, P. Ho, O. Sharpe, X. Zhao, B. Tomooka, J. Kanter, et al., Epitope spreading to
citrullinated antigens in mouse models of autoimmune arthritis and demyelination,
Arthritis Res. Ther. 10 (2008) R119.

W.R. Alley Jr., M.V. Novotny, Structural glycomic analyses at high sensitivity: a
decade of progress, Annu. Rev. Anal. Chem. 6 (2013) 237-265.

M. Wuhrer, Glycomics using mass spectrometry, Glycoconj. J. 30 (2013) 11-22.
S.B. Levery, C. Steentoft, A. Halim, Y. Narimatsu, H. Clausen, S.Y. Vakhrushev,
Advances in mass spectrometry driven O-glycoproteomics, Biochim. Biophys. Acta
2015 (1850) 33-42.

M. Kailemia, L.R. Ruhaak, C.B. Lebrilla, I.]. Amster, Oligosaccharide analysis by mass
spectrometry: a review of recent developments, Anal. Chem. 86 (2014) 196-212.
Y. Zhang, J. Jiao, P. Yang, H. Lu, Mass spectrometry-based N-glycoproteomics for can-
cer biomarker discovery, Clin. Proteomics 11 (2014) 18.

M.V. Novotny, W.R. Alley Jr., BF. Mann, Analytical glycobiology at high sensitivity:
current approaches and directions, Glycoconj. J. 30 (2013) 89-117.

K. Marino, J. Bones, J.J. Kattla, P.M. Rudd, A systematic approach to protein glycosyl-
ation analysis: a path through the maze, Nat. Chem. Biol. 6 (2010) 713-723.

B. Coddeville, E. Regoeczi, G. Strecker, Y. Plancke, G. Spik, Structural analysis of
trisialylated biantennary glycans isolated from mouse serum transferrin. Character-
ization of the sequence Neu5Gc(alpha 2-3)Gal(beta 1-3)[Neu5Gc(alpha 2-
6)]GIcNAc(beta 1-2)Man, Biochim. Biophys. Acta 1475 (2000) 321-328.

D.H. Dube, C.R. Bertozzi, Glycans in cancer and inflammation—potential for
therapeutics and diagnostics, Nat. Rev. Drug Discov. 4 (2005) 477-488.

S. Albrecht, L. Unwin, M. Muniyappa, P.M. Rudd, Glycosylation as a marker for
inflammatory arthritis, Cancer Biomark. 14 (2014) 17-28.

R.A. Feelders, G. Vreugdenhil, G. de Jong, AJ. Swaak, H.G. van Eijk, Transferrin
microheterogeneity in rheumatoid arthritis. Relation with disease activity and
anemia of chronic disease, Rheumatol. Int. 12 (1992) 195-199.






Data in Brief






Chapter 2

Data in Brief 6 (2016) 587-602

Contents lists available at ScienceDirect

Data in Brief

journal homepage: www.elsevier.com/locate/dib

Data article

Supporting data for the MS identification ().
of distinct transferrin glycopeptide glycoforms

and citrullinated peptides associated

with inflammation or autoimmunity

A. Rosal-Vela®!, A. Barroso ™', E. Giménez ", S. Garcia-Rodriguez®,
V. Longobardo ¢, . Postigo ¢, M. Iglesias “, A. Lario®, J. Merino ¢,
R. Merino ¢, M. Zubiaur?, V. Sanz-Nebot ", ]. Sancho **

 Instituto de Parasitologia y Biomedicina “Lopez-Neyra” (IPBLN), CSIC, Armilla, Granada, Spain
b Departament de Quimica Analitica, Universitat de Barcelona, Spain

© Unidad de Proteémica, IPBLN, CSIC, Armilla, Granada, Spain

d Facultad de Medicina, Universidad de Cantabria, Santander, Spain

¢ Instituto de Biomedicina y Biotecnologia de Cantabria, CSIC, Santander, Spain

ARTICLE INFO

ABSTRACT

Article history:

Received 14 December 2015
Received in revised form

17 December 2015

Accepted 23 December 2015
Available online 11 January 2016

Keywords:
Arthritis
Inflammation
Protein species
Transferrin
Glycosylation
CD38
Citrullination

This data article presents the results of all the statistical analyses applied
to the relative intensities of the detected 2D-DiGE protein spots for each
of the 3 performed DiGE experiments. The data reveals specific subsets
of protein spots with significant differences between WT and CD38-
deficient mice with either Collagen-induced arthritis (CIA), or with
chronic inflammation induced by CFA, or under steady-state conditions.
This article also shows the MS data analyses that allowed the identifi-
cation of the protein species which serve to discriminate the different
experimental groups used in this study. Moreover, the article presents
MS data on the citrullinated peptides linked to specific protein species
that were generated in CIA* or CFA-treated mice. Lastly, this data article
provides MS data on the efficiency of the analyses of the transferrin (Tf)
glycopeptide glycosylation pattern in spleen and serum from CIA™ mice
and normal controls. The data supplied in this work is related to the
research article entitled “identification of multiple transferrin species in
spleen and serum from mice with collagen-induced arthritis which may

DOI of original article: http://dx.doi.org/10.1016/j.jprot.2015.11.023
* Correspondence to: Instituto de Parasitologia y Biomedicina Lopez-Neyra, CSIC, Avenida del Conocimiento s/n, Parque
Tecnolégico de la Salud (PTS), 18016 Armilla (Granada), Spain. Tel.: +34 958181664; fax: +34 958181632.
E-mail address: granada@ipb.csic.es (]. Sancho).
! A. Rosal-Vela and A. Barroso equally contributed to this work.

http://dx.doi.org/10.1016/j.dib.2015.12.045

2352-3409/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry



Glycosylation study of glycoproteins by capillary
liquid chromatography mass spectrometry

Chapter 2

588

A. Rosal-Vela et al. / Data in Brief 6 (2016) 587-602

reflect changes in transferrin glycosylation associated with disease
activity: the role of CD38” [1]. All mass spectrometry data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with identifiers PRIDE: PXD002644, PRIDE: PXD002643,
PRIDE: PXD003183 and PRIDE: PXD003163.
© 2016 The Authors. Published by Elsevier Inc. This is an open access
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Tables, figures and raw data

Scanned 2D-DiGE images were analyzed using the DeCyder7.0 software (GE
Healthcare) using the Differential In-gel Analysis (DIA) module to detect and
normalize the protein spots. Protein relative abundance across all samples and
statistical analyses were performed using the Biological Variation Analysis (BVA)
module of the DeCyder software. MS data for protein identification was acquired
using a MALDI TOF/TOF UltrafleXtreme (Bruker), or a 4800 MALDI-TOF/TOF Ana-
lyzer (AB SCIEX). uLC-TOF-MS data for the analysis of the glycopeptides glycoforms
of Tf was acquired with a 1200 series capillary liquid chromatography system
(Agilent Technologies) coupled to a 6220 oa-TOF LC/MS mass spectrometer with an
orthogonal G1385-44300 interface (Agilent Technologies).

Analyzed (excel files and word tables) and raw data

Mice with Collagen-induced arthritis, or with chronic inflammation, or with no
treatment. Protein extraction and/or purification from spleen or serum samples.
CyDye labeling. 2-D gel electrophoresis.

Protein extracts from mice subjected to different experimental conditions were
analyzed by 2D-DiGE, and protein species that differed in abundance were
identified by MS/MS. PTMs such as citrullination of the identified proteins, or
glycosylation of Tf species were further analyzed by MS.

UB: Barcelona; UCO: Cérdoba; IPBLN: Granada.

Data is within this article. Data also available at the ProteomeXchange Con-
sortium via the PRIDE partner repository, PRIDE: PXD002644, PRIDE:
PXD002643, PRIDE: PXD003183 and PRIDE: PXD003163.

Value of the data

e Application of uLC-TOF-MS for characterization of multiple glycopeptide glycoforms from mouse

transferrin.

e Investigation of altered transferrin glycopeptide glycosylation patterns in inflammatory and/or
autoimmune diseases.

e Mass spectrometry approach to identify new citrullinated peptides in mice with arthritis (CIA model).

e Properly described approach for 2D-DiGE analysis to identify protein species that differ in abun-
dance due to certain pathologies.

e Basis for the study of altered protein species associated with inflammatory processes or arthritis in

humans.
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Fig. 1 shows the extracted ion chromatograms (EICs) obtained by pLC-TOF-MS for the most
abundant glycopeptide glycoforms of Tf isolated from WT non-immunized serum, Tf standard in a 2D
gel, and Tf from a spleen extract in a 2D gel. Tables 1 and 2 in excel format show the list of the protein
species identified by MS/MS, displaying the sequence of matched and fragmented peptides of a given
protein. Table 3 shows the list of protein species identified by PMF. Tables 4-9, include the results of
all the statistical analyses applied to the relative intensities of the detected 2D-DiGE protein spots for
each of the 3 performed DiGE experiments. Table 10 shows the identities of the citrullinated peptides
linked to specific protein species in CIA™, or CFA-treated mice. Table 11 shows the peptide coverage of
mouse Tf standard digested with trypsin, and Table 12 shows the normalized peak area and %RSD of
Tf glycopeptide glycoforms detected by uLC-TOF-MS in the spots of spleen protein extracts subjected
to 2D electrophoretic separation and in-gel tryptic digestion.
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Fig. 1. Extracted ion chromatograms (EICs) for the most abundant glycopeptide glycoforms of Tf isolated from (a) WT non-
immunized serum, (b) Tf standard in a 2D gel (spot 3), and (c) Tf from a spleen extract in a 2D gel (spot 537 equivalent pI to spot
3) by pLC-TOF-MS.



Glycosylation study of glycoproteins by capillary

Chapter 2

d chromatography mass spectrometry

liqui

A. Rosal-Vela et al. / Data in Brief 6 (2016) 587-602

590

‘urajoad yoes 10§ uaaI1g a1e sjuiod J11109[20S1 pue SIYSIom IB[NI[OW [BI1IAI0] ,

‘Juedyrusis AJ[ednsiels se palapisuod 3I9M %G6 JA0UE S[BAISIUI DUIPYUOD AJUO ‘$3I00s UO] [€10] 0] |

‘JuedyIusIs A[[BD1IS1IIS SB PAIIPISUOD 1M %66 SA0QE S|PAIIUT DUIPYU0D AJUo ‘sa10ds uiajold 104 |
‘(swashsoig parddy ‘aremijos sd9) e1ep SI/SIN Pue SN J0L/H0L-IATYIA JO YdIeas pauiquiod ay)

10§ pariodai aie (% 1)) [PAISIUI DUIPYUOD 310IS U0 [EI0] PUB ‘310IS UOT [B101 (% D) [BAISIUT 9DUIPYUOD 21038 Ur10.d ‘21035 up101d [0DSYIA ‘19qUINU UOISSAIIE J0IJ-SSIMS/EI0IJIUN

‘[1] 399 ur 1 “S14 ur umoys [98 -z Y3 UO pajedipul se paweu are syods ,

TeuRlew Arejuawapddns se (3[y Xs[X” ‘L d[qeL) JPnIe siyl

JO UOISIaA JUIUO JY3 Ul punoj aq ued sapndad pajuawwsSely ayl Jo S[BAIIUT DUPYUO0D pue s2103s uol ay3 snd ‘surajoid paynuapt ayl jo sapndad pajuawsely pue paydlew jo duanbas ayy

€r's I'Ske0l 000001 611 £ 0ot orL S00Led  IASNOW 8VOLS 8V-001S uiajold £IEL
¥9'9 [1z'el 001 68 L 001 S6 ¢zLled ASNOW 6VOIS 6Y-001S uold ¥8I11
L69 99%'LL 000001 8LC L 00L 0€EE 892100  ISNOW DMAN g aseuny| ajeydsoydip apisoapdnN
789 6'0LELL 000001 8IS el (0]0] 8 759 CESSId  ASNOW VAN v aseupy| ajeydsoydip apisoadnN LLLIL
urajoxd HI-G
ze9 08920L1L 0oL 9Ll 9 00l Go1 868060 ASNONISdYY ungns xo[dwod ¢/z utajoid paje[aI-upoy LylL
8 00060¢I81 0oL 6%C (0] 0ol ore hLLld ASNON VIdd v aselawos! suen-sid [Ajoid-jApudag 9¢lLL
6£9 6'9880¢C 000001 0T 6 001 9.¢ Sve6kd  ASNONW ZTIHd T UIeyd Jysi| unluag
99'G S9r80¢C 000001 GEP vl 001 G8¢S 16£6¢d  ASNONW TTId I UIeyd JysSi| unLL €01l
(48" 9'v6.L81 000001 961 0] 001 eve ZX2a60  ASNOW HSdLY [BLIPUOLDOIW ‘P JUNgNs IseyIuAs d1v £601
6%'9 ¥'L6TCT 000001 £8S 91 001 LLL 2asz60  ASNON gIA1d asenpal ulAef] £901
9’8 LEVOE 666'66 LS S 666'66 18 04X160  ISNOIN OdNd asepixo ajeydsoyd-,G-auIxopLIAd
¥E9 L18'LT 00000L ¥9c (0]8 0oL GEE 6NDB0D ISNOIN 9VYSd 9-adAy eydje jlungns awoseajold LooL
¥9 09€e8¢C 000001 GGl L 0oL €0¢ PE9ELd  ASNOW LHYD 1 asespAyue druogie)
69 G'8zi6e 000001 S6¢C Ll ool 8Ly 02600d ASNOW THVYD T 9se1pAyue diuoqie) 86
9 6'C186¢C 000001 (0]¢13 o1 00l 9z¥ 7d1¥60  ASNOW LVSd 1-2dA eydje jiungns awosea10.d 186
7 urdoid [au
L 086E€CE 00L S6 L1 001 6L1L 0£6090 FSNOIN ZOVAA  -UBLD dARD2[as uoiue juapuadap-ageljop 906
667 1'609.F 0oL SL S 0ol 6 €81LId  ISNOW DONH 9SE[OUD PLUWED
€L9 vLeEELY 0oL vze 9 00l 0S¢z 06561Zd  4SNOW 9ONH 9SPJOUa klag
LE9 CESYLY 0oL ¥6S LT 0ot 168 Z81L1d IASNOI YONH asejoua eydpy 8LL
LL L1009 001 Lel (018 001 6LL 0LZ¥ed ASNONW VIVD 2SE[RIE) L69
899 6'10¥SS 00L 8LG T4 (e]0] 8 008 89080 4SNON dadId urer ejaq uagouriq] 769
(0]74°] 0.1'e9 0oL 9%l 6L 0ol LLT #98090 ASNOI LdILS 1 uiajosdoydsoyd-pasnpui-ssang v19
¥6'9 <'0r88L 000001 99¢ T4 0ol 19 111260  4SNOW 34l ULLI2JSULI]019S 6€S
¥69 <0r88L 000001 601 8l (o]0] 8 LIT 111260  dSNOW 344L ULLIgJSULOIaS LES
69 S0r88L 000001 69 L 00l 6LL 111260  dSNOW 3d¥L ULLIgjsuenolas €es
J(reowoayy) L (rednroays) D uor ;21005 JUNOd S%ID 100§ AJequinu LJaquinu
dq1 MIA 9% [eI0L uol [ej0L ‘dad 210ds ui0Ig uRlodd UoISUIIY UOoISSINY uonedynuIp| jods

(xa0s V) J0L/10L-IaTYIN 008F 243 Suisn SIN/SIA Aq pagnuapi uas[ds asnow woy sjods uiajoid

L d1qeL



d chromatography mass spectrometry

liqui

Glycosylation study of glycoproteins by capillary

Chapter 2

591

A. Rosal-Vela et al. / Data in Brief 6 (2016) 587-602

‘urazold yoea 10y uaald are sjyurod J11109[20S1 pue SIYSIam Ie[NIJ[0W [BIII0Y] ,
“IaqUUNU UOISSIIE [IN 10 10I14-SSIMS/gdpoidiun q
‘(1] 39y ur [ “Si4 u1r umoys 98 (- Y3 U0 PaledIpul Se pawreu are syods .
‘Jeuajew Arejuawdddns se (ay
XS[X" ‘Z 9[qeL) J[21IP SIYI JO UOISIIA UI[UO JYJ Ul Punoj 3q ued sapndad pajusawidel) 913 Jo S[PAIIIUI DUIPYUOD pue $3100s uol 3yl snjd sapndad pajuswises) pue paydiewl jo 3duanbas ay[,

(Sunioy-a1e A

0gs 0zZL'SE L 0sT AR Y4 PIX160  ISNOI €ADV -X0qied) asejospAyopiue pie ourwe-T-diewore-jAe-N (i3}
€19 v8ILL z 0L61 6L%01 68019d ISNOIN NzIdn N 73 2wAzua Sunednfuod-uninbiqn eLIL
G9'G L8Y'61 I 08t 1092 Z9AD60  ISNOW ISINY 181INY 2ses1| uiaoid-unmbign €3 0S11
99°g L¥8°0T I 4 9¢'8h 16662d  ASNOW TR [ ureyd ysi| unLLRg €011
68°G 9£€£'ST € 0S'LL [FE0L 1£9090  ASNON Zg¥D Z ud01d punog-101dadal 10198) Y1MO0I1D
0F'9 0£€'6¢ € 088 601 GS6S€0  ASNOIN 019Sd 01-2dA} BI2q JIUNQNS JWOSEII0I] 6¥01
¥E9 118'LE ¥ €91 6L°LLL 6IANO6D  ASNOIN 9VSd g-2d&y eydje yungns awosealoid 1001
009 €18'6Z € gl 8L€€l Pd1460  ASNOW 1VSd 1-2d£) eydie jungns awosealold 186
69 SLL'TE | 06 £0°'65 [££86d  ASNOW TIANdL uteyd [-eydfe uisoAwodoly, L6
FEeS 060°'€E 4 086 ¥0'z6 €SLLPd  ASNOW LVZVD [-eydie yungns uraloxd Surddes-unoe-4
0€s 6LETY Z 006 79621 £744980  ASNOW 141DV Z urloxd ay1-unoe-elag
676G 750ty z ore [V LLL 01£09d  ISNON IOV 1 orwsejdolfd ‘unoy 868
S0'S 850'6% € 901 8LLIL £97£€08SII8  ASNON 9vIAd Josmdaid gy JSEISWOSI-dPY[NSIP U130 0LL
90°'G TIL'ES S oral £8'98¢ 7S10zd  ASNOW FIIA unuaIA 8cL
509 L29'1S L rard €701 LE0S68HIE ASNON Y 1OY0D [-UIuo1o) zEL
£e'8 0SS'F9 z 09F G569 180480  ISNOW TdiINH 7 ureloidoapnuoqLl Ied[dNU SN03UIZ0I1IH 8€9
LLS L11'88 € (ra4 (R Fznd6d SN0 Vdld uretd eyde uadouriqry £€9
VL 899'89 I 00¢ GLTE 8[MI16D  ASNOW ™ Lddnd | u301d Juipuiq-juawaja weansdn Jeg FSS
¥6'9 1¥8'8L 1% 6'S 06061 111260  ASNOW 4L ULLI9JSUBIIOIDS 6ES
¥6'9 1#8'8L € i4 S9'96 111260  4SNON d44L ULLI2JSUBLI0IDS 8¢S
80'8 00F'S8 4 09°€ G0'€6 0DI6ED  ASNOW NODY [BLIPUOYDO0JIL “9SEIRIPAY )eIIU0DY 10S
S(feouoayy)  (jeonioayy) sapndad (94) 28e 2100S SRquInu LAdquunu
dal MIN Jo ‘oN -IaA0D vu:u..——uvm uraoid UO0ISSaY UOISSIY uonedynuapj ubnm

“(anag) swanyapen|n J0L/H40L-1ATYIN 2y1 Suisn SW/SIN Aq paynuapt siods ura1oid

Z 2IqeL



Glycosylation study of glycoproteins by capillary

Chapter 2

d chromatography mass spectrometry

liqui

A. Rosal-Vela et al. / Data in Brief 6 (2016) 587-602

592

‘u1j01d yoea 10j waAIS a1e sjutod JLI3ID3[20SI pPUE SIYSIaM IR[NIJ[OW [BINAI0AY] .
I2qUINU UOISSadIe [IN 10 101d-SSIMS/EdroldIun
[1]39¥ ut | 814 ur umoys [98 - AYI U0 pajedIpul se paweu ale s3ods

asejeydsoyd
Ge S 91¢€ 70—I0¥'T S'8S 0€9 9€9'81L 86£d60  umoid autsorfjoydsoyd JySIom Ie[ni2[ow Mo POLL
asenpal
LE £ £ve ¢v000°0 9L 9'8 00Z'9T LA9A60 apixojIns auruoryiaw apndad [eLIpuoyI0IA €86 oo
€L oL 19 oozt EL1L TL6'81 LT9EI6TLIS (SW) zz 10108} amoi3 1se|qoIqly N
€L Ll 23 00 69 LE9 ¥9r'G9 £9909.191L118 (SIW) D uLiojost J/y-ule[ai ¢
€L 81 6C ¥£000 LL ¥5°9 8LV'VL 0L££82291I18 (SN Josandaad v wLiojost J/y-urwelaid LS
payoueas paydiewn a8e1an0d J(1eauioayy)  (jeoroaryy) LAPquinu LAquInu
SaLIANY SaLIdINQ duanbag Padxy 210§ dq1 MIA UOISSINY JuIeu U0 jods

‘(1nug) swanxapen|n JOL/H0L-IATYIN 2u3 Susn JjAd £q paynuapi sjods uia1oid
€ JjqeL



Glycosylation study of glycoproteins by capillary

h 2 -
Chapter liquid chromatography mass spectrometry

A. Rosal-Vela et al. / Data in Brief 6 (2016) 587-602 593

Table 4
Spleen protein species that differ in abundance by 2-ANOVA-Mouse in Col Il immunized CD38 KO mice versus B6 WT mice.

DeCyder Protein name® P value (2-ANOVA-

spot no. Mouse)

B6 WT:

538 Serotransferrin 3.99E-04

633 Fibrinogen alpha chain 6.11E—04

692 Fibrinogen beta chain 1.12E-03

1097 ATP synthase subunit d, 1.30E-03
mitochondrial

1302 N-acyl-aromatic-L-amino acid 1.75E-03
amidohydrolase (carboxylate-
forming)

539 Serotransferrin 3.53E-03

533 Serotransferrin 8.87E-03

554 Far upstream element-binding pro- 9.53E-03
tein 1

537 Serotransferrin 1.61E-02

501 Aconitate hydratase, mitochondrial 1.78E—02

1171 Nucleoside diphosphate kinase A 0.0195
Nucleoside diphosphate kinase B

1103 Ferritin light chain 1 2.06E—-02
Ferritin light chain 2

1300 Not identified 0.023

638 Heterogeneous nuclear ribonucleo- 2.89E-02
protein L

572 Prelamin-A/C isoform A precursor 3.59E-02
(PMF)

Prelamin-A/C isoform C (PMF)
Fibroblast growth factor 22 (PMF)

1313 Protein S100-A8 0.05
CD38 KO:
898 Actin, cytoplasmic 2 6.70E—03

Beta-actin-like protein 2
F-actin-capping protein subunit

alpha-1
982 Carbonic anhydrase 2 8.98E—-03
Carbonic anhydrase 1
1044 Not identified 0.0202
981 Proteasome subunit alpha type-1 2.39E-02

¢ Protein name according to UniProt, or to NCBI.

Table 5
Spleen protein species that differ in abundance by 2-ANOVA-Arthritis test in Col lI-immunized CIA* versus CIA~ mice.

DeCyder spot no. Protein name® P value (2-ANOVA-
Arthritis)
InCIA*:
438 Not identified 0.0162
1150 E3 ubiquitin-protein ligase 0.0414
RNF181
InCIA—:
1157 Not identified 0.021
778 Alpha-enolase 0.0365

Beta-enolase
Gamma-enolase

4 Protein Name according to UniProt, or to NCBI.
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Table 6
Spleen protein species that differ in abundance by 2-ANOVA-Interaction in two groups of Col.ll-immunized mice (CD38 KO and
B6 WT) with two conditions: CIA" and CIA ).

DeCyder Protein name® P value(2-ANOVA- P value(2-ANOVA- P value(2-ANOVA-
spot no. Mouse) Arthritis) Interaction)
1302 N-acyl-aromatic-L-amino acid 1.75E-03 0.535 1.27E-04
amidohydrolase (carboxylate-
forming)
532 Not identified 0.065 0.585 5.29E-04
538 Serotransferrin 3.99E-04 0.255 8.40E—03
982 Carbonic anhydrase 2 8.98E—03 0.771 8.99E—-03
Carbonic anhydrase 1
1001 Proteasome subunit alpha type-6 0.878 0.303 9.65E—03
Pyridoxine-5'-phosphate oxidase
983 Mitochondrial peptide 0.545 0.849 3.57E-02
methionine
sulfoxide reductase (PMF)
1063 Flavin reductase 0.707 0.779 0.0362
537 Serotransferrin 1.61E—-02 0.306 4.07E—-02

4 Protein name according to UniProt, or to NCBL
2. Experimental design, materials and methods
2.1. Mice

WT mice were purchased from Harlan Ibérica (Barcelona, Spain). Mice deficient in CD38 (CD38-
KO) were backcrossed onto the B6 background for more than 12 generations, as described previously
[3]. All studies with live animals were approved by the IPBLN and Universidad de Cantabria Insti-
tutional Laboratory Animal Care and Use Committees.

2.2. Induction and assessment of arthritis
For the induction of CIA, 8-12 weeks-old male mice were immunized as previously described [4,5].
2.3. Protein extraction from spleen preparations

Proteins were extracted from spleen by using the MicroRotofor Lysis Kit (for mammalian tissues
and cells) (Bio-Rad, Ref 163-2141), following the manufacturer's instructions, which includes the use
of mini-grinders for effective disruption of cells and tissues. The excess of salts and other con-
taminants were removed using the Bio-Rad's ReadyPrep 2-D cleanup kit. Samples were then resus-
pended in a DIGE-compatible buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20 mM Tris, pH 8.5),
quantified using the RC DC assay, and kept at — 20 °C until further use.

2.4. Design of DiGE experiments

Unless otherwise indicated in each DiGE experiment conducted, four biological replicates of each
condition were compared, comprising protein samples derived from four CD38-KO mice and four WT
mice as previously described [1,6].
2.5. DiGE labeling and two-dimensional gel electrophoresis

Samples were aliquoted at 45 pg, and the pooled internal standard was made with 23 pg of each of
the sixteen test samples combined. The proteins were labeled with 400 pmol (in 1 pL of anhydrous

DMEF) of CyDye per 50 pg of protein as per the manufacturer's instructions (GE Healthcare). After
labeling, the appropriate samples were combined for each gel. Each combined sample (~50 pL) was

122
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Table 7
Differences in spleen protein species abundance compared between Col Il immunized CD38 KO mice (test group) versus Col II-
immunized B6 WT mice (control group).

DeCyder Protein name? Average ratio” P value
spot no. (t-test)
Decreased
abundance
633 Fibrinogen alpha chain -1.35 1.67E-04
692 Fibrinogen beta chain -1.19 4.53E-04
1097 ATP synthase subunit d, -1.25 4.95E-04
mitochondrial
538 Serotransferrin -1.23 1.35E-03
539 Serotransferrin -1.29 2.25E-03
533 Serotransferrin -1.39 417E-03
554 Far upstream element- -1.17 5.26E—-03
binding protein 1
501 Aconitate hydratase, -1.17 9.81E-03
mitochondrial
1103 Ferritin light chain 1 —-1.37 0.0124
Ferritin light chain 2
638 Heterogeneous nuclear —-1.23 0.0142
ribonucleoprotein L
537 Serotransferrin -1.25 0.0208
572 Prelamin-A/C isoform A —-1.18 0.0209

precursor (MS)
Prelamin-A/C isoform C

(MS)
Fibroblast growth factor 22
(MS)
1171 Nucleoside diphosphate -1.17 0.0258
kinase A
Nucleoside diphosphate
kinase B
697 Catalase -1.16 0.0453
536 Not identified -1.14 0.0475
1300 Not identified -1.33 0.0493
Increased
abundance
898 Actin, cytoplasmic 2 1.19 4.37E-03
Beta-actin-like protein 2
F-actin-capping protein
subunit alpha-1
1044 Not identified 1.25 0.0163
981 Proteasome subunit alpha 1.27 0.0194
type-1
982 Carbonic anhydrase 2 1.16 0.0457

Carbonic anhydrase 1

4 Protein name according to UniProt, or to NCBL
b Negative average ratios indicate decreased protein abundance, while positive ratios indicate increased protein abundance
in CIA* CD38 KO relative to that in CIA* B6 WT mice.

made up to 200 pL with Readyprep Rehydration/Sample buffer (8 M urea, 2% CHAPS, 50 mM
dithiothreitol (DTT), 0.2% (w/v) Bio-Lyte™ 3/10 ampholytes, and Bromophenol Blue (trace)).

2-DE was carried out using the Protean IEF cell and Criterion electrophoresis cell systems (Bio-Rad,
Hercules, CA, USA) as previously described [7], with the following modifications: (1) First-dimension
IPG strips (Bio-Rad: 11 cm, linear pH 3-10 gradient); (2) Active in-gel rehydration at 50V, 12 h at
20 °C; (3) The IPG strips were focused in a one-step procedure, at 8000 V for a total of 35,000 Vh at
20 °C with a current limit of 50 pA/strip.
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Table 8
Chronic inflammation model. Differences in spleen protein species abundance compared between CFA/IFA-treated CD38 KO
mice (test group) and CFA/IFA-treated B6 WT mice (control group).

DeCyder Protein name* Average ratio” P value
spot no. (t-test)
Decreased
abundance
1049 Proteasome subunit beta —-1.18 4.06E—-03
type-10

Growth factor receptor-
bound protein 2

1330 Not identified -1.31 0.0106
972 Tropomyosin alpha-1 -1.11 0.0163
chain
1173 Ubiquitin-conjugating -1.13 0.0217
enzyme E2 N
1103 Ferritin light chain 1 -1.62 0.0343
Ferritin light chain 2
738 Vimentin —-1.22 0.0351
1104 Low molecular weight
phosphotyrosine
protein phosphatase (PMF) —1.28 0.0384
732 Coronin-1 —-1.1 0.0434
Increased
abundance
1313 Protein S100-A8 1.37 0.0236

4 Protein name according to UniProt, or to NCBI.
b Negative average ratios indicate decreased protein abundance, while positive ratios indicate increased protein abundance
in CFA/IFA-treated CD38 KO relative to that in CFA/IFA-treated B6 WT mice.

Table 9
Non-immunized control mice. Differences in spleen protein species abundance compared between non-immunized CD38 KO
mice (test group) and non-immunized B6 WT mice (control group).

DeCyder Protein name* Average ratio” P value
spot no. (t-test)
Decreased
abundance
538 Serotransferrin —-1.26 4.04E—-03
539 Serotransferrin -1.23 0.0185
537 Serotransferrin —-1.22 0.0221
638 Heterogeneous nuclear -1.13 0.0266
ribonucleoprotein L
770 Protein disulfide-isomerase -1.11 0.0437
A6
532 Not identified -1.2 0.0477
Increased
abundance
1295 Not identified 1.33 0.0162

¢ Protein name according to UniProt, or to NCBI.
b Negative average ratios indicate decreased protein abundance, while positive ratios indicate increased protein abundance
in CFA/IFA-treated CD38 KO relative to that in CFA/IFA-treated B6 WT mice.

After electrophoresis, one of the gels was pre-scanned using the Typhoon 9400 variable mode imager
at each of the appropriate CyDye excitation wavelengths (Cy3 (532 nm), Cy5 (633 nm), Cy2 (488 nm)), in
order to determine the appropriate laser intensity for each CyDye. Thereafter, each of the analytical gels
was scanned at this optimum laser intensity at a resolution of 100 pm. Gels were then fixed and stained

with SYPRO Ruby (Bio-Rad) and re-scanned using the 488 nm laser. Scanned images were analyzed using
L 3 )
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Table 10b
Citrullinated protein species and peptides® detected in spleen from collagen-induced arthritis, or CFA-treated mice. TOF/TOF
UltrafleXtreme.

Spot Protein Accession Accesion MW (theo- IEP (theore- Score Sequence Queries Queries
number name number retical) tical) coverage matched searched
(%)

633 Fibrinogen FIBA_MOUSE  E9PV24  87.40 5.78 101.00 17.00 15 26
alpha chain

732 Coronin-1A° COR1A_MOUSE 089053  51.00 6.04 83.40 36.00 16 75

898 F-actin-cap- CAZA1_MOUSE P47753 32.90 5.34 77.90 43.00 12 65
ping protein
subunit
alpha-1

972 Tropomyosin TPM3_MOUSE P21107 33.00 4.68 60.50 38.60 10 40
alpha-3 chain

4 The sequence of matched citrullinated peptides of a given protein, and the positions of the deiminated arginines are
shown in online version of this article as Supplementary material (Table 10, .xIsx file).

the DeCyder7.0 software (GE Healthcare) using the Differential In-gel Analysis (DIA) module to detect and
normalize the protein spots. Standard was used to normalize gels by calculating the standardized abun-
dance of each spot, i.e., the ratio of either Cy3 or Cy5 signal to that of Cy2.

2.6. Protein identification by MALDI-TOF/TOF MS/MS

In-gel digestion of proteins has been described previously [8]. A set of protein spots were iden-
tified by MS/MS using a 4800 MALDI-TOF/TOF Analyzer (AB SCIEX) in automatic mode with the
settings described previously [6]. Protein identification was assigned by peptide mass fingerprinting
and confirmed by MS/MS analysis of at least three peptides in each sample. Mascot 2.0 search engine
(Matrixscience) was used for protein identification running on GPS software (Applied Biosystems)
against the SwissProt Mus musculus database (uniprot_sprot_26042011.fasta). The search setting
allowed one missed cleavage with the selected trypsin enzyme, a MS/MS fragment tolerance of 0.2 Da
and a precursor mass tolerance of 100 ppm.

Other spots were identified by MS/MS using a MALDI TOF/TOF UltrafleXtreme (Bruker) in manual
mode as previously described [G]. Fragment selection criteria were a minimum S/N ratio of 15, a
maximum number of peaks set at 200. For each precursor selected for MS/MS analysis, fragment mass
values in the range from 13 Da to 4 Da below precursor mass were used to peptide identification.

Protein identification was assigned by peptide mass fingerprinting and confirmed by MS/MS
analysis of 5 peptides. Mascot Server 2.4 (Matrixscience) and ProteinScape 3.1 (Bruker) were used for
protein identification against the SwissProt Mus musculus database (SwissProt_2015_06.fasta and
NCBInr_20150409.fasta). The search setting allowed two missed cleavage with the selected trypsin
enzyme, fixed modification was cysteine carbamidomethylation and variable modification was
methionine oxidation, a MS/MS fragment tolerance of 0.5 Da and a precursor mass tolerance of
50 ppm, unless otherwise indicated.

The MS spectra of the identified proteins were further examined in order to detect the presence of
citrullinated proteins. Protein citrullination (o deimination) is the enzymatic conversion of peptidyl-
arginine residues to peptidyl-citruline, mediated by the family of calcium-dependent peptidylarginine
deiminases (PADs) [9]. The search setting for this PTM with MASCOT was performed as in the previous
paragraph, including as variable modification the deamination of arginine, with the following con-
siderations [10]: (a) for one citrullinated arginine, the peptide theoretical mass increase is 0.98 Da and the
modified peptide, losing one amino group, becomes more acidic; (b) citrullinated arginine residues are not
likely to be cleaved by trypsin, so that a minimum number of one missed cleavage must be specified; (c) a
peptide that includes a C-terminal citrullinated arginine must be rejected; (d) citrullinated peptides
generate an unusual isotopic mass cluster as compared with that of unmodified peptides.
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Table 11
Detected peptides in a tryptic digest of standard mTf analyzed by nLC-MS-TOF.

Detected peptides in mTf standard

VPDK

TVK
WCAVSEHENTK
CISFR

DHMK

TVLPPDGPR

LACVK

K

TSYPDCIK
AISASEADAMTLDGGWVYDA GLTPNNLKPVAAEFYGSVEH PQTYYYAVAVVK
K

GTDFQLNQLEGK

K

SCHTGLGR
SAGWVIPIGLLFCK
LSEPR

SPLEK
AVSSFFSGSCVPCADPVAFP K
LCQLCPGCGCSSTQPFFGYV GAFK
CLK

DGGGDVAFVK
HTTIFEVLPEK

ADR
DQYELLCLDNTR
KPVDQYEDCYLAR
IPSHAVVAR

K

NNGK

EDLIWEILK
VAQEHFGK

GK

SK

DFQLFSSPLGK
DLLFK

DSAFGLLR

VPPR

MDYR
LYLGHNYVTAIR
NQQEGVCPEGSIDNSPVK
WCALSHLER

TK

CDEWSIISEGK
IECESAETTEDCIEK
IVNGEADAMTLDGGHAYIAGQCGLVPVMAEYYESSNCAIPSQQGIFPK
GYYAVAVVK
ASDTSITWNNLK

GK

K

SCHTGVDR
TAGWNIPMGMLYNR
INHCK
FDEFFSQGCAPGYEK
CAPNNK
EEYNGYTGAFR
CLVEK

GDVAFVK
HQTVLDNTEGK
NPAEWAK

NLK
QEDFELLCPDGTR

N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N SR NEN
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Table 11 (continued )

Detected peptides in mTf standard

KPVK
DFASCHLAQAPNHVVVSR

K

EK

AAR

VK

AVLTSQETLFGGSDCTGNFC LEK
STTK

DLLFR

DDTK

CFVK

LPEGTTPEK
YLGAEYMQSVGNMR

K

CSTSR

LLEACTFHK

H

Total number of amino acids 678
Number of amino acids detected 618
Coverage (%) 91

S N N N N N 2 S SN SN RN

Table 12
Normalized peak area and %RSD of Tf glycopeptide glycoforms detected in the spots of spleen protein extracts subjected to 2D
electrophoretic separation and in-gel tryptic digestion.

Glycoforms Spot 532 Spot 533 Spot 536 Spot 537 Spot 539

At #%RSD Assiny™ %RSD At %RSD A %RSD Az %RSD

2Ant/1NeuGc T 6.1 - - - - 17.0 18.1 15.4 6.4
2Ant/1NeuGc1Fuc 5.5 1.2 - - - - - - - -
2Ant/2NeuGc 54.7 37 56.9 7.1 54.9 79 76.5 5.5 137.8 0.8
2Ant/2NeuGc1Fuc 29.8 6.7 259 7.5 - - 16.2 20.7 26.1 17.1
2Ant/3NeuGc 17.7 5.5 - - - - 29.8 15.6 8.7 4.9
2Ant/3NeuGc1Fuc 26 33 - - - - - - - -

* Anorm: Normalized peak areas were calculated as: (Glycoform peak area/peptide 354-364 (CDEWSIISEGK) peak area) x
100.

2.7. ulC-TOF-MS

The pLC-TOF-MS experiments were performed in a 1200 series capillary liquid chromatography
system coupled to a 6220 0a-TOF mass spectrometer with an orthogonal G1385-44300 interface
(Agilent Technologies). LC and MS control, separation, data acquisition and processing were per-
formed using MassHunter workstation software (Agilent Technologies). The 0a-TOF mass spectro-
meter was tuned and calibrated following the manufacturer's instructions. Once a day, or even twice a
day when required, a “Quick Tune” of the instrument was carried out in positive mode followed by a
mass-axis calibration to ensure accurate mass assignments. In order to enhance detection sensitivity
of glycopeptides, no internal recalibration was used [11]. MS measurement parameters were as
described in a previous work [12]: capillary voltage 4000V, drying gas (N,) temperature 200 °C,
drying gasflow rate 4 L min~,nebulizer gas (N,) 15 psig, fragmentor voltage 215 V, skimmer voltage
60V, OCT 1 RF Vpp voltage 300 V. Data were collected in profile (continuum) at 1 spectrum s~
(approx. 10,000 transients/spectrum) between m/z 100 and 3200, working in the highest resolution
mode (4 GHz). For separation, a Zorbax 300SB-C18 column (3.5 m particle diameter, 300 A pore
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diameter, 150 mM x 0.3 mm LT x id, Agilent Technologies) was used. Experiments were performed at
room temperature with gradient elution at a flow rate of 4 pL min~'. Eluting solvents were A: water
with 0.1% (v/v) formic acid, and B: acetonitrile with 0.1% (v/v) formic acid. Solvents were degassed for
10 min by sonication before use. The optimum elution program was: solvent B from 10% to 60% (v/v)
within 45 min as linear gradient, followed by cleaning and re-equilibration steps of B: 60% to 100%
(v/v) (5 min), 100% (v/v) (10 min), 100% to 10% (v/v) (5 min) and 10% (v/v) (10 min). Before analysis,
samples were filtered using a 0.22 pm polyvinylidene difluoride centrifugal filter (Ultrafree-MC,
Millipore, Bedford, MA, USA) at 12,000 rpm for 4 min. Sample injection was performed with an
autosampler refrigerated at 4 °C and the injection volume was 1 uL when analyzing Tf isolated from
serum samples and digested with trypsin, and 5 pL when analyzing Tf in-gel digests.

2.8. uLC-TOF-MS data analysis

Prior to data analysis, a database with the exact monoisotopic mass of the different glycopeptide
glycoforms of mouse Tf was created using Excel. To calculate the monoisotopic mass of each glyco-
peptide glycoform, it was necessary to calculate the elemental composition of all the glycopeptides
taking into account the peptide and glycan contribution. First, the peptide sequence of mouse Tf was
obtained from UniProt Knowledgebase (Q92111), which also includes information about which
cysteines and asparagines are involved in disulfide bonds and in N-glycosylation points, respectively.
Afterwards, the theoretical sequence of each peptide and glycopeptide that would be obtained after
tryptic digestion is obtained using the proteomic tool PeptideMass from the Expasy bioinformatics
resource program. Subsequently, using the ProtParam tool from Expasy the elemental composition of
the peptide sequence of the glycopeptide is obtained. Furthermore, the elemental composition of
each glycan is calculated as the sum of the elemental composition of each monosaccharide that forms
the glycan. Ion source webpage was used to obtain the elemental composition of each mono-
saccharide. Finally, the elemental composition of the peptide is added to obtain the molecular for-
mula of each possible glycopeptides glycoform and thus, the monoisotopic mass with four decimals.
Afterwards, the mass-to-charge values (m/z) for each glycopeptide glycoform are calculated up to a z
value of 5 considering proton adducts (i.e. [M+H]*, [M+2H]**, [M+3H]?", [M+4H]** and
[M+5H]P)

Finally, the data analysis is carried out using the software MassHunter Qualitative (Agilent Tech-
nologies). All the previously calculated m/z values for each glycopeptide glycoform are extracted
together to obtain an extracted ion chromatogram (EIC) of that glycopeptide specie, as can be
observed in Fig. 1, which shows the EIC for some glycopeptide glycoforms in three different samples.
If more than one of the extracted masses is detected in one chromatographic peak of the EIC, the
presence of the corresponding glycopeptide glycoforms can be confirmed.

Tables 1 and 2 can be found in the online version of this article (.xlsx files). They show the list of
protein species identified by MS/MS, displaying the sequence of matched and fragmented peptides of
a given protein. lon scores and confidence intervals of the fragmented peptides are also shown.
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Even though the analysis of the glycosylation of proteins by CapLC-MS provided good results
and ended up in three publications, there was still one small drawback, the separation of the
different glycoforms, at the glycopeptide level, was not possible with the conventional
stationary phase used in these works. Glycoform separation can provide substantial
advantages such as improved sensitivity and increased reliability in the identification of the
detected glycoforms. In this regard, CE-MS can be considered an alluring complementary
technique to CapLC-MS for the separation and characterization of glycoprotein digests
following a typical bottom-up strategy. CE-MS is especially interesting in glycosylation studies
largely due to the fact that glycopeptide glycoforms that differ in the number of sialic acids can
be separated in a relative easy manner. Additionally, CE-MS presents other remarked
characteristics, such as minimal sample and reagent consumption, high selectivity, resolution

and efficiency, short analysis times, ease of use and potential for automation.

However, certain glycoproteins, such as hTf, have tightly folded structures, mainly due to
compacted tertiary or quaternary structures with high number of intraprotein connections
such as disulfide or hydrogen bonds. These proteins are proteolytic resistant, and in order to
obtain proper digestion yields, a surfactant is mandatory. However, these surfactants might
interfere in the analysis by CE-MS. Hence, the complete removal of these surfactants might be
necessary to properly use CE-MS for the analysis and characterization of protein glycosylation

and, in this way, establish an alternative and complementary methodology to CapLC-MS.

Another great advantage of choosing CE as separation technique is that the electrophoretic
migration behavior of ions can be easily predicted using the classical semiempirical
relationships between electrophoretic mobility (me) and charge-to-mass ratio (g/M).
Prediction of electrophoretic migration behavior is an appealing modelization tool to speed-up
method development in CE-MS, as well as to refine the structural assignments based on the

measured molecular mass (M).
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The work carried out in both aforementioned topics has led to two new publications, which

are listed below:

- Publication 3.1: Improved tryptic digestion assisted with an acid-labile anionic

surfactant for the separation and characterization of glycopeptide glycoforms of a
proteolytic-resistant glycoprotein by capillary electrophoresis time-of-flight mass
spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa,
Victoria Sanz-Nebot. Electrophoresis 2016, 37, 987-997.

- Publication 3.2: Modelling the electrophoretic migration behaviour of peptides and
glycopeptides from glycoprotein digests in capillary electrophoresis-mass
spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa,

Victoria Sanz-Nebot. Analytica Chimica Acta 2015, 854, 169-177.
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Research Article

Improved tryptic digestion assisted with
an acid-labile anionic surfactant for

the separation and characterization

of glycopeptide glycoforms of

a proteolytic-resistant glycoprotein

by capillary electrophoresis time-of-flight
mass spectrometry

Certain glycoproteins are rather difficult to digest due to compacted tertiary or quaternary
structures. In a previous study, a capillary LC coupled to TOE-MS (nwLC-TOF-MS) method
was developed for the detection and characterization of the glycopeptide glycoforms of
human transferrin (Tf), a proteolytic resistant glycoprotein, in serum samples. After im-
munoaffinity purification, Tf was digested with trypsin in the presence of RapiGest™ and
pLC-TOF-MS analyses permitted to detect the Nyj;3 and Ng;; glycopeptide glycoforms.
Conversely, the use of this surfactant, albeit mandatory to quantitatively digest the isolated
Tf, proved detrimental to CE-TOF-MS analysis due to its interaction with the inner surface
of the silica capillary walls. As CE is usually regarded as an interesting alternative to other
separation techniques (low consumption of reagents, excellent separation efficiency, and
reduced analysis times), in this work, the undesirable interferences of the surfactant have
been removed to allow the correct separation and detection of Tf glycoforms by CE-TOF-
MS. Moreover, the digestion protocol described by the RapiGest” manufacturer has been
modified to minimize desialylation of Tf glycopeptide glycoforms. The new developed CE-
TOF-MS methodology has been then compared with the former pLC-TOF-MS by means
of sensitivity and separation efficiency of Tf glycopeptide glycoforms in the standard gly-
coprotein. Additionally, Tf glycopeptide glycoforms from serum of healthy volunteers and
patients with congenital disorders of glycosylation have also been analyzed following the
developed methodology.

Keywords:
Capillary electrophoresis / Glycoforms / Glycopeptides / Mass spectrometry /

Transferrin

1 Introduction

MS is nowadays the most reliable way to obtain structural
information about protein glycosylation as it allows fast
and high sensitivity profiling and accurate characterization
of heterogeneous glycan structures [1-6]. Glycoproteomic

Correspondence: Estela Giménez, Department of Analytical
Chemistry, University of Barcelona, Diagonal 645, 08028
Barcelona, Spain

E-mail: estelagimenez@ub.edu

Fax: +34-934021233

Abbreviations: bAGP, bovine a-acid-glycoprotein; CDG, con-
genital disorders of glycosylation; EIE, extracted ion elec-
tropherogram; IAC, immunoaffinity chromatography; PGC,
porous graphite carbon; Tf, human transferrin; ZIC-HILIC,
zwitterionic-hydrophilic interaction LC

DOI 10.1002/elps.201500255

studies are usually performed by the analysis of the glycopep-
tides or glycans after enzymatic digestion or by chemical re-
lease[2,4,7-9]. However, in contrast to glycans, glycopeptides
obtained after the glycoprotein enzymatic digestion are a de-
sirable alternative as they not only provide information about
the structure and composition of the oligosaccharides, but
also about glycosylation sites and their degree of occupancy.

Capillary LC coupled to MS detection (nLC-MS) is widely
used for the detection and characterization of peptides, gly-
copeptides, or glycans. C8 and C18 stationary phases have
been extensively used for some years in glycoproteomics.
However, due to their inability to separate different glycopep-
tide glycoforms [10] and the recent technological advances
regarding LC stationary phases, they have been relegated
to a second place, especially in the glycomics field. Other

Colour Online: See the article online to view Figs. 1-5 in colour.
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stationary phases such as zwitterionic-hydrophilic inter-
action LC (ZIC-HILIC) or porous graphite carbon (PGC)
have aroused great interest [11-14]. Notwithstanding their
efficiency in glycan analysis, when glycopeptides are to be
analysed both stationary phases show certain limitations.
ZIC-HILIC analyses usually require mobile phases with
high ionic strength, which might lead to hindered ionization
efficiency in ESI and, thus, reduced sensitivity. Additionally,
glycopeptides strongly interact with this type of stationary
phase which may result in larger analysis times [2,12]. As far
as PGC is concern, it has been reported that this stationary
phase can be useful in the analysis of smaller glycopeptides,
but glycopeptides with larger peptide fraction are not detected
or their sensitivity is considerably lower [7]. Consequently,
CE-MS has become an attractive alternative to LC-MS for sep-
aration and characterization of protein digests in the typical
bottom-up strategies applied in proteomic studies [15-18].
Additionally, the recent development of novel nano-ESI
sheathless interfaces is revitalizing the interest in CE-MS
as a high-separation efficiency [17-20]. Several authors have
demonstrated the excellent performance of CE-MS for the
analysis of glycopeptides from glycoprotein digests [20-25],
largely due to the fact that the different glycopeptide glyco-
forms are easily separated in CE-MS, especially if the number
of sialic acids is different. Moreover, the reagent consumption
is greatly reduced and the analysis time is pretty low.

Some proteins are quite difficult to digest due to
compact tertiary or quaternary structures with high number
of intraprotein connections, such as disulfide or hydrogen
bonds, leading to tightly folded proteins. To increase the
digestion yield of these proteins, alternative methods such as
denaturalization or microwave assisted digestion, have been
proposed by some authors [26-29]. However, in the case of
glycoproteins, the effectiveness of the enzymatic digestion
could be even more compounded due to the steric hindrance
of the attached glycans [28]. Recently, the use of acid-labile
anionic surfactants, such as Rapigest”, has raised great
interest in proteomic studies due to its high efficiency when
digesting proteolytic resistant proteins and its compatibility
with MS detection [10, 30-32].

Human transferrin (Tf), an iron-binding serum trans-
port glycoprotein, is one of such compact glycoproteins, as
it has more than 650 amino acids and about 20 disulfide
bonds. When this compacted glycoprotein is to be digested,
the use of a surfactant is mandatory to correctly denaturalize
the glycoprotein and obtain quantitative digestions [10].
However, as it has been reported in a previous work, when
Rapigest” is used, even though it is hydrolyzed at the end of
the digestion, surfactant residuals seem to interact with the
inner surface of the silica capillary walls, and thus, altering
the electrophoretic separation and detection by CE-MS [10].

In this work, an improved methodology has been
developed to allow the correct separation and detection
of Tf glycoforms by CE-TOF-MS, removing undesirable
interferences of the surfactant. Moreover, the digestion
protocol described by the Rapigest” manufacturer has
been modified to minimize desialylation of Tf glycopeptide
glycoforms. Finally, the developed CE-TOF-MS methodology
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has been applied to the analysis of Tf glycopeptides in serum
control and in serum samples from patients with congenital
disorders of glycosylation (CDG).

2 Materials and methods
2.1 Chemicals

All chemicals used in the preparation of buffers and solutions
were of analytical reagent grade. Isopropanol (iPrOH), hy-
drochloricacid (HCI, glacial), aceticacid (HAc, glacial), formic
acid (HFor, 98-100%), glycine (=99.7%) and TFA (=99%)
were supplied by Merck (Darmstadt, Germany). CNBr-
activated-Sepharose 4B was from GE Healthcare (Waukesha,
WI, USA). Sodium Chloride (NaCl, 299.5%), DTT (=99%),
iodoacetamide (IAA), ammonium hydrogen carbonate, water
(LC-MS grade) and acetonitrile (LC-MS grade) and bovine
ay-acid-glycoprotein (bAGP) were supplied by Sigma-Aldrich
(Madrid, Spain). Tris (299.5%) was supplied by ].T. Baker
(Deventer, Holland). Trypsin (sequencing grade modified)
was provided by Promega (Madison, W1, USA). RapiGest"
from Waters (Bedford, MA, USA) was used to enhance
the enzymatic digestion. ProteaseMAX™ surfactant was
supplied by Promega. Goat polyclonal antibody against Tf
(immunogen affinity purified) was purchased from Abcam
(Cambridge, UK). ESI low concentration tuning mix was
supplied by Agilent Technologies (Waldbronn, Germany)
for tuning and calibration of the 0oa-TOF mass spectrometer.

2.2 Tf samples

Tf standard was purchased from Sigma-Aldrich. Tf standards
were prepared at 1500 pg/mL (~19 pM) in 50 mM NH,HCO;
buffer (pH 7.9).

Commercial available serum samples with a non-
pathological profile (control, SERODOS" plus) were pur-
chased from Bio-Rad (Hercules, CA, USA). Serum control
samples from healthy volunteers were obtained in the labora-
tory [33]. Briefly, venous blood was collected in 9 mL Vacuette
tubes (Greiner Bio-One, Frickenhausen, Germany) with Z
serum separation clot activator, and then allowed to coagu-
late by leaving it undisturbed at room temperature for 9 h.
Afterwards, the clot was kept at 4°C for 12-16 h to improve
the clot retraction. The supernatant serum was subsequently
separated from the clot with a Pasteur pipette and centrifuged
at 1200 x g for 20 min at 4°C. Clear serum was then sepa-
rated and aliquoted to store in a freezer at —20°C when not in
use. Serum samples with CDG-type I and CDG-type II patho-
logical profile were kindly provided by the Balagué Center
S.A., the Institute of Clinical Biochemistry (Hospital Clinic,
University of Barcelona) and the Center for the Diagnosis of
Molecular Diseases (Autonomous University of Madrid).

Tf standards and serum samples previously purified
by immunoaffinity chromatography (IAC) were reduced,
alkylated, and immediately subjected to enzymatic digestion
in the presence of RapiGest™ as explained in [10]. Briefly,
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1.90 pL of 0.5 M DTT in 50 mM NH,HCO; buffer was
added to an aliquot of 50 pL of Tf 1500 pg/mL with
0.1% w/v RapiGest" . The mixture was incubated in a TS-100
Thermo-Shaker digester (Bio-San, Riga, Latvia) at 56°C for
30 min and then alkylated with 50 mM IAA for 30 min
at room temperature in the dark (5.25 nL of 0.73 M [AA).
Excess reagent was removed by ultracentrifugation with
Microcon YM-10 (MW cut-off 10 kDa, Millipore, Bedford,
MA, USA), washing three times with NH,HCOj; buffer. The
final residue was recovered from the upper reservoir by being
centrifuged upside down in a new vial, and reconstituted to
the initial volume (50 pL) with NH,;HCO; buffer with 0.1%
RapiGest" . Trypsin in an enzyme to sample ratio of 1:40 by
mass was added and the mixture was carefully vortexed and
incubated overnight at 37°C. In this work, the hydrolyza-
tion of the surfactant was performed after the overnight
incubation as follows: formic acid (HFor) was added to the
digest to a final concentration of 5% v/v and the mixture
was incubated in the digester at 37°C for 30 min. Then, the
solution was centrifuged for 10 min at 12 000 rpm to separate
the RapiGest" residues. A residual fraction of RapiGest" still
remained in the solution but it was completely compatible
with LC-MS analysis as indicated by the manufacturer.
Finally, the supernatant was carefully collected and stored at
—20°C until its analysis. pH measurements were performed
with a Crison 2002 potentiometer and a Crison electrode
52-03 (Crison Instruments, Barcelona, Spain). Centrifuga-
tion procedures were carried out in a Mikro 20 centrifuge
(Hettich, Tuttlingen, Germany) at room temperature.

2.3 Purification of Tf by IAC

In order to isolate Tf from the rest of serum proteins,
an immunoaffinity purification was carried out using a
cyanogen-bromide sepharose column prepared as explained
in a previous work [10]. Briefly, the immunoaffinity proce-
dure consisted in: 50 L of serum sample were diluted 1/4 in
10 mM Tris-HCl (pH 7.6) in order to improve antigen—
antibody interaction, and consequently, to maximize Tfrecov-
eries. Before passing the sample through the column, a con-
ditioning step was carried out consisting in two washes with
10 mM Tris-HCl. Afterwards, the diluted serum was passed
through the column ten times. After washing with 10 mM
Tris-HCl and 0.5 M NaCl (pH 7.6) to eliminate the non-
specifically retained fraction (washing fraction), retained Tf
was eluted with 100 mM glycine-HCI (pH 2.5). Eluted Tf was
immediately neutralized with 0.5 M Tris. Afterwards, glycine-
HCI buffer was exchanged for 50 mM NH,HCO; buffer
by ultracentrifugation using Microcon YM-10 (Millipore).
Finally, Tf was digested as explained in Section 2.2.

2.4 RapiGest® elimination by desalting with
prElution plates

In order to properly eliminate the residual RapiGest,
after the hydrolyzation of the surfactant, an additional
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desalting step was carried out using Qasis” HLB 96-well
pElution plates from Waters S.A. (Bedford, MA, USA) follow-
ing the manufacturer instructions [34]. Briefly, the pElution
cartridges were conditioned with 200 wL of acetonitrile and
further equilibrated with 200 L of 0.1% TFA solution. After-
wards, the digest (typical volumes of 50 L) was mixed with
0.1% TFA solution to a final volume of 200 p.L. The result-
ing solution was passed through the cartridges at less than
1 mL/min to prevent the breakthrough of peptides and gly-
copeptides. Two additional washing steps were performed,
first with 800 L of 0.1% TFA solution to remove salts and
later with 200 pL of purified water to remove excess buffer
and salts. Finally, to elute the retained peptides and glycopep-
tides 50 wL of 70% ACN solution were added to the cartridges.
The solvent was then evaporated in a vacuum concentrator
(SpeedVacTM, Thermo Fisher Scientific, Waltham, MA, USA)
and the sample was reconstituted in the same volume as prior
to the desalting procedure with 50 mM NH,HCO; pH 7.9.

25 pLC-TOF-MS

The wLC-TOF-MS experiments were performed in the 1200
series capillary LC system coupled to a 6220 0a-TOF LC/MS
mass spectrometer with an orthogonal G1385-44300 inter-
face (Agilent Technologies). LC and MS control, separation,
data acquisition, and processing were performed with the
MassHunter workstation software (Agilent Technologies).
The 0a-TOF mass spectrometer was tuned and calibrated
following the manufacturer's instructions. Once a day, or
even twice a day if working days were too long, a ‘Quick
Tune’ of the instrument was carried out in positive mode fol-
lowed by a mass-axis calibration to ensure accurate mass as-
signments. MS measurement parameters were as indicated:
capillary voltage 4000 V, drying gas (N;) temperature 200°C,
drying gas flow rate 4 L/min, nebulizer gas (N;) 15 psig,
fragmentor voltage 215 V, skimmer voltage 60 V, OCT 1 RF
Vpp voltage 300 V. Data were collected in profile (contin-
uum) at 1 spectrum/s (approx. 10 000 transients/spectrum)
between m/z 100 and 3200 working in the highest resolution
mode (4 GHz).

For the separation of the tryptic digests, a Zorbax 300SB-
C18 column (3.5 p.m particle diameter, 300A pore diameter,
150 x 0.3 mm Lt xid, Agilent Technologies) was used. Exper-
iments were performed at room temperature with gradient
elution at a flow rate of 4 pL/min. Eluting solvents were A:
water with 0.1% v/v of HFor, and B: acetonitrile with 0.1%
v/v HFor. Solvents were degassed for 10 min by sonication
before use. The optimum elution program was: solvent B
from 10 to 60% v/v within 45 min as linear gradient, followed
by cleaning and re-equilibration steps of B: 60 to 100% v/v
(5 min), 100% v/v (10 min), 100 to 10% v/v (5 min) and
10% v/v (10 min). Before analysis, samples were filtered
using a 0.22 um polyvinyldene difluoride centrifugal filter
(Ultrafree-MC, Millipore) at 12 000 rpm for 4 min. Sample
injection was performed with an autosampler refrigerated at
4°C and the injection volume was 0.15 pL.
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2.6 CE-TOF-MS

The CE-TOF-MS experiments were performed in a 7100 CE
system coupled to a 6220 0a-TOF LC/MS mass spectrome-
ter with an orthogonal G1603A sheath-flow interface (Agilent
Technologies). The sheath liquid was delivered at a flow rate
of 3.3 pL/min by a KD Scientific 100 series infusion pump
(Holliston, MA, USA). CE control was performed us-
ing ChemStation software running in combination with
MassHunter workstation software (both from Agilent Tech-
nologies) for control, data acquisition, and processing of the
0a-TOF mass spectrometer. The 0a-TOF was calibrated as ex-
plained in Section 2.4. Instrument parameters were the same
as those used for pLC-TOE-MS, except for the nebulizer gas
(N2), which in this case was 7 psig.

A bare fused-silica capillary of 70 cm total length (Ly) x
75 pm id x 375 pm od (Polymicro) supplied by Composite
Metals Service (Worcester, England) was used for CE-TOF-
MS analyses. New capillaries were activated with 30 min of
1 M NaOH, water and BGE (50 mM HAc and 50 mM HFor,
pH 2.3). Capillaries were conditioned every day by rinsing
for 5 min with NaOH, 7 min with water and for 10 min
with BGE. Activation and conditioning procedures were per-
formed offline in order to avoid NaOH entering the mass
spectrometer. Electrophoretic separations were carried out at
25°C under normal polarity (18 kV). Between runs, the cap-
illary was conditioned for 1 min with water, 3 min with 1 M
HAc, 1 min with water and 5 min with BGE. A sheath liquid of
iPrOH:H,0 (60:40, v/v) with 0.05% v/v HFor was employed,
degassing for 10 min by sonication before use. Injection was
performed hydrodynamically at 50 mbar for 15 s.

3 Results and discussion
3.1 Hydrolysis of Rapigest” surfactant

In a previous work, a wLC-TOF-MS method was developed
for the separation and detection of Tf glycopeptides [10]. The
enzymatic digestion was improved by using an acidic-labile
anionic surfactant called Rapigest” to increase the digestion
yield of Tf. This surfactant is described to be compatible with
LC-MS analyses after hydrolysis with 0.5% of TFA and in-
cubation at 37°C for 45 min [32]. After this treatment the
non-volatile by-product precipitates and thus, it can be easily
removed so that only a sulphonate salt (the other by-product)
compatible with MS detection remains in solution. However,
under these conditions, we observed that the peak area of the
2Ant/1SiA glycoform was too high for a Tf standard, and that
non-expected glycoforms, such as 2Ant/0SiA, were detected,
which could be explained by the desialylation of other glyco-
forms, in this case, the 2Ant/2SiA. In the present work, to
minimize desialylation, softer conditions were evaluated with
regard to the acid used in the hydrolysis, its concentration and
incubation time. The following experimental conditions were
tested: 0.5% TFA for 30 min and 45 min at 37°C, 0.1, 0.5 and
5% of HFor for 45 min at 37°C and, 5% of HFor for 30 min

Electrophoresis 2016, 37, 987-997

at 37°C. Figure 1 shows the extracted ion chromatograms of
the 2Ant/1SiA and 2Ant/2SiA glycoforms for the N3 gly-
copeptide under different acidic conditions and incubation
times. The peak area of the 2Ant/2SiA glycoform increased
while the peak area of the 2Ant/1SiA decreased when using
5% HFor instead of 0.5% TFA, which means that the de-
sialylation of the major glycoform 2Ant/2SiA was reduced
when using a weaker acid such as HFor. Moreover, as can
be observed in Fig. 1, when the concentration of HFor was
reduced from 5 to 0.5 or 0.1%, the peak area of the 2Ant/2SiA
and 2Ant/1SiA glycoforms substantially decreased, but also
the signal of the rest of peptides and glycopeptides of the
tryptic digest. Additionally, some glycoforms were no longer
detected when the concentration of HFor was 0.5% or 0.1%.
For instance, the glycoform Ny;3-3Ant/3SiA was not observed
at either concentrations, and the glycoforms Ng;;-2Ant/1SiA,
Ny413-3Ant/3SiA and Ng;;-3Ant/3SiA also disappeared when
a concentration of 0.19% of HFor was used. This could be
explained because at low concentration of HFor, the acidic
conditions were not strong enough to completely hydrolyze
the surfactant and, thus, the remaining surfactant interfered
with M S detection. Hence, a concentration of 5% of HFor was
selected as it reduced the desialylation of certain glycopeptide
glycoforms without decreasing the signal of peptides and gly-
copeptides. Finally, no significant differences were observed
in the area of both glycopeptides using 45 or 30 min of in-
cubation. Therefore, we selected 5% of HFor for 30 min of
incubation at 37°C as the optimum conditions to hydrolyze
Rapigest” surfactant.

3.2 Elimination of Rapigest” surfactant

The pLC-TOF-MS method permitted to detect the different
Tf glycopeptide glycoforms. However, the method still failed
when trying to separate the glycoforms of each glycopeptide,
due to the use of a C18 column. CE has been described as
an excellent analytical technique for the separation of gly-
copeptide glycoforms, which vary in the composition of the
monosaccharides, especially if they differ in the number of
sialicacids [20-25]. In the previous work, we evaluated CE-MS
for the separation of Tf glycopeptide glycoforms, but the sur-
factant seemed to interfere with the inner surface of the silica
capillary walls, provoking a distortion of the electrophoretic
peaks, which were much wider than expected for a glycopep-
tide or a peptide [10]. Additionally, reproducibility was rather
low when using this surfactant. In the present work, with
the aim of establishing a CE-MS method able to separate
the glycoforms of Tf glycopeptides, an alternative surfactant
called ProteaseMAX™ was studied to evaluate whether the
problem associated with CE separation was only due to the
use of RapiGest” or was also observed when other commer-
cial acid-labile anionic surfactants were used. An aliquot of
1500 pg/mL (~19 pM) Tf standard was digested with trypsin
using ProteaseMAX™ following the manufacturer’s instruc-
tions. Unfortunately, this surfactant also seemed to interfere
with the capillary walls distorting the electrophoretic peaks
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Figure 1. Extracted ion chromatograms (EICs) for the 2Ant/2SiA glycoform (A) and 2Ant/1SiA glycoform (B) for the N4q3 glycopeptide of

Tf using different RapiGest™ hydrolyzation conditions.

of Tf peptides and glycopeptides, fairly similar to the re-
sults observed with RapiGest” (data not shown). Finally, to
prove that the alteration of the peaks was a widespread prob-
lem observed with any glycoprotein digested with RapiGest ",
two additional samples were analyzed by CE-TOF-MS: a
1500 pg/mL (~36 pM) aliquot of bAGP digested with trypsin
without using any surfactant and using RapiGest”. Figure
2 shows the extracted ion electropherograms (EIEs) of the
Niis-2Ant/2S1A glycopeptide and peptide EYQTIEDK when
BAGP was tryptically digested with and without RapiGest” .
As bAGP is not a proteolytic resistant glycoprotein, we were
able to perfectly separate and detect by CE-TOF-MS the pep-
tides and glycopeptides of the digest without using any sur-
factant. However, when bAGP was digested in the presence
of Rapigest” and analyzed by CE-TOF-MS, the peaks of the
peptides and glycopeptides were also distorted as happened
with Tf, which can be clearly observed in Fig. 2. These re-
sults confirmed that the remaining parts after decomposition
of this type of surfactants alter the electrophoretic separa-
tion of the protein digest by CE-MS and that their removal is
mandatory to perform the analysis by CE-MS.

To ensure the complete removal of Rapigest’ resid-
uals (i.e. the sulphonate salt), a desalting procedure us-
ing pElution plates was evaluated. Initially, a 1500 pg/mL
(~19 pM) Tf standard was digested following the optimized
method described in this paper, and subsequently desalted
following the procedure described in Section 2.4. Concur-
rently, another aliquot of Tf standard was digested using
RapiGest” but not subjected to the desalting procedure.
Figure 3 shows the EIEs for 2Ant/2SiA glycoform of Ngjy
glycopeptide in both samples, as well as the EIE obtained for
the tryptic peptide 197-206 (DGAGDVAFVK) as an example.
As can be stated, after desalting and removing the residual
RapiGest™, the intensity and width of the peaks improved
considerably. As observed in Fig. 3B for peptide 197-206,
this improvement was not only seen in the glycopeptides but
in the rest of the peptides of the digest as well. These results
demonstrated that the initial hypothesis suggested in our pre-
vious paper [10] was correct and that the residual surfactant
remaining in the digest interferes with the silica capillary
walls.

Figure 4 shows the comparison between the Tf standard
analysed by CE-TOF-MS and wLC-TOF-MS, bearing in mind
that in both cases the optimized hydrolyzation step of the
surfactant, explained in Section 3.1, was used. Figure 4A and
B illustrate the separation of some Ng; glycopeptide glyco-
forms by CE-TOF-MS and pLC-TOF-MS, respectively. Unlike
pLLC-TOE-MS, the use of CE-TOF-MS permitted to separate
the different glycopeptide glycoforms, and analysis time was
shorter (runs were of 30 min for CE and 75 min for pLC, and
the separation of the glycopeptide glycoforms was obtained
in 14 and 23 min, respectively). Moreover, despite injecting
less amount of digest (83 nL in CE vs. 150 nL in pLC), the
area of the glycoforms by CE-TOF-MS was slightly higher
compared to those obtained by wLC-TOF-MS. This improved
sensitivity could be explained because the glycoforms sepa-
rated by CE-TOF-MS did not suffer any ionic suppression
between them. Furthermore, the separation of the several
glycoforms of a given glycopeptide is also essential to en-
sure that the detected glycoforms are not artefacts originated
from the fragmentation in the ion source of other co-eluting
glycoforms. When ion source fragmentation occurs, origi-
nated fragments co-migrate or co-elute with the parental ion.
Hence, detected glycopeptide glycoforms that do not co-elute
with any other glycoform of the same glycopeptide are, very
likely, glycoforms from the native glycoprotein. As reversed-
phase LC is not able to separate the glycoforms of the same
glycopeptide, such assumption cannot be made.

3.3 Method application to serum samples

The development of a CE-MS method able to separate and
detect the glycopeptide glycoforms of Tf could solve the most
impending problems of routine methods for the analysis of
Tf in serum samples. These routine methods usually consist
in the analysis of intact Tf by IEF or anion exchange LC with
UV detection [35-37]. However, IEF is an arduous and time-
consuming technique which is not suitable for automation
and UV detection does not allow the reliable characterization
of Tf glycoforms. Consequently, developing a methodology
able not only to rapidly separate the different glycoforms but
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Figure 2. Extracted ion electropherograms (EIEs) for the 2Ant/2SiA glycoform of the Njyig glycopeptide (A) and the peptide 65-72

(EYQTIEDK) (B) of bAGP digested with (i) and without (ii) RapiGest" .

also unequivocally identify them due to the use of a mass
spectrometer is essential. And, certainly, as it has been ex-
tensively proved in the last years, MS is the most reliable
way to obtain structural information about protein glyco-
sylation as it allows fast and high sensitivity profiling and
accurate characterization of heterogeneous glycan structures
[2,38]. Additionally, Tf natural variants may lead to erroneous

conclusions when analysing Tf glycoforms by the routine
methods described before due to a shift in the bands or peaks,
which can be completely avoided using MS [39]. The analy-
sis of Tf glycoforms by MS can be carried out by analysing
the intact glycoprotein [38, 40] or by analysing the glycans
or glycopeptides obtained by enzymatic digestion [10,41-44].
Glycopeptide analysis shows better sensitivity compared to
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the intact Tf analysis, and it provides information about gly-
cosylation sites and their degree of occupation in contrast to
the analysis of the glycans.

In this work, after optimization of a sample treatment
able to reduce desialylation of the glycopeptide glycoforms
and able to remove the residual RapiGest", which impeded
the correct separation of the glycoforms by CE-TOF-MS, the
established methodology was applied to the analysis of Tf
glycopeptides in biological samples. Serum samples from a
healthy volunteer and individuals with CDGs (type [ and type
1) were subjected to immunopurification by IAC to isolate Tf

Tf (B) with (i) and without (ii)
residual RapiGest” .

from the rest of serum components. Then, Tf was digested in
the presence of RapiGest", and the resulting digest was de-
salted with the pElution plates and subsequently analyzed by
CE-TOF-MS. Table 1 shows the main glycoforms of both Ng;;
and Ny;; glycopeptides detected in Tf standard and different
serum samples (healthy control and pathological samples), as
well as their normalized peak area (A,orm) and %RSD values.
As can be observed, despite serum sample complexity, the
healthy control gave similar results to those obtained with Tf
standard. Ao values were very similar for all glycopeptide
glycoforms, as both samples (Tf standard and healthy control)
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showed the same glycosylation pattern (similar composition
of Tf intact glycoforms). Regarding CDG serum samples, a
decrease in 2Ant/2SiA glycoforms for both glycopeptides was
observed in both types of CDGs (type I and type II). More-
over, in CDG type I samples (PMM2 and MPI), an increase
in the peptide glycoform for both glycopeptides was clearly
observed while the other glycoforms remained almost unal-
tered, besides the 2Ant/2SiA. On the other hand, 2Ant/1SiA
glycoform increased for both glycopeptides in CDG type
II sample, while, again, the other glycoforms were barely
modified. These glycosylation patterns were in concordance

wLC-TOF-MS, respectively.

with the expected alteration of the intact glycoforms of Tf in
CDG samples, as lack of glycosylation is expected in CDG
type I (i.e. increased peptide glycoforms), and carbohydrate
chains are truncated in CDG type II (i.e. increased 2Ant/1SiA
glycoforms).

To further demonstrate the ability of the developed
methodology to separate and detect by CE-MS Tf glycopep-
tide glycoforms, three of the main Ng;; glycopeptide glyco-
forms for the serum control and the three CDG samples
are shown in Fig. 5. As can be observed, in all four sam-
ples the three glycoforms were separated as they were in the
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Figure 5. Extracted ion electropherograms (EIEs) for the three main glycoforms of the Ng1¢ glycopeptide in serum samples: (A) control

serum, (B) CDGI,-PMM2, (C) CDGl,-MPI and (D) CDGII-COGS.

Table 1. Normalized peak area and RSD of the main glycoforms for both Tf N-glycopeptides detected in standard, serum control and

three CDG serum samples

Samples
Glycoforms Standard Serum control CDGI,-PMM2) CDGIy-MPP! CDGII-COGE
Anorm (%) RSD (%) Angrm (%) RSD (%) Anorm (%) RSD (%) Anorm (%) RSD (%) Anorm (%) RSD (%)
Ngi3  2Ant/2SiA 53.0 3.2 60.2 19 258 46 25.1 32 284 05
3Ant/3SiA 73 43 7.1 75 40 6.1 35 6.5 5.4 8.1
2Ant/1SiA 5.0 9.4 35 8.0 25 78 1.7 15 134 6.3
2AnY/28iAFuc 1.7 24 59 2.0 33 75 25 50 2.8 2.0
Peptide 0.0 0.0 0.0 0.0 713 1.2 76.5 45 0.0 0.0
N1 2Ant/2SiA 75.9 1.0 833 31 319 9.1 232 15 36.0 74
3Ant/3SiA 23 ) 30 17 23 43 18 6.6 1.8 79
2Ant/1SiA 5.4 9.1 6.3 9.0 44 6.1 41 74 15.6 10.2
2Ant/2SiAFuc 7.6 37 6.9 29 6.4 49 6.4 20 6.7 34
Peptide 13.0 7.0 13.0 37 316 6.1 463 1.1 99 53

Normalized peak areas were calculated as: (Glycoform peak area/peptide 125-143 peak area) x 100.

a) Phosphomannomutase 2 official gene name.
b) Mannose phosphate isomerase official gene name.
c) Component of oligomeric golgi complex 8 official gene name.

standard. Additionally, the electropherogram obtained for the
serum control is fairly similar to the electropherogram of the
Tf standard, bearing in mind that less sensitivity is expected
when analysing serum samples, as the recoveries after the im-
munopurification process were around 40% [10]. Regarding
the CDG samples, it can be clearly observed that the relative
abundance of the 2Ant/2SiA glycoform decreases substan-
tially in all of them. However, a direct comparison of the peak
areas would lead to misleading conclusions as the recoveries
after the IAC purification extremely depends on the amount
of Tf present in the serum sample, and this amount varies

considerably between samples (e.g. children vs. adults). In
order to avoid these differences in Tf concentration, the areas
of each glycoform are calculated as normalized areas with
respect to the area of a peptide (125-143) of the digest, as
shown in Table 1, thus, allowing the comparison of the dif-
ferent samples. These results confirmed that the established
methodology can be applied to real samples, and thus, the
analysis of Tf by CE-TOF-MS could be regarded as a potential
alternative to LC analysis techniques since similar results are
obtained, but reduced amounts of reagents and sample are
required, analysis times are considerably shorter and, above
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all, glycopeptides with larger peptide fraction (such is the case
of Tf glycopeptides) can be easily detected and separated.

4 Concluding remarks

In this work, a novel methodology has been developed to
successfully digest and analyse by CE-MS the glycopeptide
glycoforms of proteolytic resistant glycoproteins, which usu-
ally require a surfactant to obtain proper digestion yields. In
particular, Tf, as an example of a compacted glycoprotein, was
digested with trypsin in the presence of an acid-labile anionic
surfactant called RapiGest", and the resulting glycopeptides
were analysed by CE-TOF-MS. Desialylation of the glycopep-
tide glycoforms was reduced using 5% of HFor and no peak
distortion was observed as residual RapiGest” was removed
with a desalting procedure using pElution plates. The estab-
lished methodology was further validated with the analysis of
Tf glycopeptides in serum samples from a healthy control and
patients with CDGs. This methodology could be regarded as
an excellent alternative to other separation techniques such
as LC with polar stationary phases, e.g. HILIC or PGC, even
when glycoforms of larger glycopeptides are analysed.
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In this study, the classical semiempirical relationships between the electrophoretic mobility and the
charge-to-mass ratio (me vs. g/M®) were used to model the migration behaviour of peptides and
glycopeptides originated from the digestion of recombinant human erythropoietin (rhEPO), a biologically
and therapeutically relevant glycoprotein. The Stoke’s law (« = 1/3), the classical polymer model (o =1/2)
and the Offord’s surface law (« =2/3) were evaluated to predict migration of peptides and glycopeptides,
with and without sialic acids (SiA), in rhEPO digested with trypsin and trypsin-neuraminidase. The
Stoke’s law resulted in better correlations for the set of peptides used to evaluate the models, while
glycopeptides fitted better with the classical polymer model. Once predicted migration times with both
models, it was easy to simulate their separation electropherogram. Results were later validated
predicting migration and simulating separation of a different set of rhEPO glycopeptides and also human
transferrin (Tf) peptides and glycopeptides. The excellent agreement between the experimental and the
simulated electropherograms with rhEPO and Tf digests confirmed the potential applicability of this
simple strategy to predict, in general, the peptide-glycopeptide electrophoretic map of any digested
glycoprotein.
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1. Introduction

Capillary electrophoresis mass spectrometry (CE-MS) is nowa-
days a mature technique for the analysis of peptides and proteins
[1-8], that has been widely explored as an alternative to liquid
chromatography mass spectrometry (LC-MS) for separation and
characterization of protein digests in the typical bottom-up
strategies applied in proteomic analysis [5-10]. The recent
development of novel nanoESI sheathless interfaces is revitalising
the interest in CE-MS as a high-separation efficiency and sensitive
tool to achieve high sequence coverage of minute diluted protein
digests [3,7,8,11]. Furthermore, several authors have demonstrated
the excellent performance of CE-MS for the analysis of glycopep-
tides from glycoprotein digests [11-15].

Several authors have regarded prediction of electrophoretic
migration behaviour of the compounds of interest, including
peptides, as an excellent tool to speed-up method development
in CE-MS, as well as to refine the structural assignments made
on the basis of the measured molecular mass (M) [16-24].
Migration of ionisable compounds in capillary zone electropho-
resis (CZE) can be easily predicted using the classical semiem-
pirical relationships between the electrophoretic mobility and
charge-to-mass ratio (me vs. g/M*) or other models, such as
those based on the Hubbard-Onsager dielectric friction theory of
ion mobility [4-6,16-34]. In our previous works, the Stoke's law
(¢=1/3, peptides are modelled as spherical particles), the
classical polymer model («=1/2, peptides are polymers with
lower q densities) and the Offord's surface law (¢ =2/3, for larger
and more rigid structures, which experience frictional forces that
are proportional to their surface area) yielded excellent
correlations when they were employed to study the m. of
several peptide hormones [18], neuropeptides [31], quinolones
[32] and metallothioneins [35], when good estimates of acidity
constant values were available for charge calculations. Migration
prediction of peptides from protein hydrolysates has been also
explored by several authors [4-6,20-24], but those works were
mainly focused in the analysis of proteins without post-
translational modifications (PTMs) [20-23]. To the best of our
knowledge, only J. Kim et al. evaluated before several
semiempirical models with post-translationally modified pep-
tides resulting from tryptic digestion of human myelin basic
protein, taking into account citrullination, deamidation, oxida-
tion, phosphorylation and methylation [24]. Modelling migration
behaviour of glycoprotein digests, which are complex mixtures
of peptides and glycopeptides [11-15], represents a further
challenging task. On the one hand, we have the evident
structural dissimilarities between peptides and glycopeptides.
On the other hand, glycopeptides show up as a mixture of
glycoforms due to the different composition of the carbohydrate
chains attached to the peptide core [14,15,36-40]. Thus, while
the number and type of glycans of the carbohydrate chains
affects glycoform size, and hence M, the specific presence of
sialic acid (SiA = N-acetylneuraminic acid) strongly contributes to
their charge and it is critical for the electrophoretic separation
resolution [14,15].

In this paper, we investigated the classical semiempirical
relationships between m. and g/M® to model the migration
behaviour in CE-MS of peptides and glycopeptides originated from
the digestion of recombinant human erythropoietin (rhEPO), a
biologically and therapeutically relevant glycoprotein [11-15]. The
aim is to describe a simple strategy to easily generate ‘dry-lab’
peptide-glycopeptide electrophoretic maps of glycoproteins,
which can be later useful to assist separation optimization and
identification.

2. Materials and methods
2.1. Chemicals

All chemicals used in the preparation of buffers and solutions
were of analytical reagent grade. Isopropanol (iPrOH, >99.9%),
acetic acid (HAc, glacial), formic acid (HFor 98-100%), ammonia
(25%), ammonium acetate (NH4Ac, >99.99%) and sodium hydrox-
ide (>99%) were supplied by Merck (Darmstadt, Germany). DL-
Dithiothreitol (DTT, >99%), iodoacetamide (IAA, >98%), ammoni-
um hydrogen carbonate (>99.9%) and human Tf standard (>98%)
were supplied by Sigma-Aldrich (Madrid, Spain). Trypsin (se-
quencing grade modified, 16,000 Umg ') from Promega (Madison,
WI, USA) and neuraminidase (sialidase, 100 Umg~') were obtained
from Roche (Mannheim, Germany). Water with a conductivity
lower than 0.05mScm ' was obtained using a Milli-Q water
purification system from Millipore (Molsheim, France). ESI Low
Concentration (ESI-L) tuning mix was supplied by Agilent
Technologies (Waldbronn, Germany) for tuning and calibration
of the TOF mass spectrometer.

2.2. Protein samples

rhEPO produced in a Chinese hamster ovary (CHO) cell line was
provided by the European Pharmacopoeia as a Biological Reference
Product (BRP-lot3). Each sample vial contained 250 g of EPO (a
mixture of epoetin alpha and beta), 0.1 mg of Tween 20, 30 mg of
trehalose, 3 mg of arginine, 4.5 mg NacCl, and 3.5 mg of Na;HPO,.
The content of each vial was dissolved in water to obtain a
1000 mgL ! solution of rhEPO. Excipients of low molecular mass
were removed from the rhEPO sample by passage through a
Millipore Microcon YM-10 centrifugal filter (molecular weight cut-
off, MWCO, 10 kDa) [14,15]. All the following centrifugation steps
were performed for 10min at 13,000 x g unless otherwise
indicated. First, the filter was washed with water before loading
the sample. After sample filtration, the sample residue was washed
three times with an appropriate volume of water. The final residue
was recovered from the upper reservoir by upside-down
centrifugation in a new vial (3 min at 1000 x g). Finally, sufficient
water was added to adjust the rhEPO concentration to 1000mgL ",

rhEPO was reduced, alkylated and immediately subjected to
enzymatic digestion [14,15]. Briefly, 2.5 p.L of 0.5M DTT in 50 mM
NH4HCO; (pH 7.9) were added to an aliquot of 100 p.L of the filtered
1000 mg L' rhEPO solution. The mixture was incubated in a water
bath at 56 °C for 30 min and then alkylated in 50 mM IAA for 30 min
at room temperature in the dark (7 pL of 0.73 M IAA were added).
Excess of low molecular mass reagents was removed with
Microcon YM-10 centrifugal filters as explained before. Tryptic
digestion (rthEPO-T digest) [14,15]: the final residue was recon-
stituted in 100 p.L of 50 mM NH4HCOs (pH 7.9). Trypsin was added
in an enzyme to sample ratio of 1:40 w/w, the mixture was
carefully vortexed and later incubated at 37°C in a water bath for
18 h. Digestion was stopped by heating for 5min in boiling water
and stored at —20°C until its use [14,15]. Neuraminidase digestion
(rhEPO-TN digests) [14,15]: SiA residues were released from rhEPO
tryptic glycopeptides by enzymatic digestion with neuraminidase
[15]. Once rhEPO sample was subjected to tryptic digestion, sample
was evaporated to dryness with air and reconstituted with 100 p.L
of 50mM NH4Ac (pH 5.0). Subsequently, 1 L of neuraminidase
(50 mU) was added, and solution was incubated at 37°C for 18 h.
Digestion was stopped by heating for 5min in boiling water and
stored at —20°C until its use [15]. T- and TN-digests were obtained
in different days.

Tryptic digests of human Tf (Tf-T) were obtained following the
procedure described above for the tryptic digestion of rhEPO.
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2.3. Apparatus and procedures Mikro 20 centrifuge (Hettich, Tuttlingen, Germany) at room
temperature.
pH measurements were performed with a Crison 2002 The CE-TOF-MS experiments were performed in a HP3DCE
potentiometer and a Crison electrode 52-03 (Crison Instruments, system coupled to a 6220 0aTOF LC-MS mass spectrometer with an

Barcelona, Spain). Centrifugation procedures were carried out in a orthogonal G1603A sheath-flow interface (Agilent Technologies)

Table 1
Theoretical M,t', g, carbohydrate content and carbohydrate composition of the peptides and glycopeptides of rhEPO-T and rhEPO-TN digests used to evaluate the classical
semiempirical relationships.

N Peptides Miheo (Da) q {1 Carbohydrate fraction (%)* Carbohydrate composition
Mean s(n=3)
1 APPR 439.2543 1.8882 0.759 0.005 _
2 LICDSR 762.3694 1.8288 0.845 0.003 B
3 VLER 515.3067 1.8819 0.792 0.004 B B
4 YLLEAK 735.4167 1.8819 0.832 0.003 B B
5 VNFYAWK 926.4650 1.8882 0.836 0.003 B B
6 MEVGQQAVEVWQGLALLSEAVLR® 2525.3311 1.8694 1.00 B B _
7 AVSGLR 601.3547 1.8882 0.806 0.005 B B
8 SLTTLLR 802.4912 1.8882 0.837 0.004 B B
9 ALGAQK 586.3438 1.8882 0.805 0.004 B B
10 TITADTFR 923.4712 1.8288 0.867 0.003 B B
11 LFR 434.2641 1.8882 0.761 0.005 B B
12 VYSNFLR 897.4708 1.8882 0.841 0.004 B B
13 GK 203.1270 1.8882 0.686 0.003 B B
14 LK 259.1896 1.8882 0.718 0.005 ~ ~
15 LYTGEACR 968.4385 1.8819 0.867 0.004

N-glycopeptides in rthEPO-T
N Ng3 (GQALLVNSSQPWEPLQLHVDK)”

16 3Ant/2SiA 5074.1958 21547 114 0.003 93.5 6Hex5HexNAc2SiA1Fuc
17 3Ant/3SiA 5365.2911 1.8209 1.26 0.009 56.0 6Hex5HexNAc3SiA1Fuc
18 4Ant/2SiA 5439.3280 2.1547 114 0.001 56.6 7Hex6HexNAc2SiA1Fuc
19 4Ant/3SiA 5730.4234 1.8209 1.26 0.009 58.8 7Hex6HexNAc3SiA1Fuc
20 4Ant/4SiA 6021.5188 1.4870 1.30 0.01 60.8 7Hex6HexNAc4SiA1Fuc
21 4Ant1LacNAc/2SiA 5804.4602 21547 115 0.003 59.4 8Hex7HexNAc2SiA1Fuc
22 4Ant1LacNAc/3SiA 6095.5556 1.8209 1.26 0.009 61.3 8Hex7HexNAc3SiA1Fuc
23 4Ant1LacNAc/4SiA 6386.6510 1.4870 131 0.01 63.1 8Hex7HexNAc4SiA1Fuc
24 4Ant2LacNAc/3SiA 6460.6878 1.8209 1.26 0.009 63.5 9Hex8HexNAc3SiA1Fuc
25 4Ant2LacNAc/4SiA 6751.7832 1.4870 131 0.01 65.1 9Hex8HexNAc4SiA1Fuc
26 4Ant3LacNAc/4SiA 7116.9154 1.4870 1.31 0.06 66.9 10Hex9HexNAc4SiA1Fuc
N N24-N3g (EAENITTGCAEHCSLNENITVPDTK)”

27 G3-7SiA 9837.7194 0.4666 1.49 0.02 71.5 14Hex12HexNAc7SiA2Fuc
28 G3-8SiA 10128.8149 0.1327 1.56 0.02 72:3 14Hex12HexNAc8SiA2Fuc
29 G4-7SiA 10202.8516 0.4666 1.49 0.02 72.5 15Hex13HexNAc7SiA2Fuc
30 G4-8SiA 10493.9471 0.1327 1.55 0.02 733 15Hex13HexNAc8SiA2Fuc

N-glycopeptides in thEPO-TN
N Ng3 (GQALLVNSSQPWEPLQLHVDK)"

31 3Ant/0SiA 44920048 28224 103 0.0006 475 6Hex5HexNAc1Fuc
32 4Ant/0SiA 48571370  2.8224 104 0.001 514 7Hex6HexNAc1Fuc
33 4Ant1LacNAc/0SiA 52222692  2.8224 105 0.0008 54.8 8Hex7HexNAc1Fuc
34 4Ant2LacNAc/0SiA 55874014  2.8224  1.06 0.002 57.8 9Hex8HexNAc1Fuc
35  4Ant3LacNAc/0SiA 59525336  2.8224  1.08 0.0005 60.4 10Hex9HexNAc1Fuc
N N4-Nsg (EAENITTGCAEHCSLNENITVPDTK)”

36  G3-0SiA 7800.0515  2.8036 112 0.001 64.1 14Hex12HexNAc2Fuc
37 G4-0SiA 81651837  2.8036 113 0.001 65.7 15Hex13HexNAc2Fuc

0O-glycopeptides in rhEPO-T
N 0126 (EAISPPDAASAAPLR)”

38 0126-0SiA 1829.8894 1.8226 0.980 0.003 20.0 1Hex1HexNAc
39 0126-1SiA 2120.9851 1.4887 1.09 0.002 30.9 1Hex1HexNAc1SiA
40 0126-2SiA 2412.0808 1.1548 1.25 0.009 39.3 1Hex1HexNAc2SiA

O-glycopeptide in thEPO-TN
N 0426 (EAISPPDAASAAPLR)"
41 0126-0SiA 1829.8894 1.8226 1.01 0.0006 20.0 1Hex1HexNAc

Miheo: theoretical mass, g:charge, t': relative migration time, s: standard deviation.
@ Carbohydrated fraction: (glycan mass/glycopeptide mass).
b peptide sequence of Ng3, N24—Nsg, O126.
¢ Peptide number 6 was used as a reference (average t=7.68 min).
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[14,15]. The sheath liquid (50:50 (v/v) iPrOH/H,0 with 0.05% (v/v)
of HFor) was delivered at a flow rate of 3.3 uLmin~' by a KD
Scientific 100 series infusion pump (Holliston, MA, USA) and was
degassed for 10 min by sonication before use. CE control and
separation data acquisition (e.g. voltage, temperature and current)
were performed using ChemStation software (Agilent Technolo-
gies) that was running in combination with the MassHunter
workstation software (Agilent Technologies) for control, data
acquisition and processing with the TOF mass spectrometer. The
TOF mass spectrometer was tuned and calibrated following the
manufacturer’s instructions. At the beginning of a working day, a
‘Quick Tune’ of the instrument was carried out in positive mode
followed by a mass-axis calibration to ensure accurate mass
assignments. Measurement parameters were tuned for the
analysis of Oj36 and Ng3-4Ant glycopeptides (Table 1) paying
special attention to the fragmentor voltage value [14,15]. The
optimum parameters were as follows: capillary voltage 4000V,
drying gas (N,) temperature 200 °C, drying gas flow rate 4L min~',
nebulizer gas (N,) 7 psig, fragmentor voltage 190V, skimmer
voltage 60V, OCT 1 RF Vpp voltage 300V. Data were collected in
profile (continuum) at 1 spectrums~' (approx. 10,000 transients
spectrum™') between m/z 100 and 3200 working in the highest
resolution mode (4 GHz).

A bare fused-silica capillary of 70 cm total length (Lt) x 50 um
internal diameter (i.d.) x 360 p.m outer diameter (0.d.) (Polymicro
Technologies, Phoenix, AZ, USA) was used for CE-TOF-MS
separations. Activation and conditioning procedures were per-
formed off-line in order to avoid NaOH entering to the mass
spectrometer. New capillaries were activated by flushing at
930 mbar for 30min with 1M NaOH, water and background
electrolyte (BGE) (50 mM HAc and 50 mM HFor (pH 2.2)). Each day,
capillaries were conditioned by rinsing for 5min with 0.1 NaOH,
7 min with water and 10 min with BGE. rhEPO and Tf digests were
injected for 15s at 50 mbar (in triplicate, n=3). Electrophoretic
separations were carried out at 25°C and 18 kV under normal
polarity (cathode in the outlet). Between runs, capillaries were
rinsed for 1 min with water, 3 min with 1M HAc, 1 min with water
and 5 min with BGE. Capillaries were stored overnight filled with
water. All solutions were passed through a 0.45-mm nylon filter
(MSI, Westboro, MA USA) before use.

2.4. Calculations of classical semiempirical relationships

In general, the m. of a peptide is proportional to its g and
inversely proportional to its Stoke’s radius (r). The r is generally
expressed in terms of M, because the volume of a molecule is
proportional to its mass if the density is constant [25-27]. The
classical equations describing semiempirical models are deduced
from assumptions concerning the peptide shapes and the forces
that they undergo during electrophoretic motion [25-27]. The
general form of the equation relating me, M and q is as follows:

me:A% (1)

Table 2

where A is a constant and, for the various semiempirical models
tested in this work: a=1/3 for the Stoke’s law, a=1/2 for the
classical polymer model and « = 2/3 for Offord’s surface area law. In
general, for peptides, o approaches 1/3 when peptides are
modelled as spherical particles, that have high charge densities;
« approaches 1/2 when the peptide is considered as a classical
polymer with a lower charge density; and « approaches 2/3 for
larger and more rigid structures, which experience frictional forces
that are proportional to the surface area of the molecule during
electrophoretic motion [27].

These models were investigated by CE-TOF-MS at the pH of
the electrophoretic separation (pH 2.2) using peptides and
glycopeptides of rhEPO-T and rhEPO-TN digests (Table 1). M
was calculated from the amino acid sequence of the peptides and
glycopeptides, taking also into account for the glycopeptides the M
of the carbohydrate moieties with or without SiA residues (and
any other post-translational modification (PTM) if it is indicated
later in the text). Peptide and glycopeptide g was calculated at the
pH of the electrophoretic separation using the average pK values
for amino acids given by Rickard et al. [25], a pK value of 2.6 for the
carboxylic acid of SiA [41], a pK value of 1.8 for the sulfonic acid of
SiA (predicted with ACD/Labs software, Advanced Chemistry
Development, Toronto, Canada) and the Sillero and Ribeiro
expression [42], which is based on the Henderson-Hasselbalch
equation.

Py Nn
q= Zn:l 41 4 10(PH-PK(P)) - Zn:] 61 4 10PKNa)-PH) ()

where P, and N,, are the cationic (i.e. P; =tNH,, P, =His P3 = Arg and
P,=Lys) and anionic (i.e. N;=tCOOH, N, =Asp, N3=Glu, N;=Cys,
Ns=Tyr and Ng=SiA) ionisable groups found in the amino acids
and the SiA residues, and pK (P,) and pK (N,) are the pK values of
these groups. Unless otherwise indicated later in the text, no other
ionisable groups were considered for g calculations. The accuracy
of the q calculated in this way depends on the proposed sequence
and the reliability of the pK values considered for the ionisable
groups [18,31,32]. The estimated pK values for the individual amino
acids, SiA and sulfonated SiA were used, because the real pK values
in all the peptide and glycopeptides sequences were not available.

Experimental relative migration times (t{="ti/treference) Were
used for the correlations instead of m., because no electroosmotic
flow marker was added to the samples [17,19,23,43]. The largest
rhEPO peptide (peptide N6, Table 1), which had the most similar
intensity and migration time to the glycopeptides was used as a
reference in rhEPO-T and rhEPO-TN digests.

Once linearity between t' and q/M* was demonstrated for the
peptides and glycopeptides at pH 2.2 in rhEPO-T and rhEPO-TN
digests, predicted t; at this pH value were used to simulate an
electropherogram for the separation of the mixture, showing a
pure Gaussian peak for each peptide and glycopeptide [31,44]:

h(t)=hee *L ° (3)
where t' is the relative time values that define the time-scale, hg
and t; are the height and predicted t; at the peak maximum for each

Summary of linear least squares parameters obtained from application of the classical semiempirical models to the studied peptides and glycopeptides of rhEPO-T and rhEPO-

TN digests at pH 2.2 (y=b+mx).

qM'? qm'® q/M?
b (+s) m (+s) R? b (+s) m (+s) R? b (+s) m (+s) R?
N-glycopeptides and O-glycopeptide (with and without 1.557 -13.3 0.9891 1.57 -3.33 0.9569 1527 —49 (£2) 0.9598
SiA) (+0.008) (+0.3) (+0.02) (+0.14) (+0.015)
Peptides 1.054 -3.1(+0.2) 09120 118 -1.65 0.9443 0.989 -6.4 0.8756
(£0.015) (£0.02) (+0.08) (+£0.015) (£0.5)
s: standard deviation.
L)
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Fig.1. Experimental (symbols) and predicted (lines) t' vs. M/q"® and M/q'/? for peptides and glycopeptides of rhEPO-T and rhEPO-TN digests using the best linear correlations

of Table 2. (BGE pH 2.2).
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Fig. 2. (i) Experimental and (ii) simulated electropherograms of some peptides and glycopeptides of the modelling set in (a) rhEPO-T and (b) rhEPO-TN digests. (BGE pH 2.2).

peptide or glycopeptide, respectively, and o is the standard
deviation of the Gaussian peak which is related to the value of the
width at half height (w;2) of the simulated electrophoretic peak by
the following expression: wy;; =2.3540. A value of 1 was arbitrarily
selected as hy for all electrophoretic peaks. An average value of wy»

was fixed in 0.005 taking into account direct measurements of wy»
in the experimental electropherograms. In order to simplify the
simulation procedure, no other assumptions were made regarding
peak shape, BGE composition or the influence of the EOF on
migration time and resolution. Microsoft Office Excel 2010 for
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Windows was used for all the calculations and simulations. Other
computer simulation tools (e.g. Simul 5.0) can be alternatively
used for the simulations [45].

3. Results and discussion

Several authors have explored the use of different semiempiri-
cal approaches which relate me, M and q in order to predict
electrophoretic migration behaviour, study structural modifica-
tions, charge characteristics and conformations [4-6,16-32].
However, there is no general rule to select the optimum
semiempirical relationship for each experimental data set, and
several modifications have been suggested for Eq. (1) (see
Section 2.2), mainly aimed to obtain the best linear correlation
between m. and M/q“ values [4-6]. In this paper we tested the
Stoke’s law (=1/3, Eq. (1)), the classical polymer model («=1/2,
Eq. (1)) and the Offord’s surface area law («=2/3, Eq. (1)). Table 1
shows the theoretical M, the g, the carbohydrate content and the
carbohydrate composition of the peptides and glycopeptides of
rhEPO-T and rhEPO-TN digests used to evaluate the semiempirical
models. The whole modelling set was very heterogeneous,
comprising peptides and N- and O-glycopeptides with a wide
variety of M, g, carbohydrate contents and structures (with or
without SiA) (Table 1). All of them were previously identified in
rhEPO digests by CE-TOF-MS (with an accuracy lower than
10 ppm) [14,15]. It is important to clarify that all the peptides
identified by CE-TOF-MS in those works were used in this
modelling set, while only the glycopeptides with the best signal-

to-noise ratios [14,15] were included. Some of the remaining
identified glycopeptides were used later to validate the models.
The use of experimental t' allowed us to study peptides and
glycopeptides from rhEPO-T and rhEPO-TN at the same time,
despite they were necessarily analysed in separate runs (see the
materials and methodssection for details). The reproducibility of
relative magnitudes related to migration time in CE, such as m, or
t', is widely accepted to be higher than for raw migration times
[43]. This allowed a reliable run-to-run comparison.

Table 2 shows the parameters resulting from the linear
correlation of the experimental t' and M/q® (« = 1/3, for the Stoke’s
law, o = 1/2 for the classical polymer model, and « = 2/3 for Offord’s
law) for the studied peptides and glycopeptides of rhEPO-T and
rhEPO-TN digests. Linear correlations were good with all models
for glycopeptides (R? > 0.96), while for peptides the Stoke’s law and
the classical polymer law produced significantly better results
(R>>0.91). We tried to improve these results considering the
electrostatic g suppression effect in both models [26,27], as in our
previous work with metallothioneins [35]. As the total q on the
molecule increases, the effect of other g on its m. decreases,
resulting in an ineffectiveness of a part of the g, which can be
simply addressed by using In(1+q) instead of g in the classical
semiempirical models. However, in this case, no improvement on
linearity was observed (data not shown). Results were not
markedly better with a model based on the Hubbard-Onsager
dielectric friction theory of ion mobility (Eq. (4)), probably because
with this complex group of peptides and glycopeptides hydrody-
namic friction contribution predominates over dielectric friction
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Fig. 3. (i) Experimental and (ii) simulated electropherograms of four Ng3 and Np4_3g glycopeptides from the rhEPO-T digest that were not in the modelling set. (BGE pH 2.2).
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contribution [33,34].

g
te= M€ + (bq2/M) “)

The linear correlations of Table 2 confirmed the validity of the
classical semiempirical relationships at the separation pH when
good estimations of the pK values were available for charge
calculations [18,31,32]. However, it was difficult to draw con-
clusions about molecular shape based on the slight differences
found between the results for the majority of the models. As can be
observed from the slopes and y-intercepts obtained with each
model, it was clear that a different linear equation was necessary
for peptides and glycopeptides, probably because the larger M of
glycopeptides promoted a significant increase of t’ (i.e. a reduction
of me). It is worth mentioning, that N- and O-glycopeptides with
and without SiA, which presented a significantly different fraction
of carbohydrates and g (Table 1), all fitted well to the same linear
equation. This would reinforce the idea that differences in linear
equations between peptides and glycopeptides could be a matter
of the increase of M and the presence of carbohydrate chains (with
or without SiA) rather than a matter of g (SiA was negatively
charged to some extent at pH 2.2) [41]. The Stoke’s law was
selected for further investigations for peptides because regression
coefficients were slightly better (R?>0.94), while glycopeptides
fitted better with the classical polymer model (R?>0.99). In both
cases, the residuals were small and randomly distributed with an
average value of approximately 0, indicating a good fit for a linear
model. The residuals ranged from —0.02 to 0.05 for the peptides
and from —0.04 to 0.03 for the glycopeptides. Therefore, the bias in
predicting relative migration times was within the range of the

standard deviation values of the experimental migration times
(0.0005 <5 <0.06, Table 1).

In our previous works with low-molecular mass peptide
hormones [18], neuropeptides [31], quinolones [32] and metal-
lothioneins [35], excellent correlations were also observed with
the Stoke’s and the classical polymer laws. Fig. 1 shows the plot of t/
vs. M/q'"® and M/q"/? for peptides and glycopeptides, respectively,
in rhEPO digests. The symbols stand for the experimental ¢’ and the
solid straight lines indicate the predicted t' values using the
appropriate equations of Table 2 (see also the insets in Fig. 1). The
small differences in R? between the linear models for peptides and
glycopeptides could be explained by the higher structural
heterogeneity of the set of peptides (Table 1). As can be also
observed from Fig. 1, peptides were migrating at lower t’ covering a
wider range of q/M® values but in a shorter t window. As an
example, in one of the extremes of the studied range we find the
symbols corresponding to the reference peptide (Table 1, N=6,
ts=1,nominal M=2525Da, g =1.87), while in the other extreme we
have the dipeptides (Table 1, N=13 and 14, nominal M =203 and
259, q=1.89 and 1.89).

The t' values of several peptides and glycopeptides from the
modelling set were predicted with the linear equations corre-
sponding to the Stoke’s law and the classical polymer model,
respectively, to simulate a sole electropherogram that will
facilitate visualization of the separation of the tryptic mixtures.
As a different model was selected for peptides and glycopeptides, it
was necessary to use the predicted t' values to simulate the
electropherograms instead of the predicted g/M® values that were
used in our previous works [31,32,35]. The x-scale of the simulated
electropherograms was normalized to unit time in the investigated
t window for ease understanding ((t; — t/i)/ (tmax — tmin) )- Fig. 2a

min
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and b shows the experimental (i) and simulated (ii) electrophero-
grams of these peptides and glycopeptides from rhEPO-T and
rhEPO-TN digests, respectively. A separate electropherogram was
simulated for rhEPO-T and rhEPO-TN digests, because the
experimental electropherograms were obtained in separate
experiments, as indicated before (Section 2.3). As can be observed,
despite the simplicity of the approach, where each electrophoretic
peak is simulated with a fixed width at half height of 0.005 and a
fixed relative intensity of 1, the concordance between the
experimental and the predicted electropherograms is good, with
peptides and glycopeptides migrating in separate time windows of
different width at the beginning and at the final part of the
electropherograms. The small differences in the experimental and
predicted electrophoretic profiles could be due to a combination of
different factors: inaccuracy of SiA pK value, longitudinal diffusion
and mismatched conductivities sample-BGE.

These results were further validated comparing the experi-
mental and predicted electropherograms for a set of Ng3 and Nog_3g
glycopeptides from the rhEPO-T digest that were not in the
modelling set, because they were detected by CE-TOF-MS with low
signal-to-noise ratios (Fig. 3) [14,15]. As can be observed in the
insets of Fig. 3, the selected glycopeptides differed in the number of
sialic acids and one of them showed a sulfonic group, which
affected charge calculations at the separation pH. The agreement
was again good, even for the Ngs glycopeptide with a sulfonic
group (Ng3-4Ant/4SiA-503), taking into account that no glycopep-
tide with such functional group was used in the modelling. The
sulfonic group pK value in sulfonated SiA was estimated using ACD/
Labs software (1.3 4 0.5), because a reliable pK value for sulfonic
groups in free SiA or in glycopeptide carbohydrate chains was not
available. In our case, the best concordance between the
experimental and predicted electropherograms was obtained
when a pK value of 1.8 was considered for the sulfonic group
(Fig. 3). The agreement between both electropherograms showed
that the sulfonic group of the substituted SiA in the glycopeptide
was only slightly more acidic than the carboxylic acid of SiA (pK 2.6
[41]).

The same models could be also applied to predict electropho-
retic migration behaviour of peptides and glycopeptides of other
glycoprotein digests at acidic pH or at a different pH value. As an
example at acidic pH value, Fig. 4 shows the experimental and
predicted electropherograms for a set of peptides and N-
glycopeptides of the tryptic digest of human transferrin (Tf) using
the polymer’s law and the Stoke’s law for the glycopeptides and the
peptides, respectively. As can be observed, the concordance is
again good, with minimal differences for the glycopeptides at the
final part of the electropherogram. Therefore, these results prove
that with this simple approach, valuable information about
migration order and separation can be obtained before doing
any experiment. In addition to M and the presence of carbohy-
drates, the accuracy of migration time prediction especially
depend on the goodness of charge estimation, as we proved in a
wide pH range with peptide hormones, neuropeptides and
quinolones [18,31,32]. Accurate pK values are always recom-
mended, but good pK estimates may be enough if separation pH
differs in at least more than one pH unit from any of the true
peptide or glycopeptide pK values.

4, Concluding remarks

Several classical semiempirical relationships have been tested
for prediction of migration behaviour of a mixture of peptides and
glycopeptides, originated from the digestion of rhEPO with trypsin
and with trypsin-neuraminidase. Using good estimates of the pK
values of the ionisable groups at the separation pH value (2.2), the
Stoke’s law (gq/M') resulted in better linear correlations for the

peptides, while glycopeptides fitted better with the classical
polymer model (g/M'?). The obtained models were useful to
predict migration times of rhEPO peptides and glycopeptides and
to simulate their separation electropherogram at the acidic
separation conditions typically used to analyse protein and
glycoprotein digests by CE-MS with optimum sensitivity in
positive ESI mode. The established models could be used to
obtain, in a simple and straightforward way, ‘dry-lab’ peptide-
glycopeptide electrophoretic maps of other biologically relevant
glycoproteins, such as alpha-1-acid glycoprotein (AGP), apolipo-
protein-CIII (APO-CIII), rhEPO analogues, etc.
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The analysis of the abnormal glycosylation pattern of certain glycoproteins might not be
enough to fully understand the extent of certain diseases. The scientific community has
reported quite recently that the alteration of certain isomeric glycans might be the key to
comprehend the behavior of these pathologies and propose proper treatments. In complex N-
glycans, isomers are mainly originated due to the different orientation or location of the sialic

acid and fucose monosaccharide residues.

Numerous works have been reported which focus their attention on derivatization protocols
or more recent stationary phases in LC, with the aim of achieving the so-desired isomeric
separation. MS/MS methodologies have also been proposed as interesting, albeit complex,
attempts to distinguish between isomeric glycoconjugates. However, all these methods are
still in their early stages of development, and, certain limitations are expected. Consequently,
other analytical techniques able to separate and distinguish isomeric glycoconjugates in a

straightforward manner are much needed.

In this regard, IM-MS has aroused great interest in the last few years for its power to separate
isomeric compounds in the gas-phase. And, even more recently, IM-MS is becoming an alluring
analytical technique for the separation of isomeric glycoconjugates. For this reason, a study
aimed at assessing the proficiency of IM-MS for the separation of isomeric glycoconjugates
due to the type of sialic acid linkage, at the three possible levels (intact glycoprotein,

glycopeptides and glycans) was the last goal of this thesis.
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Abstract

The study of protein glycosylation can be regarded as an intricate but very important task,
making glycomics one of the most challenging and interesting, albeit under-researched, type of
“omics” science. Complexity escalates remarkably when considering that carbohydrates can
form severely branched structures with many different constituents, which often leads to the
formation of multiple isomers. In this regard, ion mobility (IM) spectrometry has recently
demonstrated its power for the separation of isomeric compounds. In the present work, the
potential of traveling wave IM (TWIMS) for the separation of isomeric glycoconjugates was
evaluated, using mouse transferrin (mTf) as model glycoprotein. Particularly, we aim to assess
the performance of this platform for the separation of isomeric glycoconjugates due to the
type of sialic acid linkage, at the intact glycoprotein, glycopeptide and glycan level.
Straightforward separation of isomers was achieved with the analysis of released glycans, as
opposed to the glycopeptides which showed a more complex pattern. Finally, the developed
methodology was applied to serum samples of mice, to investigate its robustness when
analysing real complex samples.

1. Introduction glycans in the surface of eukaryotic cells is
vital, as they take part in important cellular
events, such as cell-cell interactions and
receptor recognition [4]. Notwithstanding
its importance and the major role of
glycosylation in a multitude of biological
processes [5-7], the analysis and

characterization of carbohydrates is usually

Glycosylation is by far one of the most
common and complex posttranslational
modifications, with more than half of all
secretory and cellular proteins being
glycosylated [1-3]. Carbohydrates enhance
the functional diversity of proteins, but

they can also define their destination or
elicit an immune response. The presence of

difficult due to their inherent complexity -
the main reason why advances in glycomics
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have been scarcer compared to other
“omics” sciences [8,9]. Very often, in
contrast to more linearly assembled
biological molecules such as proteins or
oligonucleotides, carbohydrates can form
complex structures, severely branched,
with many monosaccharide constituents,
which usually results in a multitude of
isomers [10].

Mass spectrometry (MS)-based techniques
are the prime option for the
characterization of glycoproteins, as
reliable structural information can be
obtained [7,11]. MS is frequently used in
conjunction with chromatographic or
electrophoretic separation techniques, as
this allows high sensitivity profiling and
accurate characterization of
heterogeneous glycan structures [12-14].
However, when analyzing isomeric glycan
structures, MS often fails to separate them
[8,15—17], as they have identical mass and
atomic composition - thus they remain
undistinguishable unless derivatization or
less common stationary phases in liquid
chromatography (LC) are used [18-22]. But
even then, derivatization protocols can be
time-consuming, expensive or hinder the
ionization of some glycans, or, in the case
of LC, the unambiguous identification is still
impossible when different isomers coelute.
Moreover, in the last few years, several
tandem mass spectrometry methods have
been reported that allow the identification
of glycan isomers and the characterization
of their structure [23-25]. However, few
authors have studied the fragmentation of
glycans with different sialic acid linkages.
Even then, distinguishing by MS/MS
between isomeric glycans due to sialic acid
linkage is not trivial and, quite often, is
based on differences in the relative
abundance of certain fragment ions
[26,27]. Therefore, a straightforward
technique that helps to separate and
differentiate those isomeric compounds is
much needed.

In  this regard, ion-mobility (IM)
spectrometry coupled with MS has aroused
some interest in the last years, not only in
the glycomics field but also in other omics
sciences, as a proficient analytical
technique for the separation of isomeric
compounds  [3,8,10,15-17,28-30]. lon
mobility provides an additional dimension
for the separation of compounds, where
ions are not only separated due to their
mass and charge, but also on the basis of
their shape and size - thereby resolving
ions that would be otherwise
indistinguishable solely by MS, such as, for
instance, isomers [31-35]. Particularly, IM
measures the time (drift time) that a
particular ion takes to cross a cell filled
with an inert, neutral background gas (N
and He are most commonly used) at a
controlled pressure under the influence of
a weak electric field. The drift time of a
specific ion is mainly due to ion-gas
collisions; therefore, ions are separated
due to their ion-neutral collision cross-
section (Q), related to the overall shape
and topology of the ion [31-35]. Small
compact ions have the shortest drift times,
i.e. they arrive first, as a result of their
smaller Q. Moreover, the higher the charge
of the ion, the greater the accelerating
electric force, and therefore the more
quickly the ion will cross the chamber.
Consequently, the drift time of an ion is
often described as being determined by
the collision cross-section-to-charge ratio
(Q/z) [34]. When coupled on-line with MS
(IM-MS), ion mobility provides three-
dimensional analytical information for each
detected species, i.e. shape-to-charge,
mass-to-charge and abundance, thus
allowing reliable analyte identification.

Nowadays, there are several IM methods
next to the classical drift-time ion mobility
spectrometry (DTIMS), such as field
asymmetric  waveform ion  mobility
spectrometry (FAIMS), but among them,
traveling wave ion mobility spectrometry
(TWIMS) is the one that has seen a major
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growth in the last years [36,37]. In TWIMS,
ions are propelled thanks to a sequence of
symmetric potential waves continually
propagating through a cell, each ion with
its own velocity, thus different species
transit the cell in different times. One of
the main advantages of TWIMS is that it
disperses ion mixtures, allowing the
simultaneous measurement of multiple
species. This, in conjunction with a high
sensitivity obtained when TWIMS s
coupled to certain analyzers in MS, such as
time-of-flight (TOF), has made this
platform an alluring option for structural
analysis and isomer separation [37-39].
This platform, along with other IM
methods, have been recently explored for
the analysis of glycans or glycoconjugates
by several authors [8,15,16,40-46].

In this work, TWIMS combined with TOF-
MS was wused for the study of
glycoconjugate isomers which differ in the
type of sialic acid linkage, with mouse
transferrin (mTf) as a model glycoprotein.
Sialic acid, an important monosaccharide
residue of complex type N-glycans, may
form primarily two types of linkages: a-
2—>3 or a-2—6. We aim to assess the
capacity of TWIMS-TOF-MS (from now on
referred to as IM-MS) as an analytical
platform to separate a-2—3 and a-2—6
isomeric glycoconjugates at the intact
glycoprotein, glycopeptide and glycan
level. The developed methodology was also
applied to serum samples of mice, to
confirm its robustness when analyzing real
complex samples.

2. Materials and methods
2.1. Chemicals

All chemicals used in the preparation
of buffers and solutions were of analytical
reagent grade. Isopropanol (iPrOH),
hydrochloric acid (HCI, 37% (w/v)), formic
acid (FA, 98-100%), ammonium acetate
(NHsAc, 298.0%) and glycine (299.7%) were
supplied by Merck (Darmstadt, Germany).

CNBr-activated-Sepharose 4B was provided
by GE Healthcare (Waukesha, WI, USA) and
“NP-40 alternative” by Calbiochem
(Darmstadt, Germany). Sodium chloride
(NaCl, =>99.5%), DL-Dithiothreitol (DTT,
>99%), sodium cyanoborohydride
(NaBHsCN), 2-mercaptoethanol (B-ME),
sodium dodecyl sulfate (SDS),
iodoacetamide (IAA), ammonium
hydrogencarbonate, sodium azide (NaNs,
>99.5%) water (LC-MS grade), acetonitrile
(LC-MS grade) and mouse apotransferrin
(mTf, reference: T0523) were supplied by
Sigma—Aldrich (St. Louis, MO, USA) and
Tris(hydroxymethyl) aminomethane (TRIS,
>99.5%) by J.T. Baker (Deventer, Holland).
Trypsin (Sequencing grade modified) was
provided by Promega (Madison, WI, USA).
RapiGest” from Waters (Bedford, MA, USA)
was used to facilitate the enzymatic
digestion. Goat polyclonal antibody against
human transferrin (hTf) (immunogen
affinity purified) was purchased from
Abcam (Cambridge, UK). Human transferrin
(hTf) and human a-1-acid glycoprotein
(hAGP) were used as additional examples
of other glycosylated glycoproteins and
were also supplied by Sigma—Aldrich.

2.2. Mice and induction of arthritis

WT mice were from Harlan lbérica
(Barcelona, Spain). All studies with live
animals were authorized by the Institute of
Parasitology and Biomedicine "Ldpez-
Neyra" (IPBLN) and Universidad de
Cantabria Institutional Laboratory Animal
Care and Use Committees. For the
induction of collagen-induced arthritis
(CIA), 8-12 weeks-old male mice were
immunized as described elsewhere [47,48].

2.3 Purification of serotransferrin from
mouse serum samples by immunoaffinity
chromatography (IAC)

In order to isolate mTf from the rest
of serum proteins, an immunoaffinity (lA)
purification was carried out using a
cyanogen-bromide  sepharose  column
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where a polyclonal antibody against human
transferrin (hTf) was bound, as detailed
previously [49]. The IA procedure consisted
of: first, a conditioning step with two
washes of 10 mM Tris-HCl; second,
approximately 25 pL of serum were diluted
1:8 in 10 mM Tris-HCl (pH 7.6-7.7) in order
to improve antigen-antibody interaction,
and passed through the column ten times.
After washing with 10 mM Tris-HCl and 0.5
M NaCl (pH 7.6-7.7), retained mTf was
eluted with 100 mM glycine-HCI (pH 2.5).
Eluted mTf was immediately neutralized
with 0.5 M Tris. Afterwards, glycine-HCI
buffer was exchanged for water by
ultracentrifugation, using Microcon YM-10
(MW cut-off 10 kDa, Millipore, Bedford,
MA, USA). Then, samples were evaporated
to dryness using a SpeedVac™
concentrator (Thermo Fisher Scientific,
Waltham, MA, USA) and stored at -20°C
until use. Finally, the 1A column was
washed and stored in 10 mM Tris-HCl and
0.01% (w/v) NaN; (pH 7.6-7.7).

2.4. Analytical approaches for mTf

glycosylation study
2.4.1. Intact glycoprotein analysis

mTf standard (25 pg) was desalted
using three different procedures: dialysis,
size exclusion and ultracentrifugation.
Briefly, in the first method, D-Tube™
dialyzers from Merck-Millipore were left in
contact with 100 mM NHsAc for 15 min.
Afterwards, the sample was placed into the
dialyzer and left in contact with 500 mL of
100 mM NHsAc for 2 h at 4°C. Later, the
buffer was renewed with 500 mL and the
dialysis was allowed to continue for 2 more
hours, repeating this process twice. Finally,
the sample was carefully recovered and
stored at -20°C until analysis. Regarding the
size exclusion procedure, the sample was
desalted and the buffer exchanged using
Micro Bio-Spin™ columns from BioRad
(Hercules, California, USA) following the
manufacturer instructions. Columns were

centrifuged to remove the excess of
packing buffer and washed three times
with 500 pL of 100 mM NH.Ac. Finally, the
sample was added and collected in a new
tube after centrifugation. Lastly, the
ultracentrifugation procedure was carried
out using Microcon YM-10 (MW cut-off 10
kDa) to desalt and exchange the buffer of
the sample. Filters were washed with 100
mM NHsAc and centrifuged for 10 min at
10000 g. Afterwards, the sample was
added and washed with 50 pL of 100 mM
NHsAc a total of 4 times, centrifuging each
time for 10 min at 10000 g. Finally, the final
volume was recovered in a new vial after
centrifugation for 2 min at 1000 g, and
reconstituted to the initial volume (25 pL).
Centrifugation procedures were carried out
in a MiniSpin® centrifuge (Eppendorf,
Hamburg, Germany) at room temperature.
In all cases, intact mTf in 100 mM NHJAc
was injected directly into the mass
spectrometer under non-denaturing
conditions and detected in positive ion
mode.

2.4.2. Glycopeptide analysis

mTf standard (25 pg) was reduced,
alkylated and immediately subjected to
trypsin digestion in the presence of
RapiGest® as explained in a previous work
[50]. mTf tryptic digests were stored at
-20°C until analysis.

For the analysis of glycopeptides, a Waters
Nano ACQUITY UPLC® was used with a
double binary gradient pump, using a
peptide BEH C18 column (1.7 um particle
diameter, 130 A pore, 100 x 0.1 mm length
x ID; Waters). Experiments were performed
at room temperature with gradient elution
at a flow rate of 400 nL min™. Eluting
solvents were A: water with 0.1% (v/v) of
formic acid (FA), and B: acetonitrile with
0.1% (v/v) FA. Solvents were degassed by
sonication (10 min) before use. The
optimum elution program was: solvent B
from 10 to 60% (v/v) within 20 min as
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linear gradient, followed by cleaning and
re-equilibration steps of B: 60 to 100%
(v/v) (5 min), 100% (v/v) (5 min), 100 to
10% (v/v) (5 min) and 10% (v/v) (5 min).
Before analysis, samples were filtered
using a 0.22 um polyvinylidene difluoride
centrifugal filter (Ultrafree-MC, Millipore,
Bedford, MA, USA) centrifuging at 10,000 g
for 4 min. Sample injection (300 nL) was
performed with an autosampler
refrigerated at 4°C. Control of the
instrument was performed using MassLynx
4.1 (Waters).

2.4.3. Glycan analysis

IAC purified mTf or mTf standard (25
pg) was reduced with 0.5% 2-
mercaptoethanol (B-ME) and 0.5% SDS and
subjected to enzymatic digestion with
PNGase F as described in [19]. Afterwards,
released glycans were isolated by solid
phase extraction (SPE) using Hypercarb
cartridges (25 mg, 1 mL volume, Thermo
Fisher Scientific) and, subsequently,
purified by ice-cold acetone precipitation
following the procedure reported in [19] in
both cases. Reduced glycans were diluted
with 50:50 H,O/ACN with 0.1% FA and
directly analyzed by IM-MS in negative ion
mode.

2.5. lon mobility-mass spectrometry

For IM-MS analysis a Synapt G2 HDMS
instrument from Waters was used.
Samples were directly introduced into the
vacuum of the mass spectrometer using
home-made nano-ESI gold-coated
borosilicate  capillaries, unless when
analyzed by nano-UPLC-IM-MS, in which
case an in-line nano-ESI interface with
commercially available coated needles was
used.

Spectra were acquired in positive mode for
the analysis of intact glycoproteins and

glycopeptides, and in negative mode for
glycans, and conditions were optimized in
each case. The voltages for spray capillary,
sampling cone, trap CE, trap DC bias and
transfer CE were, respectively: intact
glycoproteins, 1.4-1.6 kV, 30 V, 4 V, 40 V
and 0 V; glycopeptides, 1.5-1.7 kV, 50 V, 4
V, 20V and 0 V; and glycans, 1.5 kV, 50V, 4
V, 45 V and 0 V. The “trap CE” voltage was
only increased to 60 V when fragmentation
of the glycopeptides was the goal. Mass
spectrometer  control and  spectra
processing were carried out using
MassLynx 4.1 (Waters).

The software IMoS [51,52], available for
free at imospedia.com, was used for the
theoretical calculations of the collision
cross sections (CCS) of glycans, using their
minimum energy structures. The online
tool carbohydrate builder, available at
glycam.org [53], was used to generate the
required input for theoretical calculations.
The tool allows building different glycan
isomers based on monosaccharide unit and
linkage type, and generates minimum
energy structures.

3. Results and discussion
3.1. Intact glycoprotein analysis

It is well established that intact
proteins can be analyzed mainly in two
different ways when using electrospray
ionization: under denaturing or non-
denaturing (i.e., “native”) conditions. In the
first case, the protein appears highly
charged with a broad charge state
distribution; thus, the separation of the
different glycoforms is difficult. On the
other hand, an advantage of native MS is
that it strongly reduces charging, hence the
different glycoforms can be more clearly
resolved [54].
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Using native MS in this work, the
concentration of ammonium acetate and
the nano-ESI source parameters were
optimized to improve and obtain the best
possible  sensitivity and  separation
between mTf glycoforms in positive ion
mode. Moreover, in order to obtain an
acceptable separation between the several
glycoforms, mTf was washed repeatedly
with 100 mM NH4Ac to eliminate excipients
and salts, and injected directly into the
mass spectrometer without further
separation. Without washing, no glycoform
separation was observed whatsoever.
Three methods were evaluated to desalt
the glycoprotein: dialysis, size exclusion
and ultracentrifugation, with the latter one

a) MS spectrum

100 ii mTf 100 i
~3% +19

b) MS spectrum
i F
+19 K

Relative intensity

giving the best results (see supplementary
Figure 1). Afterwards, the drift times of
intact glycoforms were determined by ion
mobility. In Figure 1-a, the ion with charge
+19 of mTf is shown, as well as the arrival
time distributions (ATD) of different
sections of this peak (Figure 1-a (i-v)), each
corresponding to one intact glycoform of
mTf). As can be observed in the ATD
profiles, only one, relatively wide peak is
obtained for each glycoform. Hence, these
results imply that, at least for large
glycoproteins with a low degree of
glycosylation, the glycan part has barely
any influence on the overall size of the
whole molecule as the CCS appears

¢) MS spectrum
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Figure 1: Mass spectra showing the ion with charge +19 and the corresponding drift time (arrival
time) distributions, or ATD, of a) intact mTf and b) intact hTf; and also c) ions with charge +13, +12
and +11 of intact hAGP and the corresponding ATD. The value indicated corresponds to the

approximate glycosylation percentage (w/w) of each protein, calculated as the mass of the most

abundant glycan per glycosylation site divided by the mass of the glycoprotein. i)-v): indicates the

glycoform or the region of the mass spectrometric peak. H: hexose; N: N-acetylhexosamine; F:

fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid)
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Table 1: Relative increase in m/z and drift time between glycoforms i) and ii) (Figure 1) of mTf, hTf and

hAGP

Relative m/z difference (%)
Relative drift time difference (%)
Relative m/z (%)

Relative drift
time (%)

Normalization®

mTf
0.247
0.149
0.247

0.149

hTf hAGP
0.239 0.746
0.290 1.324
0.247 0.247
0.299 0.438

* The relative m/z for hTf and hAGP was changed to have the same value as mTf (0.247%) and,
therefore, the relative drift time was proportionally modified

virtually unaffected by glycosylation. hTf
and hAGP were also studied to see if the
same behaviour was observed with other
glycoproteins. Figure 1-b and 1-c show the
separation between intact glycoforms in
the MS spectra of hTf (for the ion with
charge +19) and hAGP, respectively. As can
be observed, the peak was better resolved
for hTf, but no separation was observed for
hAGP, as the number of glycoforms was
considerably higher and the overlapping of
several ion distributions was unavoidable.
Moreover, one wide peak was observed
again when the drift time of each section
of the mass spectrum was measured for
both glycoproteins. Regarding hTf, each
section corresponded to one glycoform
(Figure 1-b (i-iv)), whereas, in the case of
hAGP, the resolution was not high enough
to ensure that a selected region of the
peak corresponded to one defined
glycoform (Figure 1-c (i-v)), because of the
high glycosylation degree of hAGP. The
higher the m/z region of this peak
however, the bigger the carbohydrate
fraction is (usually meaning more complex
and branched glycans). This is due to the
fact that an increase of m/z within the
same charge state can only be due to an
increase in the number of glycan subunits
of the -carbohydrate fraction, as the
polypeptide backbone remains unaltered.
For the sake of consistency, we will refer to
each section of the peak as glycoform,
even if, as in the case of hAGP, they are not

resolved. Interestingly, the drift time
increased with increasing carbohydrate
fraction, i.e. complexity and branching of
the glycoforms, in all three cases (see
Figure 1-a (i-v), 1-b (i-iv) and 1-c (i-v), type
of glycoform indicated where possible).
The relative drift time differences between
glycoforms were higher in proteins with
higher glycosylation content, as can be
observed for hAGP (see Figure 1-c).
Moreover, if we compare the drift time
between different glycoforms of mTf and
hTf, the increase in drift time was more
noticeable in hTf, as the percentage of
glycosylation is slightly higher here in
relation to the total protein mass. As Table
1 shows, for the same relative increase in
m/z, the relative drift time increase is
higher for hAGP, which demonstrates that
for glycoproteins with a high percentage of
glycosylation, differences in the
glycosylation have a greater effect on the
drift time of the whole molecule (i.e., they
significantly alter the CCS of the whole
glycoprotein). It could then also be
conceivable to separate isomers due to the
different sialic acid linkage (of the same
glycoform) at the intact protein level if the
glycan:peptide ratio was high enough.
However, this option would not have been
viable for all types of glycoproteins, thus,
other alternatives were studied.
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Table 2: Theoretical and experimental molecular mass (Mr), mass error and detected charge states of

the 10 glycoforms for the Nass glycopeptide of mTf detected by nano-UPLC-IM-MS

Glycopeptide Glycoform* Theolcﬁtical
H3N3S1 2892.2138

H3N3F1S1 3038.2717

H5N4S1 3419.3988

H5N4F1S1 3565.4568

H5N4S2 3726.4892

Naoa

H5N4F1S2 3872.5471

H5NA4S3 4033.579

H5N4F1S3 4179.6374

H6N5S3 4398.7117

H6N5F1S3 4544.7696

Experimental Mass error Observed
M, (ppm) charge state
2892.2840 24 +2
3038.2920 7 +2
3419.3908 2 +2,+3
3565.4656 2 +3
3726.4993 3 +2,+3
3872.5600 3 +2,+3
4033.6210 10 +2,+3
4179.6958 14 +2,+3
4398.7813 16 +3
4544.8321 14 +3

* H: hexose; N: N-acetylhexosamine; F: fucose; S
acid)

3.2. Glycopeptide analysis

As mTf only shows one glycosite at
asparagine 494, only one glycopeptide is
expected after tryptic digestion (Nass
glycopeptide, peptide: NSTLCDLCIGPLK).
However, with the direct injection of the
digest, the Nasoz glycopeptide was not
detected, hence, an additional separation
before the MS was mandatory. In this
regard, nano-UPLC was wused as a
separation technique prior to IM-MS
detection, in order to separate the
glycopeptide from the other peptides and
simultaneously determine the drift time of
the different glycoforms. Injection volume,
flow rate and gradient were optimized to
obtain the best sensitivity with a stable
spray (see section 2.4, Materials and
Methods). Table 2 shows the detected
glycoforms at the peptide level, their
theoretical and experimental masses, mass
error and observed charge states.

Regarding the determination of the
drift time of the different glycopeptide
glycoforms, even though a range of
different values for the wave velocity (WV)

: sialic acid (in this case, all S are N-glycolylneuraminic

and wave height (WH) of the TWIMS device
were tested, only one drift time value was
observed. This suggests that no isomer
separation was possible at this mobility
resolution, which is probably due to the
fact that the different isomers had similar
CCS despite the distinct orientation of the
sialic acid. Recently, Hinneburg et al. [15]
and Guttman et al. [44] also described this
observation analyzing glycopeptides
directly by IM-MS. They observed no
isomeric separation, unless fragmentation
of the glycopeptide was carried out and
one of the observed smaller fragments still
contained the sialic acid. This fragment
(obtained before the IM cell) had different
drift times depending on the sialic acid
linkage, because a change in the
orientation of the sialic acid was more
noticeable (i.e. the CCS was more affected)
in a smaller analyte. We also tested this
approach, by fragmenting the most intense
glycopeptide glycoform
(N(H5N4S2)STLCDLCIGPLK) before the IM
cell. Figure 2-a shows the collision induced
dissociation (CID) MS/MS spectrum for this
glycoform.  Several fragments were
obtained, e.g., the glycolylneuraminic acid
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(51) and HIN1 and H2N1 fragments.
Among all the fragments however, HIN1S1
was the one that still retained the sialic
acid linkage and had enough intensity to
yield a good and accurate drift time
measurement. Isomer separation was
observed in the aforementioned glycan
fragment. Specifically, as it is shown in
Figure 2-c, two drift time peaks were
clearly observed at this m/z, which are
postulated to be due to the sialic acid

being a-2—6 and a-2—3 linked.

In order to confirm that the distinct
drift times observed for the glycan
fragment could be due to different sialic
acid linkages, the theoretical CCS of the
HIN1S1 isomers were calculated. The
obtained CCS values were: 233.4 A? for the
a-2—6 linkage and 243.7 A? for the a-2—3
glycan, different enough to be separated
by IM. This suggests that the more
prominent, lower drift time peak (i.e.,

a .
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2
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€
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Figure 2: a) MS/MS spectrum for the mTf glycopeptide glycoform N(H5N4S2)STLCDLCIGPLK; b) mass
spectra of a fragment that still keeps the sialic acid (HIN1S1) and c) arrival time distribution of this

fragment (m/z range: 673.3-673.5). The symbols used for the representation of the glycoform
H5N4S2 follow the Consortium for Functional Glycomics (CFG) rules [56]. H: hexose; N: N-
acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid)
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lower CCS) corresponds to the a-2—6
glycan, whereas the second peak
represents the a-2—3 glycan.

Our results are in accordance with
those obtained by Hinneburg et al. [15],
who, using modelling, drew the same
conclusions. This is also in agreement with
Guttman et al. [44], who found that
biantennary glycoforms showed lower
content of a-2—3 sialylation. In our case,
the percentage of a-2—>3 glycan was
approximately 14% (taking into account
the measured area of each drift time peak,
see Figure 2-c). However, this ratio can
vary depending on the glycoprotein studied
[44]. With this method, using nano-UPLC-
IM-MS and drift time measurement of the
MS/MS fragments, separation of
glycopeptide isomers was achieved.

3.3. Glycan analysis

Finally, we proceeded with the study
of the enzymatically released glycans using
PNGase F. Different solvents were tested
to obtain the best spray and ionization
yield, and a slightly superior glycan signal
was obtained at 50:50 H,O:ACN with 0.1%

FA. Table 3 shows the detected mTf glycans
along with their theoretical and
experimental masses, mass error and
observed charge states. In Figure 3 the ATD
profile of HS5N4S2 glycans at different
values of WV and WH is shown. Two peaks
are observed which are believed to
correspond to two different isomers of the

glycan H5N4S2, in analogy to the
previously obtained results with the
glycopeptide N(H5N4S2)STLCDLCIGPLK.

Fine tuning of the IM parameters was
mandatory in order to resolve both drift
time peaks. A WV value of 450 m s and
WH of 25 V was selected as optimal for the
analysis of all mTf glycans. It is worth
mentioning that in this case, glycans were
analyzed in negative mode and, as can be
observed in Figure 3, the first isomer was
clearly the less abundant one. This is in
contrast to the glycopeptide analysis which
was done in positive mode, where the less
abundant isomer was the second one. This
could be due to the fact that both
molecules were, actually, quite different -
specifically, the glycan had eleven
monosaccharide units, as opposed to the
fragment observed in the glycopeptide

Table 3: Theoretical and experimental molecular mass (Mr), mass error and detected charge states of

the 10 mTf glycans detected by IM-MS

Glycan* Theoretical M; ExperI:nnrlentaI Ma(;i;r)ror ct? aI:Z:r‘s’:a(njt e
H3N3S1 1420.4975 1420.4659 22 -1
H3N3F181 1566.5554 1566.5692 9 -1
H5N4S1 1947.6825 1947.7031 11 -1
H5N4F181 2093.7404 2093.7891 23 -1
H5N4S2 2254.7729 2254.7650 4 -2
H5N4F1S2 2400.8308 2400.8240 3 -2
H5N4S3 2561.8632 2561.9150 20 -2
H5N4F1S3 2707.9211 2707.9470 10 -2
H6N5S3 2926.9954 2926.9334 21 -2, -3
H6N5F1S3 3073.0533 3073.0036 16 -3

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

glycolylneuraminic acid)
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analysis which had only three. With regard
to other glycans, three different peaks, i.e.,
three drift times, were observed for
H6N5S3 (see supplementary Figure 2-c),
albeit separation was slightly worse than
observed for H5N4S2. H5N4S1 on the other
hand only showed one wide peak (see
supplementary Figure 2-d), most probably
implying that only one glycan isomer exists.
However, the absence of other drift time
peaks does not preclude the presence of
other isomers, as they can have similar

!
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glycan released from mTf at different wave height
(WH, in V) and wave velocity (WV, in m s-1)
The the
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CCS. It is also worth pointing out that when
the glycan contained a fucose unit, the
isomeric  separation was somewhat
hampered, as observed in supplementary
Figure 2-b. We reckon that the addition of
one extra monosaccharide unit might
affect the global CCS of the glycan, and as
the whole glycan is bigger, a small variation
in the orientation of the sialic acid is less
noticeable.

To confirm that separation of
isomeric glycans due to the sialic acid
linkage was also possible with other
glycoproteins, hAGP was also digested with
PNGase F and the released glycans
analyzed by IM-MS. Separation of isomeric
glycans was achieved, seemingly obtaining
the same results as with mTf. As an
example, the arrival time distributions of
the H5N4S2 and HG6N5S2 glycans are
shown in supplementary Figure 3. As can
be seen, two drift time peaks were
obtained for the H5N4S2 glycan and three
peaks for HE6N5S3, albeit separation was
poorer in both cases when compared to
mTf.

Moreover, to confirm that ion
mobility separation of these possible
isomers is due to different sialic acid
linkages, the theoretical CCS values of
H5N4S2 with (a-2—3),, (a-2—6)(a-2—3)
and (a-2—6), sialic acids were calculated.
The obtained CCS were: 652.3 A2 for the (a-
2—3), glycan, 635.4 A? for (a-2—6)(a-
2-3), and 623.9 A? for the (a-2—6), form.
The differences between these calculated
values suggest that the observed ion
mobility peaks could be due to isomeric
glycans with different types of sialic acid
linkage. With the knowledge of theoretical
CCS, and the abundance of the a-2—3
H1N1S1 fragment being lower than the a-
2—>6 (based on fragmentation of the
H5N4S2 glycopeptide, see above), the two
peaks observed for the HS5N4S2 glycan
were tentatively assigned. We suggest that
the peak with the highest drift time, and
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highest abundance, could be the glycan (a-
2—6)(a-2—3) linkage. Whereas, the one
with the lowest drift time (and lowest
abundance) could be the (a-2—6),-linked
glycan. However, alternative approaches
for the study of isomeric glycoconjugates,
for instance using specific sialidases [18],
could be useful to obtain complementary
information and reliably assign the
different isomers.

3.4. Mice serum sample

To further asses the ability of the
established method to separate isomeric
glycoconjugates in biological samples, we

purified from serum samples. Only the
analysis of the released glycans by IM-MS
was included in this study, as it was found
to be the most sensitive and
straightforward approach to obtain
information about isomeric forms. Two
serum samples were analyzed: one healthy
control and one sample with collagen-
induced arthritis (CIA), an autoimmune
disease known to alter the glycosylation
pattern of mTf [50,55]. As can be seen in
Figure 4, two peaks were observed for
H5N4S2 glycan and three peaks for HGN5S3
in both samples, with the same drift time
and similar relative intensities as in the mTf
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Figure 4: Arrival time distributions for the glycans a) H5N4S2 and b) H6N5S3 released from mTf in a
healthy mouse serum and a serum from a mouse with collagen-induced arthritis (CIA). The symbols

used for the glycan representation follow the Consortium for Functional Glycomics (CFG) rules [56]. H:
hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic
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supplementary  Figure 2).  Although
additional samples are required to observe

possible differences in the relative
abundance of glycan isomers between
control and pathological samples, the
presented methodology shows great

potential for the separation of isomeric
glycans and the discovery of novel
biomarkers in glycomic studies.

4. Concluding remarks

In the present paper, the capability of
IM-MS to separate isomeric
glycoconjugates which are due to different
types of sialic acid linkage (i.e. a-2—3 and
0-2—6) has been evaluated at three
different levels: intact glycoprotein,
glycopeptides, and the released glycans.
Separation of isomeric glycoconjugates is
an important task in the glycomics field,

because it has been reported that
differences in the abundance of some
glycan isomers might be of great

importance for the early diagnosis or
control of, for instance, inflammatory
diseases and certain types of cancer.

With the current capabilities of Synapt
IM-MS instrumentation, isomeric
separation cannot be obtained at the intact
glycoprotein and glycopeptide level.
Released glycans however can be
separated after optimization of the IM
parameters. As stated before by others
[15,44], and also demonstrated in this
work, there is a workaround to distinguish
different types of sialic acid linkage in
glycopeptides that takes into account the
mobility of an MS/MS fragment which still
retains the sialic acid. This method can
however be time-consuming and rather

difficult, as glycopeptides must be
separated from the rest of the digest and,
besides, the obtained glycopeptide

fragment is, actually, a glycan.

The interest in using ion mobility for
glycoconjugate separation and
identification has seen a major growth in

the last years. Thus, it is likely that new
technologies and improvements  will
become available soon, including the
advent of ion mobility instrumentation
with up to ten times higher resolution.
Therefore, the separation of sialic acid
linkage isomers may also become possible
at the level of glycopeptides and intact
proteins in the future.
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Supplementary Figure 1: Mass spectra of the ion with +19 of intact mTf after desalting with three

different methods: a) dialysis, b) size exclusion columns, and c) ultracentrifugation
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Supplementary Figure 2: Arrival time distributions for several glycans of mTf standard: a) H5N4S2, b)
H5N4F1S2, c) H6N5S3 and d) H5N4S1. The symbols used for the glycan representation follow the
Consortium for Functional Glycomics (CFG) rules [56]. H: hexose; N: N-acetylhexosamine; F: fucose; S:

sialic acid (in this case, all S are N-glycolylneuraminic acid).
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Supplementary Figure 3: Arrival time distributions for a) H5N4S2 glycan and b) HEN5S3 glycan of hAGP.
The symbols used for the glycan representation follow the Consortium for Functional Glycomics (CFG)
rules [56]. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

acetylneuraminic acid).
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La glicomica se ha convertido en una de las ciencias émicas de mayor interés, en gran parte
debido a la importancia de los carbohidratos en multitud de procesos bioldgicos y a su
implicaciéon en un gran ndmero de enfermedades. En la Ultima década, los trabajos cientificos
relacionados con la glicdmica han aumentado considerablemente, poniendo de manifiesto la
gran novedad e impacto que posee esta ciencia édmica en campos como el biomédico,

biotecnoldgico o farmacoldgico.

En la actualidad, la espectrometria de masas (MS) es la técnica analitica mas utilizada en el
estudio de la glicosilacion de proteinas (glicoprotedmica). Esto es debido a su elevada
capacidad para obtener informacidn estructural de biomoléculas, y por consiguiente, cualquier
trabajo desarrollado hoy en dia que tenga como objetivo estudiar la glicosilacion de una

proteina, depende, en gran medida, de la MS para alcanzar su objetivo satisfactoriamente.

El estudio de la glicosilacion de proteinas por MS se puede llevar a cabo a tres niveles
diferentes: analizando la glicoproteina intacta, los glicopéptidos y/o los glicanos, tal y como se
ha mencionado en el apartado 1.3 de esta tesis doctoral. De todos ellos, el andlisis de los
glicopéptidos proporciona varias ventajas, ya que se obtiene informacién de la composicion de
los glicanos de cada punto de glicosilacidn, asi como del grado de ocupacién. No obstante, el
analisis de los glicopéptidos obtenidos tras la digestion enzimatica de una glicoproteina no se
puede llevar a cabo con éxito mediante infusion directa del digesto en el espectrémetro de
masas, ya que los péptidos presentes en el digesto se ionizan con mayor facilidad, suprimiendo
la ionizacién de los glicopéptidos. Por tanto, es necesaria una técnica de separacién previa a la

deteccion por MS.

Por estos motivos, esta tesis doctoral se ha centrado principalmente en el estudio de la
glicosilaciéon de diferentes proteinas a nivel glicopeptidico, utilizando la cromatografia de
liguidos capilar y la electroforesis capilar acopladas a la espectrometria de masas (CapLC-MS y

CE-MS, respectivamente), utilizando un analizador de tiempo de vuelo de aceleracidn
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ortogonal (0a-TOF). Ambas técnicas se engloban dentro de las llamadas técnicas de separacion
miniaturizadas y, como ya se ha explicado en la introduccién, proporcionan diferentes

ventajas que las hacen excelentes para el analisis de la glicosilacidn en muestras bioldgicas.

No obstante, la determinacion de la composicion de glicanos presentes en una proteina puede
no ser suficiente para detectar la presencia y/o evolucidn de un proceso patoldgico. De hecho,
se ha sugerido que en ciertas enfermedades, ademas de una modificacién en la composiciéon
total de glicanos de algunas proteinas, puede existir una alteracidn de la abundancia relativa
de ciertos glicanos isémeros [251-254]. En este sentido, la movilidad idnica acoplada a la
espectrometria de masas (IM-MS), ha suscitado gran interés como una técnica con potencial
para la separacion de isémeros, tal y como han demostrado varios autores [140-143, 152—
155]. Por este motivo, en esta tesis doctoral, también se ha evaluado la eficacia del IM-MS
para la separacién de isdmeros glicoconjugados debidos al tipo de enlace del acido sidlico,

tanto a nivel de glicoproteina intacta como a nivel de glicopéptidos y glicanos.
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5.1. Estudio de la glicosilacion de glicoproteinas por cromatografia de

liquidos capilar acoplada a la espectrometria de masas

5.1.1. Desarrollo y optimizacidn de la metodologia analitica

Para poder establecer y optimizar la metodologia analitica basada en CapLC-MS, se escogid la
transferrina humana (hTf), una glicoproteina de interés biolégico implicada en varios procesos
patoldgicos, cuya glicosilacién, a priori, es relativamente sencilla. La hTf muestra tres puntos
de glicosilacién, dos N y uno O, siendo los glicanos en los puntos de N-glicosilacion de tipo

complejo los que pueden verse alterados en presencia de ciertas enfermedades.

Optimizacion de la digestidon enzimatica de la hTf

Tal y como se detalla en el articulo 2.1, la digestidn enzimatica de la hTf con tripsina no resulté
ser eficaz empleando condiciones de digestidon en solucién convencionales y ampliamente
descritas en la bibliografia [82, 277-279] (0.5 M DTT, 0.73 M IAA, 50 mM NH4HCOs3 pH 7.9,
37°C de incubacién durante 18h). Con estas condiciones convencionales se detectaron los
péptidos y glicopéptidos de la hTf a muy baja concentracidn, lo que dificultaba la deteccidn de
las glicoformas minoritarias. Este bajo rendimiento de la digestion seguramente fue
ocasionado por la estructura compacta de la hTf y la presencia de un elevado nimero de
puentes disulfuro, lo que podia dificultar la hidrélisis enzimatica de la glicoproteina [280, 281].
Con el objetivo de aumentar el rendimiento, se probaron diferentes reactivos y condiciones de
digestion descritos en la bibliografia encaminados a facilitar la accién de la enzima [282-285].
No obstante, no fue hasta la utilizacidn de un surfactante aniénico como coadyuvante, llamado
RapiGest® (WATERS® S.A.), cuando se consiguié desnaturalizar la glicoproteina y obtener
digestiones eficaces [286—290]. La principal ventaja de este surfactante es su compatibilidad

con la cromatografia de liquidos y la espectrometria de masas tras acidificar la disolucion. Esta
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acidificacion provoca la hidrélisis del surfactante, generando un producto no volatil que se
elimina por precipitacién, y otro que permanece en el digesto pero que no interfiere en el

analisis por LC-MS (ver Figura 5.1).

Incompatible con LC-MS Precipitacion
o]
0/ (CH2)3_SO3' Na* 0.5% TFA (v/v) )k
CH3(CHz)10
N il
. /(CH2)3_SO3- Na*
CH3(CHa)1o 30-45 min /_(\O
37°C
HO OH

Compatible con LC-MS

Figura 5.1: Hidrdlisis del surfactante RapiGest® tras la acidificacién de la disolucion.

La eficacia de este surfactante a la hora de mejorar el rendimiento de la digestion de proteinas
va habia sido descrita previamente por algunos autores [286—290]. No obstante, las
condiciones para la hidrdlisis del surfactante recomendadas por el fabricante (ver Figura 5.1)
resultaron no ser adecuadas para el andlisis de glicoproteinas, dado que producian una
desialilacién parcial de los glicopéptidos de la hTf (articulo 3.1). Para evitar esta pérdida de
acidos sialicos en la hTf, en esta tesis doctoral se evaluaron diferentes condiciones de
hidrélisis. Se compararon dos 4cidos, el acido trifluoroacético (TFA) y otro acido mas débil,
como el acido férmico (HFor), a diferentes concentraciones, ademas de modificar el tiempo de
reaccion. La Figura 5.2 muestra los cromatogramas de iones extraidos (EICs) de las glicoformas
H5N4S2 y H5N4S1 del glicopéptido Nz en las diferentes condiciones de acidificacion y

reaccioén para hidrolizar el surfactante.
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Figura 5.2: EICs de las glicoformas a) H5N4S2 y b) H5N4S1 del glicopéptido Nai3 de la hTf con diferentes

condiciones de hidrdlisis del surfactante.

Como se puede observar, al sustituir el TFA por el HFor a una concentracién del 5% (v/v), la
glicoforma H5N4S2 aumenta mientras la glicoforma H5N4S1 disminuye, lo que pone de
manifiesto que al disminuir la acidez del medio se reduce la pérdida de acidos sialicos. Sin
embargo, cuando se disminuye la concentracién final de HFor por debajo del 5% (v/v), la
intensidad tanto de la glicoforma H5N4S2 como de la H5N4S1 disminuye considerablemente.
Esta disminucion puede ser debida a que el HFor es mas débil que el TFA y a concentraciones
menores del 5% (v/v) no es capaz de asegurar la hidrélisis completa del surfactante y, por
tanto, la compatibilidad por MS. Se observé ademas que una concentracidn de HFor inferior al
5% (v/v) provocaba la disminucion de la intensidad tanto de las diferentes glicoformas como

de los péptidos del digesto, lo que impedia detectar las glicoformas minoritarias. Por ello, se
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escogid una concentracion de HFor del 5% (v/v) como la mas adecuada para la hidrélisis del
surfactante.

A continuacidn, se decidié comprobar la influencia del tiempo de reaccién (30 o 45 min) en la
desialilacién. Tal y como se muestra en la Figura 5.2, no se observa un cambio significativo en
el drea de ninguna de las dos glicoformas y, en general, la intensidad de ambos picos se
mantiene igual, independientemente del tiempo de reaccidon. Consecuentemente, en esta tesis
doctoral (articulo 3.1) se seleccionaron como condiciones éptimas para la hidrélisis del
surfactante, minimizando la desialilacion de los glicopéptidos y sin provocar una disminucién
general de la sensibilidad, una concentracion de HFor del 5% (v/v) y un tiempo de reaccién de
30 min. Estas condiciones han sido las empleadas en todos los estudios posteriores al articulo

2.1.

Optimizacion de las condiciones del sistema CapLC-MS

El andlisis por CapLC-MS de los péptidos y glicopéptidos de la hTf se llevd a cabo con una
columna cromatografica C18 (Zorbax 300SB-C18, 3.5 um didmetro de particula, 300 A poro,
150 x 0.3 mm Lr x i.d., Agilent Technologies) y una fase mévil H,O:ACN con 0.1% HFor (v/v). No
obstante, a fin de mejorar la separacion y deteccién, se optimizaron diferentes parametros
cromatograficos como el gradiente de fase mévil y el volumen de inyeccién. En cuanto al
espectrometro de masas, se utilizé un analizador de tiempo de vuelo de aceleracién ortogonal
(0a-TOF), del cual se optimizé principalmente el voltaje del fragmentor para mejorar la
sensibilidad sin producir una pérdida de los acidos sidlicos. Esta optimizacion se detalla en el
articulo 2.1, aun asi, las condiciones éptimas se indican a continuacion: volumen inyeccidn:
150 nL; gradiente: de 10% a 60% (v/v) de ACN 0.1% HFor (v/v) en 45 min, seguido de un 60% a
100% (v/v) (5 min), 100% (v/v) (10 min), de 100% a 10% (v/v) (5 min) y 10% (v/v) (10 min);
voltaje del fragmentor: 215 V. En la Figura 5.3 se pueden observar los EICs de las glicoformas

mayoritarias y de algunas glicoformas minoritarias detectadas para ambos N-glicopéptidos (a),
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asi como los EICs del O-glicopéptido y de algunos de los péptidos observados (b). Utilizando
RapiGest® como surfactante y CapLC-MS como técnica de analisis, de los dos N-glicopéptidos
originados tras la digestion enzimatica, se consiguieron detectar tanto las glicoformas
mayoritarias como las minoritarias, asi como cerca del 100% de los péptidos tripticos del
digesto. Sin embargo, como se aprecia en la Figura 5.3-a, no existe separacién entre las
diferentes glicoformas de un mismo glicopéptido. En la Tabla 5.1, se recogen las areas
normalizadas (Anorm) de todas las glicoformas detectadas para ambos N-glicopéptidos en un
patréon de hTf con la metodologia establecida. Las glicoformas observadas para los
glicopéptidos provienen de diferentes glicoformas intactas de la hTf (S2-S6) tal y como se

detalla en la Figura 1.8 del apartado 1.2.1.
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Figura 5.3: EICs a) de las glicoformas mayoritarias y algunas minoritarias detectadas de ambos N-

glicopéptidos de la hTf y b) del O-glicopéptido y algunos péptidos del digesto de un patrén de hTf.
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Tabla 5.1: Masa tedrica (Mteo) y experimental (Mexp), error de masa, cargas observadas, tiempo de
retencidon (tr) y area normalizada (Anorm) para las diferentes glicoformas detectadas de ambos N-

glicopéptidos en un patrén de hTf por CapLC-MS.

tr RSD  Anorm® RSD

Glico- . Error Cargas .
oéptido  Olicoforma  Meeo(Da) (borm) obseruadas (MR (6 (%) (%)
(n=6) (tR) (n=6) (Anorm)
Péptido - - - - - - - -
H5N4S1
&i 3389.4213 | 3389.4130 2.4 +2,+3, +4 143 | 11 17.0 3.3
H5N4S2
m 3680.5167 | 3680.5081 2.3 +2,+3, +4 144 | 11 70.6 3.2
Na13
H5N4F1S2
g}.i 3826.5746 | 3826.5796 1.3 +3,+4 14.3 1.9 1.2 13.9
H6N5S3
E§E>.. 4336.7443 | 4336.7527 1.9 +4 143 | 1.3 1.0 7.2
Péptido 2514.1169 | 2514.1022 5.8 +2, 43 17.8 | 0.9 0.6 13.2
H5N4S1
&}} 4427.7939 | 4427.7875 1.4 +3, +4 169 | 1.0 14.5 5.8
H5N4S2
g}“ 4718.8893 | 4718.8838 1.2 +3, +4, +5 17.1 | 0.9 74.5 1.6
Ne11
H5N4F152
m 4864.9472 | 4864.9336 2.8 +3,+4 16.9 | 0.9 4.8 2.2
H6N5S3
E§E>.. 5375.1169 | 5375.1201 0.6 +4, +5 17.1 | 0.8 1.9 5.0

3Las dreas normalizadas se calcularon como: (Area glicoforma / Area péptido DGAGDVAFVK) x 100.
Los simbolos utilizados para la representaciéon de los glicanos siguen las reglas sugeridas por el

Consortium for Functional Glycomics (CFG) [13].

Para poder comparar los cambios de glicosilacion entre diferentes muestras se debe tener en
cuenta que ciertos factores como la cantidad de proteina presente en una muestra bioldgica,
el rendimiento de la digestion o las condiciones del espectrometro de masas pueden afectar al

area absoluta de las diferentes glicoformas. Por este motivo, es necesario normalizar las areas



Capitulo5 | Resultados y discusion

de las diferentes glicoformas respecto al drea de un péptido del propio digesto (Anorm). De este
modo, gran parte de las variaciones entre muestras ocasionadas por los factores mencionados
anteriormente, se corrigen y, consecuentemente, se pueden asignar las diferencias entre
muestras a cambios de glicosilacion de la glicoproteina estudiada. En concreto, se escogid
como péptido de referencia para el cdlculo de las dreas normalizadas aquel que tenia un
tiempo de migracion o retencidn y un drea absoluta parecidos al de las glicoformas
mayoritarias en cada caso. En la Tabla 5.2 se recogen los péptidos de referencia utilizados en

los diferentes estudios de esta tesis doctoral.

Tabla 5.2: Péptidos de referencia utilizados para el calculo de las dreas normalizadas en los diferentes

estudios.
Estudio Péptido de referencia  Glicoproteina Articulo
Alcoholismo DGAGDVAFVK Transferrina 2.1
humana
Def.ectc.as c?’ngemtos de DYELLCLDGTR Transferrina 29
la glicosilacién por CapLC humana
Artritis |n’duC|da por CDEWSIISEGK Transfer,rma de 53
coldgeno ratén
Defe?tos.corrgemtos de SAGWNIPIGLLYCDLPEPR Transferrina 31
la glicosilacion por CE humana
Eritropoyetina
Modelos de migracion® | MEVGQQAVEVWQGLALLSEAVLR humana 3.2
recombinante

2En este estudio el péptido de referencia se utilizd para calcular el tiempo de migracion relativo, pero se

selecciond siguiendo los mismos criterios que en los otros estudios.

Purificacidn por cromatografia de inmunoafinidad

Uno de los objetivos principales de esta tesis doctoral ha sido el desarrollo de una metodologia
analitica adecuada para caracterizar la glicosilacidon de glicoproteinas en muestras de suero.
Debido a la gran complejidad de este tipo de muestras, aislar la glicoproteina de interés no es
facil, principalmente, por la presencia de otras proteinas mayoritarias. Dichas proteinas, como
por ejemplo la albumina, pueden interferir en el proceso de digestion o impedir la deteccion

de la glicoproteina de interés por MS, tal y como se demostré anteriormente en nuestro grupo
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de investigacion para la hTf [291, 292]. Aunque existen kits comerciales que permiten eliminar
las proteinas mayoritarias presentes en el suero, no suelen ser adecuados cuando se pretende
analizar la glicoproteina de interés por MS, ya que la cantidad no eliminada puede interferir.
Como ya se ha mencionado en el apartado 1.3, la cromatografia de inmunoafinidad (IAC),
debido a su gran especificidad, es la opcién mas adecuada para llevar a cabo un andlisis
focalizado (targeted analysis) de una proteina concreta en muestras bioldgicas. En este
sentido, en el articulo 2.1 se evalud la eficacia de dos columnas de inmunoafinidad home-
made, activadas con el mismo anticuerpo policlonal anti-hTf. Estas dos columnas diferian en el
tipo de soporte y en la quimica de unidn entre el anticuerpo y el soporte. La columna de Silice-
Hidrazida estaba formada por un soporte de silice derivatizado con grupos hidrazida para unir
el anticuerpo a través de los carbohidratos de las cadenas pesadas [293]. Por otro lado, en la
columna de Sefarosa-CNBr el soporte de sefarosa se encontraba derivatizado con grupos de
bromuro de cianégeno (CNBr), donde el anticuerpo se unia a través de los grupos amino de las

lisinas y argininas.

De las dos columnas elaboradas, la de Sefarosa-CNBr fue la que proporcioné mayores
recuperaciones cuando se analizaron muestras patrén de 1500 pg mL? de hTf (~44% (+5),
n=3). Esta columna se empled para purificar la transferrina humana del suero (articulos 2.1, 2.2
y 3.1), asi como la transferrina de ratén (articulos 2.3 y 4.1), ya que ambas glicoproteinas

comparten alrededor de un 72% de la secuencia aminoacidica.

A modo de ejemplo, en la Figura 5.4 se muestra la glicoforma H5N4S2 de ambos N-
glicopéptidos en el patréon de hTf y en una muestra de suero control donde la hTf ha sido
purificada previamente con la columna de inmunoafinidad de Sefarosa-CNBr. A pesar de la
elevada complejidad de la muestra de suero, se consiguié aislar satisfactoriamente la hTf,

obteniéndose areas normalizadas muy parecidas para todas las glicoformas de los dos N-
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glicopéptidos, tanto en el patrén como en la muestra de suero, demostrando asi la eficacia de

la columna de Sefarosa-CNBr.

x10° 2
Glicopéptido N
7 pep 413 Glicopéptido Ng,, 2

Patrén

Suero

Intensidad (cuentas)

14 15 16 17 18 19

Tiempo (min)

Figura 5.4: EICs de la glicoforma H5N452 en ambos glicopéptidos en un patrén de hTf de 1500 pg mL?t y
en una muestra de suero control. Los simbolos utilizados para la representacién de los glicanos siguen

las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13].

5.1.2. Transferrina humana en suero. Diagnéstico del alcoholismo cronico y los

defectos congénitos de la glicosilacion

Una vez establecido el método de purificacién, digestion y andlisis por CapLC-MS de los
glicopéptidos de la hTf en muestras de suero, se procedié a evaluar el efecto que el
alcoholismo crénico y los defectos congénitos de la glicosilacion (CDG) causan en la

glicosilaciéon de esta proteina.
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Andlisis de muestras de suero de individuos con diferentes grados de alcoholismo

Como ya se ha comentado, la ingesta elevada de alcohol se traduce en un aumento de las
glicoformas de la hTf menos glicosiladas. Existe cierta discrepancia en torno al mecanismo que
provoca la alteracién de la glicosilacion de la hTf en individuos con un cierto grado de
alcoholismo [31-33]. En concreto, algunos autores sugieren que el etanol afecta directamente
al traslado o a la unidn del glicano a la proteina cuando se esta formando, hecho que
provocaria que la N-glicosilacién no se llegase a iniciar, dando lugar a una hTf deficiente en
cadenas completas de N-glicanos [31, 32, 47, 48]. En cambio, otros autores sugieren que el
etanol afecta al proceso de N-glicosilacién, provocando alteraciones en las cadenas de N-
glicanos de las glicoproteinas que se van formando en el aparato de Golgi, lo cual daria lugar a
una hTf con cadenas de glicanos truncadas o desialiladas [31, 33, 45, 46]. Aunque aun en
debate, se cree que ambos efectos son posibles en el alcoholismo crénico [32]. Con el estudio
llevado a cabo y detallado en el articulo 2.1, se pretende caracterizar las glicoformas de la hTf
de muestras de individuos con distintos grados de consumo de etanol para, por un lado
determinar su validez para el diagndstico y el seguimiento del alcoholismo crénico, y, por otro,
aportar informacién sobre el mecanismo dominante responsable de la alteracién de la

glicosilacién de la hTf.

Para realizar este estudio, se analizaron varias muestras de suero, aplicando la metodologia
desarrollada y explicada en el apartado anterior: 1 muestra control de un individuo abstemio,
1 muestra control de alcoholismo leve, 1 muestra control de alcoholismo grave y dos muestras
de individuos cuyo grado de alcoholismo era desconocido. Los resultados obtenidos se recogen

en la Tabla 5.3.
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Tabla 5.3: Areas normalizadas para las diferentes glicoformas de ambos N-glicopéptidos de la hTf en

diferentes muestras de suero para el estudio del alcoholismo.

Alcoholismo Control sleonolee Al Individuo 1 Individuo 2
leve grave

Péptido - - 3.0 - 2.5
H5N4 2.5 1.4 1.6 1.7 1.3
H5N4S1 15.7 12.3 11.4 11.7 11.1

N1z [oNass 66.3 60.9 55.0 62.4 55.3
H5N4F152 1.3 1.1 1.4 1.1 1.2
H6N5S3 1.1 1.0 1.0 1.0 0.8
Péptido 0.8 2.9 8.5 2.0 7.0
H5N4 0.5 0.5 0.4 0.5 0.4
H5N4S1 13.8 11.1 12.0 11.0 12.0

New [oNas2 74.1 71.9 67.0 72.5 68.6
H5N4F152 4.2 3.6 4.4 3.9 4.6
H6N5S3 1.9 1.0 1.5 1.8 1.2

Las areas normalizadas se calcularon como: (Area glicoforma / Area péptido DGAGDVAFVK) x 100

Si se comparan las Tablas 5.1 y 5.3, el drea normalizada de las glicoformas del suero control
son muy parecidas a las obtenidas para las glicoformas del patrén de hTf, ya que ambas
muestran una distribuciéon de las glicoformas tipica de una hTf no alterada (que
corresponderian a las glicoformas de la proteina intacta predominantes: S2-S6, ver Figura 1.8
del apartado 1.2.1). Sin embargo, en las muestras de individuos con diferentes grados de
alcoholismo, se pueden observar variaciones principalmente en dos glicoformas. En concreto,
para la muestra con un grado de alcoholismo leve se observa una disminucidn de la glicoforma
mayoritaria H5SN4S2 y un aumento de la glicoforma péptido (aquella en la que no hay glicano),
aunque Unicamente en el glicopéptido Ne11 ya que el glicopéptido Nii3 se detecta con menor
intensidad. Este cambio en la glicosilacién se traduce, a nivel de glicoproteina intacta, en un
aumento de las glicoformas intactas SO y S2 (CDT, Figura 1.8 del apartado 1.2.1). Este mismo
patron de alteracidn se repite en las muestras con un grado de alcoholismo grave, pero con
una disminucion mas pronunciada del area normalizada de la glicoforma H5N4S2 y un
aumento mayor de la glicoforma péptido, que esta vez se detecta en ambos glicopéptidos. Por
ejemplo, la glicoforma péptido para el glicopéptido Ne11 aumenta de un 0.8% a un 8.5% al

pasar de un control a un alcohdlico grave. Estos resultados refuerzan la teoria de que el etanol
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afecta principalmente al transporte del glicano hacia la proteina impidiendo que se inicie la N-
glicosilacién, aumentando asi las glicoformas CDT SO y S2 de la glicoproteina intacta (ver Figura
1.8 apartado 1.2.1). Si el etanol afectase predominantemente al proceso de N-glicosilacién una
vez ya iniciado, hubiera habido un aumento de glicoformas truncadas o desialiladas como son
la glicoforma H5N4S1 o H5N4. Tal como se observa en la Tabla 5.3 no es el caso, puesto que
ambas glicoformas presentan areas normalizadas muy similares en todos los casos.

Por otro lado, la metodologia desarrollada también se aplicdé para estimar el grado de
alcoholismo de dos muestras desconocidas. Tal y como se puede observar en la Tabla 5.3, la
primera muestra desconocida (Individuo 1) debe corresponder a un individuo con un grado de
alcoholismo leve ya que la disminucién de la glicoforma H5N4S2 es reducida, al igual que el
aumento de la glicoforma péptido, y los valores son similares a los obtenidos para la muestra
de suero control de individuos con un grado de alcoholismo leve. Sin embargo, en la muestra
de Individuo 2 el aumento de la glicoforma péptido y la disminucidn de la glicoforma H5N4S2
son mas acusados, al igual que en la muestra de suero control de individuos con un grado de
alcoholismo severo. Por lo tanto, el método desarrollado no solo nos ha permitido determinar,
de manera general, el grado de alcoholismo de muestras desconocidas, sino que también nos
ha permitido aportar datos que pueden resultar Utiles para conocer el mecanismo responsable
de la alteracidn de la glicosilacién de la hTf debido al alcoholismo. No obstante, seria necesario
un numero mayor de muestras para poder validar adecuadamente la metodologia establecida

como técnica para el diagndstico y seguimiento del alcoholismo.

Estudio de muestras de suero de pacientes con diferentes tipos de CDG

En el siguiente trabajo de esta tesis doctoral, que se recoge en el articulo 2.2, se aplicé la
metodologia descrita anteriormente para estudiar el efecto de los CDG sobre la glicosilacidon de
la hTf. Este nuevo estudio pretendia encontrar las glicoformas principales que permiten

distinguir entre muestras de suero de individuos sanos y con CDG-l o CDG-Il, con el fin de
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obtener un panel novedoso de biomarcadores glicopeptidicos. En la Tabla 5.4 se recogen los
resultados obtenidos tras analizar varias muestras de suero de individuos sanos (9 muestras
control) y muestras de pacientes con CDG (5 muestras de CDG-l y 5 muestras de CDG-II),
utilizando la metodologia CapLC-MS desarrollada y explicada en el apartado anterior. En la
Figura 5.5 se muestran, a modo de ejemplo, los EICs de las glicoformas H5N4S2 y H5N4S1 de
los glicopéptidos Naiz ¥ Neix de la hTf en tres muestras de suero: control, CDG-l y CDG-II.
También se incluye en esta figura los espectros de masas de las glicoformas mencionadas para

la muestra de suero control.

Los resultados obtenidos demuestran la robustez del método, ya que al aplicar la metodologia
desarrollada a estas nuevas muestras de suero, fue posible aislar la hTf, digerirla y obtener
informacién sobre las diferentes glicoformas de ambos glicopéptidos. A pesar de no obtener
separacion entre glicoformas de un mismo glicopéptido (igual que ocurria en el estudio del
alcoholismo), ambos glicopéptidos se separan perfectamente pudiendo cuantificar de manera

relativa las diferentes glicoformas en cada punto de N-glicosilacion.



Tabla 5.4: Areas normalizadas para las diferentes glicoformas de ambos glicopéptidos de la hTf en diferentes muestras de suero para el estudio de los CDG.

CDG Glicopéptido Nais3 Glicopéptido Nei1
Muestra Péptido | HSN4 | HSN4S1 | H5N4S2 Eig‘; H6N5S2 | HEN5S3 | Péptido | HSN4 | H5N4S1 | H5SN4S2 HFi?; H6N5S2 | HEN5S3
1 | Control_1 0.3 0.8 6.1 76.3 13 1.8 1.2 3.5 0.5 5.7 91.0 4.5 0.7 2.8
2 | Control_2 2.2 0.6 4.6 73.0 1.8 1.5 3.4 4.7 0.8 3.9 92.0 5.5 0.7 2.2
3 | Control_3 2.8 1.1 4.3 103.7 | 1.4 2.0 4.7 6.0 13 4.9 116.1 | 6.0 0.9 3.9
4 | Control_4 0.5 0.7 7.3 75.7 1.5 1.8 2.3 6.1 0.5 6.2 87.3 4.7 0.9 3.4
5 | Control_5 0.3 0.4 5.8 77.3 1.8 1.6 2.5 5.5 0.5 5.6 94.7 5.1 0.8 3.4
6 | Control_6 2.9 1.2 4.3 55.8 1.4 1.2 3.4 7.6 1.1 5.5 101.0 | 7.5 0.8 3.4
7 | Control_7 2.9 0.4 4.6 75.6 1.9 1.6 3.9 5.2 0.9 5.5 93.6 6.1 0.8 2.7
8 | Control_8 4.4 0.8 4.4 58.6 1.1 1.8 4.1 6.2 1.0 5.4 98.8 6.2 0.9 4.4
9 | Control_9 4.4 13 3.7 68.3 1.5 1.5 4.7 6.1 1.2 4.6 95.5 6.2 1.2 4.4
10 | PGM1-CDG 14.6 13 7.3 67.8 2.5 1.5 1.6 14.6 0.5 6.2 63.6 5.9 0.7 1.4
11 | DPM1-CDG 19.1 - 8.3 51.5 1.5 0.7 1.6 20.8 0.3 5.0 52.2 7.1 0.7 1.0
12 | RFT1-CDG 59.4 - 3.3 45.1 33 1.9 1.7 46.7 0.4 4.7 45.0 4.6 0.4 1.3
13 | DPAGT1-CDG 21.7 0.7 8.0 55.6 0.9 0.8 1.6 20.5 0.5 5.8 59.2 3.9 0.8 2.1
14 | PMM2-CDG 66.3 - 6.0 46.8 2.2 0.5 2.0 59.5 0.2 2.9 34.3 3.6 0.6 0.5
15 | ATP6VOA2-CDG | 2.1 2.9 19.4 43.7 0.6 1.0 1.7 5.9 0.3 10.4 52.6 4.8 1.0 1.7
16 | CDG-lix (sepsis) - 2.0 14.4 72.6 1.6 2.2 1.1 5.9 0.6 9.5 68.6 7.6 1.1 2.3
17 | CDG-lIx 14.0 1.6 17.4 48.6 1.1 1.4 1.4 12.1 0.7 10.5 66.9 6.7 1.1 1.9
18 | COG8-CDG_1 0.7 15 18.1 61.2 1.1 1.0 1.7 6.1 0.7 11.9 81.5 23 0.9 1.9
19 | COG8-CDG_2 0.7 1.2 17.3 60.9 1.0 1.1 1.4 5.7 0.6 11.5 83.4 2.6 0.7 2.0

Las areas normalizadas se calcularon como: (Area glicoforma / Area péptido DYELLCLDGTR) x 100. Naranja: Controles. Verde: CDG-I. Rojo: CDG-II.
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Figura 5.5: EIC de las glicoformas a) H5N4S2 y b) H5N4S1 de ambos glicopéptidos de la hTf en
una muestra de suero control, de CDG-Il y de CDG-Il. i, ii) Espectros de masas de las glicoformas

H5N4S2 y H5N4S1 para ambos N-glicopéptidos en una muestra control.
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Para facilitar la interpretacién de los resultados recogidos en la Tabla 5.4, correspondiente a un
numero considerable de muestras y de glicoformas identificadas, en la Figura 5.6 se muestra
un grafico de barras con el drea normalizada media y la desviacién estandar (ts) de las

diferentes glicoformas para las muestras control, de CDG-l y de CDG-II.
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Figura 5.6: Grafico de barras con el drea normalizada media, y la correspondiente desviacion estandar,
de las diferentes glicoformas del a) glicopéptido Nai3 y b) el glicopéptido Ne11 de la hTf, para el conjunto
de muestras control, de CDG-I y de CDG-II. En rojo se marcan las glicoformas cuya 4rea normalizada

media es considerada similar tras realizar un ANOVA de un factor.
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Como se puede observar, en algunas glicoformas las desviaciones estandar obtenidas son
elevadas, dada la gran heterogeneidad de las muestras analizadas dentro del mismo grupo
(diferentes individuos, mutaciones, presencia de otras patologias, etc.). A pesar de ello, a partir
de los datos disponibles, se puede obtener cierta informacién relevante. Por ejemplo, la
glicoforma péptido (sin glicosilacién) aumenta claramente en el caso de las muestras de CDG-I,
mientras que no lo hace en las de CDG-II, lo cual es razonable, puesto que los CDG-I engloban
todos aquellos defectos que tienen lugar antes de que llegue a iniciarse la N-glicosilacion de las
glicoproteinas. En cambio, en muestras de CDG-Il, la glicoforma H5N4S1 aumenta, lo que
también parece ldgico si se tiene en cuenta que los CDG-II engloban todos aquellos defectos
en la remodelacidn o sintesis del glicano durante la N-glicosilacion, dando lugar a un aumento
de glicoformas desialiladas o truncadas (La Figura 5.5 también permite observar las mismas

tendencias).

Estudio estadistico y andlisis multivariante del conjunto de datos

Aunque se pueden apreciar diferencias entre algunas glicoformas al observar la Figura 5.5 y
5.6, dada la complejidad de los datos obtenidos y la heterogeneidad de las muestras
estudiadas, es aconsejable la utilizacion de estudios estadisticos y quimiométricos con el
objetivo de conocer que glicoformas pueden ser las significativas para la diferenciacién entre

los tres grupos de muestras.

En primer lugar, para comparar las areas normalizadas de cada glicoforma entre los diferentes
grupos de muestras, se realizd un analisis de la varianza (ANOVA) de un solo factor. Con este
tratamiento estadistico, se pudo detectar que dos de las catorce glicoformas analizadas
(H6N5S2 del glicopéptido N3 y H5SN4F1S2 del glicopéptido Nei1) no eran importantes a la hora
de diferenciar entre los tres grupos, debido a que su drea normalizada permanecia
practicamente constante y, por tanto, no eran interesantes como posibles biomarcadores

(glicoformas marcadas en rojo en la Figura 5.6).
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Seguidamente, se decidid utilizar dos métodos quimiométricos que tuvieran en cuenta las
relaciones entre las diferentes glicoformas. Inicialmente, se aplicé un método quimiométrico
mas sencillo, como es el andlisis por componentes principales (PCA). Con el PCA se pretendia
estudiar de manera no supervisada si existian tendencias o grupos entre las diferentes

muestras y, también, detectar la presencia de posibles outliers [214, 215].

En la Figura 5.7-a, se muestran los resultados obtenidos tras realizar el PCA al conjunto de
datos. En dicha figura se muestra el grafico de scores (Figura 5.7-a (i)) para los dos
componentes principales (PC). El PC 1 explica alrededor del 41% de toda la varianza, mientras
que el PC 2 explica un 29%. A pesar de la elevada heterogeneidad entre las muestras de un
mismo tipo (controles, CDG-l y CDG-Il), en este estudio no supervisado, se pueden observar
claramente tres grupos, los cuales corresponden precisamente a los tres tipos indicados
anteriormente. Estos resultados demuestran, en primer lugar, que las diferencias entre los tres
grupos son mayores que las variaciones observadas entre muestras de un mismo grupo.
Adicionalmente, tal y como se observa en el grafico de scores, el PC 1 permite diferenciar entre
las muestras control y CDG-I, mientras que el PC 2 permite separar las muestras de CDG-II del
resto. También es posible ver en el grafico de scores que no hay ninguna muestra que se
encuentre muy alejada del resto, confirmandose asi la ausencia de outliers. Finalmente, el
grafico de loadings de la Figura 5.7-a (ii) proporciona informacion interesante de las variables,
es decir, de las glicoformas de los glicopéptidos en este caso, y como éstas estan relacionadas

con los componentes principales (PC).



Capitulo 5

Resultad

os y discusion

a) Andlisis por componentes principales

b) Analisis discriminante por minimos
cuadrados parciales

6F ‘ ‘ ‘ ‘ ‘
i)
5
4+ © Control (1-9)
CDG-Il 14g 0/CDG- (10-14)
= 182416 4 CDG-I (15-19)
RN 2r A
. 17 1
(=]
a 130
N g 1
g 1H D0 Y92 4
o CDG-I ©37 0 09
5 51 [mEY) g@ 8
& 6 “7
=Py Control
4
_6 C L L L L ! !
-6 -4 -2 0 2 4 6
Scores PC 1 (41.4%)
0.5 T T ° T T T
ii) Ngs-H5N4sT | @NeuHSN4SL
0.4 @ Nyg5-H5N4
03
< @ Ne1-HENSS2
™02
2]
o
«~ 0.1
o
-9
B O
5 Ngy1-H5N4F1S2 Ngy5-H5N4S2
801 Ngip-Pep ® o®N,,,-H6N5S3
- @
® @ N, -H5N4
0.2 Nyy5-Pep g HONSS2 y  “HsNas2
®
-0.3 N413—H5ﬂ4F152 N,15-H6N5S3
04 ‘ ‘ ‘ ‘ ‘
-0.6 0.4 0.2 0 0.2 0.4 06

Loadings PC 1 (41.4%)

-1

Scores LV 2 (30.3%)
o

-2

-4

-5

0.5

0471

© o
[N

Loadings LV 2 (30.3%)
o

i) 15
vii‘ CDG-lI © Control (1-9)
£19 O CDG-I (10-14)
Vi€ 16 @iy 4 CDGHI (15-19)
18 317 @ Validacidn (i-ix
13 i 2 i
VU '1> iii og
o} 304 87 o
11 50 % 7
CDG-I VI
Control
14
v Dlz
6 -4 2 0 2 4 6
Scores LV 1 (40.3%)
i) o ON; 1—g5N451
Nj;5-H5N4S1 Nj15-H5N4
© Ng,;,-HEN5S2
Ny -H5N4  Ne1y-HSN4S2
715" HENSS2 O HeNES3
N,,5-H5N4S2
Ng;,-H5N4F1S2 3 1
e
Nqy,-Pep N,413-HENSS3
.N413—Pep
@ N,;3-H5N4F1S2
-0.4 -0.2 0 0.2 0.4 0.6

Loadings LV 1 (40.3%)

Figura 5.7: Graficos de scores (i) y de loadings (ii) para a) el analisis de componentes principales (PCA) y

b) el andlisis discriminante por minimos cuadrados parciales (PLS-DA), en el estudio de las muestras de

CDG.

Por ejemplo, se puede deducir que las glicoformas H5N4S2 y HEN5S3, ambas del glicopéptido

Ne11, contribuyen a diferenciar entre las muestras control y CDG-Il, debido a que su proyeccion

en el eje de las X, lo que seria el PC 1, es elevada. Del mismo modo, las glicoformas péptido de

ambos glicopéptidos también serian destacables en la diferenciacién entre CDG-l y muestras

controles (situadas en el lado negativo del eje de las X y con una proyeccion elevada en este

eje). Por otro lado, la glicoforma H5N4S1 de ambos glicopéptidos seria relevante en la

diferenciacion de las muestras de CDG-II del resto, debido a que su proyeccién en el eje de las

Y es elevada. Sin embargo, al ser un método exploratorio, PCA no es capaz de indicar con
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exactitud que glicoformas son las que mds contribuyen en la diferenciacién de los tres grupos.
Por este motivo, se optd por realizar un andlisis multivariante supervisado del conjunto de
datos y asi poder elaborar un modelo mas refinado que permitiese una mejora en la
clasificacion de los diferentes grupos. En concreto, se optd por realizar un analisis

discriminante por minimos cuadrados parciales (PLS-DA) [294].

Para elaborar el modelo de PLS-DA, se tuvo en cuenta la clasificacion obtenida por PCA de las
diferentes muestras en los tres grupos mencionados. En la Figura 5.7-b se presentan los
graficos de scores (i) y de loadings (ii) obtenidos con el modelo de PLS-DA. Tal y como se
observa en el gréfico de scores, dos variables latentes (LV) permiten discriminar entre los tres
grupos diferentes. Concretamente, la LV 1 y la LV 2 permiten explicar aproximadamente un
40% y un 30% de la varianza, respectivamente. Si se compara el grafico de loadings obtenido
para el PLS-DA con el de PCA, se puede ver como son practicamente idénticos, con ligeros
cambios en la posicidn de algunas variables. Adicionalmente, se puede apreciar cémo, en
general, las glicoformas con un contenido alto en acido sidlico se situan en el lado positivo del
eje de las X (H6N5S3, H5N4S2 para ambos glicopéptidos), zona en la que se encuentran las
muestras control si observamos el grafico de scores. Precisamente, esto indica que estas
glicoformas tienen cierta relevancia en la diferenciacion entre muestras control y CDG, y, en
efecto, las glicoformas mas sialiladas se encuentran en mayor concentracién en las muestras
control. Contrariamente, en lineas generales, son las glicoformas desialiladas o, incluso, sin
glicosilacién (péptido), las que se encontraban en mayor concentracidon en las muestras de
CDG, y por ello se situan o bien en el lado negativo del eje de las X (zona que corresponde a las
muestras de CDG-I si observamos el grafico de scores, Figura 5.7-b (i)), o en lado positivo del
eje de las Y (zona que corresponde a las muestras de CDG-Il). Si exploramos los resultados en
mas detalle, se puede observar como son las glicoformas H5N4S1 y H5N4, para el glicopéptido

Na13, y las glicoformas H5N4S1 y HEN5S2, para el glicopéptido Nei11, las que estdn relacionadas



Capitulo5 | Resultados y discusion

con las muestras de CDG-Il. Por otro lado, las glicoformas péptido de ambos glicopéptidos

parecen ser importantes en el caso de las muestras de CDG-I.

No obstante, y, aunque la informacién obtenida de ambos graficos es muy atil para un primer
analisis del conjunto de datos, sdlo es posible obtener informacidn cualitativa. Gracias al
grafico de VIP (Importancia de la Variable en la Proyeccion — Variable Importance in Projection)
scores, es posible cuantificar la influencia de cada glicoforma en la diferenciaciéon de los
grupos. Este grafico incluye una estimacion de la importancia de cada variable en la proyeccion
del modelo de PLS-DA construido, es decir, es un indicador de las variables originales que mas
contribuyen a la diferenciacién entre grupos. En general, aquellas variables con un VIP21
suelen ser consideradas como relevantes [218]. Sin embargo, debido a que varias variables
tienen un VIP>1, se estimd oportuno aumentar el umbral (threshold) y considerar como
variables mas importantes sélo aquellas con un VIP21.5. En los graficos de barras de la Figura
5.8, se muestran los VIP scores de cada glicoforma cuando se pretende diferenciar controles de
las muestras de CDG (5.8-a), las muestras de CDG-I de los controles y CDG-Il (5.8-b) y las
muestras de CDG-Il de los controles y CDG-lI (5.8-c). Si observamos los tres graficos en
conjunto, se aprecia como Unicamente existen dos glicoformas de las 14 identificadas que

presentan un valor de VIP inferior a uno en todos los casos (marcadas en rojo).
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Figura 5.8: Grafico de VIP scores para las diferentes glicoformas de ambos glicopéptidos de la hTf
cuando se considera la separacion entre: a) controles y CDG; b) CDG-l y controles/CDG-II; c) CDG-Il y

controles/CDG-I. d) Tabla resumen de las diferentes glicoformas con VIP>1 (en negrita se indican las

glicoformas con VIP>1.5).
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Estas glicoformas son, precisamente, las que ya con el test ANOVA, resultaban irrelevantes a la
hora de diferenciar entre los tres grupos de muestras (H6N5S2 del glicopéptido Nais y
H5N4F1S2 del glicopéptido Nei1). Del resto de glicoformas, se deben destacar aquellas que
tienen un valor de VIP superior a 1.5 en alguno de los tres gréficos, ya que son éstas las mas
importantes para diferenciar entre los tres grupos de muestras. Tal y como se muestra en la
tabla resumen de la Figura 5.8-d, donde aparecen todas las glicoformas con VIP superior o
igual a 1 para cada uno de los graficos, son las glicoformas HEN5S3, H5N4S1 y H5N4 del
glicopéptido Nai3 y HEN5S3, H5N4S2 y H5N4S1 del glicopéptido Neis, las seis que tienen un VIP
mayor a 1.5 (marcadas en negrita). Entre estas seis, las glicoformas Nz13-H6N5S3, Ne11-H6EN5S3
y Ne11-H5N4S2, cuya drea normalizada disminuye en las muestras patoldgicas, son las mas
importantes para diferenciar controles de las muestras de CDG. De manera similar, las
glicoformas Na13-H5N4S1, Ng1:-H6N5S3, Ne11-H5N4S2 vy Ne1i-H5N4S1 son las mas influyentes
para discriminar las muestras de CDG-l del resto. Las glicoformas péptido resultan ser
importantes (VIP>1) pero no las mas destacadas (VIP<1.5), seguramente debido a la elevada
heterogeneidad de las muestras de CDG-l (diferentes individuos, mutaciones, etc.).
Finalmente, las glicoformas desialiladas y truncadas Nai3-H5N4S1, Nai;3-H5N4 y Nei:-H5N4S1

son las mas discriminantes entre las muestras de CDG-Il y el resto.

Finalmente, aunque a la hora de construir el modelo de PLS-DA se realiz6 una validacion
cruzada leave-one-out, con el fin de realizar una validacidn externa del modelo, se construyo
un nuevo set de nueve muestras adicionales (3 controles (i-iii), 3 CDG-I (iv-vi) y 3 CDG-II (vii-ix))
gue se analizaron y procesaron del mismo modo que las muestras incluidas en el modelo de
PLS-DA. Tal y como se puede observar en la Figura 5.7-b (i) (muestras i-ix, etiquetadas como
muestras de validacién), el modelo de PLS-DA es capaz de clasificar, con errores muy

reducidos, cada muestra dentro del grupo correspondiente.
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Gracias a este trabajo, fue posible establecer un método de analisis multivariante sencillo pero
que permite obtener informacién relevante de un set de datos complejos, como el obtenido
tras el andlisis de las glicoformas de los glicopéptidos de la hTf por CapLC-MS. Ademas se
puede observar como este tipo de métodos quimiométricos permiten profundizar en la
relevancia de las diferentes glicoformas para distinguir entre controles, CDG-l y CDG-Il. No
obstante, en un futuro se deberian analizar un ndmero superior de muestras para acabar de
confirmar si estas seis glicoformas con VIP > 1.5 podrian considerarse biomarcadores

potenciales para el diagndstico de CDG.

Comparacion entre el estudio del alcoholismo y CDG-I

Si se comparan los resultados obtenidos en ambos estudios, cabe destacar la similitud
existente entre la alteracién de la glicosilacién de la hTf producida en individuos con CDG-l y en
los consumidores crénicos de alcohol, motivo por el cual, las glicoformas CDT de la hTf se
pueden considerar biomarcadores para ambas enfermedades. Sin embargo, en el caso de
neonatos, en la bibliografia se detalla que un excesivo consumo de alcohol durante el
embarazo puede dar lugar a alteraciones del feto y en los afios posteriores al nacimiento del
nifio, muy parecidas a las producidas por una CDG-I [32]. También se han publicado algunos
casos de falsos positivos en el diagndstico de CDG-I o alcoholismo debido a estas similitudes

[32, 295].

Para hacer mas sencilla la comparacion entre ambos estudios, en la Tabla 5.5 se incluyen las
areas normalizadas de las diferentes glicoformas de los glicopéptidos de la hTf para una
muestra de suero control, y de suero de alcohdlico leve y grave. También se incluyen las areas
normalizadas de un suero control y de dos muestras de suero de CDG-Il, en concreto, la
DPAGT1-CDG y la RFT1-CDG. Para realizar una comparacion mas rigurosa las dareas
normalizadas del estudio de CDG-I se recalcularon con el péptido de referencia utilizado en el

estudio del alcoholismo (DGAGDVAFVK).



Capitulo5 | Resultados y discusion

Tabla 5.5: Area normalizada de diferentes glicoformas detectadas para el glicopéptido Nai3 y Ne11 de la
hTf en muestras de suero control y patoldgicas siguiendo la metodologia utilizada en el estudio del
alcoholismo (azul) y el estudio de los CDG (naranja).

Estudio alcoholismo Estudio CDG-I
Glicopéptido Glicoforma Alcohélico  Alcohdlico DPAGT1 RFT1
Control Control
leve grave (CDG-l)) (CDG-In)
Péptido - - 3.0 0.4 18.9 56.8
H5N4 2.5 1.4 1.6 0.7 0.6 -

Nas H5N4S1 15.7 12.3 11.4 6.2 6.8 3.1
H5N4S2 66.3 60.9 55.0 74.7 47.4 42.4

H5N4F1S2 1.3 1.1 1.4 1.5 0.8 3.1

H6N5S3 1.1 1.0 1.0 1.9 1.3 1.6

Péptido 0.8 2.9 8.5 4.9 17.0 44.6

H5N4 0.5 0.5 0.4 0.8 0.4 0.4

News H5N4S1 13.8 11.1 12.0 5.7 5.0 4.5
H5N4S2 74.1 71.9 67.0 89.0 49.4 42.3

H5N4F1S2 4.2 3.6 4.4 4.7 3.3 4.4

H6N5S3 1.9 1.0 1.5 3.1 1.7 1.3

Areas normalizadas calculadas como: (Area glicoforma / Area péptido DGAGDVAFVK) x 100.

Si comparamos todas las muestras, se puede observar como ambas enfermedades presentan
un aumento de las glicoformas péptido y una disminucién de las glicoformas H5N4S2 en
ambos glicopéptidos, aunque en proporciones distintas. Para poder apreciar mejor estas
diferencias, en la Figura 5.9 se incluye un grafico de barras con el aumento de drea
normalizada respecto al correspondiente control de las diferentes muestras de alcohdlicos y
CDG-I. Se puede observar cdmo, en lineas generales, el aumento de la glicoforma péptido para
ambos glicopéptidos de la hTf es bastante inferior en alcohdlicos, incluso en aquellos ya
considerados severos (ejemplo: aproximadamente 9% de area normalizada para el péptido
Ne11 para un alcohdlico severo, en comparacién a un valor del 17% para la muestra de

DPAGT1).




Resultados y discusion

Capitulo 5

Ng,;-HEN5S3
Ng;,-H5N4F1S2
Ng;;-H5N4S2
Ng,,-H5N4S1
Ng,,-H5N4
Ngi1,-Péptido
N,;5-HEN5S3
N,,5-H5N4F1S2
N,;5-H5N4S2
N,;5-H5N4S1
N,,5-H5N4

N,13-Péptido

Figura 5.9: Aumento o disminucidn, con respecto al suero control, del adrea normalizada de las

diferentes glicoformas de ambos N-glicopéptidos de la hTf en diferentes muestras de suero tanto para el

ORFT1 (CDG-1)

Alcoholismo vs CDG-I

B DPAGT1 (CDG-I)

O Alcohdlico grave

@ Alcohdlico leve

F

-20

0 20

40

Variacion absoluta del drea normalizada
A, orm (alcohol/CDG-I) = A, .., (control)

estudio del alcoholismo como el de los CDG-I.

También existe una diferencia considerable entre alcohdlicos y CDG-l en cuanto a la
disminucién de la glicoforma H5N4S2 de ambos glicopéptidos, siendo mucho mas acusada en
individuos que sufren una CDG-l que en aquellos con alcoholismo. En cuanto al resto de
glicoformas, es mas complicado extraer una conclusidn, debido, principalmente, a que no hay
una disminucién o aumento absoluto de las areas normalizadas tan notable. Sin embargo, la
conclusion mas importante que se puede extraer de estos resultados es que parece que los

CDG-I afectan mas a la glicosilacién de la hTf, produciéndose una mayor alteracién que en el

caso del alcoholismo crénico.

No obstante, aunque se pueden observar diferencias interesantes entre ambas enfermedades,

seria necesario hacer un estudio mas exhaustivo con un mayor nimero de muestras y realizar

60
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tratamientos quimiométricos, como un PLS-DA, para poder verificar las conclusiones extraidas.
Una vez realizado este estudio, la metodologia desarrollada podria considerarse como una
alternativa adecuada para discriminar entre alcoholismo y CDG-I en aquellos casos donde el

diagndstico no sea claro con los métodos de referencia actuales.

5.1.3. Transferrina de ratén y su implicacion en la artritis inducida por colageno (CIA)

Como se comentd en la introduccidn de esta tesis doctoral, la hTf también esta implicada en
procesos de inflamacién al ser una proteina de fase aguda negativa, es decir, su concentracién
experimenta una disminucién de mas del 25% como respuesta inicial a un proceso
inflamatorio. Estos procesos pueden ser causados por varios motivos, siendo uno de los mas
comunes las enfermedades autoinmunes, que no son mas que procesos inflamatorios debidos
a la accion del sistema inmune del organismo en contra de una célula u érgano propio del
individuo, que es reconocido como agente extrafio. Ademas de la alteracion en la
concentracién de ciertas proteinas, también se ha descrito que algunas glicoproteinas pueden
ver modificada su glicosilacién en un proceso inflamatorio [38, 40, 70]. Por ejemplo, la
glicosilaciéon de la hTf se ve alterada en la artritis reumatoide (RA), una enfermedad
autoinmune que provoca un aumento de las glicoformas mas sialiladas y una disminucion de

aquellas menos sialiladas [41].

El estudio de enfermedades de origen humano en modelos de ratones es una opcién muy
interesante en glicoprotedmica, como estudio preliminar a la investigacion en humanos. En
concreto, la artritis inducida por colageno (CIA) en ratones comparte muchas caracteristicas
con la RA en humanos, tanto en la evolucién de la enfermedad, en cémo afecta a los tejidos de
las articulaciones o en su respuesta a diferentes farmacos [75, 76]. Esta similitud hace prever
que la glicosilacién de la transferrina de raton (mTf) también podria verse alterada en

presencia de CIA. Por todos estos motivos, en el siguiente estudio (articulo 2.3) se aplico la
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metodologia desarrollada de purificacion, digestidn y analisis de los glicopéptidos por CapLC-

MS para estudiar la alteracion de la mTf en CIA.

El trabajo llevado a cabo en este tercer articulo fue posible gracias a la colaboracién con el
Instituto de Parasitologia y Biomedicina “Lopez-Neyra” (IPBLN) del Centro Superior de
Investigaciones Cientificas (CSIC) de Granada, que se encargaron de realizar los experimentos

de electroforesis en gel y de obtener las muestras de bazo y suero de los ratones.

El estudio de la glicosilacién de la mTf surgid a partir de un estudio previo mas general donde
se pretendia observar diferencias de abundancia en las proteinas del bazo de ratones con y sin
CIA. Este estudio se realizd por electroforesis diferencial en gel (DiGE) y se compararon las
proteinas detectadas en cuatro tipos de muestras de bazo de diferentes ratones:

- Wild-type (WT) control (ratones sanos sin CIA).

- Wild-type (WT) con CIA®.

- CD38-KO" control.

- CD38-KO® con CIA®.
Se aplicaron diferentes métodos estadisticos y quimiométricos (ANOVA de dos factores y PCA)
con el fin de detectar varios spots cuya diferencia de concentracion fuese significativa entre las
diferentes muestras de ratéon con CIA respecto a los controles, tanto en ratones WT como
CD38-KO. Muchos de estos spots se identificaron, mediante su digestién con tripsina y
deteccion de los péptidos resultantes por MALDI-TOF/TOF-MS, como spots pertenecientes a
diferentes especies de la mTf y por este motivo se decidié analizar la glicosilacién de esta
proteina en mas profundidad a partir del andlisis de los glicopéptidos con la metodologia

desarrollada para el estudio del alcoholismo y los CDG.

aLos ratones utilizados (tipo C57BL/6 o B6) desarrollan CIA al ser inmunizados con colageno tipo Il de pollo (Col-Il)
juntamente con un inmunopotenciador.

bRatones modificados genéticamente que no presentan el gen CD38, descritos como resistentes a desarrollar CIA
[296].
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Analisis de un patron de mTf por CapLC-MS

Previamente al andlisis de las muestras de bazo, se analizd un patrén de 1500 pug mL™* de mTf
comercial, ademads de un suero control (WT) previamente purificado por IAC. Mediante este
analisis se pudo: 1) confirmar que el método de digestidon desarrollado también era adecuado
para la mTf; 2) verificar que las condiciones cromatograficas y del espectrometro de masas
eran también adecuadas para el analisis del glicopéptido de la mTf; 3) detectar y caracterizar
las diferentes glicoformas del glicopéptido de la mTf presentes en un patrén de mTf; 4)
comprobar que la columna de inmunoafinidad anti-hTf también retenia y purificaba la mTf de
las muestras de suero. Tal y como se puede observar con los resultados obtenidos (Figura 5.10,
Tabla 5.6), no fue necesario modificar ninguno de los procesos mencionados anteriormente,
probablemente debido a la gran similitud entre la hTf y la mTf (glicanos de tipo complejo, 72%
de semejanza entre sus secuencias aminoacidicas, glicosilacion reducida, estructura compacta
con varios puentes disulfuro). A modo de resumen, la Figura 5.10 muestra los EICs de las
glicoformas mas abundantes del glicopéptido en el patron de mTf, asi como el espectro de

masas para dos de ellas, la H5SN4S2 y la HSN4F1S3.
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Figura 5.10: EICs de las glicoformas mas abundantes en un patrén de mTf y espectro de masas de las
glicoformas i) H5N4S2 vy ii) H5SN4F1S3. El método de digestion y analisis utilizado para el estudio del
patrén de mTf es el mismo que el utilizado para la hTf en los articulos anteriores (articulo 2.1y 2.2). Los
simbolos utilizados para la representacion de los glicanos siguen las reglas sugeridas por el Consortium

for Functional Glycomics (CFG) [13].

Ademas también se incluye, en la Tabla 5.6, el area normalizada, la masa tedrica y
experimental, el error de masa y las cargas observadas de todas las glicoformas detectadas,
siendo las glicoformas mas abundantes la H5N4S2 y H5SN4F1S2. Cabe destacar que la cobertura
de la secuencia aminoacidica, a partir del analisis de los péptidos y del glicopéptido del digesto

de la mTf patrén por CapLC-MS, fue de casi el 91%. También se debe tener cuenta, que a

diferencia de la hTf, las glicoformas detectadas de la mTf contenian N-glicoliineuraminico
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como acido sidlico, y no se detectd ninguna glicoforma con N-acetilneuraminico. Ademas,

también se puede observar como la fucosilacién de esta glicoproteina es muy acusada,

detectdndose siempre un homoélogo fucosilado de cada glicoforma, aunque en general es

menos abundante que el no-fucosilado. Otra diferencia destacable respecto a la hTf es el

hecho de que se detectaron glicoformas con un mayor grado de sialilaciéon, como la glicoforma

H5N4S3, o glicoformas mas ramificadas, como, por ejemplo, la H7N6S3.

Tabla 5.6: Masa tedrica (Mteo) y experimental (Mexp), error de masa, cargas observadas y area

normalizada (Anorm) para las glicoformas detectadas del glicopéptido Nags en un patréon de mTf.

. Cargas
0,
Glicoforma Anorm | RSD (%) Mieo Mexp Error (ppm) observadas
H3N3S1
M 5.0 74 | 2892.2138 | 2892.2443 10.5 +2,43
H3N3F1S1
: 1.6 7.7 | 3038.2717 | 3038.3080 11.9 +2
H5N4S1
m 125 | 58 |3419.3988 | 3419.4394 11.9 +2,43 44 45
H5N4F151
m 6.6 6.3 | 3565.4568 | 3565.4955 10.9 $2,43 44
H5N4S2
ii::)“ 88.2 2.6 | 3726.4892 | 3726.5352 12.3 +2,43,+4,+5
H5N4F1S2
g::).i 77.7 2.6 | 3872.5471 | 3872.5958 12.6 +2,43 +4,+5
~ H5N4s3
o‘i::)“ 28.7 | 6.6 |4033.5795 | 4033.6386 14.6 ¥2,43,+4
_ H5N4F1S3
O‘i::)l; 30.8 | 5.6 |4179.6374 | 4179.6860 11.6 +2,43,+4
H6N5S3
%E;)“ 6.9 42 | 4398.7117 | 4398.7553 9.9 13,44
o000
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H6N5F1S3
%E}lﬁ 59 | 2.0 |4544.7696 | 4544.8172 10.5 +3,+4
~ H7N6S3
) 43 | 9.2 |4763.8439 | 4763.7646 16.7 +3
~ H7NGF1S3
o) 26 | 6.8 |4909.9018 | 4909.9535 10.5 +3

Las areas normalizadas se calcularon como: (Area glicoforma / Area péptido CDEWSIISEGK) x 100.

Estudio de la alteracidn de la glicosilacion de la mTf debido a CIA por CapLC-MS

El estudio de la alteracién de la glicosilacion de la mTf en ratones que desarrollan CIA, se llevé
a cabo de dos maneras diferentes. En primer lugar se analizé la mTf de las muestras de bazo
analizadas anteriormente por DiGE, a partir de la digestion en gel de los spots
correspondientes a esta glicoproteina. Por otro lado, puesto que en muchas enfermedades
autoinmunes se producen alteraciones de la concentracion de proteinas en el suero y puesto
que la mTf es una proteina abundante en el suero, se aplicé la metodologia establecida
anteriormente a muestras de suero de ratones que desarrollaban CIA, para comprobar si la

mTf también se encontraba alterada en este fluido bioldgico.

El estudio en muestras de bazo no resultd ser demasiado satisfactorio dado que Ia
concentracién de mTf en bazo es reducida y, por tanto, no se disponia de sensibilidad
suficiente para detectar correctamente todas las glicoformas del glicopéptido en los diferentes
spots. En cambio, el analisis de las muestras de suero si que permitié detectar con éxito las
diferentes glicoformas del glicopéptido de la mTf. En la Tabla 5.7, se recogen las glicoformas
detectadas en las cuatro muestras de suero de ratéon: WT control, WT con CIA, CD38-KO

control y CD38-KO con CIA.
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Tabla 5.7: Area normalizada (Anorm) para las glicoformas detectadas del glicopéptido Nass de la mTf en

muestras de suero de ratones control y ratones con CIA, tanto en ratones WT como en ratones

alterados genéticamente (CD38-KO).

Glicoforma WT control CD38-KO control CD38-KO CIA
Anorm | RSD (%) | Anorm | RSD (%) Anorm RSD (%) Anorm | RSD (%)

H3N3S1 7.2 9.7 3.0 2.4 4.9 5.0 3.4 2.8
H3N3F1S1 13 9.9 1.6 4.5 1.9 4.3 24 5.6
H5N4S1 | 20.4 0.9 16.1 5.9 20.7 1.6 19.9 4.6
H5N4F1S1 6.0 4.3 4.6 1.2 6.9 4.5 8.4 4.8
H5N4S2 | 142.6 1.5 1354 2.6 153.6 2.1 147.6 0.2
H5N4F1S2 | 71.5 3.1 60.8 3.2 58.9 1.2 64.5 1.0
H5N4S3 | 46.1 1.2 38.3 3.5 42.9 2.2 35.1 4.6
H5N4F1S3 3.9 5.0 4.1 6.2 4.0 7.4 4.5 10.0
H6N5S3 | 2.2 10.1 4.1 5.0 2.7 2.5 4.6 7.1
H6N5F1S3 [ 0.5 9.0 0.7 4.7 0.6 12.2 0.6 12.9
H7N6S3 | 4.3 4.6 3.9 12.2 5.6 1.6 5.2 6.0
H7N6F1S3 | 2.4 7.6 3.0 9.7 2.4 5.7 3.4 5.9

Las areas normalizadas se calcularon como: (Area glicoforma / Area péptido CDEWSIISEGK) x 100.

Si se comparan las Tablas 5.6 y 5.7, se puede observar que se detectaron las mismas
glicoformas en el patron de mTf y en las muestras de suero, siendo también las mas
abundantes las glicoformas H5N4S2 y H5N4F1S2. Sin embargo, existe cierta diferencia entre el
area normalizada de algunas glicoformas del glicopéptido en el suero respecto al patron,
como, por ejemplo, la glicoforma H5N4S2 o la H5N4F1S3. Aunque no afecta al objetivo de este
trabajo, esta diferencia de area puede ser debida al tipo de ratén utilizado en el patrén
comercial respecto a los ratones utilizados en este estudio (ratones C57BL/6, machos de 8-12
semanas de edad). Es posible que, al igual que la glicosilacion en humanos puede variar en
funcién de la raza, edad o sexo del individuo, ratones de diferentes tipos tengan una

glicosilacién distinta.
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Para visualizar mejor los resultados obtenidos y observar con mas claridad los cambios en la

Anorm CIA

glicosilacién de la mTf, en la Figura 5.11, se representa en un grafico de barras el logm

tanto para las muestras de WT como de CD38-KO.
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Figura 5.11: Gréfico de barras del logaritmo en base 10 del cociente de las dreas normalizadas de las
diferentes glicoformas del glicopéptido de la mTf entre una muestra de suero de ratén con CIA y una

muestra de suero control, tanto para los ratones WT como para los ratones CD38-KO.

Como se puede deducir de esta figura, la glicosilacidn de la mTf se ve claramente alterada en
ratones con CIA, tanto si son WT como CD38-KO. Se puede observar también como el perfil de
glicosilaciéon también es diferente entre los dos tipos de ratones, WT o CD38-KO. Ademss, a
excepcion de la glicoforma H7N6S3, el resto de glicoformas mas ramificadas, las glicoformas
tri- y tetraantenarias (H7N6F1S3, H6N5S3 y HEN5F1S3), se ven aumentadas en muestras con
CIA, tanto en ratones WT como en ratones CD38-KO. También se puede apreciar que, en lineas
generales, las glicoformas menos ramificadas disminuyen, en especial la glicoforma H3N3S1, y

que las glicoformas fucosiladas también parecen aumentar en ratones con CIA.
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Aungue con el estudio llevado a cabo en este trabajo es razonable afirmar que la metodologia
establecida también puede ser util para el diagndstico y estudio de enfermedades
inflamatorias en las que exista una alteracidn en la glicosilacion de la transferrina, se deberia
realizar un estudio mas amplio, con un mayor nimero de muestras, para poder extraer
conclusiones fiables y evaluar el papel de la mTf en CIA y el efecto del gen CD38 en el

desarrollo de dicha enfermedad.
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5.2. Estudio de la glicosilacion de glicoproteinas por electroforesis capilar

acoplada a la espectrometria de masas

5.2.1. Desarrollo y optimizacidn de la metodologia analitica

Con el objetivo de desarrollar una metodologia analitica complementaria a CapLC-MS capaz de
separar las diferentes glicoformas de los glicopéptidos de la hTf, en esta tesis doctoral se
decidid evaluar la electroforesis capilar acoplada a la espectrometria de masas (CE-MS). Para
desarrollar dicha metodologia, se partié de un método establecido previamente en nuestro
grupo de investigacién para el analisis de los glicopéptidos de otras glicoproteinas, como por
ejemplo, la eritropoyetina humana recombinante (rhEPO) [20, 82], empleando un electrolito
de separacion de 50 mM HAc / 50 mM HFor (pH 2.2-2.3) y un liquido coaxial auxiliar (sheath
liquid) de iPrOH:H,0 (50:50, v/v) con 0.05% (v/v) de HFor. No obstante, en el caso de la hTf los
picos obtenidos fueron muy anchos y distorsionados tanto para péptidos como glicopéptidos,
ademads de obtener una intensidad de la sefial y una reproducibilidad entre inyecciones muy
baja. Para comprobar si este efecto podia ser causado por el uso de RapiGest®, se decidid
digerir, con y sin RapiGest®, y analizar por CE-MS otra glicoproteina bastante caracterizada por
el grupo de investigacion, como es la alfa-1-glicoproteina acida bovina (bAGP). Tal y como se
puede observar en la Figura 5.12-a, que muestra a modo de ejemplo los electroferogramas de
iones extraidos (EIEs) de las glicoformas H5N4S2 y H5N4S3 del glicopéptido N11s de la bAGP, se
detectaron las diferentes glicoformas sin ninguna distorsion en los picos electroforéticos
cuando no se usé RapiGest® en el proceso de digestion. Por el contrario, cuando se utilizd
RapiGest®, tal y como ocurria con la hTf, se obtuvieron picos distorsionados, confirmando que
el fragmento residual del surfactante que queda en solucién tras la hidrélisis acida, parecia
interaccionar, de alguna manera, con las paredes internas del capilar de CE, dando lugar a
estos picos distorsionados, no solo para los glicopéptidos pero también para los péptidos (ver

Figura 5.12-b). Cabe destacar ademas, que este efecto no es exclusivo del RapiGest®, puesto
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gue se obtuvieron resultados muy similares en referencia a la baja reproducibilidad y a Ia
distorsidon de los picos, al emplear otros surfactantes anidnicos como el ProteaseMAX™

(Promega).
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Figura 5.12: Electroferogramas de iones extraidos (EIEs) de a) las glicoformas H5N4S2 y H5N4S3 del
glicopéptido Ni11s y b) dos péptidos diferentes de un patrén de bAGP digerido sin (negro) y con (rojo)
RapiGest®.

Como el uso del RapiGest® es imprescindible en el analisis de los péptidos y glicopéptidos de la
hTf, en esta tesis doctoral (articulo 3.1) se puso a punto un método de clean-up de la muestra

para eliminar el residuo de RapiGest® que interfiere en el andlisis por CE-MS.

Para lograr este objetivo, se introdujo un proceso de desalado posterior a la digestion

enzimatica, que consistia en el uso de cartuchos de extraccion en fase sélida en una microplaca
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de elucién, los cuales contenian una fase estacionaria polimérica Oasis® HLB (WATERS® S.A).
Tal y como se puede observar en la Figura 5.13, la eliminaciéon del RapiGest® (residuo con
grupo sulfénico, ver Figura 5.1) provocd una mejora sustancial de la sefial y de la forma de los

picos electroforéticos de la hTf, tanto para glicopéptidos como para péptidos.
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Figura 5.13: EIEs de a) la glicoforma mayoritaria H5SN4S2 de ambos glicopéptidos de la hTf y b) de dos
péptidos diferentes del digesto, en muestras con residuo de RapiGest® y en muestras purificadas con las

microplacas de elucidn Oasis® HLB.

Este tratamiento permitido compatibilizar el uso de surfactantes anidnicos como el RapiGest®
con el andlisis de digestos de glicoproteinas por CE-MS. A modo de ejemplo, en la Figura 5.14
se incluyen los EIEs de varias glicoformas detectadas de los glicopéptidos Nais y Nei11, del O-
glicopéptido y de algunos péptidos del digesto triptico de un patrén de hTf aplicando la
metodologia establecida. Como se puede observar la forma de los picos es adecuada vy, a

diferencia de lo que ocurre en CaplLC, las glicoformas de los N-glicopéptidos se separan.
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Figura 5.14: EIEs de a) gran parte de las glicoformas detectadas de ambos N-glicopéptidos y b) EIEs del
O-glicopéptido y varios péptidos de un digesto de un patron de hTf por CE-MS una vez eliminado el
RapiGest® por SPE. Electrolito de separacién: 50 mM HFor / 50 mM HAc pH: 2.2-2.3. Liquido coaxial
auxiliar: iPrOH:H20 (60:40, v/v) con 0.05% (v/v) HFor.

5.2.2. Andlisis de muestras de suero

Finalmente, para evaluar la robustez de la metodologia desarrollada al analizar muestras
bioldgicas, se procedié al analisis de muestras de suero control y de CDG (articulo 3.1), previa

purificacién de la hTf mediante IAC (apartado 5.1.1).

En la Figura 5.15, se muestran tres glicoformas del glicopéptido Ne11 en una muestra de suero
control y en tres muestras diferentes de CDG (PMM2, MPl y COGS8). En general, si comparamos
los resultados de las muestras reales con los obtenidos con el patrén de hTf (Figura 5.14-a), se
puede observar que la separacidon entre las diferentes glicoformas es muy parecida,
demostrando la aplicabilidad de la metodologia en muestras reales. La diferencia mas
destacable es la intensidad observada, siendo mas reducida para las muestras de suero,
debido a las pérdidas de glicoproteina después de la inmunopurificacion dado que las

recuperaciones con las columnas de IAC eran de alrededor un 45% (ver apartado 5.1.1, articulo
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2.1). En el caso de las muestras de CDG ademas se observa una clara disminucién de la

glicoforma H5N4S2, debida a la propia enfermedad.
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Figura 5.15: EIEs de las tres glicoformas principales del glicopéptido Nei1 de la hTf en diferentes
muestras de suero: a) suero control; b) PMM2-CDG (CDG-I); c) MPI-CDG (CDG-I); d) COG8-CDG (CDG-II).
Los simbolos utilizados para la representaciéon de los glicanos siguen las reglas sugeridas por el
Consortium for Functional Glycomics (CFG) [13].

En la Tabla 5.8, se recogen las dreas normalizadas de las diferentes glicoformas para las cuatro
muestras de suero. Dado que, en general, los péptidos migran antes que los glicopéptidos por
CE, la eleccidn de un péptido de referencia fue mas complicada. Los péptidos DGAGDVAFVK y
DYELLCLDGTR escogidos para CapLC-MS fueron descartados en este estudio ya que no
migraban a un tiempo similar ni tenian una intensidad similar a las glicoformas de los
glicopéptidos. En este caso se selecciond el péptido SAGWNIPIGLLYCDLPEPR, ya que era el mas
proximo y de intensidad parecida a la glicoforma mayoritaria H5N4S2 de ambos N-

glicopéptidos, con el fin de poder cuantificar de manera relativa y poder comparar entre

muestras.
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Tabla 5.8: Area normalizada para las diferentes glicoformas detectadas para ambos N-glicopéptidos de

la hTf en diferentes muestras de suero control y CDG (n=3).

Control PMM2-CDG (CDG-1) | MPI-CDG (CDG-I) | COG8-CDG (CDG-II)

Glicoforma
Anorm (%) | RSD (%) | Anorm (%) | RSD (%) | Anorm (%) | RSD (%) | Anorm (%) | RSD (%)
Péptido 0.0 0.0 77.3 1.2 76.5 4.5 0.0 0.0
H5N4S1 3.5 8.0 2.5 7.8 1.7 1.5 13.4 6.3
25 H5N4S2 60.2 1.9 25.8 4.6 25.1 3.2 28.4 0.5
H5N4F1S2 2.2 2.0 3.3 7.5 2.5 5.0 2.8 2.0
HB6N5S3 7.1 7.5 4.0 6.1 3.5 6.5 5.4 8.1
Péptido 13.0 3.7 31.6 6.1 46.3 1.1 9.9 5.3
H5N4S1 6.3 9.0 4.4 6.1 4.1 7.4 15.6 10.2
25 H5N4S2 83.3 3.1 31.9 9.1 23.2 1.5 36.0 7.4
H5N4F1S2 6.9 2.9 6.4 4.9 6.4 2.0 6.7 3.4
H6N5S3 3.0 1.7 2.3 4.3 1.8 6.6 1.8 7.9

Las areas normalizadas se calcularon como: (Area glicoforma / Area péptido SAGWNIPIGLLYCDLPEPR) x 100.

Si se comparan las areas normalizadas de esta tabla con las de la Tabla 5.4, se puede observar
gue las dreas normalizadas obtenidas por CapLC-MS y CE-MS no son directamente
comparables. Esto se debe a que se utiliza un péptido de referencia distinto en cada caso y a
gue la separacion es muy diferente. No obstante, la distribucidon observada de las diferentes
glicoformas es la misma en CE-MS que la obtenida por CapLC-MS. Ademas, con los resultados
obtenidos es posible observar que ambas técnicas analiticas son equiparables por lo que
respecta a los resultados y conclusiones obtenidas al comparar entre muestras. Asi, por CE-MS
también se observd una disminucién de la glicoforma mayoritaria (H5N4S2) en todas las
muestras de CDG, un aumento de la glicoforma no glicosilada (péptido) en las muestras de

CDG-ly un aumento de la H5SN4S1 en la muestra de CDG-II.

Comparacion entre CapLC-MS y CE-MS y ventajas en el estudio de la glicosilacion de proteinas

Después de analizar la glicosilacién de la hTf tanto en muestras patrén como en muestras de

suero, a partir de las dos metodologias desarrolladas en esta tesis, CapLC-MS y CE-MS, es
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interesante poder comparar de manera general las ventajas e inconvenientes de cada una y

destacar su aportacion al estudio de la glicosilacion en el campo de la glicoprotedmica.

En la Figura 5.16 se muestran los EIEs y EICs de las glicoformas principales del glicopéptido Nei1

en un patrén de hTf, utilizando ambas metodologias.

x10° a) Glicopéptido Ng,, por CE-MS
H5N4S2

Intensidad (cuentas)

1 .
Péptido
0.5 H5N4S1 H6N5S3

T T T T T '\ T T T

T
6 7 8 9 10 11 12 13 14

Tiempo (min)
6
X1 b) Glicopéptido N, por CapLC-MS

2,2 H5N4S2

Intensidad (cuentas)

0,21 H5N4S1 }H6N55 <otido

T
15 16 17 18 19 20 21 22 23
Tiempo (min)

Figura 5.16: EIEs y EICs de las principales glicoformas del glicopéptido Ne11 detectadas en un patrén de
hTf analizado por a) CE-MS y b) CapLC-MS. Los simbolos utilizados para la representacién de los glicanos

siguen las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13].
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Una de las primeras ventajas que se puede observar al analizar los resultados obtenidos con CE
es que los tiempos de andlisis son mas reducidos, no tan solo debido a que la separacidn tiene
lugar en menor tiempo (14 min en CE versus 23 min en CapLC), sino que también los tiempos
de andlisis totales son inferiores (30 min en CE respecto a los 75 min en CapLC), principalmente
debido a que los tiempos de lavado y equilibrado necesarios en CapLC son muy superiores. No
obstante, la gran ventaja de la CE como técnica de separacién es la posibilidad de separar las
diferentes glicoformas de un mismo glicopéptido, tal y como se muestra en la Figura 5.16-a. La
separacion de las glicoformas aumenta la sensibilidad debido a su mejor ionizacién, ya que al
estar separadas entre si, no se suprimen la ionizacion mutuamente (la intensidad de las
diferentes glicoformas es similar en CE y CapLC a pesar de que el volumen de inyeccion en CE
era inferior, 83 nL en CE versus 150 nL en CapLC). Otra ventaja afiadida de la separacidn entre
glicoformas es que se detectan con mayor fiabilidad ya que se descarta que alguna de las
glicoformas detectadas sea debida a la fragmentacion en la fuente de ionizacién, de otra

glicoforma, ya que, de ser asi, tanto la glicoforma fragmento como la original comigrarian.

Sin embargo la reproducibilidad entre inyecciones es inferior en CE, pudiendo llegar a migrar
una misma glicoforma a tiempos muy dispares, incluso de mas de 3 min. de diferencia. En
cambio, en general las diferentes glicoformas se obtienen en un mismo tiempo de retencidn

en CapLC, incluso en muestras muy diferentes.

No obstante, en muchas ocasiones, para poder completar el mapa glicopeptidico de una
proteina, es necesario el uso de ambas técnicas de separacidon al considerarse técnicas
complementarias. Ademas, el acoplamiento de ambas técnicas con la espectrometria de
masas, permite obtener una identificacién inequivoca de las diferentes glicoformas. Esto es
extremadamente atil en aquellos casos donde los métodos de analisis actuales para CDT,
basados en IEF o HPLC / CE con deteccion UV, no permiten dar un diagndstico totalmente

fiable. El ejemplo mas destacado es la confusién en el diagnéstico de CDG, cuando la hTf
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presenta diferentes variantes genéticas (modificaciones de la secuencia aminoacidica debidas
a una variacidn genética). Hasta ahora se han descrito mas de treinta variantes genéticas de la
hTf tan solo en individuos caucasicos, de las cuales, la variante C (sobretodo C1 y C2) es la
predominante en todas las razas [297, 298]. Sin embargo, otras variantes son relativamente
comunes, sobretodo en la poblacién no caucdsica, por ejemplo la variante B y la variante D.
Combinaciones heterocigdticas de estas variantes (BC o CD), dan lugar a una distribucién de
bandas o picos de las glicoformas intactas de la hTf que se asemeja a la obtenida para ciertos
tipos de CDG [299—-302]. Esto es debido al cambio en la secuencia aminoacidica que provoca
que la banda correspondiente a la variante comigre o coeluya en la zona de las glicoformas
CDT [55, 298-302]. Para solventar este problema, normalmente es necesario hacer analisis
adicionales, hecho que complica el diagndstico debido a la limitada cantidad de muestra de la
que se dispone en la mayoria de casos. Con los métodos desarrollados en esta tesis doctoral,
en los que el andlisis de la glicosilacién se realiza a nivel glicopeptidico y utilizando la
espectrometria de masas, es posible identificar, con tan solo un andlisis, si la hTf presenta una
modificacién de la secuencia aminoacidica o si existe alteracién en su glicosilacién, incluso si la

variante genética afecta a uno de los puntos de glicosilacion.

Adicionalmente, el estudio de la glicosilacién a nivel glicopeptidico llevado a cabo en esta tesis,
no sélo permite detectar como se altera la glicosilacion de una proteina debido a una
enfermedad, sino también saber si esta alteracidén afecta de igual manera a todos los puntos
de glicosilacién. En general, tanto en el estudio del alcoholismo como de los CDG, ya sea por
CapLC o CE, se pudo comprobar que ambos puntos de N-glicosilacion se veian alterados de

igual manera.
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5.2.3. Aplicabilidad de los modelos tedricos de migracion al estudio del

comportamiento electroforético de péptidos y glicopéptidos por CE-MS

Otra de las grandes ventajas de la CE es la posibilidad de predecir la movilidad electroforética
de los analitos utilizando las denominadas relaciones semiempiricas clasicas entre la movilidad
electroforética y la relacion carga/masa. Como se introdujo anteriormente, la movilidad
electroforética (me) esta relacionada con la carga (q) y la masa de la especie analizada (M),

segun la siguiente ecuacion (apartado 1.3.4.2):

me =A—- Ec. 1

Este tipo de modelizaciones presentan un gran interés ya que la prediccidon de la movilidad
electroforética permite acelerar el desarrollo y optimizacién de métodos basados en CE, asi
como confirmar las asignaciones estructurales basadas en las masas moleculares medidas por

MS.

En esta tesis doctoral se han evaluado tres métodos de modelizacién clasicos para predecir la
movilidad electroforética de los glicopéptidos y péptidos presentes en un digesto. Para llevar a
cabo este estudio, que se recoge en el articulo 3.2, se escogid la eritropoyetina humana
recombinante (rhEPO) como glicoproteina modelo, dado su especial interés como biofarmaco
y en el control antidopaje. Otro motivo importante por el que se seleccioné esta glicoproteina
fue por el gran numero de glicoformas de glicopéptidos que se obtienen tras su digestién
enzimatica, lo que se debe a su elevada heterogeneidad, ocasionada por un alto porcentaje de

glicosilacion.

Primeramente, la rhEPO se digirié con tripsina (rhEPO-T) en 50 mM NH4HCOs3 pH 7.9 a 37°C
durante 18h, previa reduccion y alquilacion con DTT e IAA. El digesto se analizd6 mediante CE-
MS para obtener los valores de tiempo de migracion experimentales tanto de péptidos como

de glicopéptidos (O126, N2s3s ¥ Ns3). Debido a que la mayoria de las glicoformas de los
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glicopéptidos presentan dacidos sidlicos, el cual puede influir considerablemente en la
movilidad electroforética, al contener un acido carboxilico y consecuentemente carga negativa
en el pH de la separacion (BGE: 50 mM HFor / 50 mM HAc pH: ~2.2), se decidié digerir
también la rhEPO con tripsina y neuraminidasa (rhEPO-TN), y asi aumentar el nimero de
glicopéptidos sin acidos sidlicos (S o SiA) presentes en el modelo. Para la muestra de rhEPO-TN,
tras la digestidn triptica de la rhEPO, se digirié la muestra con neuraminidasa en 50 mM NHJAc

(pH 5.0) a 37°C durante 18h.

En la Tabla 5.9, se recogen todos los péptidos y glicopéptidos que se han utilizado para llevar a
cabo la modelizacién, su nimero de referencia (N), asi como su masa tedrica monoisotdpica
(Mteo), carga (q), tiempo de migracion relativo (t’) y fraccion glicosilada. Para obtener la carga
de péptidos y glicopéptidos al pH de la separacion electroforética (pH ~2.2), se utilizé la
ecuacién de Sillero y Ribeiro [303], utilizando los valores de pKa para cada aminoacido
proporcionados por Rickard [206] y un valor de pKa de 2.6 para el acido sidlico. Debido al
elevado numero de glicoformas que pueden presentar los diferentes glicopéptidos de la
rhEPO, para poder realizar una modelizacidn correcta sélo se utilizaron aquellas glicoformas
que presentaban una relacion sefial/ruido adecuada. En cambio, como los péptidos
generalmente se ionizan mejor, todos los péptidos detectados (~97% de la cobertura de la

proteina) se tuvieron en cuenta en la modelizacion.

Tabla 5.9: Lista de péptidos y glicopéptidos incluidos en el estudio de los modelos clasicos de relacidon

semiempirica (set de modelizacion) de un digesto de rhEPO-T y rhEPO-TN.

... t Fraccién
N Péptidos hataliee] Media s(n=3) glicosilada (%)

1 APPR 439.2543 1.8882 0.759 0.005

2 LICDSR 762.3694 1.8288 | 0.845 0.003 -
3 VLER 515.3067 1.8819 0.792 0.004 -
4 YLLEAK 735.4167 1.8819 0.832 0.003 -
5 VNFYAWK 926.4650 1.8882 0.836 0.003 -
6 MEVGQQAVEVWQGLALLSEAVLR® 2525.3311 1.8694 1.00 - -
7 AVSGLR 601.3547 1.8882 0.806 0.005 -
8 SLTTLLR 802.4912 1.8882 0.837 0.004 -
9 ALGAQK 586.3438 1.8882 0.805 0.004 -
10 TITADTFR 923.4712 1.8288 | 0.867 0.003 -

LN

234
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11 LFR 434.2641 1.8882 | 0.761 0.005 -
12 VYSNFLR 897.4708 1.8882 | 0.841 0.004 -
13 GK 203.1270 1.8882 | 0.686 0.003 -
14 LK 259.1896 1.8882 | 0.718 0.005 -
15 LYTGEACR 968.4385 1.8819 | 0.867 0.004 -
N-glicopéptidos en rhEPO-T \
N Ns3 (GQALLVNSSQPWEPLQLHVDK)® |
16 H6NSF1S2 5074.1958 | 2.1547 | 1.14 0.003 53.5
17 H6N5F153 5365.2911 | 1.8209 | 1.26 0.009 56.0
18 H7N6F152 5439.3280 | 2.1547 | 1.14 0.001 56.6
19 H7N6F1S3 5730.4234 | 1.8209 | 1.26 0.009 58.8
20 H7N6F154 6021.5188 | 1.4870 | 1.30 0.01 60.8
21 H8N7F152 5804.4602 | 2.1547 | 1.15 0.003 59.4
22 H8N7F1S3 6095.5556 | 1.8209 | 1.26 0.009 61.3
23 H8N7F154 6386.6510 | 1.4870 | 1.31 0.01 63.1
24 HON8F1S3 6460.6878 | 1.8209 | 1.26 0.009 63.5
25 HON8F154 6751.7832 | 1.4870 | 1.31 0.01 65.1
26 H1ON9F154 7116.9154 | 1.4870 | 1.31 0.06 66.9
N s EANTTGCRERCSINENTVROTR>
27 H14N12F257 9837.7194 | 0.4666 | 1.49 0.02 71.5
28 H14N12F258 10128.8149 | 0.1327 | 1.56 0.02 72.3
29 H15N13F257 10202.8516 | 0.4666 | 1.49 0.02 72.5
30 H15N13F258 10493.9471 | 0.1327 | 1.55 0.02 73.3
N-glicopéptidos en rhEPO-TN {
N Ns3 (GQALLVNSSQPWEPLQLHVDK)® |
31 H6N5F1 4492.0048 | 2.8224 | 1.03 0.0006 47.5
32 H7N6F1 4857.1370 | 2.8224 | 1.04 0.001 51.4
33 H8N7F1 5222.2692 | 2.8224 | 1.05 0.0008 54.8
34 HON8F1 5587.4014 | 2.8224 | 1.06 0.002 57.8
35 H1ON9F1 5952.5336 | 2.8224 | 1.08 0.0005 60.4
N N24-N3s (EAENITTGCAEHCSLNENITVPDTK)® |
36 H14N12F2 7800.0515 | 2.8036 | 1.12 0.001 64.1
37 H15N13F2 8165.1837 | 2.8036 | 1.13 0.001 65.7
O-glicopéptidos en rhEPO-T \
N O126 (EAISPPDAASAAPLR)® |
38 HIN1 1829.8894 | 1.8226 | 0.980 0.003 20.0
39 HIN1S1 2120.9851 | 1.4887 | 1.09 0.002 30.9
40 HIN1S2 2412.0808 | 1.1548 | 1.25 0.009 39.3

O-glicopéptidos en rhEPO-TN

41

O126 (EAISPPDAASAAPLR)P
HIN1

1829.8894

1.8226

1.01

0.0006

20.0

3Fraccion glicosilada: (masa del glicano / masa del glicopéptido) x 100.

bSecuencia peptidica de los glicopéptidos Nss, N2a-N3s, O12.

°El péptido nimero 6 se utilizd como referencia en el célculo del tiempo de migracion relativo (tiempo

de migracion medio t=7.68 min.).

Tal y como se puede observar en la Tabla 5.9, existe una gran heterogeneidad dentro de cada

grupo. En el caso de los péptidos, éstos se diferencian principalmente en la longitud de la

cadena aminoacidica y, por consiguiente, en su masa molecular. En cambio, en los

glicopéptidos, su elevada heterogeneidad se debe al tipo (O u N-glicopéptido), la complejidad
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o ramificacidon de la cadena hidrocarbonada y a la presencia o no de acidos sidlicos. Para
aumentar la reproducibilidad entre replicados y poder comparar entre diferentes muestras,
por ejemplo, entre aquellas digeridas con tripsina (rhEPO-T) y las digeridas con tripsina y
neuraminidasa (rhEPO-TN), se decidié modelizar a partir del tiempo de migracién relativo de
cada especie respecto a un péptido del digesto. El péptido de referencia escogido fue el
MEVGQQAVEVWQGLALLSEAVLR, de intensidad parecida al de las glicoformas abundantes y un

tiempo de migracidn préximo a la zona donde migraban la mayoria de los glicopéptidos.

Tal y como se comentd en la introduccidn, a fin de obtener la mejor correlacion lineal entre me
y g/M?, se evaluaron tres modelos clasicos: Classical polymer model (o = 1/2), Stoke’s law (a =
1/3) y Offord’s Surface law (a = 2/3). Cada uno de estos modelos asume que la especie
analizada tiene una forma concreta y que se comporta de una manera especifica bajo las
fuerzas que se aplican durante la separacion electroforética [206—208]. Con el set de péptidos
y glicopéptidos de la Tabla 5.9, se construyeron los tres modelos lineales, uno para cada valor
de a, separando péptidos y glicopéptidos, pues se observd que su movilidad era muy diferente
para poderlos englobar en un mismo modelo. Los parametros del ajuste de cada modelo con
ambos grupos se muestran en la Tabla 5.10.

Tabla 5.10: Parametros obtenidos tras la aplicacion de los modelos clasicos de relacién semiempirica a

los péptidos y glicopéptidos de un digesto de rhEPO-T y rhEPO-TN (y = b + mx).

b (xs) m (ts) R? b (s) | m (&s) R? b (xs) m (ts) R?
N-y - 1.557 13.3 157 3.33 1.527
(g:;c:si?::ic; (£0.008) (£0.3) 0.9891 (£0.02) | (20.14) 0.9569 (£0.015) -49 (+2) | 0.9598
. 1.054 3.1 118 | -1.65 0.989 6.4
Péptidos #0015) | 20.2) | ®°12° | (x0.02) | (x0.08) | ©9** | (20.015) | (r0.5) | ©¥7®

s: desviacion estandar.
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Si nos fijamos en los valores de R? de la tabla, podemos observar que el classical polymer
model es el modelo que presenta mejor linealidad para glicopéptidos (R?=0.9891), y en
cambio, los péptidos parecen ajustarse mejor al modelo de Stoke’s law (R?=0.9443). Para
intentar mejorar los resultados obtenidos, se considerd el denominado efecto de supresion de
la carga electroestatica, que simplemente indica que, cuando la carga de una especie es muy
elevada, se puede producir un efecto de supresién, que hace que una parte de su carga no
influya en su movilidad electroforética. Este efecto se puede evaluar con relativa facilidad si se
sustituye en la ecuacion 1 (Ec.1), la q por In(1+q). Adicionalmente, se considerd que la friccidn
dieléctrica podia tener un efecto en la movilidad electroforética de las diferentes especies tal y
como sugiere el modelo de Hubbard-Onsager [304, 305]. No obstante, ninguna de estas dos

modificaciones mejord los resultados ya obtenidos con los modelos clasicos.

Debido a la gran heterogeneidad existente dentro de cada grupo (péptidos y glicopéptidos) las
diferencias entre los tres modelos no son muy pronunciadas, hecho que impide extraer
conclusiones fiables respecto a la forma molecular que adoptan los diferentes compuestos.
Pese a ello, parece claro que son necesarios dos modelos diferentes para péptidos y
glicopéptidos para predecir correctamente su comportamiento electroforético. Este hecho
podria atribuirse principalmente a la diferencia de masa mas que a la de carga (Tabla 5.9). Por
un lado, la mayor masa molecular de los glicopéptidos provoca un aumento significativo de los
t’, respecto a los péptidos. Ademds, pese a la gran variedad de cargas que presentan los
glicopéptidos, éstos se ajustan bien al mismo modelo lineal, lo que refuerza la idea de que la

masa molecular es el elemento diferenciador.

A continuacién, en la Figura 5.17 se muestra un grafico donde se representa t’ respecto a la
q/M*?, teniendo en cuenta el mejor modelo para cada grupo. En esta figura ademas se incluye,
en forma de linea negra, la recta que se obtiene al calcular el tiempo de migracion relativo con

el modelo correspondiente para cada grupo.
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Figura 5.17: Grafico del tiempo de migracion relativo (t’) experimental (simbolos) y estimado (linea) al
aplicar los modelos clasicos de relacién semiempirica: t’ vs q/MY? (Stoke’s law) y q/MY? (classical
polymer model) para péptidos y glicopéptidos, respectivamente, de un digesto de rhEPO-T y rhEPO-TN

utilizando la mejor correlacion lineal.

Para comprobar la idoneidad de los modelos en la prediccidon del tiempo de migracién se
realizaron dos validaciones: a) una interna, donde los modelos se aplicaron para predecir la me
de un conjunto de glicopéptidos de la propia rhEPO, no incluidos en la elaboracién del modelo
y con una relacidn sefal ruido suficiente; b) una externa, donde los modelos se aplicaron para
predecir la me de un conjunto de péptidos y glicopéptidos de otra glicoproteina, en concreto,
la hTf. Para visualizar mejor la prediccidn de la movilidad electroforética y de los tiempos de
migracion relativos, se simularon los electroferogramas de las especies modelizadas y se
compararon con los electroferogramas experimentales obtenidos por CE-MS. En la Figura 5.18,
se recogen los electroferogramas experimentales y simulados para una muestra de: a) rhEPO-T
y b) rhEPO-TN, donde se simulan algunos péptidos y glicopéptidos incluidos en la elaboracién
del modelo, c) rhEPO-T, donde se simulan algunos glicopéptidos no incluidos en la elaboracion
del modelo y d) hTf-T (transferrina humana digerida con tripsina), donde se simulan algunos de

sus péptidos y glicopéptidos. Debido a que la digestion de rhEPO-T y rhEPO-TN seguian dos
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procedimientos diferentes, se tuvieron que realizar dos electroferogramas separados, uno

para cada muestra.

a) Digesto rhEPO-T
i) EIectroferograma experimental
x1

b) Digesto rhEPO-TN
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Figura 5.18: Electroferogramas experimentales y simulados para: a) una muestra de rhEPO-T; b) una

muestra de rhEPO-TN; c) una muestra de rhEPO-T de validaciéon interna; d) una muestra de hTf-T de

validacion externa. Los péptidos y glicopéptidos de los graficos a y b se incluyeron en el set de

modelizacion, en cambio, los de los graficos c y d no se incluyeron en el set de modelizacién.
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Para facilitar la interpretacion de los electroferogramas simulados, como se puede observar en
la Figura 5.18 (ii), a cada pico simulado se le asignd una intensidad relativa fija de 1 y una
anchura a media altura de 0.005. Ademas, la escala del electroferograma simulado fue
normalizada de 0 a 1 ((t/-tmin’)/(tmax-tmn’)). En todos los casos la correlaciéon entre el
electroferograma experimental y el simulado es muy buena, teniendo en cuenta la gran
diversidad de péptidos y glicopéptidos, incluso de diferentes glicoproteinas, lo que demuestra
la capacidad de los modelos establecidos para predecir correctamente la movilidad
electroforética. También cabe destacar como los péptidos y glicopéptidos salen en ventanas de
tiempo separadas, tanto en los electroferogramas experimentales como en los simulados, lo
que refuerza el hecho que, para cada grupo, un modelo diferente es el mas apropiado. Las
ligeras diferencias que se pueden observar en algin caso son, probablemente, debidas a
diferentes factores: inexactitud en algunos valores de pK, lo que puede afectar al célculo de la
carga o, por ejemplo, los efectos de difusidon longitudinal y conductividad diferente entre los
tampones de las muestras y el electrolito de separacidn, los cuales pueden afectar ligeramente
a la separacion de las especies y no se tuvieron en cuenta en la prediccion. También es
importante destacar que, en el caso de la validacion interna, se incluyé un glicopéptido con un
grupo sulfénico (Nss-H7N6F154(S03)), y aunque ninguno de los glicopéptidos incluidos en la
elaboracion del modelo tenia este grupo, la concordancia entre el electroferograma
experimental y el simulado es igualmente buena. Este hecho demuestra que, incluso con
grupos funcionales no presentes en la elaboracién del modelo, se puede predecir la movilidad
electroforética de ciertos compuestos siempre y cuando no sean grupos muy diferentes, y que

el pK, utilizado para el calculo de la carga sea lo mds exacto posible.

En conclusion, los modelos de migracidén establecidos en esta tesis doctoral pueden resultar
una herramienta util, rapida y sencilla para predecir a priori los tiempos de migracién y la
separacion electroforética por CE-MS de péptidos y glicopéptidos de glicoproteinas de interés

bioldgico.
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5.3. Estudio de la glicosilacion de glicoproteinas por movilidad idnica y

espectrometria de masas

En esta tesis se ha demostrado como las técnicas de separacidén miniaturizadas acopladas a la
MS (CapLC-MS y CE-MS) pueden resultar muy dutiles en el estudio de la glicosilacién de
proteinas. Sin embargo, detectar cambios en la abundancia y en la composicion de los glicanos
unidos a la proteina puede no ser suficiente para diagnosticar ciertas enfermedades y buscar
dianas terapéuticas. A veces un proceso patoldgico puede afectar sélo a un isémero del glicano
y no a los demds, siendo necesario, en este caso, el andlisis de los isémeros de los diferentes

glicanos para entender la extension de la enfermedad [251-254].

Tal y como se menciond en la introduccion, los isémeros de glicanos de tipo complejo estan
relacionados, generalmente, con el tipo de enlace de los acidos sidlicos (SiA) terminales (a-
2—3 0 a-2—6), o de las fucosas, que pueden estar unidas a la antena o al core del glicano. En
estos casos, la CapLC-MS y la CE-MS no permiten diferenciar entre los diferentes isémeros. En
la literatura, algunos autores han propuesto el uso de fases estacionarias como la de
interaccion  hidrofilica  zwitteridnica  (Zwitterionic ~ Hydrophilic  Interaction  Liquid
Chromatography - ZIC-HILIC) o el carbono grafitizado poroso (Porous Graphitic Carbon - PGC)
en cromatografia de liquidos o el uso de la espectrometria de masas en tandem (MS/MS) para
identificar y caracterizar isdmeros de glicoconjugados [147-151]. Sin embargo, estas
metodologias estan todavia en fase de desarrollo y en muchos casos son laboriosas vy

complejas.

La Movilidad Iénica (IM) es una técnica de separacién en fase gas que permite separar
especies por su forma y tamafio, ademas de su carga, y que junto con la deteccion por MS (IM-
MS) ha conseguido popularidad en los ultimos afios gracias a su capacidad para separar

compuestos isoméricos [140-143, 152-155]. Por estos motivos, en esta tesis (articulo 4.1) se
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ha evaluado la eficacia de la travelling wave ion mobility spectrometry (TWIMS), para estudiar
los isdmeros de los glicanos de la mTf a tres niveles: glicoproteina intacta, glicopéptidos y

glicanos.

5.3.1. Glicoproteina intacta

El estudio de la glicoproteina intacta por MS se puede llevar a cabo de dos maneras: a partir de
la proteina desnaturalizada (utilizando tampones acidos) o en condiciones nativas, donde se
utiliza un tampdon neutro para conservar su estructura terciaria y sus interacciones no
covalentes. Una de las principales diferencias al estudiar una glicoproteina en condiciones
nativas por MS es que adquiere menor numero de cargas, lo que permite que las diferentes

glicoformas se puedan resolver con mayor facilidad.

En este trabajo se estudiaron diferentes glicoproteinas (mTf, hTf y hAGP) y se optimizaron los
pardmetros de la fuente de nanoelectroespray (nanoESl) y la concentracion del tampdn neutro
de acetato de amonio (NH4Ac) para obtener un espray estable y poder trabajar en condiciones
nativas. Ademas, a fin de aumentar la sensibilidad y mejorar la resolucién de las glicoformas,
se evaluaron tres tratamientos de desalado de la muestra: 1) dialisis; 2) exclusidon por tamafio y
3) ultracentrifugacion, siendo este ultimo el mas efectivo y con el que se obtuvieron mejores

resultados.

En la Figura 5.19, se muestra el espectro de masas del ion de carga +19 de la mTf intacta (MS
ampliado en la zona de masas correspondiente a esta carga), obtenido mediante nanoESI-IM-
MS en estas condiciones optimas de NH;Ac y de desalado (100 mM NHsAc vy
ultracentrifugacion, respectivamente). En concreto, se puede observar como cada pico
coincide con la masa de una glicoforma distinta, tal y como se muestra en la tabla incluida en
la Figura 5.19. Una vez obtenida esta separacién de las glicoformas intactas, se midio el tiempo

de deriva (drift time) de cada glicoforma. Este drift time es el tiempo que tarda la molécula en
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recorrer la celda de movilidad y esta relacionado con la forma y tamafio de la molécula,
ademas de su carga. En concreto, un drift time mayor indica que la estructura o forma de la
molécula es mds grande, o, dicho de otro modo, que su seccién transversal de colisidon
(collision cross section — CCS) es mayor. En el caso de moléculas de drift time menor ocurre
justo lo contrario. Las distribuciones del tiempo de llegada (arrival time distribution - ATD) de
cada glicoforma y los valores de drift time correspondientes también se incluyen en la Figura

5.19 (i-v).

Espectro de masas Perfiles ATD
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nominal [M+19H]*** nominal glicoproteina glicoproteina
i) H5SN4F1S1 4048 76893 76908
ii) H5SN4S2 4058 77083 77069
iii) HSN4F1S2 4066 77235 77216
iv) H5N4S3 4074 77387 77377
v) H5N4F1S3 4082 77539 77523

Figura 5.19: Espectro de masas del ion de carga +19 de la proteina intacta (MS ampliado en las masas
correspondientes a esta carga) en un patrén de mTf y perfil de la distribucion del tiempo de llegada
(ATD) por nanoESI-IM-MS de cada glicoforma (i-v). El valor aproximado incluido en la figura indica el

porcentaje de glicosilacién de la glicoproteina.
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Como se puede observar en la figura, las glicoformas de la mTf dan valores de drift time muy
similares, aunque se observa una cierta tendencia: el drift time aumenta a medida que la
glicosilacién también aumenta, es decir, cuando la glicoforma estd mas ramificada. Este
comportamiento fue mas acusado al analizar la hTf y la hAGP, glicoproteinas con mas
porcentaje de glicosilacidon que la mTf (ver Figura 5.20). Concretamente, en el caso de la hAGP
el aumento del drift time fue mds perceptible, demostrando que un cambio en la glicosilacidn
afecta a la forma, y, por consiguiente, a la CCS de aquellas glicoproteinas con mayor porcentaje

de glicosilacion.
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Figura 5.20: a) Espectro de masas del ion de carga +19 (MS ampliado en las masas correspondientes a
esta carga) de la proteina intacta en un patron de hTf y perfil ATD por nanoESI-IM-MS de cada
glicoforma (i-iv). b) Espectro de masas del ion de carga +12 de la proteina intacta en un patrén de hAGP
y perfil ATD por nanoESI-IM-MS de cada seccion del espectro de masas (i-v). El valor aproximado

incluido en la figura indica el porcentaje de glicosilacién de la glicoproteina.
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No obstante, los resultados obtenidos a nivel de glicoproteina intacta, Gnicamente permitieron
evaluar el efecto global que provocaba un cambio considerable de glicosilacién en la CCS de la
proteina. Otras modificaciones mds sutiles, como, por ejemplo, un cambio en el enlace del
acido sidlico de las glicoformas, no parecian provocar una modificacién de la CCS. Por este
motivo, se decidid continuar con el andlisis de glicoconjugados de menor tamafio, como los

glicopéptidos y los glicanos.

5.3.2. Glicopéptidos y glicanos

El estudio por nanoESI-IM-MS con glicopéptidos y glicanos también se inicié con la mTf, que
presenta un unico punto de glicosilacién, y por lo tanto un Unico glicopéptido. Dada la baja
complejidad de esta glicoproteina, se decidié realizar el andlisis haciendo infusion directa, sin
utilizar una técnica de separacidn previa. Sin embargo, el gran nimero de péptidos originados
en la digestidn suprimieron la ionizacion del glicopéptido correspondiente y por este motivo se
utilizé6 nano cromatografia de liquidos (nanoLC) como técnica de separacidn, ya que permitia
un acoplamiento mas rapido y sencillo con la fuente de nanoESI. Para el andlisis del digesto
triptico de la mTf se empled una nanocolumna C18 (Peptide BEH C18, 1.7 um didmetro de
particula, 130 A tamafio de poro, 100 x 0.1 mm Ly x i.d.; WATERS®) y una fase mévil H,0:ACN
con 0.1% (v/v) de HFor. En este caso, se detectaron practicamente las mismas glicoformas ya

observadas anteriormente para el estudio de la mTf por CapLC-MS (Tabla 5.6, apartado 5.1.3).

A continuacién, se obtuvieron los diferentes ATD por IM-MS de cada glicoforma del
glicopéptido, observandose un uUnico valor de drift time en cada caso. Al igual que sucede con
la mTf intacta, estos resultados nos indican que, si en la mTf existen isobmeros debidos al tipo
de enlace del SiA, éstos no alteran significativamente la CCS del glicopéptido. Para poder
solventar este problema, se decidié reducir el tamafio de la molécula fragmentando el
glicopéptido por MS/MS y analizar por movilidad idnica un fragmento que todavia conservase

unido el SiA. En la Figura 5.21, se muestra el espectro de MS/MS de la glicoforma mas intensa
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del glicopéptido de la mTf (H5N4S2), asi como el ATD del fragmento que aun conserva el acido
sidlico, HIN1S1. Como se puede observar en la Figura 5.21-c, el fragmento HIN1S1 muestra
dos picos con valores de drift time diferentes, pudiendo ser esta diferencia de drift time
ocasionada por el tipo de enlace del SiA. Estos resultados coinciden con los descritos por otros

autores en el analisis de glicopéptidos por IM-MS [143, 306].
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Figura 5.21: a) Espectro de MS/MS por CID del glicopéptido N(H5N4S2)STLCDLCIGPLK de la mTf; b)
espectro de masas del fragmento que adn conserva el acido sidlico (H1IN1S1) y tiene una intensidad
adecuada; c) ATD del fragmento H1IN1S1 (rango de masa: 673.3-673.5). Los simbolos utilizados para la
representacion de los glicanos siguen las reglas sugeridas por el Consortium for Functional Glycomics

(CFG) [13].
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Con el fin de comprobar si se observaban también valores de drift time diferentes a nivel de
glicano, éstos se analizaron por nanoESI-IM-MS tras la digestion de la mTf con PNGasa F (0.1%
B-ME (v/v) y 0.1% SDS (m/v) en 50 mM NH4HCO; (pH 7.9) con 1% NP-40 (v/v), incubacién de
18h a 37°C). En este caso, los glicanos se analizaron por infusién directa y en polaridad
negativa, tras su purificacion por extraccidén en fase sdlida (SPE) con cartuchos de carbono
grafitizado poroso (HyperSep™ Hypercarb™, Thermo Scientific™), con el fin de aislarlos de la
proteina intacta. La Tabla 5.11 muestra los glicanos detectados, los cuales coinciden con las

glicoformas detectadas del glicopéptido por nanoLC-IM-MS.

Tabla 5.11: Masa molecular (M) tedrica, M experimental, error de masa (ppm) y carga observada para

cada glicano detectado de la mTf.

Error de

M, teérica I.VI' masa el
experimental observada
(ppm)
Glicanos
H3N3S1 1420.4975 1420.4659 22 -1
H3N3F1S1 1566.5554 1566.5692 9 -1
H5N4S1 1947.6825 1947.7031 11 -1
H5N4F1S1 2093.7404 2093.7891 23 -1
H5N4S2 2254.7729 2254.7650 4 -2
H5N4F1S2 2400.8308 2400.8240 3 -2
H5N4S3 2561.8632 2561.9150 20 -2
H5N4F1S3 2707.9211 2707.9470 10 -2
H6N5S3 2926.9954 2926.9334 21 -2,-3
H6N5F1S3 3073.0533 3073.0036 16 -3

En la Figura 5.22, se muestra la separacion obtenida para diferentes glicanos tras optimizar la
altura y la velocidad de la onda de la celda de movilidad, WH y WV, respectivamente. Para
poder visualizar mejor la presencia de diferentes isdmeros, se realizd, una reconstruccion
gaussiana de cada uno de los picos observados en cada ATD utilizando el programa Origin
(version 8, OriginLab Corp., Northampton, MA, USA). En los casos donde no fue posible utilizar

el programa mencionado, la reconstruccién gaussiana se realizé manualmente.
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En el caso del glicano mayoritario (H5N4S2), la separacion es suficientemente buena como

para observar que existen dos isdmeros, siendo el de mayor drift time y mayor CCS el mas

intenso, contraponiéndose a lo observado en el estudio del glicopéptido (Figura 5.21-c), donde

el pico mas intenso correspondia al isémero de menor drift time. Esto puede ser debido a que

se tratan de moléculas completamente diferentes cuya CCS puede variar de manera diferente

al cambiar el tipo de enlace del SiA.
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Figura 5.22: ATD de diferentes glicanos de la mTf obtenidos por nanoESI-IM-MS: a) H5N4S2, b)

H5N4F1S2, c) HBN5S3 y d) H5N4S1. Los simbolos utilizados para la representacion de los glicanos siguen

las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13]. Los picos gaussianos

simulados se realizaron con el programa Origin (versidn 8, OriginLab Corp.).
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Con respecto a otros glicanos, se obtuvieron tres drift times diferentes para el glicano H6N5S3,
un drift time para el glicano H5N4F1S2 y un drift time para el glicano H5N4S1. En el caso del
glicano H5N4F1S2, aunque seria razonable pensar que también existen dos isémeros (por eso
se han simulado dos picos gaussianos), realmente sélo se observa un pico. Podria sugerirse
gue la resolucién entre los dos isémeros es significativamente peor, haciendo imposible su
distincidn. Esto puede ser debido a que la presencia de una fucosa adicional impide que un
cambio en el enlace del SiA afecte tanto a la CCS del glicano. En cuanto al glicano H5N4S1,
parece que solo existe un isdbmero ya que se observa un Unico pico. Aun asi, no se puede
asegurar completamente ya que es posible que ambos isdmeros tengan una CCS igual o muy
parecida impidiendo su correcta separacion; por lo tanto, la ausencia de un segundo pico no

descarta por completo la presencia de mas de un isémero.

Para estudiar en mas profundidad si el tipo de enlace del SiA puede afectar o no a la forma
global del glicano y observar asi diferencias entre ismeros por movilidad iénica, la Figura 5.23
muestra de manera esquematica las estructuras 3D obtenidas en la aplicacion online de
Molecular Networks GmbH and Altamira, LLC. [307] para el fragmento H1IN1S1, obtenido por
MS/MS de la glicoforma H5N4S2 del glicopéptido, y para el glicano H5N4S2. Las estructuras

mostradas son las mas estables (menor energia) para cada caso.
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a) Fragmento HIN1S1

a-2—3

b) Glicano H5N4S2

2xa-2—3

Figura 5.23: Representacion 3D del a) fragmento HIN1S1 del glicopéptido N(H5N4S2)STLCDLCIGPLK y b)
del glicano H5N4S2, con diferentes enlaces del acido sialico, utilizando la aplicacién online de Molecular

Networks GmbH and Altamira, LLC [307].

En el caso del fragmento H1IN1S1, cuando el enlace del SiA es a-2—6 la estructura parece ser
mas compacta que con el enlace a-2—3 y por este motivo la CCS del isémero a-2—3 quizas
sea mayor. En cambio, en el caso del glicano H5N4S2, al comparar la forma de los isdmeros 2 x
a-2—>3 y 2 x a-2—6, se puede observar que la estructura es muy parecida, siendo dificil
extraer conclusiones. Quizas podria parecer que el glicano con dos enlaces a-2—6 tiene una
estructura ligeramente mas compacta que el glicano con los dos enlaces a-2—3 lo que daria
lugar a valores de CCS menores. Dado que Unicamente con la visualizacién de la forma de las
moléculas era muy complicado extraer conclusiones fiables, se decidié aplicar modelos de

calculo tedrico de CCS utilizando el software IMoS [308, 309], que se encuentra disponible

gratuitamente en imospedia.com, para el fragmento HIN1S1 y el glicano H5N4S2. En la Tabla
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5.12 se muestran los valores de CCS obtenidos. Cabe destacar que, para que los calculos de las
CCS fueran los mads exactos posibles, se utilizaron las estructuras mas estables, las de minima
energia, tanto para el fragmento HIN1S1 como para el glicano H5N4S2, obtenidas a partir de
la aplicacidn carbohydrate builder disponible gratuitamente en glycam.org [310].

Tabla 5.12: CCS tedricas obtenidas con el software IMoS para los diferentes isémeros debidos al acido

sidlico del fragmento HIN1S1 y el glicano H5N4S2.

Isémero ccs (A?)

HIN1S1 a-2—3 243.7
Fragmento
HIN1S1 a-2—56 233.4
H5N452 2 X a-2—3 652.3
Glicano H5N4S2 1x0-2-3 635.4
1xa-2—6
H5N4S2 2 X a-2—6 623.9

En primer lugar, los resultados obtenidos para el fragmento H1N1S1 concuerdan con los
obtenidos por otros autores [143, 306], donde el primer pico, aquel con un drift time menor, y
por lo tanto una CCS menor, corresponderia al SiA a-2—6 y el de mayor drift time y mayor CCS
corresponderia al SiA a-2—3. Ademas, si observamos la intensidad relativa entre los dos picos
(Figura 5.21-c), se puede ver como parece ser bastante mas intenso el SiA a-2—6, lo cual
también coincide con los resultados obtenidos por ciertos autores [306], que sugieren que, en

general, las glicoformas biantenarias tienen un contenido de SiA a-2—3 menor.

En el caso del glicano H5N4S2, las diferencias de CCS observadas entre los diferentes isémeros
son suficientemente grandes como para que fuese posible separarlos por IM. Teniendo en
cuenta que anteriormente se observé que la abundancia del isémero a-2—6 era mayor que la
del a-2—3 (en el estudio del fragmento HIN1S1), y que el isémero con dos enlaces a-2—3
seria menos probable segln la literatura [306], podriamos asignar el primer pico (el menos
abundante) de la Figura 5.22-a al glicano con dos enlaces a-2—6, y el segundo pico al glicano

con un enlace a-2—6 y otro a-2—3. Sin embargo, esta asignacidén es tentativa, y solo seria
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completamente fiable si se complementase con algin estudio mas exhaustivo de MS/MS o
donde se utilicen sialidasas especificas [144]. En conclusién, la metodologia desarrollada en
esta tesis doctoral permite separar isémeros debidos al enlace del SiA a nivel glicopeptidico y
de glicano, aunque su asignacion deberia ser confirmada con estudios complementarios. No
obstante, en el caso de los glicopéptidos, es necesario separarlos previamente de los péptidos
del digesto y fragmentarlos por MS/MS para poder obtener informacién sobre su isomeria,
siendo esta via mucho mas laboriosa. Por ello, el andlisis de los glicanos se puede considerar

como la opcidn mas adecuada para el estudio de los isdmeros debidos al enlace del SiA.

Para comprobar que la metodologia propuesta se puede aplicar a otras glicoproteinas, se
analizaron los glicanos obtenidos de la hAGP. En general, se obtuvieron resultados muy
similares a los obtenidos para la mTf: dos drift times diferentes para el glicano H5N4S2 y tres
drift times para el glicano HEN5S3, aunque la resolucion que se obtuvo fue ligeramente peor
en esta glicoproteina. Aun asi, los resultados obtenidos permiten concluir que la metodologia

establecida puede ser utilizada para el estudio de otras glicoproteinas.

5.3.3. Analisis de muestras de suero

Finalmente, para comprobar la robustez del método al analizar muestras mds complejas, se
analizaron dos muestras de suero de ratén: WT control y WT con CIA, donde la mTf habia sido
previamente purificada por IAC, como en un estudio anterior (articulo 2.3). A modo de
ejemplo, la Figura 5.24 muestra los ATD de los glicanos H5N4S2 y HGEN5S3 en las dos muestras
de suero (en esta figura también se realiz6 una reconstruccion gaussiana de los diferentes
picos). Si se comparan estos resultados con la Figura 5.22, se puede observar que se obtienen
los mismos resultados que con el patron de mTf para ambos glicanos (dos drift times para el

glicano H5N4S2 y tres para el glicano HEN5S3).
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Figura 5.24: ATD de diferentes glicanos de la mTf, obtenidos por nanoESI-IM-MS, en una muestra de
suero de raton WT control y de raton WT con CIA: a) H5N4S2 y b) HEN5S3. Los simbolos utilizados para
la representacion de los glicanos siguen las reglas sugeridas por el Consortium for Functional Glycomics
(CFG) [13]. Los picos gaussianos simulados se realizaron con el programa Origin (versidn 8, OriginLab
Corp.).

Aunque existe una ligera diferencia en cuanto a la intensidad relativa de los diferentes
isdbmeros entre ambas muestras de suero, seria necesario un numero superior de muestras
para poder llegar a discernir si CIA afecta o no a la abundancia relativa de los isémeros. Aun
asi, los resultados obtenidos demuestran que la metodologia propuesta es aplicable al andlisis

de la glicosilacion y al estudio de los isdmeros de glicanos de glicoproteinas en muestras de

suero.

En conclusién, con la instrumentacidon disponible y con su potencial actual, IM se puede
considerar una técnica importante en la separacion de compuestos isoméricos v,

complementada con otras técnicas, es posible llegar a obtener informacion fiable sobre la
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comparaciéon de isdmeros en glicoconjugados. En concreto, IM permite separar glicanos
isoméricos que difieran en el tipo de enlace del SiA. En cuanto a glicopéptidos y glicoproteina
intacta, la capacidad actual de esta técnica es insuficiente para poder separar los diferentes
isdmeros debidos a un cambio en el enlace del SiA. Aun asi, existe la alternativa de fragmentar
los glicopéptidos y analizar por IM fragmentos menores, como glicanos, de tal manera que una
modificacion del enlace del SiA si tenga efecto en la separacion. Aunque, en realidad, con esta
alternativa se mide el drift time de un fragmento y no directamente del glicopéptido. De todos
modos, el interés de la comunidad cientifica en IM ha crecido considerablemente en los
ultimos afios, lo cual, seguramente, llevard a nuevos avances tecnoldgicos que mejoraran la
capacidad de los equipos de IM. Es posible que en un futuro, con una nueva generacion de
instrumentos, sea posible, no sélo mejorar la separacion entre glicanos isoméricos, sino que
incluso se pueda llegar a observar separacién de isdmeros debidos al tipo de enlace del SiA

analizando glicopéptidos o glicoproteinas intactas.
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The following general conclusions can be extracted from the work carried out and explained in
this thesis:

e A CapLC-MS methodology has been developed for the glycosylation characterization
of glycopeptides obtained from the proteolytic digestion of a glycoprotein.

o The use of an anionic surfactant (RapiGest®) was necessary to enhance the
enzymatic activity and, consequently, efficiently digest proteolytic resistant
glycoproteins, such as human transferrin (hTf).

= The conditions for the surfactant hydrolysis recommended by the
manufacturer were optimized to minimize sialic acid loss.

= A concentration of 5% (v/v) of HFor and reaction times of 30 min were
selected as the optimum conditions for the surfactant hydrolysis.

o hTf glycopeptide glycoforms have been successfully characterized by CapLC-MS. The
effect of chronic alcoholism and congenital disorders of glycosylation (CDG) in the
relative abundance of these glycoforms has been assessed:

o Chronic alcoholism:

- The non-glycosylated peptide variant corresponding to each glycopeptide, that
is, only the amino acid chain without any glycan (referred to as peptide
glycoform), was observed to be increased in chronic alcoholism, whereas other
major glycoforms, mainly the H5N4S2 for both glycopeptides, were reduced.
Additionally, other glycoforms, such as the H5N4S1, decreased just slightly or
were barely affected.

- The obtained results suggest that the mechanism causing the abnormality in
the glycosylation of hTf in heavy alcohol consumption impedes the initiation of
N-linked glycosylation in the pre-Golgi step. Hence, the effect of ethanol in the

second step of N-glycosylation is minimal.
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o Congenital disorders of glycosylation:

PCA and PLS-DA were correctly applied as potent exploratory and classificatory
tools to properly study the huge data set originated in this study.

Only six out of the fourteen detected glycopeptide glycoforms were observed
to be enough to accurately classify the samples in three groups: control, CDG-I
and CDG-Il. This small glycoform set could be regarded as a novel biomarker
panel for CDG.

Unexpectedly, peptide glycoforms were not included in this biomarker panel.
Even though their relative abundance was increased in CDG-I samples, the high
heterogeneity of the analyzed samples might be the cause why peptide
glycoforms are not part of this biomarker panel.

The most glycosylated glycoforms (H5N4S2 and HEN5S3) were essential for the
differentiation of healthy and CDG samples.

Some important less sialylated glycoforms (H5N4S1 and H5N4) were present in
the biomarker panel, as they were increased in CDG-Il samples.

The alteration of hTf glycosylation seems to be more pronounced in CDG-I than
in chronic alcoholism; at least, this is the case with the number of samples

available in each study.

Mouse transferrin (mTf) was also observed to be altered in mice with collagen
induced arthritis (CIA), an autoimmune inflammatory disease homologous to human

rheumatoid arthritis (RA) in some aspects:

Increased fucosylated and branched glycoforms were observed, which was in
agreement with the reported alteration in other inflammatory diseases. A

decrease in less branched glycoforms was also observed.
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o The observed alteration in mTf glycosylation profile was different between WT
and CD38-KO mice, demonstrating that a defect in CD38 gene can have an
effect in the development of CIA.

The developed CapLC-MS methodology can be regarded as an excellent tool not only
for the characterization of the glycosylation at the glycopeptide level, but also to study
the effect of a certain disease in the glycosylation of a protein. Even it could be
considered an alluring option to assess the contribution of a given gene or protein to
the development of certain diseases. Additionally, it could be useful to ensure the
quality of a biopharmaceutical due to the characterization of its glycosylation.
Complete elimination of the surfactant required to properly digest proteolytic resistant
glycoproteins, such as hTf, was achieved, which permitted the use of CE-MS and led to
the study of the glycopeptide glycosylation of hTf by this technique, which was
otherwise impossible:

o Using CE as separation technique prior to MS provided several benefits, for
instance, all glycopeptide glycoforms were conveniently separated in a single
run.

o The developed CE-MS methodology could be regarded as a valid
complementary approach to CapLC-MS for the glycosylation characterization
of proteins, each with its own benefits and drawbacks.

Additionally, another benefit of using CE is that, theoretically, the migration behavior
of peptides and glycopeptides originated from the tryptic digest of a glycoprotein can
be predicted and modelled:

o This theory was successfully corroborated with recombinant human
erythropoietin (rhEPO), as the migration behavior of both, its peptides and

glycopeptides, was predicted.
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Peptides were observed to follow the Stoke’s law (q/MY3), whereas
glycopeptides fitted better with the classical polymer model (q/MY?).
Moreover, peptides and glycopeptides predicted electropherograms perfectly
matched the experimental electropherograms.

The migration behavior of other glycopeptide glycoforms of rhEPO, or even
other glycoproteins, was also correctly predicted and theoretical

electropherograms and experimental electropherograms were equivalent.

IM-MS has been demonstrated to be an enticing and powerful technique for the

separation of isomeric glycoconjugates, at least, regarding those isomers owing to the

type of sialic acid linkage:

e}

No differentiation between isomers was observed in IM-MS when analyzing
mTf at the intact glycoprotein level or at the glycopeptide level.

Sialic acid linkage type was successfully studied at the glycopeptide level only
when the drift time of a glycopeptide fragment that still retained the sialic acid
was measured. Specifically, two different drift times were observed for the
glycan HIN1S1, a relative intense fragment of the most abundant glycopeptide
of mTf.

Straightforward separation was possible with the analysis of the free glycans
from mTf.

Two and three different drift times were observed for the H5N4S2 and the
H6N5S3 glycans, respectively.

The aforementioned distinction was not only observed in standard samples
but also in serum samples from control mice and mice with CIA, which

demonstrates the robustness of the developed method.
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e It can be safe to assume that, in the near future, IM-MS technology will improve
considerably to be able to enhance isomeric separation between glycans or, even,

distinguish the type of sialic acid linkage at the glycopeptide level.
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